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Abstract 
 

Neurodegenerative diseases are a diverse group of progressive diseases that include 
Alzheimer’s disease (AD) and prion disease. Although these diseases differ in etiology, 
they share a number of similarities at the molecular level. For instance, microRNA 
(miRNA), small RNA molecules that post-translationally regulate gene expression, are 
often differentially regulated during disease.  A previous study identified key miRNA 
that are dysregulated during prion disease in the hippocampus. Of these miRNA, miR-16-
5p is of particular interest, as it has also been found to be dysregulated in AD. The 
objective of this thesis is to characterize the role of miR-16-5p within hippocampal 
neurons in order to understand its function during neurodegeneration. It is hypothesized 
that hippocampal miR-16-5p, given its induction in hippocampal neurons during 
preclinical disease, plays a role in regulating the dendritic remodeling and synaptic 
pruning that is the earliest pathological feature of neuronal degeneration in prion disease. 
To address this hypothesis, primary hippocampal neurons were dissected from embryonic 
day 18 mice and treated with a lentiviral vector at maturity. This vector either encoded 
miR-16 or miRZIP-16, causing overexpression or knockdown of miR-16, respectively. 
Immunoprecipitation of the miRNA-16 enriched RISC complex was then performed, and 
the co-immunoprecipitated target mRNA was subjected to a whole genome microarray. 
Analysis of microarray data in Ingenuity Pathway Analysis pinpointed 181 genes 
involved in neuronal morphology and neurological disease targeted by miR-16. In 
particular, the MAPK/ERK pathway was targeted at TrkB, MEK1 and c-Raf. This is of 
interest, as we know that this pathway is disrupted in other neurodegenerative diseases 
and is directly implicated in neuronal morphology. Subsequent morphological analysis 
revealed that overexpression of miR-16 in neuronal cells decreased neurite length and 
branching, consistent with the downregulation of components of the MAPK/ERK 
pathway.  In conclusion, miR-16 targets many mRNA transcripts within the hippocampus 
that are important members of pathways involved in neuronal development and 
neurodegeneration, including the MAPK/ERK pathway.  
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Chapter 1: Introduction 

1.1 Neurodegenerative Disease 

With much of the population advancing in age, an increasing number of people are at risk 

for developing age-related illnesses. In particular, neurodegenerative diseases such as 

Alzheimer’s disease (AD) are becoming increasingly common. AD is the most common 

cause of dementia, representing 60-80% of cases (Alzheimers Association 2015). In total, 

65.7 million people worldwide are expected to be afflicted with AD by 2030 (Prince et al. 

2013).  

Neurodegenerative diseases are invariably fatal illnesses resulting from progressive loss 

of neuronal function. These diseases are very diverse with AD, Parkinson’s disease (PD), 

Huntington’s disease (HD), Multiple sclerosis (MS), Amyotrophic lateral sclerosis (ALS) 

and prion diseases all belonging to this group. Table 1 summarizes the incidence rates of 

neurodegenerative diseases throughout Canada. 

Pathologies commonly associated with neurodegeneration include synaptic loss, tangles 

of misfolded proteins and infiltration of glial cells into afflicted regions of the brain. In 

AD, amyloid-beta (Aβ) aggregates into extracellular senile plaques. Aβ is created by 

multiple cleavage steps of the amyloid precursor protein (APP) by BACE/β-secretase and 

γ-secretase (Parsi et al. 2015). Additionally, neurofibrillary tangles composed of 

hyperphosphorylated tau protein form within neurons (Parsi et al. 2015). Together, these 

pathologies lead to neuronal death primarily within the hippocampus and cortex, in a 

mechanism that is not fully understood. Similarly in HD, accumulation of HTT 

aggregates within neurons causes atrophy in multiple regions of the brain, including the 
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caudate nucleus, neostriatal nuclei and putamen (Lee et al. 2013). In PD, the second most 

prevalent neurodegenerative disease, α-synuclein rich Lewy bodies form within 

degenerating dopaminergic neurons residing in the substantia nigra and striatum (Zhang 

and Cheng 2014; Dorval et al. 2014). Although a medley of proteins comprise the Lewy 

body, α-synuclein has been particularly implicated in the neurodegeneration associated 

with the disease (Zhang and Cheng 2014). In ALS the formation of ubiquitin and SOD1 

rich protein aggregates occurs in upper and lower motor neurons followed by their 

degeneration throughout the cortex, brainstem and the spinal cord (Lin and Beal 2006). 

