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Abstract 

Sprague-Dawlcy rats display variability in their locomotor response lo a novel 

environment, leading lo classification as High or Low Responders (HR or LR). HRs also 

display enhanced neuroendocrine stress reactivity compared lo LRs. Previous work 

demonstrates that Ihe hippocampus, which plays an important role in the hypoihalamic-

pituitary-adrcnal (HPA) axis stress response, exhibits differential mRNA expression early 

in postnatal development between selectively bred HRs and LRs. This thesis extends this 

work by examining expression patterns of microRNA, endogenous ~ 22-nucleotide 

single-stranded RNA molecules that regulate gene expression by targeting specific 

mRNAs for translational repression and/or degradation. This thesis develops a custom 

miRNA microarray platform to test the hypothesis that differences in hippoeampal 

miRNA expression will be present in a pattern similar lo mRNA expression profiles. 

These data demonslrale lhai the custom miRNA microarrays detect differences in 

miRNA expression between postnatal days (PND) 7. 14, and 21. Furthermore, a subset of 

microRNAs are differentially expressed between HRs and LRs at PND 14. and 21. 
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1. Introduction 

1.1 Overview of Gene Expression and Regulation 

The genetic information contained in DNA is expressed through two stages: 

iranscription of DNA inlo messenger RNA (mRNA), and translation of mRNA into 

protein. Transcription begins when RNA polymerase binds lo a special region at the start 

of the gene known as the promoter. Upon binding, RNA polymerase moves along the 

template strand of DNA, synthesizing a complementary strand of RNA, until it reaches a 

terminator sequence. The initial product of transcription is called the primary transcript. 

which is immediately modified in the nucleus lo produce mature mRNA. Following 

export to the cytoplasm, translation of mRNA into protein is achieved as the ribosome 

moves along the mRNA, reading the genetic code as a series of codons that encode for 

amino acids that arc added to the growing polypeptide chain (Lewin. 2006). 

The ability of organisms to produce specific types of cells in the appropriate 

locations at the right developmental times requires precise control of very large sets of 

genes. The basic principle of regulation is that gene expression is controlled by regulatory 

molecules that interact with specific sequences or structures in DNA or mRNA at a point 

prior to the synthesis of protein. For instance, RNA polymerase 11 cannot initiate gene 

iranscription without interaction with specific regulatory proteins called transcription 

factors. Although initiation of transcription is the first and best characterized level of 

gene regulation, regulation can also occur at the level of translation and protein 

degradation (Lewin, 2006). In addition to transcription factors, a range of regulatory 

molecules have been implicated in the regulation of gene expression (Carrington & 
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Ambros, 2008). Of these, a newly discovered class of small regulatory RNA molecules 

called microRNAs are receiving a lot of attention. 

This thesis will investigate differential miRNA expression between Iwo groups of 

rats exhibiting differences in stress responsiviiy. 1 will first give a general iniroduction to 

miRNAs, followed by a description of their general importance in CNS development mid 

function, both in the normal brain and in pathology. This will be followed bv a 

description of the specific animal model used. 

1.2 What is a MicroRNA? 

MicroRNAs are endogenous, approximately 22 nucleotide single-stranded RNA 

molecules that play important roles in regulating gene expression in animals and plants 

by targeting specific mRNAs for degradation and/or translational repression. Although 

their discovery was relatively recent, miRNAs make up one of the most abundant classes 

of gene regulatory molecules and influence the output of thousands of protein-coding 

genes (reviewed by fiartel, 2004). 

The first miRNA was discovered in 1993 through a genclic study of the 

nematode, Caenorhabditis elegans. Lee et al (1993) found that the gene lin-4 was 

transcribed not into a protein, but inlo a small .single-stranded RNA molecule that 

controlled early larval developmenl. This lin-4 miRNA substantially downregulalcd ihe 

protein lin-14, without noticeable changes in the levels of tin-14 mRNA. through 

interaction with multiple partially complementary sequences in the 3* untranslated region 

(UTR) of the lin-14 mRNA (Wightman et«/., 1993). This finding introduced the 

possibility that lin-4 may represent a novel class of non-protein coding regulatory genes 

that control mRNA translation through partial antisense interaction. Although this idea 



was not immediately validated, the discovery of a second miRNA, let-7, implicated in ihe 

liming of C. elegans development strengthened the notion of a previously undiscovered 

group of small regulatory RNAs (Rcinhart et al. 2000). This discovery also revealed 

sequence conservation of these molecules across a wide range of species, as let-7 miRNA 

has since been detected in samples from various invertebrate and vertebrate species 

(Pasquinelli etat,, 2000: Lagos-Quintana etal, 2001; Lau elal.. 2001; Lee & Aminos, 

2001). Several other miRNAs have also been identified that are highly conserved across 

species, especially between more closely related animals such as mouse and human 

(Lagos-Quintana et at.. 2001). As a result of these findings, an explosion of miRNA 

research has led to ihe discovery of hundreds of miRNA genes in animals, plants, and 

viruses, with more being discovered on a regular basis (Band. 2004; Murchison & 

Hannon, 2004). To date (September, 2009). a total of 706, 547, and 286 miRNAs have 

been identified in the human, mouse, and rat, respectively (Griffilhs-Jones et al., 2008). 

1.3 Biogenesis of MicroRNA 

An expanding body of miRNA research in the past decade has led to a growing 

understanding of ihe biogenesis and function of mammalian miRNA. MiRNA genes are 

located in either ituergenic regions (Mallory & Vaucheret, 2004), or inside the non-

coding introns of protein-coding genes (Ying & Lin, 2005; Lin et al, 2008). Both classes 

are transcribed mainly by RNA polymerase IT (though a subset are transcribed by RNA 

polymerase HI (Borchert et al., 2006)). producing long primary transcripts (pri-miRNAs) 

containing the mature miRNA sequence bordered by varying amounts of additional RNA 

necessary for downstream processing of Ihe molecule (Cai et al, 2004; Lee et al., 2004: 

Zeng & Cullen, 2005). The pri-miRNA is Ihen cleaved by the Drosha-DGCRS 



Microprocessor complex into a shorter hairpin-shaped precursor m i R N A (pre-miRN A). 

approximately 70 nucleotides in length (Lee et al, 2003: Denli et al, 2004; Kim, 2004; 

Gregory et al., 2004: Han et at., 2004; Han et al, 2006). Upon export from the nucleus to 

the cytoplasm by the exportin-5 transporter (Yi et al, 2003; Bohnsack et al, 2004; Lund 

et al. 2004), the pre-miRNA is further processed by the Dicer enzyme (Bernstein et al., 

2001; Grishokttf A/.. 2001; Hutvagnerel al, 2001; Kclting<7flL2001; Knight & Bass, 

2001) into a short-lived double-slranded miRNA intermediate. Finally, this miRNA 

duplex is unwound and the strand with the highest pairing energy at the 5' end (the 

passenger strand) is degraded, while the other strand (the guide sirand) remains as a 

mature 19-25 nucleotide miRNA (Schwarz et al, 2003; Bartcl, 2004) This represents the 

functional end product of the miRNA gene. 

1.4 MicroRNA Targets Specific mRNAs to Regulate Gene Expression 

The mechanisms through which miRNA exert regulatory control of gene 

expression were informed by studies looking at other gene silencing mechanisms 

involving regulatory RNA. In Ihe RNA interference (RNAi) pathway, short interfering 

RNA (siRNA) is incorporated into a complex of proteins called an RNA-induced 

silencing complex (RISC) that guides mRNA cleavage ihrough perfect base 

complemenlarity between ihe siRNA and the target mRNA. The miRNA pathway works 

in a similar manner, except the miRNA-guided RISC regulates gene expression by either 

repressing translation or degrading mRNA through imperfect base complementarity 

between the miRNA and the larget mRNA (Song & Joshua-Tor, 2006: Peters & Mcister, 

2007. 



The mature m i R N A is incorporated into the RISC (Mourelatos et al, 2002; 

Sehwarz et al, 2003; Barlel, 2004; Sontheimer, 2005). which is often located in 

cytoplasmic compartments called RNA processing bodies (P bodies) that act as sites of 

mRNA degradation and storage (Sen & Blau, 2005). Although other proteins constitute 

RISC, ihe major components of the complex are of the Argonauie (AGO) family. These 

proteins are involved in the selection of the guide strand to be incorporated into the RISC 

and they carry out the catalyiic functions of the complex. More specifically, the Piwi-

Argonaute-Zwille (PAZ) domain of AGO, with cooperation from the middle domain 

(MID), anchors short single-stranded RNA molecules into specific binding pockets to 

guide the RISC to the target mRNA (Okamura et al!, 2004; Song & Joshua-Tor, 2006), 

and the PIW1 domain confers ihe catalytic functions of the RISC by cleaving 

complementary mRNA to prevent translation. It should be noted that not all AGO 

proteins are active as endonucleases. For instance the cleavage-competent AG02 

contains a catalyiic histidine residue in the PIW1 domain that is replaced by argininc in 

the cleavage-incompetent AGO I protein (Rivas et al.. 2005). These AGO protein 

complexes have been implicated in several different RNA silencing pathways, including 

the RNAi pathway and Ihe miRNA pathway. The specific gene silencing mechanism that 

the AGO proteins mediate depends on both the identity of the small bound RNA and the 

specific mRNA being targeted. In addilion, work on D, melanogaster suggests that 

different Argonauts proteins mediate ihe aclion of either siRNA or miRNA, and that 

Ihere arc therefore inherent differences between siRNA-RISCs and miRNA-RISCs 

(Okamura £/«/., 2004). 



Focusing specifically on the m i R N A pathway, once the m i R N A guide strand is 

loaded into the RISC, the complex identifies target mRNAs based on imperfect sequence 

complementarity between the integrated miRNA and sequences typically contained in the 

3* UTR of the target mRNA (Chendrimada et at.. 2005; Chendrimada etal, 2007). For 

target recognition, complementarity within a region of the miRNA located from positions 

2-8 starting at the 5" end, termed the 'seed region*, is of particular importance. The 

subsequent base-pairing between the miRNA and corresponding mRNA target results in 

one of two basic modes of action, either translational repression or mRNA degradation. 

The degree of complementarity between the miRNA and Ihe mRNA target appears to be 

the main factor determining which of these two actions take place (Lee et al. 1993; 

Reinhart et al. 2000; Pasquinelli & Ruvkun, 2002; Lee et al, 2004). though additional 

factors such as other RNA binding proteins or specific tissue and eell types may also play 

a role (Kedde «(?/.. 2007). 

The exact mechanisms for miRNA-direcled translational repression and mRNA 

degradation are not entirely clear. However, there are several proposed models. 

Translational repression can occur al both pre- and post-initiation stages. miRNAs that 

influence the initiation stage affect only cap-dependent translation, in which the mRNA 

5* cap structure recruits the 40S ribosomal subunit to initiate translation. AGO proteins 

contain structural similarities to cukaryolic translation initiation factor 4E (eIF4E), a cap-

binding protein that is necessary lo start cap-dependent translation. Thus, competition 

between AGO and eIF4E may repress translation. Another possibility is that AGO 

proteins recruit eukaryotic translation initiation factor 6 (eIF6), a protein that binds to the 

large ribosomal subunit to prevent binding of the smaller subunit, consequently inhibiting 
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translation. Post-initiation mechanisms can affect both cap-dependent and cap-

independent translation. One model, ihe ribosome "drop-off* theory proposes that in Ihe 

presence of miRNA-directed RISC, ribosomes involved in translation are prone to 

premature termination of translation, while another model suggests that the RISC may 

recruit proteolytic enzymes to degrade the newly synthesized polypeptide as ii emerges 

from the ribosome. In addition to repressing translation, miRNAs can also reduce 

concentrations of their large! mRNAs. mRNA can be sequestered in P-bodies, where 

RISC recruits GWI82 protein, which in turn recruits deadenylase enzyme CCR4-NOT1 

to remove the poly(A) tail, followed by mRNA decapping by DCP1-DCP2 enzyme and 

finally mRNA degradation by ihe XRN1 exonuclease (reviewed by Hennessy & 

O'Driscoll, 2008). 

MiRNAs and their targets represent extremely complex regulatory networks, 

given that a single miRNA is estimated to bind lo and regulale the expression of 

potentially hundreds of different mRNA targets, while a single mRNA target is also 

thought to be regulated by multiple different miRNAs (Lewis et at,. 2003). In fact, based 

on bioinformatic predictions, it has been estimated lhal more than one-lhird of human 

mRNAs could be controlled by ihe several hundred miRNAs identified so far (Lewis et 

al, 2005). The resulting list of potential miRNA targets is long and defining actual target 

genes is challenging, especially given that miRNAs bind lo their targets with imperfect 

complementarity. However, various target prediction programs are available that predict 

targets based on sequence homology. This approach is complemented by studies looking 

for inverse relationships between miRNA expression and expression of potential largets 

across various in vitro and in vivo expression systems. Both of these approaches offer a 



good starling point for the identification of specific m i R N A targets, which can then be 

validated through experimentation (Guarnieri & Dileonc. 2008; Liu, 2008). 

1.5 Cellular Functions of MicroRNA 

The recent and rapid discovery of large numbers of miRNAs has surpassed 

researchers* abilities to keep up wilh determining all of iheir individual functions. 

However, ihe importance of miRNA-guided gene regulation is becoming increasingly 

evident as more miRNAs and their targets and functions are discovered. So far, miRNAs 

have been shown to function in a variety of cellular processes, including developmental 

liming, apoplosis, differentiation, myogenesis, cardiogenesis, and glucose and lipid 

metabolism (reviewed by Kloosterman & Plasterk, 2006). Other studies have reported 

roles for miRNAs in specific cell or tissue types, including ihe development of myoblasts 

(Naguibneva, et al, 2006), adipocytes (Esau et al, 2004), immune cells (Baltimore et al, 

2008), hematopoietic stem cells (Chen et al. 2004), and neuronal stem cells (Krichevsky 

et al, 2006). Although this list is by no means exhaustive, it illustrates ihe widespread 

and varied functions of miRNA. Here. 1 will focus on their role in the central nervous 

system, with particular emphasis initially on CNS development. 

1.6 MicroRNA and Central Nervous System Development 

Based on the diversity of cellular processes in which miRNAs have been 

implicated and the fact lhat Ihe brain exhibits the most complex mRNA expression 

profile in the body (Fiore & Schratt, 2007), it is not surprising that miRNAs play a vital 

role in many aspecls of nervous system development and function. MiRNAs have been 

implicated as important post-transcriptional regulators of gene expression in the nervous 
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system of both primitive organisms such as C. elegans (Chang et al, 2004) and D. 

metanogaster (Li & Carthew, 2005; Li et al, 2006), plus higher vertebrates, including 

humans. 

Studies on the developing mammalian nervous system using both microarrays and 

in silu hybridization have shown that more miRNAs are expressed in the brain than in 

any other tissue, the expression of many miRNAs is exclusive to the CNS, and miRNA 

expression in the nervous system is complex and is regulated in both a spatial and 

temporal manner (Miska et al, 2004; Wienholds et al, 2005; Kapsimali et al. 2007). 

Some miRNAs, such as miR-9 mid miR-125 are distribuied evenly throughout the CNS, 

while others, such ^.miR-124 and miR-128 are preferentially expressed in neurons, and 

miR-24 in astrocytes (Smirnova et al, 2005). Kapsimali et al (2007) have also reported 

cell-type specific expression (ie: miR-2IHa in motor neurons), as well as regionally 

restricted expression (ie: miR-222 in the telencephalon). Widespread temporal regulation 

during mouse nervous system development was demonstrated by Krichevsky et al 

(2003), with miR-92b showing high expression in neuronal progenitors, but not in 

diffcrcntialcd neurons, while miR-29a is absent in embryonic tissue, but highly expressed 

in the adult cortex (Landgraf et al, 2007). 