The presence of aggregated proteins within each of these diseases suggests that this 

pathology may be central to the process of neurodegeneration. 

Clinical symptoms of neurodegenerative diseases are diverse, dependent on the subclass 

of neurons that are afflicted, and range from cognitive impairment to motor dysfunction. 

For instance, AD and HD are both associated with cognitive impairment yet AD typically 

presents as severe memory loss while HD patients develop psychiatric symptoms (Parsi 

et al. 2015; Lee et al. 2013; Lin and Beal 2006). HD patients also typically present with 

chorea (uncoordinated movement) (Lee et al. 2013; Lin and Beal 2006). The key 

symptoms of PD are tremors, rigidity and slowness of movement along with unstable 

posture (Dorval et al. 2014). ALS typically presents with muscle weakness, atrophy and 

spastic movement (Lin and Beal 2006). 

The etiology of these diseases is diverse, and much is still unknown. AD typically occurs 

sporadically with unknown cause but can also be genetically linked to point mutations in 

genes such as APOE ε4 (Prince et al. 2016; Brodaty et al. 2016). PD and ALS can occur 

due to inherited mutations in key genes, such as fibroblast growth factor 20 in PD, but 
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typically occur spontaneously (Lin and Beal 2006; Saugstad 2010). Conversely, HD is 

highly genetically linked through autosomal dominant transmission. A mutation in the 

huntingtin gene in chromosome 4 results in pathogenic expansion of greater than 40 CAG 

repeats, resulting in large polyglutamine stretches in the encoded protein (Lee et al. 2013; 

Lin and Beal 2006). For this reason, family history for HD is a strong indicator of 

susceptibility, while for other neurodegenerative diseases it is not so clear. Interestingly, 

certain factors have been proposed to increase the risk of dementia including age, poor 

education in early life, midlife hypertension, smoking, diabetes, and race (Alzheimers 

Association 2015; Prince et al. 2016; Brodaty et al. 2016). In addition, strong evidence 

exists of certain lifestyles reducing dementia risk including lifelong learning and regular 

physical activity (Alzheimers Association 2015).  
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Table 1: The Prevalence of Neurodegenerative Diseases within Canada 

1Canadian Community Health Survey (CCHS) 2010-2011 Project Survey Data: Reflects weighted period prevalence to represent Canadian population 
and rounded to nearest ten. Age of survey participants was 0+ unless noted otherwise.  http://www.phac-aspc.gc.ca/publicat/cd-mc/mc-ec/section-3-
eng.php *Coefficient of Variation was between 16.6% and 33.3% in these surveys.  2Creutzfeldt-Jakob disease Deaths Reported by Creutzfeldt-Jakob 
disease Surveillance System (CJDSS) between 2010 and 2011. http://www.phac-aspc.gc.ca/hcai-iamss/cjd-mcj/cjdss-ssmcj/stats-eng.php **Based on 
population of Canada in 2011, 34,342,800 people. http://www.statcan.gc.ca/tables-tableaux/sum-som/l01/cst01/demo02a-eng.htm 

  

http://www.phac-aspc.gc.ca/publicat/cd-mc/mc-ec/section-3-eng.php
http://www.phac-aspc.gc.ca/publicat/cd-mc/mc-ec/section-3-eng.php
http://www.phac-aspc.gc.ca/hcai-iamss/cjd-mcj/cjdss-ssmcj/stats-eng.php
http://www.statcan.gc.ca/tables-tableaux/sum-som/l01/cst01/demo02a-eng.htm
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1.2 Prion Diseases 
 

A significant problem in neurodegenerative disease research in the past has been the 

fundamental difficulty in studying sporadic diseases, with no defined singular 

pathological agent. However, there does exist a family of diseases in this class that fill 

this requirement; collectively referred to as prion diseases.   