One way to demonstrate the general role of miRNAs in neural development is to 

inhibit all miRNA biogenesis through disruption of Dicer. In zebrafish. Dicer mutants 

show severe defects in neural tube morphogenesis due to abnormal neural differentiation, 

which can be corrected by injection of mature mir-430 miRNAs (Giraldez et al. 2005). 

Disruption of Dicer provides less direct evidence for a developmental role in mammals, 

as Dicer deficiency leads to death early in development, before neurulalion occurs 



(Bernstein et al, 2003). However, deletion of Dicer specifically in the mouse 

lelencephalic region at mid-gestation results in a reduction in forebrain size likely caused 

by apoptosis of differentiating neurons (Makeyev et al, 2007). Similarly, postnatal Dicer 

inactivation in the mouse cerebellum (Schaefer et at., 2007) and midbrain dopaminergic 

neurons (Kim et al. 2007) results in progressive loss of miRNAs, followed by 

neurodegeneration. Despite the large number of mammalian miRNAs discovered to dale, 

very few have been individually studied in any detail; however, some of the best 

characterized miRNAs lhat function in CNS development are as follows. 

1.6a miR-124 

miR-124 is expressed exclusively in neurons in both the developing and adult 

nervous system and is one of the most abundant miRNAs in the brain (Krichevsky el al, 

2003; Miska et at., 2004: Smirnova et at., 2005; Yu et al, 2008). Its role in neural 

development is supported by the observation that miR-124 overexpression in mouse 

embryonic stem cells encourages them to differentiate into neurons (Krichevsky et al, 

2006). miR-124 promotes Ihe neural stem fate by repressing non-neuronal genes (Lim et 

al. 2005) and inhibiting Cldspl/SCPl phosphatase, a component of the REST/NRSF 

transcriptional repression complex that normally inhibits expression of neuronal genes 

(Visvanalhan et al, 2007). 

1.6b miR-132 

Another miRNA that is enriched in neurons, miR-132, promotes the growth of 

neuronal processes by down regulating the expression of p250GAP. a protein involved in 

the regulation of neuronal differentiation. miR-132 expression can be induced (thus 

promoting ncuritegenesis) by neurotrophics such as BDNF. in a CREB-dependcnl 



manner (Vo et al, 2005). miR-U2 has also been implicated in the neurodevelopmental 

disorder, Rett syndrome. This disorder can result from either over- or underexpression of 

methyl CpG-binding protein 2 (MeCP2), demonstrating thai MeCP2 levels must he kept 

within a narrow range for normal development to lake place. miR-132-mediated 

tlownregulation of MeCP2 is a critical component of Ihis regulation, helping keep protein 

levels within the range required for normal neuronal maturation (Klein et al, 2007). 

1.6cmiR-133b 

miR-I33b, a recently discovered miRNA. is specifically expressed in midbrain 

dopamine neurons and inhibits their maturation (Kim et al, 2007). miR-/33b is thought 

to regulate dopamine neuron maturation through a negative feedback circuit involving 

Pitx3, a transcription factor that promotes the differentiation and survival of dopamine 

neurons. miR-l33b suppresses differentiation of dopamine neurons by repressing Pitx3 

expression. As previously mentioned, mice deficient in Dicer in specific dopamine 

neurons develop a progressive loss of neurons. These animals display Parkinson's-Iike 

behaviour, suggesling lhal loss of miRNAs, particularly miR- 133b, may be involved in 

Ihe development and progression of Parkinson's disease. 

1.7 MicroRNA Functions in the Mature Central Nervous System 

In addition to their role in development. miRNAs also funclion in the adult brain. 

In particular, their role in mediating local translational control of synaptic plasticity has 

received much attention (Kosik, 2006). Certain mRNAs in neurons are transported from 

the cell body to relatively distant dendrites and synapses (Ebcrwine et al, 2001); it is 

thought that miRNAs, either transported along with the mRNA or processed from pre-
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miRNAs in the dendrite (Kosik, 2006). may inhibit the translation of ihese mRNAs until 

the neurons are exposed to a particular extra-cellular stimuli such as a neurotrophic factor 

or neurotransmitter release at the synapse, at which time, local translation of these 

previously dormant mRNAs may mediate synaptic change (Schratt et al, 2006). 

Experimental support for miRNA involvement in synaptic plasticity, specifically miR-

134, has recently been reported and described by Schratt et al (2006). 

1.7a miR-134 

miR-134 is expressed in ihe hippocampus, with maximal expression observed at 

the time of peak synaptic maluralion (Kosik, 2006). miR-134 is localized in ihe synapto-

dendritic compartments of rat hippocampal neurons and negatively regulates the size of 

dendritic spines by inhibiting the expression of LIM-domain kinase 1 (Linikl) mRNA, 

which, when normally expressed, induces spine formation by regulating actin filaments. 

Though the precise mechanism is unknown. miR-134 is thought to maintain translational 

repression of l.irnkl mRNA until some synaptic input overrides the silencing (Schratt et 

al, 2006). 

1.7b miK-30a-5p 

miR-30a-5p is a miRNA Ihat is enriched in layer III pyramidal neurons and also 

functions in the mature CNS. Overexpression of miR-30a-5p results in down-regulation 

of brain-derived neurotrophic factor (BDNF). a developmentally regulated protein in ihe 

prefrontal cortex (PFC), particularly in adulthood. The precise mechanism is not known, 

but miR-30a-5p likely downrcgulates BDNF through translational repression, since 

BDNF protein levels decrease with age. while BDNF mRNA levels increases with age, 

until levelling off in adulthood (Mellios etal, 2008). Interestingly, layer UI pyramidal 



neurons of ihe PFC display decreased dendritic spine density and soma size (Glantz & 

Lewis, 2000). as well as a reduction in BDNF levels (Pierri etal, 2001) in patients with 

schizophrenia, suggesting a possible role for miR-30a-5p in this disease. 

1.8 MicroRNAs and Neurological Disease 

Given the role of miRNAs in synaptic development, ii is not surprising that a 

neurological disease commonly associated with miRNAs is the fragile X syndrome (FX). 

a form of mental retardation characterized at the neuronal level by abnormalities in the 

structural development of dendritic spines (Penagarikano et al, 2007). Jin et al (2004) 

found an interaction between the fragile-X-nienlal retardation protein (FMRP), which is 

downrcgulated in fragile X syndrome, and components of ihe miRNA RISC machinery. 

particularly the Argonaule proteins. Recent analyses in both Drosophila and mammals 

indicate that FMRP and miRNAs cooperate in repressing dcndrilic mRNA expression; 

deregulation of this process is thus thought to underlie FX. 

In addition to the disorders already menlioncd, miRNAs have been implicated in a 

range of other neurological diseases, including neurodegenerative diseases such as 

Alzheimer's and Hunlinglon's disease, as well as Tourette syndrome, William syndrome. 

spinal muscular atrophy, and cancer. Although Ihe exact roles of miRNAs in these 

diseases is unclear, the discovery of the assoeialion between miRNAs and neurological 

diseases has generated a novel area of research, with the hopes that manipulating specific 

miRNA levels might represent a promising approach to restoring physiological levels of 

essential miRNA targets (reviewed in Fiore & Schratt. 2007 and Barbato et at, 2008). 
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1.9 A Role for MicroRNAs in the HPA Axis Response to Stress 

miRNAs have also been implicated as potential factors in the development of 

stress-related disorders. In response to stress, the hypothalamic-pituitary-adrenal (HPA) 

axis controls the production and release of adrenal glucocorticoids, which travel through 

peripheral circulation to act on numerous target organs, including the brain. The brain 

structures involved in the HPA axis are critical to defining a stressor and determining the 

magnitude and duration of the response it deserves. In response to stress, the 

paraventricular nucleus (PVN) of the hypothalamus secretes corticotrophin-releasing 

hormone (CRH). which binds to receptors on the coriicolrophs of ihe anterior pituitary to 

secrete proopiomelanocortin and release one of its active peptides, the 

adrenocorticoiropic hormone (ACTH) into general circulation. ACTII then binds to 

receptors on (he adrenal gland io stimulate the production and release of glucocorticoids. 

Following stress-induced activation of the HPA axis, corticoslcrone binds to hippocampal 

glucocorticoid receptors (GRs) and mincralocorticoid receptors (MRs), leading to a 

negative feedback mechanism that restores the stimulated HPA axis to basal levels 

(Kabbaj, 2004). 

Research on the link between miRNAs and stress responsiveness is minimal. 

However, one study in particular has shown promising results lor a relationship between 

miRNA and stress. Different strains of rat have been shown to have different 

neuroendocrine responses to stress. For inslance. Fischer 344 rats are known to 

consistently present exaggerated stress-induced corticosterone secretion relative to 

Sprague-Dawley and Lewis strains (Dhabhar et al, 1995.1997). In an invesiigation of 

the possible involvement of miRNA in this differential stress responsiveness. Lchida et 



at, (2008) found that in ihe P V N , G R protein levels are lower, while miR-l8a levels are 

higher in E344 rats compared to Sprague-Dawlcy controls, suggesting that miR-lSa may 

downregulate GR translation. In addition, expression of miR-18 and miR-l24a coincides 

with a decrease in GR protein levels, a reduction in GR-mediaied events, and impaired 

activation of the glucocorticoid-induced leucine zipper (G1LZ) gene (Vreugdenhil et al., 

2009). In light of this, Ihese miRNAs. as well as other currently unidentified miRNAs 

may be involved in the regulation of the HPA axis response to stress. The fact thai target 

sequences of miR-IHa of the GR 3' UTR are well conserved among human, rat, and 

mouse, and the miR-lSa sequence is completely conserved among ihcse species, presents 

the possibility that enhanced expression ofmiR-ISa may be a factor in the vulnerability 

of the development of stress-related disorders. 

It is evident that miRNAs are emerging as important regulators of gene function 

in the CNS. However, studies of the role of miRNAs in regulating stress responses are 

still in their infancy. This thesis therefore aims to characterize miRNA expression 

differences in hippocampal tissue of a rat model of variation in stress reactivity, namely 

the HR-LR model of stress reactivity. 

1.10 HR/LR Model of Stress Reactivity 

In humans, Ihe "sen sat ion-seeking" phenotype results in individuals lhal are 

drawn to situations lhal produce stress and anxiety (Bardo etal, 1996). Specifically, the 

"sensation-seeking'' trait is characterized by: (I) thrill-seeking through participation in 

exhilarating and risky activities; (2) the search for novel experiences and nonconforming 

lifestyles; (3) a lack of inhibition in the search for stimulation in social situations; and (4) 
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vulnerability to boredom and restlessness in monotonous condilions (Delhi et al. 1992). 

Zuckerman and Nceb (1979) found that scores on the Sensation Seeking Scale (SSS) are 

correlated with psychiatric disorders such as bipolar affective disorders, sociopathy, and 

drug and alcohol abuse. This "sensation-seeking" phenotypc in humans is analogous to 

the "novelty-seeking" phenotypc exhibited by some rals, making it a well established 

animal model of individual differences in sensation-seeking. In this model, Sprague-

Dawley rats can be classified as either high responders (IIR) or low responders (LR) 

based on their locomotor response to the mild stress of a novel environment. In parallel to 

"sensation-seeking" humans, IIR animals show a similar predisposition for stressful and 

anxiogenic situations, as shown by their increased willingness over LR rats to seek out 

and explore aversive environments (Delhi et al, 1993). This behaviour typically initiates 

stress and anxiety responses thai differ between HR and LR animals, which led to the 

adoption of this model as studies focused on slress responsiveness. When subjected to 

the slress of a novel environment, although high responders appear to be less anxious, 

they actually show greater activation of Ihe HPA axis, leading to enhanced and prolonged 

secretion of corticosterone, relative to more anxious low responders (Piazza et al, 1989; 

Dellu et al, 1996). Thus. HR rats are more active and explore novel condilions more 

readily than LR rats, even though it induces in ihem a higher slress response. A possible 

explanation for this differential stress response is that the mineralocoiticoid receptors of 

HR show reduced sensitivity' to noradrenaline, which has been shown to regulate MRs 

independently of corticosterone fluctuations, resulting in less efficient negative feedback 

of corticosterone following stress (Kabbaj etal, 1996; Kabbaj etal. 2007). In addition, 

IIR rats self-administer corticosterone more readily than LR rats, indicating both that 
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corticosterone has positively reinforcing properties, and thai these properties are stronger 

in HRs (Piazza et al. 1993). Furthermore, this implies that HR rats seek out more 

stressful environments not despite ihe resulting elevation in corticosterone levels, but 

because of its rewarding properties. 

Tn addition io differences in novelty-seeking and stress reactivity, numerous 

studies have reported behavioural and/or neurobiologies differences between high and 

low responders related to vulnerability- to drug and substance abuse, anxiety, emotional 

reactivity, and cognitive functions. I will first describe Ihese differences in regards to 

behaviour, followed by neurobiological distinctions, differential gene expression, and 

environmemal influences on the HR/LR phenotypc 

1.11 HR/LR Model of Drug Addiction 

This model has been used to examine phenomena such as sensation-seeking and 

stress responsiveness. However, it was originally proposal by Piazza and colleagues 

(1989) as a model to investigate individual differences associated with susceptibility to 

drug abuse. Today, many studies using the HR/I .R model of individual differences have 

shown that high responders and low responders show substantial differences in their 

vulnerability to drugs of abuse. For example, HRs exhibit significantly higher locomotor 

reactivity to amphelamine (Exncr & Clark, 1993; Hooks et al, 1991; Piazza et al. 1989), 

are more likely lo acquire amphelamine self-administration, and show significant 

sensitization to repealed amphelamine administration, compared with LRs (Klebaur et 

al, 2001 a; Pia/./.a etal, 1989; Pierre and Vezina, 1997; Hooks etal, 1991). 

Interestingly, not only do animals with a higher tendency to acquire amphelamine self-
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administration (HRs) exhibit a higher novelty-induced corticosterone secretion, but 

corticosterone administration to LR rats makes them behave more like HR rats by 

inducing amphetamine self-administration (Piazza et al, 1991). Thus, this increase in 

HPA activity and ^ubsequenl release of coiticosierone may offer a neu rob io logical 

explanation of psychostimulant addiction. Not surprisingly, high and low responders 

show similar differences in their responses to cocaine, with HRs exhibiting a greater 

locomotor response and a higher rate of self-administration than LRs (Hooks et al, 1991; 

Gong et al. 1996: Kabbaj et at., 2001). In addition, irealmenl with morphine (Deroche et 

al. 1993; Kalinichev^f al. 20O4) and scopolamine (Hooks etal, 1991) induces 

significantly stronger locomotor reactivity in HRs, and ihcy acquire nicotine self-

adminisiralion more readily than their LR counterparts (Suto et al. 2001). IIR animals 

also consume more ethanol and display significantly higher locomotor scores ihan LRs 

after an ethanol challenge (Hoshaw et al, 1999,2000). 

1.12 HR/LR Behavioural Differences 

As previously mentioned, novclly-sceking individuals appear to be drawn lo 

stressful situations and environments that are normally avoided by others. Delhi et al. 

(1993) report that HR rats exhibit a strong tendency to seek novel and stressful 

conditions, as shown by significantly more novel-arm visits in a y-mazc and 16-ann 

radial maze, than LR rats. HR animals also show less anxiety-like behaviour in the 

elevated plus-maze (Kabbaj et al, 2000; Stead et al. 2006: White et at., 2007), defensive 

withdrawal test (White et al, 2007), lighl/dark anxiety test (Dellu et al. 1994; Kabbaj et 

al, 2000; Stead et al, 2006), and the open field test (Stead et al. 2006). Surprisingly, 
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while HRs place themselves in more angiogenic environments, they are also more 

reactive when faced with anxiogenic stimuli. For example, in the acoustic startle-induced 

vocalization test, HR rats showed greater anxiety-like behaviour than LR rats, initialing 

vocalization more quickly and for a longer duration in response to a series of loud 

acoustic stimuli (White etal, 2007). 

Studies on learning and memory also show differences between IIR and LR 

animals. Learning and memory of aversive stimuli, measured by the passive avoidance 

test (Borta & Schwarting, 2005). and working memory, measured by the novel object 

recognition test (Anloniou et al. 2008). show impairments in HR animals. Conversely, 

HRs exhibit enhanced spatial learning and memory in the Morris water maze, compared 

with I ,Rs (Antoniou et al, 2008). 

Similar to the observation in vulnerabilily lo drug abuse, there is significant 

individual variability in the severity of age-related impairments. Indeed, although both 

HR and LR rats perform similarly well at earlier time points, only HR rats display 

significant age-related memory impairments, suggesting that ihe novelty seeking 

tendency observed in young HR rals may predict cognitive impairments later in life 

(Dellu el al. 1994). 

There are also differences between high and low responders in both basal and 

stress-induced sleep-wakefulness parameters. Basally. HRs sleep less and exhibit lower 

amounts of slow wave sleep than LR animals; however, after exposure to an acute 

immobilization stress, the pattern is reversed, with HR rats sleeping more and exhibiting 

increases in slow wave sleep compared with LR rals (Bouyer etal. 1998). IIR animals 

show enhanced dopamine activity in the nucleus accumbens. which increases 



wakefulness and decreases slow wave sleep, while the differential neuroendocrine 

response to stress between IIR and LR animals likely underlies the stress-induced 

alterations in sleep-wakefulness. 

1.13 Neurobiologies! Basis of HR/LR Phenotypcs 

Although the neural basis for these individual differences in response to novelty is 

not fully understood, the mesocoriicolimbic dopamine system is thought to be involved 

due to its role in the reinforcing and motor cffccls of psychostimulants (Kalinichev et at., 

2004). Several studies have shown differences in both basal mid stimulated levels of 

dopamine in the nucleus accumbens, striatum, and medial prefrontal cortex between IIR 

and LR animals. As mentioned, HR ratsexhibil a greater basal level of dopamine in the 

nucleus accumbens than LR rats and also show; a greater increase in extracellular 

dopamine levels to mi amphetamine or cocaine challenge compared to LR rats (Hooks et 

al, 1991a; 1992a). HR animals also exhibit reduced dopaminergic activity in the cortex 

and enhanced activity in the nucleus accumbens and striatum, as measured by levels of 

DOPAC. a metabolite of dopamine (Piazza et al, 1999). Consistent with this finding, 

Saigusa et al (1999) report a novelty-induced increase in the extracellular concentration 

of accumbal dopamine in HR rats and Antoniou et al (2008) found higher tissue 

concentrations of dopamine and homovanillic acid (HVA) in the striatum ami DOPAC in 

the hypothalamus of HR rals compared to LR rals. In addition, tyrosine hydroxylase (Ihe 

ralc-limiiing enzyme in dopamine synthesis), is elevated in the nucleus accumbens of HR 

nils compared to LR rats (Miscrendino et al, 1993). High and low responding animals 

also react differentiallv to released dopamine, with considerable differences in dopamine 
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receptor density. For example, a significant decrease in D> receptor mRNA and dopamine 

binding in HR rats has been observed in ihe nucleus accumbens and striatum (Hooks et 

al. 1994; Kabbaj, 2004). 

The serotonergic system also plays a role in the reinforcing properties of 

psychostimulants, thus it is not surprising thai there are differences in serotonergic 

activity between HR and LR animals. High responders display lower levels of serotonin 

and 5-hydroxyindoleacetic acid (5-H1AA), a metabolite of serotonin, than low responders 

in the nucleus accumbens. striatum, and prefrontal cortex (Piazza et al, 1999). Antoniou 

and colleagues (2008) found similar results, with HR rats exhibiting a lower serotonin 

turnover ralio in the prefrontal cortex in comparison to their LR counterparts, although 

ihe serotonin turnover ratio and the tissue concentration of 5-HIAA in the striatum was 

found to be higher in HR rats. There are also differences in the expression of serotonin 

receptors, with HR rals exhibiting significantly lower levels of ihe 5-HT1 a receptor in the 

CA 1 area of ihe hippocampus lhan LR rats (Kabbaj, 2004). However, this result is 

surprising given that 5-HTla knockout mice exhibit a significant decrease in exploratory 

activity and an increase in anxiety-like behaviour (Ramboz et at.. 1998). 

The locus coeruleus-norepinephrine (LC-NE) system also plays a role in the 

neurobiological differences observed between IIR and LR rats. Although basal levels of 

NE in the hippocampus are not significantly different belween HR and LR animals, 

stress-induced NE release is significantly higher in HR compared to LR rals, suggesting 

that both the fast and slow slress responses are similarly different belween the two strains 

Rosario & Abercrombie, 1999). 
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1.14 Differential Gene Expression between HR-LR Phenotypes 

Although these findings are compelling, neurotransmitter tissue concern rations 

alone cannot account for Ihe differences observed between high and low responders. 

Using microarray technology, differences in basal and stress induced hippocampal gene 

expression between HR and LR animals have been identified lhal may be responsible in 

part for determining individual differences in emotional reactivity. Included in this list of 

differentially regulated genes are genes involved in extracellular cell signalling, 

ncuroiransmitter receptor related genes, intracellular signalling related genes, cell cycle 

regulator genes, transcription factors, and genes involved in biosynthesis/metabolism, 

ribosomal and structural functions, ln addilion. the majority of genes belonging to a class 

of genes involved in neurogenesis in the hippocampus are more abundant in LR relalive 

lo HR animals, suggesting that IIR rats may have a slower rale of cell proliferation. 

differentiation, and transformation (Kabbaj et al, 20O4). This idea is in agreement with 

ihe finding by I -cmaire et at. (1999) lhal cell proliferation in Ihe deniatc gyrus is 

approximately two times lower in HR rats compared to LR rats and that cell proliferation 

in the dentate gyrus is negatively correlated with locomotor reactivity to novehy. Thus it 

appears as though neurogenesis in HR animals is significanlly reduced. 

High and low responders also show unique patterns of stress-related gene 

expression. For instance. CRH is expressed differentially between HR and LR animals, 

with HR rats expressing lower levels of basal CRH mRNA in Ihe central nucleus of the 

amygdala than LR rats and higher levels in the PVN (Kabbaj et al, 2000). IIR rats also 

exhibit significantly lower levels of basal glucocorticoid receptor (GR) mRNA in the 

CA1 field and dentate gyrus of the hippocampus than LR rats. This decrease in 
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hippocampal GR may be responsible for Ihe differential corticosterone secretion in 

response to novelty and may contribute to the increased novelty seeking and decreased 

anxiety exhibited in HR rats since infusion of RU38486. a GR antagonist directly into 

the hippocampus leads to increased activity and novclly seeking in LR rals (Kabbaj et al, 

2000). In addition to these basal differences, high and low responders also exhibit distinct 

patterns of brain activation following a stressful stimulus (Kabbaj & Akil, 2001). After 

exposure lo an anxiogenic stressor. HR animals show significantly higher expression of 

c-fos in the anterior olfactory nucleus, main olfactory bulb, lateral orbital cortex, 

cingulale cortex, caudate-putamen, and PVN, while exhibiting lower c-fos expression in 

the C A1 field of ihe hippocampus, suggesting that HR and LR animals not only slart with 

different patterns of gene expression, bui appear lo respond to stressful situations 

distinctively as well. 

1.15 Environmental Influences on HR-LR Phenotypes 

Numerous studies have looked at behavioural and biological differences between 

IIR and LR animals; however, there has been less research looking at what environmental 

factors may coniribute to the development of these two phenotypes. For instance, IIR 

and LR mothers interact differently with their young, with LR mothers generally more 

attentive to their pups compared to IIR mothers (Clinton et al 2007). In addition, it has 

been reported that DNA melhylation of the GR promoter changes in response to maternal 

care. Molhers that exhibit increased pup licking, grooming and arched-back nursing of 

their young in the first week of life, produce offspring with differences in melhylation of 

the GR promoter that remain consistent into adulthood and can be reversed wilh cross-
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fostering. This differential melhylation results in increased histone acetylalion and nerve 

growth faetor-inducible-A (NGF1-A) transcription factor binding to the GR promoter, 

resulting in changes in GR expression and subsequent HPA axis responses to stress 

(Weaver et al. 2004). Thus, maternal care has an impact on gene expression in offspring 

and the development of the brain and HPA stress axis, possibly contributing to the 

differences observed belween HR and LR animals. Environmental factors also likely act 

to modulate existing HR and 1 .R phenotypes. For instance, chronic social defeat delays 

acquisition of cocaine self-administration in HRs and enhances self-administration in LRs 

(Kabbaj et al. 2000), while one week of social isolation inhibits IIR*s novelty-seeking 

behaviour, making them more like LR rats (Kabbaj et al. 2001). 

1.16 Selective Breeding for Divergence in Novelty-Seeking Traits 

The majority of studies using the HR-LR model have used oulbred Sprague-

Dawlcy rats classified as either high responders or low responders based on their adult 

behavioural response to a novel environment. Since Ihe novelty-seeking irail is defined 

based on behaviour observed in adult animals, it has been impossible up until this point to 

study the development of these phenolypic differences. Based on this, and on issues of 

trail stability and heriiability, Stead et al (2006) have applied a selective breeding 

paradigm to enrich for Ihe IIR and I -R traits in Sprague-Dawley rais, making 

developmental and genetic factors that play a role in variation in the stress-

responsiveness of adults open to examination. After just one generation of selective 

breeding, a rapid response to selection for HR and LR traits was reported, with 

phenotypic divergence between selected lines increasing with almost every consecutive 

generation to a maximum divergence at generation S7, with locomotor responses to 
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novelty in IIR-bred males and females 123% and 145% higher than LR-brcd rats, 

respectively. This breeding paradigm was also successful in its goal of being able to 

predict whether an animal would display the IIR or LR phenotypc at early developmental 

stages, with over 99% of all IIR animals from IIR parents and 9&% of all LR animals 

from LR parents by the fifth generation. 

1.17 Differential mRNA Expression in Developing HR-LR Rals 

A recent study investigating differences between fourth generation selectively-

bred adult HR (n=6) and LR (n=6) rals used Affymetrix GeneChip RAE230A microarray 

analysis lo identify mRNA differences in the hippocampus, hypothalamus, and frontal 

cortex. After false discovery rate correction, no genes were significantly differentially 

expressed between the two strains of rat (Stead & Akil. unpublished data). While this is 

in an apparent contradiction to the data from Kabbaj et al (2004). differences between 

the two studies included analysis of selectively-bred vs. non-scleclively bred rats, plus 

differences in the stringency of false discovery rate correction between the studies. To 

determine if gene expression differences did arise belween Ihese strains earlier in 

development. mRNA expression was again analyzed by microarray between selectively-

bred (generation F8) HR and LRs during development in the hippocampus, due to its role 

in ihe stress response, and the nucleus accumbens, due to its role in addictive behaviours. 

Microarray analysis al three early postnatal time-poinls (P7. P14. and P21) revealed no 

differences in ihe nucleus accumbens. btil hundreds of significantly different genes 

belween HR and LRs in the hippocampus al PND 7 and 14. Figure 1 shows a principal 

components analysis of the microarray dala, with each spot representing one microarray 
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slide and the distances between the spots representing the degree of similarity belween 

each array (Stead. Clinton & Akil. unpublished data). This shows that although 

developmental age produces the biggesl differences in m R N A expression, differei 

belween the two strains are apparent in ihe hippocampus al P7 and P14. 
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Figure 1: m R N A expression differences al P7.14 am) 21 in H R s and LRs. The top 
panel shows clear differences in m R N A expression between postnatal days 7, 14. and 21 
for both the hippocampus and nucleus accumbens. The bottom panel shows differences in 
m R N A expression at postnatal day 7 and 14 in ihe hippocampus only. 
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1.18 Proposal 

As mentioned, Ihe behavioural test used lo identify the IIR and LR phenotypes is 

conducted on adult animals. Therefore, in order to determine the genetic cause of these 

unique profiles it is important to identify early differences in gene expression that may 

serve as precursors lo ihe differences observed later in life. By identifying differences in 

gene expression early on, it may give insight into the developmental factors that 

predispose individuals to respond differentially to stressful environments and situations. 

The purpose of this thesis is twofold. The primary objective is to develop a 

custom miRNA microarray platform printed in-house to evaluate miRNA expression 

across various condilions. This will require the evaluation of various microarray printing 

parameters, the design of microarrays incorporating various within-chip controls, ihe 

assessment of labelling and hybridization procedures, and Ihe evaluation of microarray 

quality assessment and data analysis options. The second objective will be to apply Ihis 

platform to test the hypothesis that differences in miRNA expression between HR and LR 

rats will be present in the developing hippocampus at P7 and P14. bul nol P21. in a 

manner analogous to mRNA expression profiles. In addition, I hypothesize that miRNA 

expression differences may underlie some of the mRNA expression differences 

previously observed in ihese rals. To test this. I will be using microarray technology to 

identify a subset of differentially expressed miRNAs between selectively bred 

(generation SI8) high responders and low responders at three different developmental 

lime points, postnatal days 7, 14 and 21. Thus, ihere will be six experimental groups 

(n=6): (1) HR at PND 7; (2) LR at PND 7; (3) HR at PND 14; (4) LR at PND 14; (5) HR 

at PND 21; and (6) LR al PND 21. 



I will be looking at the hippocampus for several important reasons, specifically 

because HR and LR rals; (I) show differential mRNA expression in the hippocampus 

early in development (Slead, Clinton & Akil. unpublished data); (2) show differential 

HPA axis activation in response to stress, with the hippocampus being an integral pan of 

this system; (3) differ in basal hippocampal expression of glucocorticoid receptors 

(Kabbaj et al. 2000), (4) differ in hippocampal expression of 5HTla serotonergic 

receptors (Kabbaj, 2004). (5) show differential hippocampal c-fos expression in response 

to an anxiogenic stressor (Kabbaj & Akil, 2001). (6) exhibit differential neurogenesis in 

the hippocampus (Lcmairc et al, 1999; Kabbaj et al, 2004), and (7) show differences in 

basal and stress induced hippocampal gene expression (Kabbaj et al, 2004). 
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2. Materials and Methods 

2.1 Animals 

The animals used for this study were Sprague-Dawley rals selectively bred to 

enrich for the IIR and LR traits. They were bred, behaviourally tested, and euthanized at 

the University of Michigan according to the University's Animal Ethics Committee 

guidelines, which follow the procedures outlined in Ihe Guide for the Care and Use of 

Laboratory Animals (National Research Council, 1996). 

The initial population was made up of 60 male and 60 female Sprague-Dawley 

rats from three different breeding colonies purchased from Charles River Laboratories 

(Kingston NY, Portage MI, and Saint-Constant QC). Rals were housed 2-3 per cage with 

other animals from the same colony and were allowed to acclimalize to their housing for 

two weeks before beginning behavioural testing. Males and females were housed in 

separate rooms with males on a 12:12 light-dark cycle and females on a 14:10 liglu-dark 

cycle (lights on at 7 am). All animals had ad libitum access to food and water. 

2.2 Selective Breeding of HR and LR Animals 

From the initial population, males and females with locomotor scores in the top 

20%' were bred together to generate the High Responder line and males and females with 

locomotor scores in the bottom 20%> were bred together to generate the Low- Responder 

line. For both lines, 12 litters were raised at each generation. Locomotor response lo a 

novel environment was examined by placing them in a slandard size (43 x 21.5 x 24.5) 

clear acrylic cage in a different room from where ihcy had been housed. Locomotor 

activity was monitored for one hour by two panels of photocells connected to a computer, 

with final locomotion scores determined by summing horizontal and rearing activities. 



Behavioural testing was performed on adult animals between postnatal days 60 and 75 

and rals were bred for ihe following generation between the age of 80 and 90 days. The 

male and female with the "best" score from within each litter was used for breeding into 

the next generation. The breeding colony is managed by S. Clinton, University of 

Michigan. 