Prions are uniquely infectious protein molecules that cause deadly neurodegenerative 

diseases in humans and animals. These diseases are collectively referred to as 

transmissible spongiform encephalopathies or prion diseases. Similarly to other 

neurodegenerative diseases, infection with prions (PrPSc) results in the aggregation of 

misfolded human protein (PrPC) into amyloid fibers and massive neuronal degeneration 

throughout the brain. Prusiner coined the term prion after discovering that the infectious 

unit of scrapie was nuclease resistant and thus must be a proteinaceous infectious particle 

(Prusiner 1982). This agent was isolated and fibrils of aggregated protein, soon identified 

as PrPSc, were visualized with electron microscopy (Diringer et al. 1983). It was later 

discovered that PrPSc is in fact the misfolded form of PrPC, a ubiquitously expressed host-

encoded membrane protein. PrPC was long without known function, but is now thought to 

perform a variety of functions from aiding in synaptic plasticity and cellular 

differentiation to preventing oxidative stress (Zanetti et al. 2014). Additionally, PrPC has 

recently been determined to act as a membrane-bound receptor for Aβ, but it is not 

essential for the synaptic deficits induced by Aβ in hippocampal neurons (Laurén et al. 

2009; Kessels et al. 2010). The glycosylphosphatidylinositol (GPI) anchor possessed by 
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both PrPC and PrPSc has been shown to be essential for efficient neural spread of PrPSc 

(Klingeborn et al. 2011). 

Prion diseases of animals include scrapie in sheep, bovine spongiform encephalopathy 

(BSE) in cattle and chronic wasting disease (CWD) in elk. In humans, prion diseases can 

be sporadic, heritable or acquired (typically iatrogenic). These include Creutzfeldt-Jacob 

disease (CJD) (both variant (vCJD) and sporadic (sCJD) forms), Gerstmann-Sträussler-

Scheinker disease (GSS), fatal familial insomnia (FFI) and kuru (Wadsworth and 

Collinge 2011). Prions were first identified in sheep that had scrapie, and subsequently 

were identified in humans in a cannibalistic tribe in Papua New Guinea in the form of 

kuru (Gajdusek et al., 1966). Kuru is caused by transmission of prion through 

cannibalistic ingestion of prion-infected brain matter during ritualistic funeral practices. 

Its incubation time has been shown to exceed 50 years in some cases (Collinge et al. 

2006). Unlike kuru, CJD was identified to be a sporadic form of prion disease (Gibbs et 

al. 1968). Sporadic CJD represents approximately 85% of human prion diseases 

(Wadsworth and Collinge 2011). 

One of the unifying traits of these diseases is the fact that they are transmissible between 

hosts (typically through human brain homogenate to laboratory monkeys) (Gibbs et al. 

1968; Gajdusek, Gibbs, and Alpers 1966). However, a species barrier does exist that 

either results in inability of prions to propagate in a new host, or an unusually prolonged 

period before clinical signs are apparent in that host. This barrier is thought to be due to 

conformational selection due to steric hindrance of certain conformations of PrPSc with 

PrPC (Wadsworth and Collinge 2011). However, stabilization of the prion strain within 

the new host can occur with serial passaging. Prions have thus been demonstrated to 
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transmit between unrelated species, overcoming this species barrier (Béringue et al. 

2012). For example, variant CJD (vCJD) is the result of cross-species transmission, 

having originated from the BSE epidemic in the UK. When humans ingested BSE-

infected beef, prion replication was able to occur resulting in the development of vCJD 

(Collinge 1999). Additionally, there is evidence of vCJD transfer between humans 

through infected blood transfusions (Peden et al. 2004). 