2.3 Sample Collection 

Animals were sacrificed by decapitation at nosinatal days 7. 14. and 21. The 

brains were immediately removed and ihe hippocampus was dissected on ice. fast fro/en 

on dry ice. and stored at -80"'C until ready for future processing. Sample collection was 

perfonned by S. Clinton, University of Michigan. 

2.4 Overview of Microarray Technology 

Microarray experiments characterize expression levels of potentially thousands of 

genes using a single array. The arrays used in this study were printed in-house with the 

NCode Multi-Species miRNA Microarray Probe Sel V2 (Invitrogen). consisting of 1140 

oligonucleotides complementary lo known and predicted miRNA sequences for human 

(553). mouse (427). rat (261 >, /). Meianogaster (85). C. Elegans (115), and Zebrafish 

(371). A two-colour reference design was used in which all experimental samples were 

hybridized along with a common reference sample of pooled miRNA (Knapen et al. 

2009). The experimental sample was labelled with Alexa Fluor 3 (green), the reference 

sample was labelled with Alexa Fluor 5 (red), and both were hybridized to the same 

array. Printing custom microarrays required Ihe evaluation of numerous factors to 
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determine optimal printing parameters and microarray design, which will be discussed in 

detail. 

Following this. miRNA was isolated from the hippocampus of both High and 

Low Responders at postnatal days 7. 14. and 21. Following evaluation of RNA quality, 

the miRNA was labelled with fluorescent Alexa Fluor dyes and hybridized to Ihe arrays. 

The arrays were scanned to generate images lhal were analyzed to measure relative 

fluorescence intensities, or expression levels, for each gene. Given the complexity of this 

technique, the various steps are outlined in Figure 2. and will be described in greater 

detail below. 
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Figure 2: Overview of microarray experimental procedure. The left branch consists 
of all steps associated with isolating, quantifying, and labelling m i R N A samples, while 
the right branch consists of all steps associated with designing and printing the 
microarrays. Both branches converge al the hybridization stage. 
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2.5 Microarray Printing Optimization 

All microarrays were printed using the VersArray ChipWriter Pro (Bio Rad). The 

microarraying process begins by loading oligonucleotide samples from a source plate into 

robotieally controlled printing pins. Excess sample is blotted onto a glass microscope 

slide and then spotted onto a series of epoxide-coated slides (Coming). After each 

sample, the pins tire washed in 10% clhanol (prepared from distilled water and 100% 

ethanol) and air-dried to minimize carry-over coniamination between samples. Sonieaiion 

in another 10% clhanol water bath can also be added to Ihe washing process for a more 

thorough pin cleaning. 

A series of test microarrays were produced to evaluate a range of variables. 

Faclors such as slide chemistry, spotting solution, pin washing conditions, and printing 

environment humidity', were altered to optimize prinl quality as determined by spot size 

and morphology and the extent of carry-over contamination belween spots. Five 

oligonucleolidcs were chosen as probes to print on these test chips. The First is 

complementary to a synthetic miRNA sequence designed as a positive control for use 

with the NCode Mulii-Spccies miRNA Microarray system. The remaining 

oligonucleotides were chosen based on varying expected expression in the rat 

hippocampus, with miR-l25b highly expressed in the brain, miR-222 moderately 

expressed in the brain. m>R-l22a not expressed in the brain, and miR-let7b expressed 

ubiquitously (Miskzetal, 2004). Oligonucleotide sequences are listed in Table 1. Unless 

otherwise stated, all oligonucleotides were suspended in Pronto! epoxide spotting 

solution (Corning) and printed on Corning epoxide-coated slides. All arrays were .scanned 

using the GenePix 4000B microarray scanner (Axon Instruments). The following sections 
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describe in detail which variables were optimized. The full details of the final 

methodology will be provided later. 

Table I: Oligonucleotide sequences used for microarray printing optimization. 

Oligonucleotide 
Name 

NCode Control 

miR-222 

miR-125b 

mi R-122a 

let-7b 

Oliconuckotide Sequence 

CTGTCATTGCTCCGGACACACTGTCATTGCTCCGGACACA 

AGACCCAGTAGCCAGATGTAGAGACCCAGTAGCCAGATGTAG 

TCAO*iAGTTAGGGTCrCAGGGTCACAAGTTAriGGTCTCAGGG 

AC^AACACCATTGTCACACTCCACAAACACCATTGTCACACTCC 

AACX^CACAA(XTACTACCTCAAACCACACAACCTACTACCrCA 

2.5a Ethidium Bromide and S Y B R Green II I est Chips 

Initial test chips were primed and stained wilh eilmlium bromide to assess spot 

morphology and carry-over (Gupta et al. 2007). Chips were printed with the five lest 

oligonucleotides, as well as extracted total R N A suspended in either Promo! epoxide 

spoiling solution or 0.1% diethyl pyrocarbonate (DEPC)-treated H«0(conc. 0.5 ug/ul). 

Buffer-only spols and DEPC-trcaied water spots were also included as negative controls. 

After printing, all slides were Stained with a 1:10,000 dilution of ethidium bromide (50 

mg/ml) and 0.5X tris-borate-EDTA (TBF) buffer. Staining was followed by three 5 

minute washes in 0.5X T B E buffer and three 2 minute washes in MilHQ water at room 

temperature. The chips were dried by ccnirifLigation at 2,000 rpm for one minute 

(Protocol modified from Gupta et al, 2007). Ethidium bromide is designed to stain 



double stranded D N A , thus, staining was highly variable between probes (assumed to be 

the result of variability in secondary structure belween different single stranded 

oligonucleotide probes). Therefore, at an early stage of printing optimization, ethidium 

bromide was replaced with SYBR Green II, which specifically binds to single stranded 

DNA. 

Test chips stained with SYBR Green II were prinled with dilution series of ihe 

same five test oligonucleotides (0.39 uM to 100 uM), as well as buffer-only spots and a 

dilution series of random hexamers (0.39 uM to 30 pM) (Qiagen) for negative controls. 

Arrays were stained following the same procedure outlined above, with ethidium bromide 

replaced with SYBR Green II (Protocol modified from Gupta etal, 2007). 

Determining Optimal Printing Humidity 

Corning recommends lhat their epoxide-coated slides be printed in an 

environment with relative humidity between 55% and 70'5-. Therefore, four chips were 

printed at 55%, 60%, 65% and 70% relative humidity to evaluate the effect of printing 

humidity on spot size and morphology. A relative humidity of 65% produced the best 

spots in terms of consistency, size, shape, and minimal '"donuting", which was consistent 

when replicated (data noi shown). 

Determining Optimal Slides and Spotting Solution 

In addition io Coming's products, the performance of epoxide-coated slides and 

spotting solutions from TeleChem and FullMoon Biosyslems was evaluated. 

Oligonucleotides miR-222 and miR-!25b were suspended in all three spotting solutions to 

a final concentration of 50 uM mid primed on all three slides at 55*fc, 60%. and 65% 

relative humidity. Results indicated lhat oligonucleotides suspended in Corning epoxide 
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spotting solution printed on Coming epoxide-coated slides performed best, with the most 

favourable spot size and morphology, as well as the highest signal intensities (dala not 

shown). 

Reducing Carry-Over Contamination 

After washing and sonication, the printing pins are dried by a series of air holes, 

one for each pin. Upon recommendation from the manufacturer, since only 8 out of 48 

possible pins were used to print the arrays, the air holes not being used were covered with 

electrical tape in order lo force air to come only from the holes aligned with active pins. 

In addition, default wash sellings were modified lo increase the number of washes from 

three to five and add 60 seconds of sonication between loading new probes. This resulted 

in more effective pin drying and eliminated virtually all delectable carry-over between 

samples (Figure 3). 
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Figure 3: Reducing carry-over contamination. Probes were printed in columns from 
top lo bottom, with columns on the left printed first. Highlighted areas show buffer-only 
spots. I .eft: Signal from buffer-only spols indicates observable carry-over. Right: Carry
over has been virtually eliminated after increasing pin washing and sonication and 
covering unused air-holes. 

Reducing Spot "Donuting" 

Spot donuting occurs when the solution is either not loaded evenly onto the slide. 

or it dries in a non-uniform manner. If the pin contacts the slide for too long, the probe 

may dry around (he edge of the spot before the pin has lifted, encouraging Ihe solution io 

spread to the spot edges. To counteract this phenomenon, printing environment humidity 

was increased and the dwell time of the pin on the slide was reduced. Although these 

measures helped, they did not totally eliminate donuting. Ideally, if the printing pins 

travelled downwards jus. enough to touch the surface of the slide, spot donuting would be 

minimized. However, due to slight variations in the ihickncss of the slides, this is not 

realistic and the pins must travel downwards lo a point slightly below ihe surface. Three 

test chips were printed will, varying "z chip down" settings (109.58 mm. 109.30 mm. and 



109.23 m m ) to evaluate the effect on spot donuting. The smallest distance .ravelled 

(109.23 mm) resulted in reduced donuting. but some spots were missing. There were no 

clear differences between ihe other two positions, with both showing a similar degree of 

donuting, particularly in the three control spot scries (NCode. m<R-l25b. and miR-222); 

low concentrations (< 6.25 pM) (Figure 4). 

ti 

Figure 4: Evaluating spot donuting. The distance Ihe pins iravel downward towards the 
slides was manipulated to evaluate the effect on spol donuting. The top panel shows z 
chip down seltings of 109.58 m m and 109.30 m m , respectively, with Utile difference in 
ihe degree of donuting. The bottom shows a z chip down selling of 109.23 m m . which 
reduced donuting. b m missing spots due to printing pins nol reaching the slide surface. 
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2.5b N C o d e M i c r o R N A Labeling System Test Chips 

Although SYBR Green 11 proved to be effective for evaluating printing conditions 

at low cost, it was also necessary to evaluate, and if necessary, optimize procedures for 

miRNA labelling and hybridization, as well as other factors that may impact the integrity 

of the system. To this end. a final group of microarrays were printed and hybridized with 

labelled miRNA samples. Dilution series of the five test oligonucleotides (0.39 pM lo 

100 pM) were printed on the arrays rather than the probes from the NCode Multi-Species 

miRNA Microarray Probe Sei because results from these lest chips were used to inform 

the design of the actual microarrays mid thus how to create the probe source plates. 

All test arrays were hybridized wilh two identical pooled miRNA samples (one 

labelled with Alexa Fluor 3 and the other wilh Alexa Fluor 5) using ihe NCode miRNA 

Labeling System (see MicroRNA Labeling and Hybridization for procedure). Using a 

single pool for all labels meant that any differences between the test chips (and between 

dyes on a single chip) could be explained by technical variability as opposed to RNA 

variability. Furthermore, all labelled samples included an NCode spike-in conlrol (1:400 

dilution in DfiPC-ireaied water, as recommended by manufacturer) lo hybridize against 

spotted dilutions (0.000015 to 100 uM) of a complementary oligonucleotide. All test 

microarrays also consisted of buffer-only spots and random hexaincrs (Qiagen) as 

negative controls. 

Evaluation of Hybridization Chambers 

Invitrogen's NCode Rapid miRNA Labeling System was designed for use with 

Corning hybridization chambers, which are stationary during the hybridization period. 

Agilent hybridization chambers on the other hand are assembled into a constantly moving 
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rotisserie. The Agilenl chambers were appealing because constant circulation of the 

hybridization mix may increase ihe likelihood of miRNAs encountering their 

complementary probes, thus increasing hybridization and signal intensity. However. 

Agilent chambers are designed for a significantly larger volume of hybridization mix 

compared to Coming (400 pi versus 60 pi). The performance of both chambers was 

compared with 60 pi of hybridization mix. Although both arrays looked nice, much 

greater signal was observed with ihe Agilent chambers. However, some unevenness in 

signal intensity was observed, which may have been due to the reduced volume. The 

hybridization protocol was modified to increase the volume of hybridization mix as much 

as the kit contents allowed (273 pi), resulting in even hybridization and no decrease in 

overall signal intensity. 

Evaluation of NCode Control Spike-In Concentration 

The NCode control spike-in (2 pmol/ul) was initially diluted 1:400 in DF.PC-

treated water as recommended by Invitrogen. However, the maximum signal intensity 

using this concentration only reached approximately 3000 units, whereas the microarray 

signal saturates at 65.535 units. As will be described later, signals from the NCode 

control dilution series will be used in data analysis lo normalize the microarrays. 

However, during this normalization stage, reliable results can only be expected for 

intensities within the range covered by ihe spike-in (Yauk et al., 2006: Sarkar et al., 

2008). For this reason, a dilution of NCode control spike-in was desired, thai when 

hybridized to the printed NCode dilution series, covered the full range of possible 

intensities. To determine the optimal NCode spike-in dilution, four microarrays were 

hybridized with miRNA samples consisting of varying concentrations of the NCode 
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spike-in, namely 0.9X. 9X. 90X and 900X dilutions (Figure 5). Based on these daia, 

optimal spike-in concentration (where only the most concentrated probe spots reach 

saturation) was estimated to he at a 7X dilution. However, subsequent modifications of 

Ihe labelling and hybridization procedures designed to minimize the adverse effects of 

high ozone levels on Alexa Fluor stability led to a general increase in signal intensity (see 

Array Wash Procedure). Based on quantification of this general increase, an NCode 

spike-in concentration of 50X was chosen for all subsequent microarrays. Figure 5 also 

shows a clear increase in mean signal intensity as spike-in concentration is increased. 

Furthermore, for spots printed at a conccnlration between 0.39 and 25 p Ivf, an increase in 

probe concentration leads to an observable increase in signal intensity. 

Spot Concentration |iiM( (IOH2) 

Figure 5: Kffecls of various N C o d e spike-in control dilutions on signal intensity. The 
log-mean of median signal intensities are plotted against on-chip log-NCode spot 
concentration for four different spike-in concentrations. Due to Alexa Fluor 5 degradation 
caused by high ozone coneenlrations, data is from the green (Alexa Fluor 3) channel 
only. Since standard normalization requires both channels, data is unnonnali/ed. 
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2.6 Printing the Experimental Microarrays 

2.6a Description and Positioning ol miRNA Probes and Control Spots 

The collection of spots on a microarray printed by each individual pin is termed a 

grid. The collection of grids primed by all pins (8 pins were used lo print the arrays) thai 

encompass the entire set of probes and controls is termed a supergrid. In this experiment, 

each grid consisted of 240 spots (16 rows by 15 columns), each supergrid consisted of 

eight grids (1920 spois), and each supergrid was replicated six times per array, for a tolal 

of 11,520 spots (Figure 6). 

The Oligonucleotides from the NCode Multi-Species miRNA Microarray Probe 

Set were printed on the arrays at a concentration of 30 pM. Tn addition, various external 

controls were also incorporated into the arrays. A 2X control dilution scries (0.000015 to 

100 uM) using the synthetic NCode sequence complementary lo ihe NCode spike-in 

control was sported in duplicate per grid. A 4X control dilution series (0.006 to 100 uM) 

of ihe two test oligonucleotides that showed high (miR-125a) and medium UiiiR-222) 

expression in ihe brain were also spotted in duplicate per grid. Dilutions from these 

control series were printed in random order in an evenly spaced pattern within each grid. 

among the miRNA probes. Negative controls including buffer-only spots and random 

hexamcrs (4.5 uM) were also included wilhin each grid to assess non-specific 

hybridization. In addition, a specific pailern of buffer-only spois were included wilhin 

each grid to assess carry-over from spot-lo-spol during (he priming process (Figure 7). 

The amount of carry-over was assessed by comparing Ihe median signal of buffer-only 

spots thai were printed immediately afler a 100 uM NCode external control spot to the 
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median signal of buffer-only spots primed immediately after another buffer-only spot, i 

a manner similar to that described by Yauk et al. (2006). 
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Figure 6: Schematic of Ihe microarray layout. Fach numbered box represents a grid 
prinled by one pin. Each grouping of eighl grids is a supergrid. and each supergrid is 
printed six limes on each microarray. 
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Figure 7: Schematic of grid design. Probes were printed in columns from top to bottom, 
with columns on ihe left primed first The sel of various control spots were printed in 
random order in an evenly spaced pattern within each grid. The highlighted pairs of spots 
represent ihe spois used to assess carry-over. 

2.6h Creating the Source Plates 

In order to prim ihe miRNA probes at a concentration of 30 uM, 500 pmolcs of 

lyophilized miRNA probes from the NCode Mulii-Spccies Microarray Probe Set were 

reconstituted with 15 ul of Pronto! Epoxide-Spoiling Solution and iransferred to five new 

source plates already containing the three external control series (Ncode, miR-I25b, and 

miR-222), the negative controls (buffer-only spots and random hexamers), and Ihe carry-

http://R-ntf.ii'


over controls. "Ihe five final source plates were sealed and stored at -20JC until ready for 

priming the microarrays. 

2.6c Printing the Microarrays 

Based on test chip results, the experimental microarrays were printed under the 

following conditions: ambient temperature between 20 and 25°C, relative prinling 

humidity of 65%, 5 washes and 60 seconds of sonication between loading probes, and a z 

chip down setting of 109.5 mm. The pins reloaded Ihe same sample from the source plate 

after every 15 slides to ensure sufficient sample lo spot on all arrays. 

A toial of 45 microarrays were printed continuously over a period of 

approximately 35 hours. Each source plate was removed from storage at -20'C as needed 

and allowed to thaw at room temperature for 20 minutes. After cenlrifugation at 2,000 

rpm for one minute, each plate was placed in the ChipWriter and allowed lo acclimatize 

lo the humidity for 10 minutes before printing. After priming, all microarrays were 

incubated in the ChipWriter at 70% relalive humidity for 12 hours, after which, they were 

dried at room temperature for 30 minutes and stored in microarray holders sealed in 

storage pouches until ready for hybridization. The arrays can be stored Ihis way for up lo 

six months. SYBR Green II staining of selected microarrays confirmed that arrays were 

primed successfully and appropriate for use with the hybridization procedure. 

2.7 MicroRNA and Total RNA Isolation 

Both miRNA and total RNA were extracted from hippocampal tissue samples. 

Although toial RNA will not be analyzed in this thesis, it was extracted for possible 

mRNA expression analyses al a later date. 
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2.7a MicroRNA Isolation 

Invitrogen's TRlzol reagent and PureLink miRNA Isolation Kit were used to 

isolate miRNA according to the manufacturer's instructions. Unless otherwise stated, all 

ccnlrifugations were at 12,000 x g and both centrifugaiions and incubations were al room 

temperature. Tissue samples were homogenized for 15 seeonds al medium speed in 1 ml 

of TRlzol Reagent using a PowerGen 125 tissue homogeni/.er (Fisher Scientific) mid 

incubated for five minutes to allow complete dissociation of nucleoprotein complexes. 

200 pi of molecular grade chloroform (Sigma) was added to the lysate and ihe mixture 

was vigorously shaken, incubaied, and centrifuged at 4*C to separate the mixture into a 

lower red phenol-chloroform phase, an interphase, and a colourless aqueous phase 

containing total RNA. The upper phase was transferred to a fresh tube and 215 pi of 

100% ethanol was added to obtain a final concentration of 35% ethanol. The solution was 

transferred to spin cartridges pre-insened into collection tubes and centrifuged. At this 

point, the flow through contained the small RNA and Ihe larger total RNA was bound to 

the membrane of Ihe spin cartridges. The spin cartridges containing the total RN A were 

placed into new microcentrifuge tubes containing 10 pi of Wash Buffer! from the 

PureLink Micro-lo-Midi Total RNA Purification System and stored at 4°C until ready for 

total RNA recovery. To continue wilh the miRNA isolation, 720 pi of 100% ethanol was 

added to Ihe flow through to obtain a final concentration of 70% clhanol mid the solution 

was transferred to fresh spin cartridges in collection tubes and centrifuged. The miRNA. 

bound lo the spin cartridge membrane, was washed twice with 500 pi of wash buffer and 

centrifuged al maximum speed to remove any residual wash buffer. The spin cartridges 

were placed into clean recovery tubes and 50 pi of sterile, RNase-lrec water was added 
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and cenirifuged al maximum speed to collect the purified small RNA molecules. The 

miRNA was stored al -80°C until ready for downstream applications. 

2.7b Total RNA Isolation 

Total RNA was isolated from the same samples using Invitrogen's PureLink 

Micro-to-Midi Toial RNA Purification System according to ihe manufacturer's 

instructions. The spin cartridges containing bound total RNA were removed from 4!'C 

storage and washed once with 700 pi of wash buffer I and twice with 500 pi of wash 

buffer IT. To collect the purified total RNA, 60 u I of RNasc-free water was added to the 

spin cartridges inserteil in new recovery tubes, incubated, and cenirifuged io collect the 

contents. Total RNA was stored al -80CC for future quality assessment. 

2.8 Assessment of RNA Quality and Quantity 

The NanoDrop 1000 Spectrophotometer (Thermo Scientific) was used to 

delermine sample eoncentralion and assess RNA purity. A ratio of absorbanccs at 260 

and 280 nm wavelengths (Aigo'Aiim) of approximately 1.8 is generally considered "pure" 

for RNA samples. 

The F.xpcrion Automated Electrophoresis Station (Bio Rad) was used according 

to manufacturer's instructions to determine sample concentration and the degree of RNA 

degradation, which decreases the reliability of results obtained in downstream 

applications such as microarray analysis and real-time PCR. The Fxperion software 

generates a ratio of the two major ribosomal RNA fragments, namely the 28S and 18S 

fragments, which is expected to be approximately 2.0 and remain constant across tissues. 

Degraded samples will exhibit greater depletion of the larger ribosomal molecules 



48 

compared with the smaller molecules, thus greaier degradation will be indicated by a 

lower 28S: I8S ratio. The RNA Quality Tndex (RQl) was also used to assess quality, with 

1 indicating that the sample is completely degraded and 10 indicating that Ihe sample is 

perfectly intact. This index can he used to assess Ihe appropriateness of using the sample 

for downstream applications. For instance, in order to perform future microarray work. 

the RQl of the sample should be at least 7 or 8 and to perform real time-PCR ihe RQl 

should be al least 5 or 6. To date. Experion does not offer a kit to assess quality of small 

RNA molecules. Therefore, total RNA quality was used lo infer quality of ihe isolated 

miRNA. 

2.9 Pre-Soaking and Prc-hybridizing the Microarrays 

Immediately before Ihe labelling procedure, the arrays were removed from 

storage and pre-soaked to reduce background fluorescence thai can develop over time. 

The arrays were immersed in a 1; 100 dilution of liquid borohydride and pre-soak solution 

from the Corning Background Reduction Kit. al 42JC for 20 minutes. The arrays were 

washed twice briefly in 0.1 X saline-sodium citrate (SSC) at room temperature and dried 

by cenlrifugation at 2.500 rpm for two minutes. 

Hollowing the pre-soaking procedure, the microarrays were pre-hybridized to 

remove loosely bound probe DNA and prevent hybridization from occurring on unprinied 

regions of the slide. The arrays were immersed in 42°C pre-hybridization solution 

consisting of 5 X SSC, 0.1 % sodium dodecyl sulphate (SDS). and 0.1 mg/inL bovine 

serum albumin (BSA), followed by three 5 minute washes in 0.1 X SSC at room 

temperature. After a brief wash in 0. !%• DEPC-trcaied water, the arrays were dried by 



cenlrifugation ai 2.500 rpin for two minules and stored in slide holders sealed in 

microarray storage pouches. The arrays must be hybridized within a few hours of Ihe prc-

soak and pre-hybridization procedures. 

2.10 Overview of the Labelling Procedure 

All miRNA samples were labelled using Invitrogen's NCode Rapid miRNA 

Labeling System according to the manufacturer's instructions. The first step in the 

labelling procedure is the addition of a poly(A) tail to ihe 3' end of ihe miRNA molecule. 

Next, using an oligo(dT) bridge, the experimental sample is labelled wilh Alexa Huor 3, 

while the universal miRNA reference sample is labelled with Alexa Fluor 5. Both 

samples are then hybridized to ihe same microarray and loaded into the hybridization 

oven for overnight incubation. The next day, the microarray is thoroughly washed and 

immediately scanned using the GenePix 4000B Microarray Scanner. This procedure is 

explained in greater detail below. 

2.10a Polyadenylation of miRNA 

The quantity of miRNA used in the labelling procedure was 320 ng dissolved in 

0.1% DEPC-treated water (35.5 ng/pl), as recommended by Invitrogen. 1 plof 50X 

diluted NCode spike-in control (2 pmol/pl) was added to each sample to hybridize the 

NCode external control series primed on the arrays. To add a poly(A) tail to the miRNA 

molecules, 1.5 pi of 10X miRNA reaction buffer. 1.5 pi of 25 mM MnCl., I plof diluted 

ATP, and I pi of Poly A Polymerase were added and the solution was incubaled at 37°C 

for 15 minules. 

2.10b Ligation of Alexa Flour Dye Molecules 
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From this point on, all procedures were performed in low light condilions to 

minimize photobleaching of the Alexa Fluor dye molecules. To Iigale the DNA polymer 

containing ihe Alexa Fluor dye molecules to the recently added poly(A) tail, 4 pi of 

Alexa Fluor 3 Rapid Ligation Mix was added to each experimental sample and 4 pi of 

Alexa Fluor 5 Rapid Ligation Mix was added to each reference sample, along with 2 p I 

of T4 DNA Ligase. Since samples were hybridized to arrays printed in-house. 1 pi of 

DEPC-treated water was added to each sample to replace the Dye Normalization Control, 

which is supplied with the kit and designed to detect probes on Invitrogen's commercial 

miRNA microarrays. After incubation al room temperature for 30 minutes, ihe ligation 

reaction was stopped by adding 2.5 pi of Stop Solution supplied with the kit. 

2.10c Hybridization Procedure 

To perform dual-colour hybridization, the two differentially labelled samples 

were combined into one tube. The volumes of BSA and 2X Enhanced Hybridization 

Buffer wete increased lo 22.7 pi and 200 pi, respectively, to increase the hybridization 

mix volume. The resulting mix was incubated at 65°C for 10 minutes. For each sample, a 

gaskel slide was placed in the Agilent hybridization chamber and the hybridization mix 

was pipelted down the center of the gasket slide. The printed microarray was placed 

active side down, on top of the gaskel slide, mid the hybridization chamber was 

assembled and lighlly sealed. A randomized block design was used lo 1) ensure that each 

batch of arrays were hybridized with samples from different treatment groups and 2) to 

pair miRNA sample* and microarrays printed al different locations within ihe ChipWriter 

for hybridization. The chamber was rotated vertically to wet the gaskel slide and ensure 
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proper bubble formation and then loaded into the hybridization oven. The rolisserie was 

set at 20 rpm and the array was left to incubate overnight (9.5 hours) al 52°C. 

2.10d Array Wash Procedure 

After hybridization, the array was removed from ihe hybridization oven and 

washed in 52°C Wash Solution 1 (2X SSX, 0.2% SDS, 0.1 mM DDT) for a total of 20 

minutes wilh gentle agitation (200 rpm) using a magnetic stirrer and stir plate. After 10 

minules. Ihe Wash Solution was refreshed and the arrays were flipped to ensure even 

washing. The array was washed in the same manner with Wash Solution 2 (2X SSC, 0.1 

mM) and again with Wash Solution 3 (0.2X SSC, 0.1 mM DDT). Die array was dried by 

centrifugation al 2,500 rpm for Iwo minutes in a centrifuge tube containing 20 pi of 2-

mercaptoethanol and then quickly transferred to a new tube, also containing 20 pi of 2-

mercaptoethanol, until ready to be scanned. Note thai Ihe dithiothreitol (DDT) in the 

wash solutions, plus storage of slides in tubes containing 2-mercaploethanol, were 

custom modifications designed to create a reducing environment to comhat the effects of 

ozone. Alexa Fluor dyes, especially Alexa Fluor 5, have been shown to be highly 

susceptible lo degradalion when exposed to elevated ozone levels (Fare et al, 2003). In 

particular, the Alexa Flour dyes appear lo be especially vulnerable during Ihe washing 

and scanning procedures. Tn addition to the use of DDT and 2-mercaptoethanol, labelling 

and hybridization was avoided on days above approximately 25CC and the washing and 

scanning procedures were done early in the morning (between 5:30am and 8:30am) when 

daily ozone levels are typically at their lowest. To ensure ozone levels were not 

negatively affecting the arrays, atmospheric ozone concentrations were recorded 

throughout the procedure and evaluated in subsequenl analysis. Furthermore, the water 
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tank supplying the MilliQ cleaning system was emptied and allowed lo refill before 

preparing the wash solutions in an effort to avoid using water exposed to high levels of 

ozone and the GenePix 4000B Microarray Scanner was moved to an office environment. 

as lab equipment may increase ambient ozone levels (Uenisphere Incorporated. 2004). 

2.10c Microarray Scanning 

The GenePix 4000B scanner simultaneously scans microarray slides at two 

wavelengths using a dual laser scanning system (532 nm and 635 nm lasers) and detects 

emilied fluorescent light using a pair of high-sensitivity photomultiplier tubes (PMTs). 

By default, both PMTs arc set al 600v. However, in order to optimize signal and balance 

the overall intensity from both the red and green channels, these PMT sellings can be 

changed. Each microarray was first scanned at PMT settings of 660 and 620 for the red 

and green channels, respectively. A ratio of the overall signal intensity from both 

channels was generated from this initial scan. Based on this, ihe PMT settings were 

adjusted, and the arrays were scanned a second time lo obtain a balanced image. All 

images used in subsequent data analyses were obtained from either the first or second 

scan, with a count ratio between 0.85 and 1.15. Figure 8 shows a typical microarray 

image generated using the GenePix 4000B scanner and software package. 
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Figure 8: GenePix microarray image. Left: Image of an entire microarray consisting oi 
six technical replicates and spots. Along the right arc close ups ol a ̂ l,0.n ° ' * 
microarray showing signal from the green (experimental) channel (top), • £ £ " " " the 
red (reference) channel (middle); and signal from both channels combined (bottom). 
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2.11 Image and Statistical Analyses 

2.11a Overview of Analyses 

ImaGene 8.0 was used to determine median signal intensity for each spot and data 

from controls printed within each grid were used to evaluate the quality of each array. A 

custom algorithm written in R scripts by Andrew Williams (Health Canada) was used to 

perform within-array normalization using a method called Loess normalization, while 

GeneSpring 10.0 was used to perform betwecn-array normalization using a technique 

called quantile normalization. Pariek was then used io perform Principal Components 

Analysis (PCA) to identify arrays thai did not behave in a consistent manner and to 

screen for (and if necessary eliminate) effects due lo variables olher lhan strain and age. 

Testing for statistical significance was performed using Significance Analysis of 

Microarrays (SAM) (Tushcr el al. 2001). Finally, cluster analysis was performed to 

identify groups of genes with similar expression profiles using the self-organizing map 

algorithm in GeneSpring 10.0. 

2.11b ImaGcnc Image Analysis 

The microarray images from GenePix 4000B were loaded inlo ImaGene 8.0. 

along with the corresponding Gene Array List (GAL) file that contains the ID 

information for every spot organized in a grid format. Each grid was aligned individually 

lo account for any misalignment due lo uneven slide arrangement in the ChipWriter or 

warping of the printing medium. Next, spots were automatically adjusted four times to 

ensure that the grid lined up properly wilh the image. Where necessary, further 

adjustments of individual spois were made manually. 