Interestingly, these diseases have a range of clinical presentations. The symptoms of 

prion diseases are dementia, uncoordinated and unintentional movement, hyperreflexia, 

and seizures (Wadsworth and Collinge 2011). The molecular aspects of these diseases 

vary to some extent, but are broadly characterized as neuronal vacuolation and death 

resulting in a spongy phenotype (spongiform) and prolific infiltration of astrocytes and 

microglia into the affected region of the brain. In addition, there is a marked lack of 

lymphocytic inflammatory response (Wadsworth and Collinge 2011). Some of the 

diseases have distinct amyloid plaques of PrPSc, such as kuru, GSS and vCJD while 

sCJD, exhibits much more diffuse PrPSc deposits (Wadsworth and Collinge 2011). These 

variances are the result of strain-specific differences between the prions that are 

responsible for these diseases. Different prion strains stem from unique conformations of 

the same protein structure. Strains can possess drastically different incubation periods, 

biochemical features as well as unique distribution of PrPSc throughout the brain 

(Solforosi et al. 2013).  

The uniquely infectious nature of the prion protein is advantageous as it allows for the 

creation of infected animal models with the true causative agent of disease. This creates 

an accurate model of disease rather than a model of a pseudo-diseased state like many 
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other neurodegenerative disease models that rely on the engineering of non-physiological 

levels of disease-related proteins in rodents. In addition, mice infected with RML-scrapie 

(a lab-derived mouse form of prion disease) have all of the characteristic signs of prion 

disease, including cognitive changes unlike other neurodegenerative disease models 

which frequently display some characteristics of the disease state, but are missing others 

(Chandler 1961; G. R. Mallucci et al. 2007; Majer et al. 2012; Jucker 2010). 

Synaptic loss is one of the earliest pathological features of neurodegeneration, as it occurs 

long before clinical signs of disease are apparent (Cunningham et al. 2003). In the prion 

mouse model, the build-up of PrPSc is first detectable in mice prior to the mid-point of the 

incubation period. In a murine scrapie model described in detail by Jeffrey et al, PrPSc 

accumulation was first seen at 70 days post infection (dpi) within the hippocampus 

followed by synaptic loss at 84 dpi, axonal degeneration at 98 dpi and neuronal loss at 

180 dpi followed by death of the animal around 250 dpi (Jeffrey et al. 2000). 

Interestingly, this synaptic loss has been shown to be reversible in this model system, 

with synaptic regeneration occurring in diseased tissues (G. R. Mallucci et al. 2007). This 

lends support to the idea that studying this stage of the neurodegenerative disease process 

is important for therapeutic discovery. 

In regards to gene regulation during prion disease, it has been found that a core group of 

349 genes are consistently dysregulated in prion mouse models of disease (Sorensen et al. 

2008). Many of these genes are important for astrocytosis, gliosis, lipid metabolism, 

protein synthesis and cellular proliferation. Downregulation of many neuronal genes 

important in cellular pathways such as calcium signaling, synaptic function, long term 

potentiation and the MAPK/ERK pathway is also apparent (Sorensen et al. 2008). 
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Additionally, genes that are critical to optimal neuronal function, such as CREB1, were 

downregulated during disease. In agreement with these findings, another study by 

Ishikura et al. 2004, showed that genes that were important for inhibiting dendritic 

growth and maturation were highly expressed during the preclinical incubation period in 

a mouse model of disease, correlating nicely with increased accumulation of PrPSc 

(Ishikura et al. 2005).  

Furthermore, prion is a relevant model of neurodegenerative disease because increasing 

evidence points to proteins involved in other neurodegenerative diseases being more 

similar to prions than originally thought. While prion diseases are rare, the idea that 

aggregation of protein causes disease is not unique to this disease. As discussed 

previously, AD, PD, ALS and HD all involve the aggregation of host-encoded proteins. 

Recently, many of the aggregating proteins implicated in these diseases have been 

described to cause similar illnesses when transmitted to neurons in vitro or within the 

brain of a healthy host. These intracellular proteins are prone to seeded aggregation, they 

are released as “seeds” that have the capacity to penetrate into host cells and promote 

pathological aggregation of the normal host protein. However, each of these instances 

demonstrated that the causative proteins were transmissible but not infectious and thus 

these proteins are termed “prionoids” (Norrby 2011). The crucial difference between 

these self-aggregating proteins and prions is that they lack microbiologically-defined 

transmissibility (physical transmission between patients and the ability to be titered) and 

as such they have not been shown to cause epidemic infectious diseases such as kuru or 

vCJD (Aguzzi and Rajendran 2009).  
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One such example of prionoids is in MSA (multiple system atrophy), a 

neurodegenerative disease caused by formation of α-synuclein rich filaments in glial 

cells. Inoculation of mice with brain extract from patients with MSA resulted in 

subsequent neurodegeneration after an incubation time of 120 days (Prusiner et al. 2015). 