Within ImaGene 8.0 there are various parameters which control virtually all 

aspects of the array image analysis. Spot finding involves the localization of the array 



signal as primed on the array medium. Due to warping of the slide surface or slide 

misalignment, spots and sometimes entire grids require spot finding in order to properly 

determine the location of the signal. Spot finding settings were left at default with the 

exception lhat grid flexibility was increased to allow grcaler deformation of the grid to 

match any misaligned spots. Segmentation is the differential ion of signal and background 

values within the image and constitutes one of the most important aspects of array image 

analysis. Automatic segmentation was used with a background buffer of 9 pixels and a 

background width of 15 pixels, hi addition, 20% of the lowest pixel signals were filtered 

out lo exclude pixels in the center of "donuls". All other parameters were left at default 

settings, resulting in non-background subtracted, and non-normalized median signal 

intensities for each spot. 

2.11c Evaluating Grid-to-Grid Variation 

By priming ihe NCode external control dilution series wilhin each grid, the design 

allowed for the assessment of grid-to-grid variation in signal intensity caused from 

differential array pie-soaking or pre-hybridizaiion, uneven hybridization, irregularities in 

array washing, or printing and pin number. Average signal intensities from ihe 100 pM. 

12.5 pM, 6.25 pM. 3.13 pM and 1.56 pM NCode control spots were evaluated as a 

function of grid number to identify any lop-lo-boilom or lefl-lo-right variation in signal 

inlensily and to ensure consistency across various probe concentrations, in a manner 

similar lo that described by Yauk et al (2006). 

2.1Id Determining Presence/Absence of Signal 

In order lo determine the presence or absence of signal from each miRNA probe, 

an algorithm written in R scripts by Andrew Williams (Health Canada) generaicd a 
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threshold in which all probes exhibiting a median signal greater than three standard 

deviations above the mean of all buffer-only spots (excluding buffer-only spots printed 

immediately after 100 pM NCode control spois) were considered present All probes with 

median signals below this threshold were delermined absent 

2.10e Microarray Data Normulizalion 

In microarray experiments, there are various sources of syslemalie variation 

which affect the measured gene expression levels. Normalization is the process in which 

such variation is removed. The arrays were normalized independently io coiTeci for 

variation within each single array (wiihin-array normalization) and as a set to make the 

data comparable belween arrays (betwecn-array normalization). 

Within-Array Normalization 

An algorithm was written in R scripts by Andrew Williams (Health Canada) to 

normalize the data within each microarray using Loess normalization. In experiments 

such as this, where two fluorescent dyes are used, the different dyes do not get 

incorporated equally well in the labelling procedure, resulting in an intensity difference 

between samples which is attribulablc to the dyes, not to differential gene expression. 

This is referred to as dye bias and may introduce false varialions in the dala if not 

corrected (Dobbin et al, 2005). Loess normalization, or locally weighted linear 

regression analysis, is a leehnique used to remove variation related to dye bias (Smyth & 

Speed, 2003). Loess normalization fits simple linear models to localized subsets of the 

data to build up a function, point by point, that describes the variation in die entire dataset 

(Cleveland, 1979; Cleveland & Devlin, 1988). The Loess normalization used here was 

based on the NCode controls series only. Thus, for each NCode data point, a locally 
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weighted linear regression was fit to 10% of (he data from the entire control series that 

was closest to ihe point in question. The polynomial was lit giving more weight to array 

elements near the data point whose response was being estimated and less weighl to 

elements further away. The value of the regression function for die point was obtained by 

evaluating the local polynomial and the data point was adjusted to balance ihe intensity 

from both the red and green channels. This was done for every NCode data point until 

regression function values were computed for every point in the NCode eonirol series and 

a system for tweeting the data at each daia poinl for both channels was generated. This 

correction was then applied to all other data. Upon complelion of the within-chip 

normalization, the normalized data was output in log2 format. 

Between-Array Normalization 

After Loess normalization, the red and green distributions within each array were 

essentially the same. However, considerable variation belween arrays was expected due 

to inevitable differences in array processing such as minor variations in the concentration 

of miRNA, ihe number of scans, and aimospheric ozone concentrations. Between-array 

normalization corrects for these systematic differences and allows direct array-1o-array 

comparisons. GeneSpring 10.0 was used to perform quantile normalization, which has 

been shown to be a robust method for miRNA data (Bolsiad et al, 2003; Rao et al, 2008: 

Pradervand et al, 2009). This non-parametric approach assumes that there is an 

underlying common distribution of intensities across all chips (Smyth <fc Speed, 2003). 

The algorithm divides the ordered signal intensities for each array into four equally-sized 

subsets, or quartiles. The mean intensity at the 1st, 2nd (median), and 3* quantile is 

calculated using data from ihe enlire set of microarrays. The arrays are ihen normalized 
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by converting the mean signal ai each quantile to Ihe mean signal across all chips and 

scaling ihe intensilics of each spot by this overall mean value. This effectively makes the 

distribution of expression values Ihe same for each array (Pevsner, 2009). 

Following normalization, ihe output data was entered into Excel and the six 

technical replicates were manually collapsed to give a single median intensity value for 

every probe. Within each array, if 50%- of ihe replicates were flagged as being absent, the 

probe was not included in subsequent analysis. 

2.10f Principal Components Analysis 

Principal Components Analysis is an exploratory technique thai transforms a large 

number of possibly correlated variables into a smaller number of uncorrelated variables 

called principal components. These new variables are ordered by Ihe amouni of variance 

explained, such that the first principal component accounts for as much of the variability 

in Ihe data as possible and becomes the X axis, the second principal component accounts 

for mosi of the remaining variability and becomes the Y axis, and so on until all the 

variation in the data is explained. Converting the original variables into a smaller number 

of principal components reduces a complex data scl into a lower-dimensional picture that 

may unveil hidden slruciures or patterns in ihe data (Shlens. 2009). 

Identifying Outliers 

PCA was performed in Partek to identify any outlier arrays resulting from 

technical problems. Since the reference channel used pooled miRNA samples lhal were 

expected to be identical for all arrays, decisions io exclude specific arrays were based on 

PCA of the reference channel only. A correlation dispersion matrix with normalized 



59 

eigenvector scaling was used to standardize the data to a mean of zero and a standard 

deviation of one. 

Evaluating Hatch Effects 

PCA was also used to screen for effects due lo variables other than strain and age, 

such as date of miRNA extraction and date of hybridization. PCA showed clear effects of 

miRNA hybridization date on miRNA expression. This effect of hybridization dale was 

therefore subtracted from the data using the "remove batch effect" algorithm in Partek. 

2.11g Significance Testing 

Before significance testing, all genes that were never expressed to detectable 

levels were removed to decrease the number of hypothesis tests and ihus reduce the false 

discovery rate correction. A probe was defined as present if it was flagged as present in at 

leasi three out of live animals (using experimental channel data only) wilhin tit least one 

treatment group. Anything that failed this filler was excluded from subsequent analysis. 

.Similarly, any genes lhal were annotated to detect exclusively non-rat miRNAs were 

excluded, leaving a lolal of 206 genes for analysis. 

Significance testing was performed using Significance Analysis of Microarrays 

(SAM), a non-parametric statistical technique for identifying significant genes in a set of 

microarray experiments (Tusheref <*/., 2001). The independent variables were defined 

separately as strain and age, as SAM only allows analysis of one variable at a time. SAM 

computes a statistic (d) for each gene that measures the strength of Ihe relationship 

between gene expression and ihe independent vartables(s), based on Ihe change in gene 

expression relative to the standard deviation of repeated measurements. SAM uses 

repeated permutations of the data, 5000 in this case, to estimate the likelihood of such 



genes being identified by chance (false discovery rate) and then determines if Ihe 

expression of any gene is significant in relation to the independent variable. The 

significance threshold is determined by a user-defined parameter termed delta that is 

based on the false positive rate. In this study, the delta value was adjusted to report 

significant genes wilh a median false positive rate of 0. This does not mean that there are 

no false positives, bul rather that on at least 50%' of ihe dala permutations, there were no 

false positives, and ihus we can have high levels of confidence in the genes considered 

significant. 

2.1 Ih Clustering Algorithms 

Microarray experiments generate overwhelmingly large amounts of data. Cluster 

analysis is a widely used tool lhat helps make sense of this data by identifying groups of 

genes wilh similar patterns of expression. These groupings can be used to classify genes 

according io potential functionality and can be inlerprcied with respect to possible 

biological pathways (Shannon. Culverhouse, & Duncan, 2003). Cluster analysis was 

performed using the self-organizing map algorithm in GeneSpring 10.0. 
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3. Results 

3.1 MicroRNA Quality 

An A26o:A:8o absorbances ratio of 1.8 for RNA is generally considered "pure". 

These samples showed a mean /.26i>'-Mw of 1.99, with a minimum ratio of 1.88 and a 

maximum ratio of 2.06, demonstrating a high level of purity for all miRNA samples. 

Similarly. Experion analysis gave an RQl index of at least 9.8/10 (with 8/10 or 

higher being sufficient for microarray application), indicating lhal RNA quality was more 

lhan sufficient for all downstream applications. Furthermore, comparison between total 

RNA and small RNA fractions showed no small RNA in the total RNA fraction, with a 

peak corresponding to small RNA fragments and depleted larger RNA fragments in the 

small RNA fraciion, demonstrating that the small RNA was separated successfully from 

the total RNA (Figure 9). 
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Figure 9: Kxpcrion automated electrophoresis results. Top: Results from a typical 
total R N A extraction, showing peaks associated wilh the IKS and 2 8 S ribosomal 
fragments |28S:18S = 1.92J. Bottom: Results from a typical m i R N A extraction from ihe 
s a m e hippocampal tissue, showing depleted 18S and 2 8 S ribosomal fragments and a peak 
associated with smaller R N A fragments. 



3.2 Evaluating Carry-Over Contamination 

Each grid included six negative eonlrol spots used to assess carry-over 

contamination from ihe printing process. Three buffer-only spots (Blank C) were printed 

immediately after a high signal intensity spot (100 pM NCode control spot, termed Spol 

B) and ihree (Blank A) were printed immediately after a buffer-only spot The percent 

cross-spot contamination was calculated by subtracling Ihe mean signal of the Blank A 

spots from the mean of the Blank C spots, divided by the mean signal of ihe 100 pM 

NCode external control spois (Spot B) minus the mean signal of the Blank A spots (i.e., 

[C-AJ / IB-A1 x 100) (Yauk et al, 2006). Using this measure, the average cross-spot 

contamination across all arrays was 0.18 % (± 0.02 standard error) for Alexa Fluor 5 and 

0.25 % (± 0.02 standard error) for Alexa Fluor 3. 

Of the 30 microarrays, exactly half showed consistent mid low levels of carry

over contamination across all eight printing pins, while the other half showed a higher 

proportion of carry-over for one printing pin in particular (Figure 10). The cross-pin 

carry-over observed in grids printed by pin 4 fluctuated between approxirnalely 0.60 % 

and 1.5 %. The majority of these arrays were grouped together and all were among the 

first half of arrays printed wilhin ihe ChipWriler. Since a randomized block design was 

used to randomly assign miRNA samples to arrays for hybridization, the microarrays 

showing a higher pin-speeific carry-over contamination were evenly dislribuled among 

each of the six experimental groups (LR/7: 3; LR/14: 2; LR/2I: 2; HR/7: 2: HR/14: 3; 

HR/2I:2) (Figure 11). 
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Figure Hi: Evaluation of carry-over contamination per printing pin. Top: Flot 
represents a typical microarray showing consisienl and low carry-over {%) across all 
printing pins. Bottom: Plot reprcscnis a microarray with the highest proportion of carry
over (%) in all grids primed by printing pin 4. 
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Figure II; Carry-over contamination i%) across all microarrays. Carry-over 
contamination (%) was computed using the formula fC-Al / fB-Al x 100 for each array 
and for both channels separately. The arrays are grouped according to experimental 
condition (I.R/7, I.R/14,1.R/21, HR/7. HR/14, HR/21) and ihe arrays showing pin-
specific carry over are highlighled. 
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3.3 Evaluating Grid-tn-Grid Variability 

Figure 12 shows the grid-to-grid variation in signal intensity of a typical 

microarray, with grids numbered across four columns and grid number increasinj 

towards the bollom of the array (see microarray layout in Figure 6). This figure covers 

the full range of signal intensities, as probes with intensities below that observed for the 

1.56 pM probes were typically flagged as absent. Analysis of non-normalized data shows 

relatively slable signal intensity from top-to-bollom of the array. However, ihe signal for 

the first grid in every row typically drops, indicating an approximaic two-fold increase in 

intensity from left-to-right that is observed for all arrays. Figure 12 also shows that grid-

to-grid variation is consistent across the series of spot concentrations and variation in 

signal is similar for both channels. 
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Figure 12: Grid-to-grid variation for a typical microarray. The average signal 
intensity for five N C o d e control spot concentrations are plotted as a function of grid 
number for bolh ihe red and green channels. Variation in signal intensity is relatively 
slable from top-lo-boiiom, but there is an approximate two-fold difference in signal 
intensity from left-lo-righl. Data are non-normalized. 
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3.4 Microarray Data Normalization 

A scattcrplot of non-normalized data comparing the median signal intensity from 

both channels confirms thai ihe NCode control series covers the full range of signal 

intensities with no breaks in (he signal, making ihe scries appropriate for use in 

normalization procedures (Figure 13). 
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Figure 13: Scattcrplot of median signal intensities for Alexa Fluor 3 and Alexa Fluor 
5. The non-normalized signal intensities are relatively balanced belween channels and Ihe 
NCode control series (red) covers ihe full range of signal intensities with no gaps in the 
signal. 
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MA plots were generated lo compare intensities from the red and green channels, 

where M is the log-ratio of the expression intensities and A is the average log-expression 

of intensities. Figure 14 shows MA plols for a microarray included in the analysis and an 

array laler identified as an outlier. For an array included in the analysis. Loess 

normalization produced a relatively minor adjustment of the data. However, for an outlier 

array excluded from analysis, dramatic differences in signal intensities belween Ihe two 

channels prior to normalization resulted in a much larger adjuslineni and iherefore, less 

confidence in the normalized dala. Quantile normalization of the entire set of microarrays 

adjusted the distribution of expression values for each array, dramatically reducing 

variation between arrays (Higure 15). 
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Figure 14: M A plots before and after Loess normalization. M A plots show microarray 
data bolh before and after wiihin-array normalization for an array that passed quality 
control measures and was included in Ihe analysis (top) and an array that failed quality 
control measures anil was excluded from analysis. 



70 

i 

•r 

. - -

--

iii! •i ii 

H j U > . "IjU , HjP • . Hittl-ftt1 yJljL 1 

jjl. 

nil1! 
• • . • • • • • • • • • • 

6-
in. TTTT ii-ii-ii.. ..i .. i i ii..JI 

-i-

r-

r-. r-. 

- : • 

to 
£ :S J 

- i -

ft LT. Q 
T" -t-

3! •- io n: 

IB t̂  h- r--

T 1 1 1 1 i • •—-r r— 

••. ^. --. (.. E O) 35 10 a) iC <0 * M P- i^r^"^r^>-«IR>TOtQKt50>tD^ 
P> Cl !"> <t f"> <1 M O <•) rt rt S W ii «<"),».« O M O "_rt._«_,™-,™»Ll

p*_.p',n 

7-. fi?:r>rtrtrtrtrt^f><^P>^"J"<vP>fl>^: rt « co <o <•» m a 

Array barcode reference number (red and green channels) 

Figure 15: Boxplot before and after quantile normalization. Each boxplot displays the 
intensity values for the green and red channels separately for each array. Before 
normalization, there is considerable variability between the arrays (top). Quantile 
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3.5 Outlier Determination 

Decisions to exclude specific microarrays were based on Principal Components 

Analysis of the reference channel. PCA of all 39 microarrays (a total of 36 plus 3 

duplicated arrays) identified six outliers (Figure 16). Kxclusion of these six microarrays 

and re-analysis by PCA led to minimal evidence of any remaining oulliers. In order to 

generate n=5 in each experimental group, three adiliiional microarrays were excluded 

from analyses. Given that hybridization date had an effect on miRNA expression, 

microarrays that led to ihe removal of an entire hybridization batch were excluded and all 

subsequent analysis was on a total of 30 microarrays. 

,o 
5̂  
C\J 
CO CO 4 

_ 

o 
c 
2 
£ 
o O 
ca 
*-* 

a 

4» 
• 

M mi ^ifi 

*s* 
rf* 

\mt^ 

*r 

Principal Component 1 (18.4%) 

Excluded as outlier Included in subsequent analysis 

Figure 16: Principal Components Analysis to identify oullier microarrays. P C A plot 
shows distribution of arrays on PCI versus PC3. O f the 39 microarrays included, six were 
identified as outliers and were excluded from subsequent analysis. 
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3.6 Removing Batch Effects 

The presence of batch effects was assessed by PCA on the reference channel 

(Figure 17). Interestingly, the actual date of hybridization segregates in a progressive 

manner along the PCI axis, so that the more recent the hybridization, the further to the 

right the array is on the axis. This suggests that something is systematically changing 

over ihe course of time that hybridization was being performed. PCA on the experimental 

channel shows similar effects of hybridization date and miRNA extraction date, although 

slightly less pronounced (data not shown). Since both factors are interrelated due to the 

experimental design, and hybridization dale appears to have an additional effect on 

miRNA expression wilhin groups distinguished by extraction date, Partek was used to 

remove the hybridization date batch effect only. Re-analysis by PCA demonstrated lhat 

ihe effect attributable to both hybridization date and extraction date had been 

dramatically reduced for both the reference and experimental channels. 
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Figure 17: Effect of hybridization date and extraction date on m i R N A expression. 
P C A of the reference channel for all microarrays shows clear effects of boih 
hybridization date (top) and m i R N A extraction date (bottom) on m i R N A expression 
profiles. In addition, hybridization date segregates in a temporal pattern across PCI. 
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3.7 Differences in MicroRNA Expression 

PCA was performed lo lest the hypothesis lhat there would be differences in 

miRNA expression between postnatal days 7. 14. and 21 and between HR and LR rats at 

P7 and P14. bul not P2I. as was observed for mRNA expression profiles (Figure 1). 

Contrary to the hypothesis, there was no indication of segregation by strain. However. 

age segregated along PC 1 (the largest single component of variance), revealing an 

obvious effect of developmental age on miRNA expression (Figure 18). 

Significance analysis of microarrays (SAM) revealed thai 78.9% of the 261 rat 

miRNA probes included on the chip were expressed at detectable levels. The threshold of 

significance was adjusted lo ihe point where the median number of false positives was 0. 

Al this threshold, ihere were 62 genes lhal different by age. The expression patterns of 

these genes across the three developmental timepoints are graphically represented in 

Figure 19. A self-organizing map algorithm was also used to classify these 62 genes into 

12 groups based on similarities in expression profiles across postnatal days 7, 14, and 21 

(Figure 20). 
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Figure 18: Effect of strain and age on m i R N A expression. P C A plot shows 
distribution of arrays on PCI versus PC2. P C A shows a clear effect of developmental age 
on m i R N A expression top). However, P C A shows no obvious effect of HR/LR 
phenotypc on m i R N A expression (bottom). 
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Figure 19: Heat m a p of m i R N A s differentially expressed between P N D 7,14, and 21. 
62 rat m i R N A s showing significani differences in expression across postnatal days 7. 14 
and 21 are displayed from left io right. 
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Figure 20: Expression profiles for m i R N A s showing significant differences between 
P N D 7,14, and 21. Cluster analysis was used to classify the 62 significantly expressed 
genes into 12 groups showing similar expression profiles across postnatal days 7. 14. and 
21 (x-axes). 
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Although P C A showed no obvious effect of ihe IIR/LR phenotype on m i R N A 

expression, SAM revealed three genes displaying significantly higher expression in High 

Responders compared to Low Responders when data from all timepoints are combined 

(Figure 21). In addition, SAM was used lo explore the interaction belween age and strain 

to identify any differences in gene expression between High Responders and Low 

Responders within each developmental lime point. Results revealed nine genes that are 

significantly uprcgulaled in High Responders al PND 14 (Pigure 22) and three lhal are 

significantly downregulaicd at PND 21 (Figure 23). There were no significantly different 

genes between the strains al PND 7. As expected, significance analysis of microarrays 

performed on the reference channel for the effects of both age and strain, confirmed no 

significant differences in gene expression. 

rno-miR-30c rno-miR-125a rno-miR-3Gb 

Figure 21: Expression profiles for m i R N A s showing significant differences between 
High and L o w Responders across all lime points. Cluster analysis was used lo classify 
the Ihree significant genes into I w o groups showing similar expression profiles when daia 
arc combined from all limepoinls. For each gene, x-axes show expression at P N D 7, 14, 
and 21 for IIR and LR. respectively. 
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Figure 22: F.xpression profiles for miRNAs showing significant differences between 
High and I^>w Responders at P N D 14. Clusler analysis was used to classify the three 
significant genes into two groups showing similar expression profiles at P N D 14. For 
each gene, x-axes show expression al P N D 1, 14. and 21 for H R and LR. respectively. 
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Figure 23: Expression profiles for m i R N A s showing signiticant differences between 
High and L o w Responders at P N D 21. Cluster analysis was used to classify the nine 
significant genes into four groups showing similar expression profiles at P N D 21. For 
each gene, x-axes show expression at P N D 7. 14. and 21 for IIR and I .R. respectively. 

Since a higher proportion of carry-over was observed for grids primed with pin 4 

on half of ihe microarrays, genes showing significant expression were analyzed for 

possible print-tip carryover artefacts. O f ihe 62 significant genes, eight were located 

wilhin grids printed by this pin. However, none of these probes were printed in positions 

likely lo have been affected by carry-over effects, as all were printed immediately after 

either buffer-only spots or probes showing very low relative expressions. 
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4. Discussion 

In humans, "sensation-seekers" are individuals that are drawn to stress- or 

anxiety-causing situations (Bardo el al, 1996) and are more likely lo suffer from stress-

related disorders such as bipolar affective disorder, depression, and drug and alcohol 

abuse (Zuckcrman & Neeb, 1979). In order to better understand the genetic faclors 

underlying susceptibility lo stress-related disorders, the High Responder-Low Responder 

model was used lo identify differences in miRNA profiles between these two phenotypes 

in the developing hippocampus, a brain region lhal plays an important role in the HPA 

axis response to stress. miRNAs are involved in central nervous system development and 

function and have been implicated as potential factors in the development of stress-

related disorders (Uchida et al, 2008). By identifying differences in gene expression 

early on. it may give insight into Ihe developmental factors that predispose individuals to 

respond differentially lo stressful environments and situations. 

4.1 Creating a Custom MicroRNA Microarray Platform 

These data demonstrate that the eustom miRNA platform established within (his 

thesis is able to accurately delect differences in miRNA expression. While these data 

must be confirmed by complementary techniques such as real-lime PCR, clear 

differences in expression profiles between different age groups are observed. 

Furthermore, differences between groups are as expected based on previous studies 

(Stead et al, 2006) as differences between P7 and P14 appear to be greater than 

differences between P14 and P21 (Figure 24). Similarly, the difference in expression 

profiles is greatest when comparing P7 to P21. 
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Figure 24: Comparison of m R N A and m i R N A expression profiles for both age and 
strain. The top panel shows clear differences in both m R N A (left) and m i R N A (righi) 
expression between postnatal days 7,14, and 21 in the hippocampus. The bottom panel 
shows differences in m R N A expression at postnatal day 7 and 14 (left), hut no obvious 
differences in m i R N A expression at any of the developmenial time points (right). 

Nomenclature of m i R N A s fol low's a set of specific rules. N e w miRNAs arc 

assigned sequential numerical identifiers as discovered. Sequences whose mature 

miRNAs differ at only one or two nucleotides are assigned the same number, but 

different lettered suffixes, constituting a family of miRNAs that may share similar 

functions (Griffiths-J ones et at.. 2006). It is therefore notable thai within this study, 

families of miRNAs that differ by only one or two nucleotides (miR-29a, t>. & c; miR-23a 

http://Pnncip.il
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& b; miR-7 & miR-7b) displayed similar expression patterns belween postnatal days 7, 

14, and 21 (Figure 20). Related miRNAs also showed similar expression profiles between 

the two different strains. For example, two of the three genes that were significantly 

upregulated in High Responders across all three lime points were miR-30b and miR-30c 

(Figure 21). Furthermore, at postnatal day 14, miR-27a and miR-27b, as well s&miR-29a 

and miR-29b, were upregulated in HRs compared to LRs (Figure 22). This suggests that 

the microarray platform is able to differentially detect these structurally similar miRNAs. 

Although Invitrogen's miRNA probes are designed to provide maximum specificity for 

discerning betw-een closely related miRNAs. il is also possible lhat cross-hybridi/aiion 

occurred, in which only one miRNA was actually changing, but was being detected by 

both probes. For instance, miR-29a might have been the only miRNA changing, hui ihe 

probes for both m/R-29a and miR-29b were detecting this change. If this is the case, these 

isoform probes can essentially be viewed as technical replicates of each olher, acting as 

two independent sets of probes that detect the same miRNA. The fact lhat these sets of 

probes give the same results demonstrates consistency within arrays and is evidence that 

each probe is giving an authentic signal. 

4.1a Designing and Printing the Microarrays 

Although miRNA microarrays arc becoming a common tool for exploring the 

profiles of hundreds of genes simulianeously, standard control measures have nol been 

established lo ensure the quality of arrays before analyzing and interpreting results 

(Pradervand et al, 2009). A major goal of this study was to design a microarray that 

allowed for quality assurance measures at various slages of the process. Consequently. 

the various controls incorporated into the design are a key strength of this custom 
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platform. For instance, the three dilution series (NCode. miR-125a, and miR-222), the 

carry over controls, and the random hexamers are all features of these arrays that are not 

included in Invitrogen's commercial arrays. Furthermore, additional technical replicates 

(six) were printed on each slide, compared to pre-printed slides available from Invitrogen 

(three). 

Printing six technical replicates per array increases the likelihood of obtaining 

accurate results. It is eommon to use only two or three replicates per array. However, a 

variety of problems can occur in the hybridization process, which can affect ihe signal 

intensities for individual spots or for entire regions of ihe array, and the fewer replicates, 

the more inaccurate the resulting expression levels can be. It should be noted lhat taking 

the median signal from six replicates does not automatically guarantee better quality data. 

For example, if arrays consistently showed strong lop-to-bottom variation in signal 

intensity, the median signal would always equal the difference belween spots in the two 

supergrids in the middle of the array. This would essentially lead to consistent use of daia 

from only iwo of the six replicate spots. Fortunately, for these data there were no 

dramatic and consistent grid-to-grid variations in signal intensity, so this limitation was 

not an issue. 

Carry-over contamination between different probes on the array can result in 

increased signal intensity due to a previously primal, highly expressed probe. 

Surprisingly, many microarray studies do noi address this issue. Evaluating carry-over 

contamination ensured that high signal intensity was in fact due to increased expression 

and not carry-over artefacts. Although the carry-over contaminalion {%) was 

considerably higher for pin 4 for a subsel of ihe arrays (Figure 10), careful inspection 
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showed that ihis was due only to Ihe last of the three buffer-only spots used in the carry

over calculation. This spot consistently showed high signal, while the firs! iwo buffer-

only spots showed signals comparable to background levels. This phenomenon was 

observed for all microarrays printed before the first re-dip. After the re-dip, the problem 

disappeared for several slides, but returned partway through the printing cycle. There is 

no clear explanation for this observation. However, it does suggest that significantly 

expressed miRNAs should be screened for higher intensity in the subset of arrays 

showing this patlern. 

The inclusion of ihe NCode control spike-in for hybridization lo ihe NCode 

dilution series had several benefits. Having a series of spots within each grid with 

intensities that are independent of the miRNA sample (and thus expected lo be identical 

in intensity between arrays), allowed for the uniform evaluation of carry-over 

contamination and grid-to-grid variability in signal intensiiy. The NCode control series 

was also used lo demonstrate that a more intense signal is achieved with more probe-

larget interactions (Figure 5). Furthermore, the NCode control series was used to 

normalize the data within each array. 

Measurable signal intensities from the NCode control spots confirmed lhat ihe 

labelling procedure worked appropriately. However, it did not confirm that the quality or 

quantity of endogenous labelled miRNA was appropriate for Ihe labelling procedure, nor 

that concentration-dependeni data would be obtained from endogenous miRNA. For this 

reason, miR-222 and miR-!25a dilution series were included in the design and showed an 

increase in signal intensity wilh probe concentration similar to the NCode series (data not 

shown). However, these control series cannot be used for normalization, as that would 
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require the assumption thai expression levels of these miRNAs are constant belween 

samples, which would have to be determined empirically in advance of each experiment. 

4.1b Reference Design 

Two-colour microarrays were generated using a reference design. This design 

incorporates a common reference sample on every array againsi which all other samples 

are initially compared (Knapen et al, 2009) and has several advantages. Firsl. it allows 

for the evaluation of technical variability belween arrays and identification of batch 

effects. Furthermore, significance testing of the reference channel increases the reliability 

of results revealed on the experimental channel. Analysis of the reference channel will 

also be used to compare expression data between different normalization approaches. 

4.1c Image and Statistical Analysis 

Normalization Techniques 

To date, well-established normalization techniques designed for mRNA arrays 

have been applied to miRNA arrays, even though there are imporianl differences between 

miRNA and mRNA data sets. For instance, mRNA microarrays typically evaluate ihe 

expression of tens of thousands of genes simultaneously, while miRNA microarrays 

evaluate the expression of hundreds of genes. In addition, the majority of miRNAs are 

either nol expressed or are expressed al low levels, and consequently, most spots on the 

arrays cannot be used for normalization. For these reasons, normalization methods used 

for mRNA expression arrays may not be appropriate for miRNA arrays (Sarkar et al, 

2008; Pradcrvand el al, 2009). 

Typical normalization approaches assume that most genes will not change. 

However, for arrays with small sets of genes in which a large proportion may exhibit 
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differential expression, this assumption may not hold true. To address this issue, Yauk et 

al (2006) incorporated an external control dilution series with a Loess normalization to 

improve the detection of differential mRNA expression in an array focusing on a subset 

of mRNAs relevant for loxicological studies. Results demonstralod lhat Loess 

normalization incorporating this control series improved detection over Loess 

normalization on its own. Since our custom microarrays share similar characteristics. 

Loess normalization based on ihe NCode control series was used for wiihin-anay 

normalization. To the best of my knowledge, this is the first study using this approach 

with miRNA data. Thus, the performance of Loess normalization with and withoul the 

NCode control series will be evaluated in the future, hi addition to intensity-dependent 

dye bias, there are other types of biases lhal can be removal through within-array 

normalization. Spaiial paiierns in ihe data can occur due to variability in printing pins 

(pin bias) or through the use of several different source plates (plate bias). The intensity 

for each spot also contains a contribution from ihe background fluorescence (background 

bias) (Khqjasteh etal, 2005). Spatial normalization methods include sealing each print-

tip group or plate group by the mean intensity of that group or sealing spots within a 

predefined collection of spots by the mean intensity of that collection. Background bias 

can be removed by subtracting an estimate of ihe background intensity from each spot. 

Evidence suggests lhal multi-step normalization procedures addressing all of these 

sources of variability outperform conventional single step methods (Khojasteh et al, 

2005). This suggests that in the future, multiple systematic variations should be 

considered when normalizing microarray data. 



Some of the first between-array normalization methods used with m i R N A array 

data were centering io median values (Sun et al, 2004; Castoldi et at.. 2006) or sealing 

based on total array intensities (Miska et «/., 2004; Tian et at., 2008). Variance 

Stabilizing Normalization (VSN) and quantile normalization have more recently been 

used with miRNA dala (Laurent et al, 2008; Pan et al, 2008). Perhaps surprisingly. 

some researchers do not use any normalization procedures at all (Baskerville & Bartel, 

2005; Liang et al, 2005; Wang et al, 2007). All of these various approaches to 

normalization (or lack thereof) have bam used on miRNA microarray dala. despite ihe 

fact that there is virtually no evidence supporting the appropriateness of their use. Several 

recent studies have compared the performance of various normalization approaches used 

with miRNA expression data and allhough there is no clear consensus, results suggest 

that quaniile normalization works at least as well as other methods, if not beticr ( Uolslad 

et al, 2003; Rao et al, 2008; Pradervand et al, 2009). 