Additionally, α-synuclein has been demonstrated to be transmissible between afflicted 

neurons from PD-host and healthy donor neurons (Desplats et al. 2009). Intriguingly, 

Lewy body rich extracts from patients with PD were transmissible to mice, but were not 

sufficient to cause neurodegeneration (Prusiner et al. 2015). The authors suggested that 

this was evidence of different strains of α-synuclein, similar to how different strains of 

PrPSc exist (Prusiner et al. 2015). Similarly in AD research, mice were infected with 

sporadic or heritable AD patient brain homogenates, resulting in markedly different 

deposition patterns of Aβ aggregates within the brain indicating another potentially 

strain-specific pathology (Watts et al. 2014). In a model of HD, cell to cell transmission 

of polyglutamine aggregates was demonstrated, with the newly acquired aggregates 

freely residing in the cytoplasm rather than in endosomes (Ren et al. 2009). This signified 

that the aggregate was not perceived as a foreign substance by the host cell and thus the 

cellular mechanisms to break down the aggregate were not engaged. Additionally, extract 

from brains exhibiting tauopathy (expressing mutant human tau gene) into mice 

expressing wild-type human tau, resulted in tauopathy in the mice (Clavaguera et al. 

2009). Finally, it has been demonstrated that Aβ aggregates could be generated in a APP 

transgenic mouse model by inoculation of minute amounts of Aβ directly to the brain of 

mice (Eisele et al. 2009) or via incubation with brain homogenate from human patients 

afflicted with AD (Meyer-luehmann et al. 2006). Despite the crucial differences in 
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transmissibility, these studies suggest a similarity of these disease-related proteins to 

prions that has previously been overlooked.  

Unquestionably, neurodegenerative diseases consist of a diverse range of clinical signs, 

etiologies and pathways of progression. They are not caused by one single variation or 

mutation, but a variety of different combinations of genetic, environmental and as yet 

unknown factors. Various cellular processes and pathways have been implicated in 

disease progression, such as endoplasmic reticulum stress and mitochondrial and 

oxidative stress in AD, PD, HD, ALS and prion disease (Nolan et al. 2014; Nunomura et 

al. 2001; Lin and Beal 2006; Guentchev et al. 2000). Currently, the standard care for 

patients with prion disease, as well as many other neurodegenerative diseases, is to 

increase quality of life by treating the symptoms. Therapies such as gabaregenic drugs 

and benzodiazepines are used for this purpose but have no effect on the disease 

progression. 

Due to the lack of knowledge of the mechanisms and molecular pathways that lead to 

disease it has been difficult to develop treatments. In particular in prion diseases, if we 

can determine what is occurring in neurons during the long incubation period, we may be 

able to lengthen this period indefinitely. Therefore, the combination of efficient detection 

methods and novel therapeutic interventions could make prion diseases treatable. Since 

the infectious agent in prion disease is so resilient and the cause of many other 

neurodegenerative disorders stems from our neurons themselves, modifying our own 

cellular responses is the obvious target for therapeutic design. With this in mind, the more 

we can understand about what is going on in our cells during early stages of disease the 

more likely we will be able to prevent the clinical period from occurring. Previously, 
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efforts to thwart neurodegeneration were always targeted at the abnormally folded host 

protein involved in the illnesses, this approach has not proved successful in the past, and 

it is time to move on to other avenues. In particular in prion disease, focusing on 

inhibiting PrPSc formation and accumulation, has resulted in development of therapeutic 

agents with limited success ex) pentosan polysulfate, quinacrine and amphotericin B 

(Panegyres and Armari 2013).  