Loess within-array and quaniile belween-anay normalizations were chosen for 

this study based on existing literature. However, a comparison of various normalizalion 

procedures will be assessed lo determine the most appropriate method for ihese particular 

data. 

Evaluating Batch Effects 

The effect of hybridization date on miRNA expression may not be surprising, 

given that various factors may change from date-to-date, such as atmospheric ozone 

concentrations or hatch number of the rniRNA labelling kit. However, Ihe fact that 

hybridization dates segregated in chronological order, from least recent to most recent 

was unexpected (Figure 17). Although ozone con centra lion has a clear effect on the 
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hybridization procedure (Hicks et al, 2004), it is not likely the cause of this temporal 

pattern, as ozone concentrations varied in random directions throughout the weeks that 

hybridization was performed (data not shown). One possible explanation for the 

consistent change is that the quality of the MilliQ water used to prepare the wash 

solutions may have decreased with time. MilliQ water has been shown to effect ihe 

stability of Alexa Fluor dyes when the filler has not been changed (Genisphere 

Incorporated, 2004). In this case, the MilliQ filter was changed and the sysiem was 

cleaned before Ihe first hybridization. However, the rest of the hybridizations were 

performed before another monthly cleaning cycle was required, hi the future, 

immediately following a cleaning cycle, MilliQ water should cither be storal in lightly 

sealed jugs for use in all subsequent wash solutions or the MilliQ cleaning cycle should 

be performed more frequently. Another option is to avoid MilliQ water entirely and use 

deionized reagent grade water to prepare w:ash buffers (Genisphere Incorporated. 2004). 

4.2 Comparison of mRNA and miRNA Expression Profiles 

Previous research using Affymetrix mRNA arrays showal clear differences in 

hippocampal mRNA expression between postnatal days 7, 14, and 21. as well as 

differences in mRNA expression betwom High and Low Responders at postnatal day 7 

and 14. It was hypothesized that miRNA expression in Ihe hippocampus would follow a 

similar pattern. This was partially true, as there were distinct differences in miRNA 

expression between postnatal days 7, 14, and 21. However, unlike mRNA expression, 

PCA showed no clear differences belween the two strains (Figure 22). Significance 

analysis of microarrays did demonstrate that there were some miRNAs lhal differed 
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significantly between IIR and LR rats. However, significant differences were only 

observed at postnatal days 14 and 21. which is in contrast wilh the mRNA expression 

profiles lhal showed significant differences in mRNA expression only at postnatal days 7 

and 14. Since miRNAs act on target mRNAs, it makes sense that miRNA levels change 

in response to mRNA levels. Therefore. mRNA expression is expeclal lo change first, 

followed by changes in miRNA expression. This might explain why mRNAs differed at 

P7 and P14, while miRNAs did not differ unlil PI4 and P2L 

It should be noled thai the mRNA and miRNA platforms should not be considered 

to be directly comparable, h'or example, if the miRNA data shows greater variability than 

ihe mRNA data, it could be due either to greater biological variability, or greater 

technical variability. Indeed, it has been suggested that in-house microarTays do nol 

provide the same level of sensitivity thai commercial arrays <io (Bammler et al. 2005). hi 

a study conducted by the Toxicogenomics Research Consortium, microarray data and the 

reproducibility of the results were evaluated within and between different laboratories as 

well as within and between different microarray plalforms (Bammler et al, 2005). 

Results indicated that more lhan half of the variability observed in the data was 

attributable to the microarray platform, with differences belween replicate microarrays 

and between differenl laboratories contributing substantially less. They also reported that 

commercial mien-arrays, for a variety of reasons, yield results that are more comparable 

belween laboratories, compared to arrays primal in-house. This is not surprising, given 

lhal custom arrays require more in-house processing, compared with commercial 

platforms. However, in-house microarrays offer advantages lhat commercial microarrays 
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do nol. including lower financial cost and the flexibility lo customize the arrays to 

include a variety of miRNA probes and controls. 

4.3 MicroRNA Function 

Although the functional roles of the majority of miRNAs are not known, the 

functions of a subset of miRNAs lhat differ between strains, and their relation to changes 

in mRNA expression, are explored below. 

4.3a miR-30 

miR-30b, and miR-SOc, both of which are upregulated in High Responders versus 

Low Responders across all ages (Figure 21). comprise a family of miRNAs lhat have 

been implicated in the regulation of connective tissue growth factor (CTGF). a protein 

found in various organs and involved in extracellular matrix remodelling (Duistcrs et al, 

2009). In two rodent models of heart disease. miR-30 was inversely related to the amount 

of CTGF. In addition, knockdown of miR-30 in cultured cardi©myocytes and fibroblasts 

increased CTGF levels, while overexpression of miR-30 decreased CTGF levels. CTGF 

function in Ihe brain is poorly understood. However, it has been localized to amyloid-0 

plaques in Alzheimer's disease and degenerating spinal cord regions in ALS patients, 

areas known to be affected by neuroinflammalion. CTGF may also participate in 

neu roinflam mat ion-induced dopaminergic neurotoxicity, and thus may be involved in 

Parkinson's disease pathology (McCiain, Phillips, & Fillmore. 2009). CTGF has ban 

shown to be downregulaled in Ihe hippocampi of cocaine abusers, possibly promoting 

long lasting structural changes in the cytomatrix and synaptic connections that play a role 

in chronic cocaine addiction (Mash et al, 2007). This is particularly interesting since 

overexpression of miR-30 in High Responders should lead to decreased levels of CTGF 
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(as observed in cocaine abusers) that may play a potential role in their greater locomotor 

response to cocaine and propensity to self-administer cocaine (Hooks etal, 1991; Kabbaj 

et at., 2001). Unfortunately. CTGF was nol included on the Affymelrix arrays profiling 

mRNA expression in High and Low Responders and therefore mRNA expression cannot 

be commented on (Stead & Akil, unpublished data).. 

4.3b miR-29 

miR-29a and miR-29b were also significantly upregulated in High Responders 

compared to Low Responders. specifically at postnatal day 14 (Figure 22). miR-29a has 

been shown to inversely regulate expression of peripheral myelin protein 22 (pmp22) 

through in vivo studies demonstrating that over-expression i>fmiR-29a reduces levels of 

pmp22 while inhibition of endogenous miR-29a increases pmp22 levels (Verrier et al, 

2009). Pmp22 codes for a prolein lhal is expressed mainly by myclinaling Schwann cells 

and is localized in compact myelin (Snipes et al, 1992). Pnip22 functions to provide 

structural support to myelin and is also involved in regulating Ihe growth and 

differentiation of Schwann cells (Manfiolcui et al, 1990; Zoidl et«/., 1995). Pmp22 

mRNA was also upregulalcd in High Responders at the same time poinl (Stead & Akil, 

unpublished data). Pmp22 increases very rapidly during development al this timepoint, 

coinciding with a widespread increase in brain myelinaiion (Garbay etal. 2000). 

Similarly, miR-29a is rapidly increasing in Ihe same region. It is possible that this rapid 

increase in miR-29a is a direct response lo Ihe rapidly increasing pmp22 mRNA levels 

also exhibited during development. It is worth noting that since both miR-29a and pmp22 

are showing such rapid increases in expression over time, il is possible thai a longer 

gestation period for HRs or a shorter gestation period for LRs may result in more 
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advanced development in High Responders and thus increased expression at postnatal 

day 14. 

The miR-29 family has also been shown to indirectly regulate ihe tumor 

suppressor p53, a proiein that is central to cell cycle regulation and many cellular slress 

responses. Specifically, the miR-29 family members upregulaie p53 levels and induce 

apoplosis by suppressing p85o and cell division cycle 42 (CDC42), both of which 

negatively regulate p53 (Park et at, 2009). Interestingly, CDC42 mRNA is also 

upregulated in High Responders specifically at this timepoint (Stead & Akil, unpublished 

dala). Based on mRNA dala. upregulaiion of CDC42 in High Responders should result in 

decreased apoptosis through suppression of p53. Since neurogenesis and apoplosis are 

often correlatal (Dong et al, 2003), increased CDC42 and decreased apoptosis may be 

related to the reduced neurogenesis observed in High Responder rals (Lemaire et al, 

1999). It is important lo note that reduced neurogenesis was reported in adull HRs, thus 

ihere is no direct evidence of reduced neurogenesis in HRs al this liniepoint. 

4.3c miR-338 

miR-338, a neuron-specific miRNA. is upregulated in High Responders at PND 

14 (Figure 23) and silences a family of mRNAs whose proiein products are negative 

regulators of neuronal differentiation (Uarik, 2008). This miRNA would therefore be 

expected to enhance neuronal differentiation. Transfection of pre-mtR-3 38 into the axons 

of primary sympathetic neurons decreased cytochrome c oxidase (COXIV) mRNA and 

protein levels and resulted in a decrease in mitochondrial activity, as measured by a 

raluetion in ATP levels. Conversely, the translation of synthetic anii-miR 

oligonucleotides thai inhibit miR-338 increased COXIV levels and resulted in a 
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significant increase in oxidative phosphorylation and norepinephrine uptake in the axons. 

COXIV is a protein that plays a key role in the assembly of Ihe mitochondrial 

cytochrome c oxidase complex IV, the last enzyme in the electron transport chain of the 

mitochondria. Therefore, through suppression of COXIV, miR-338 plays a key role in 

neuronal differentiation and maturation through the local regulation of axonal protein 

synthesis and respiration in sympathetic neurons (Aschrafi et al, 2008). Reduced miR-

338 is thus consistent with the reduced neurogenesis observed in HRs, as fewer neurons 

would result in reduced neuronal maturation (Lemairetf'a/.. 1999). 

4.4 Limitations and Future Direct ions 

MicroRNAs work by binding to complementary target sites in an mRNA, thereby 

preventing translation of Ihe transcript or initialing mRNA degradation. Therefore, if Ihe 

mode of action is mRNA degradation, we would expect upregulation of a given miRNA 

io result in downregulation of its target mRNA and vice versa. As demonstrated, changes 

in the expression levels of several miRNAs in this study coincide nicely with changes in 

expression levels of mRNAs from Stead and AkiFs mRNA expression study 

(unpublished dala). However, this is not sufficient lo conclude the presence of a causal 

relalionship. In order to do so, miRNA expression needs to be directly manipulated in 

order io observe expression changes in the mRNA target. For example. Care et al (2007) 

demonstrated that in vitro overexpression of miR-133 inhibited cardiac hypertrophy, 

while suppression of miR-133 by decoy sequences used to sequester endogenous miR-

133, induced hypertrophy, ln vivo inhibition of mlR-133 through injection of chemically 

engineered RNA molecules called antagomirs (used io silence endogenous miRNA), 



caused marked and sustained cardiac hypertrophy. This direct manipulation of miR-133 

allowed for ihe identification of specific targets of miR-133 that were known to play-

various roles in cardiac hypertrophy and cardiogenesis. 

There are several short-term objectives that will be carried out to complete this 

study. Real-time PCR, a commonly used tool for validating gene expression studies, will 

be used to verify these results. For large fold changes, real-time PCR can likely replicate 

these findings. However, some of the expression changes may fail to replicate given the 

small fold changes observed through microarray analysis. The Qiagen miScripi PCR 

system will be used lo detect and quantify miRNA from a single cDNA synthesis 

reaeiion. This system demonstrates highly specific miRNA detection, with the ability to 

disiinguish between miRNA isoforms that differ by only one or Iwo nucleotides. This 

will be particularly important for dciermining whether related miRNAs thai clustered 

together were due lo delection of different miRNA isoforms that share similar regulation 

patterns or due to cross-hybridization of only one differentially expressed miRNA. 

To determine the reliability of these results, it is of interest to compare this 

plalfonn with other commercial platforms by assessing ihe similarity between the data. 

Therefore, this euslom miRNA microarray platform will be compared to Agilcnl and 

Exiqon niicroarray platforms used by eollaboralors al Health Canada by running identical 

RNA samples on all platforms and determining correlations between signals. 

Various within and between-array normalization strategies will also be compared 

to determine the most appropriate method for these date. Comparison will be based on 

the degree of similarity between the reference channel data after normali/aiion. 
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The fact lhal m i R N A s identify their m R N A targets based on imperfeel sequence 

complementarity belween ihe miRNA seed region and the 3' LTR of the larget mRNA, 

makes experimental identification of miRNA targets difficult. This has resulted in an 

explosion of widely available computational target prediction programs, including 

miRNA target predictions at RMBL, miRanda. mirBase, PicTar, TargetScan. and RNA 

hybrid (Rajewsky, 2006). It is difficult to state with any confidence which of these 

available target prediction algorithms produce Ihe most reliable and/or sensitive larget 

predictions. For instance, PicTar and TargetScan produce similar overall sets of predicted 

target sites, while most other algorithms produce significantly different results. However. 

without empirically confirming these predicted targets, agreement between algorithms 

does not mean lhat the predictions are accurate and/or complete (reviewed by Rajewsky. 

2006). Although target prediction programs have clear limitations, identifying potential 

mRNA targets for miRNAs displaying significant differences in hippocampal expression 

profiles is an initial step towards determining potential functions. Thus, various target 

prediction programs will be assessed and potential mRNA targets will be identified. 

In this study 1 have compared miRNA expression data wilh mRNA expression 

data collected using both a different microarray platform and a different generation of 

selectively bred High and Low Responders, making it difficult to make direct 

comparisons. A more informative approach would be to run a correlation analysis using 

mRNA dala from the same tissue, as opposed to simply comparing groups. Ideally, 

protein levels could also be quantified. Total RNA was also extracted from ihe 

hippocampal tissue for this very reason, and may be used to generate mRNA expression 

data at a fulure date for comparison to this miRNA data. 
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4.5 Conclusion 

A rapid increase in stress-related disorders over the last decade (Hollhammcr & 

Ilellhammer. 2008), clearly demonstrates the need for a better understanding of the 

genetic factors contributing to these disorders. The High Responder - 1 aw Responder 

model of spontaneous variation in stress reactivity was used to identify genes that may-

differ signifieanlly in individuals thai are more vulnerable to ihe negative consequences 

of stress. Based on the fact that miRNAs have been implicated in slress related disorders 

(Uchida et al, 2008) and that clear differences in mRNA expression profiles have been 

demonstrated between High and Low Responders in the hippocampus, this thesis aimed 

to 1) design a custom miRNA microarray platform and 2) use this platform lo 

characterize miRNA differences between High and Low Responders in the hippocampus 

at postnatal days 7, 14. and 21. 

As hypothesized, a set of miRNAs were differentially expressed belween 

postnatal days 7, 14, and 21, in a pattern similar to mRNA expression profiles (Stead & 

Akil, unpublished data). Furthermore, at postnatal days 14 and 21, a subset of miRNAs 

were differentially expressed between High and I x>w Responders. which are implicated 

in a variety of central nervous system functions, including neuroinflamrnalion (McClain 

et al, 2009). Schwann cell growth and differentiation (Zoidl ei al, 1995). cell apoptosis 

(Park et al, 2009), and neuronal differentiation and maluralion (Aschrafi et al, 2008). 

Due lo Ihe explosion of miRNA discoveries over the last several years, data 

illustraling functionality are eilher limilal or absent for the majority of miRNAs. Thus, 

noi all miRNAs identified in this sludy have a known function. As more research is 

dedicated to determining miRNA function, a belter understanding of the implications of 

this research will likely emerge. Future research should aim to characterize the 
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expression of mRNA and protein products from the same hippocampal tissue in order to 

facilitate the discovery of miRNA largets and functions in the brain. 
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