Recently, a new wave of therapeutic design has centered on targeting the shared 

pathways that lie downstream of the initial protein-folding event in multiple diseases. Of 

particular promise in this area are miRNA, small non-coding RNA molecules that are 

endogenous post-transcriptional regulators of gene expression. Interestingly, little is 

known about their role in regulating gene expression during prion disease but research 

has been steadily evolving in this area.  
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1.3 MiRNA 
 

MicroRNAs (miRNAs) are small, non-coding RNA molecules that function in post-

transcriptional gene regulation. MiRNAs were first discovered in Caenorhabditis elegans 

and were thought to function specifically in development (lin-4 & let-7) (He and Hannon 

2004).  Gene regulation via miRNA can result in mRNA levels significantly or just 

mildly decreasing (sometimes not to detectable levels) with prominent inhibition of 

expression at the protein level (Schwanhäusser et al. 2008). To date, 35828 miRNA have 

been identified in 223 species (Kozomara and Griffiths-Jones 2014).  

MiRNAs are originally transcribed as large pri-miRNAs, which can be hundreds to 

thousands of nucleotides long. These pri-miRNAs are imperfect stem-loop structures that 

are targeted and cleaved by Drosha and the DGCR8 (DiGeorge critical region 8) protein 

within the nucleus into approximately 70-nucleotide long hairpin pre-miRNAs (He and 

Hannon 2004; Winter et al. 2009). The pre-miRNA is then exported out of the nucleus by 

Exportin-5 (XPO5) and Ran-GTP and cleaved by Dicer into the ~21-25-nucleotide long 

mature miRNA duplex (Winter et al. 2009). Drosha and Dicer are both dsRNA specific 

RNase III enzymes (He and Hannon 2004). Following this final cleavage, one strand of 

the dsRNA duplex is incorporated into the RNA induced Silencing Complex (RISC) 

while the other strand (commonly referred to as miRNA*) is typically degraded. The 

abundance of miRNA* strands have been shown to be ~100-fold lower than the 

incorporated strands, in agreement with this theory (He and Hannon 2004). The RISC 

complex is primarily composed of an Argonaute-2 (Ago2) protein along with numerous 

accessory proteins (Friedman et al. 2009).  
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MiRNA have specific seed regions consisting of nucleotides 2-7 within the 5’ end that 

bind specifically to regions in the 3’-untranslated region (UTR) of mRNA transcripts 

(Schwanhäusser et al. 2008; Monteys et al. 2014). In association with the RISC complex 

the miRNA binds these targets resulting either in cleavage by Ago2 when the seed region 

is perfectly paired, or translational repression if there is a mismatch (Schwanhäusser et al. 

2008). Repression occurs due to the interaction of Ago2 with the 7-methylguanosine cap 

of mRNA, inhibiting the binding of translation initiation factors (Saugstad 2010). This 

can occur concurrently with sequestration into a processing body (P-body) (Saugstad 

2010). Subsequently, when a cellular stress occurs, the RISC-bound miRNA:mRNA 

complex is released from the P-body and translation can occur (Saugstad 2010). 

Sequestration into P-bodies commonly occurs at neuronal synapses, as it allows for 

timely gene expression in response to stimuli in a locale that is spatially distant from the 

nucleus (Siegel, Saba, and Schratt 2011).  

MicroRNAs function to manipulate or ‘fine-tune’ gene target levels to what is 

specifically required by the cell at that time. In this way they play a very important role in 

human health, and consequently in human disease as well. In particular, miRNA have 

been implicated in cancer by either acting as oncogenes or tumor suppressors (Winter et 

al. 2009). The importance of miRNA in development is seen with mutations of Dicer and 

Ago proteins which result in severe developmental defects (Winter et al. 2009; Gurtan 

and Sharp 2013).  They are also switches, turning on or off expression of transcription 

factors for whole pathways. This quality makes them potentially broad-spectrum 

therapeutic candidates, with some miRNA replacement therapies already in Phase 2 

clinical trials (Dwivedi et al. 2016). MiRNA are endogenous cellular molecules, so they 
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have low chance of being rejected by the cell, can be produced at biologically relevant 

levels when virally integrated into the host genome and can be directed to be produced 

tissue specifically (Parsi et al. 2015).  In addition, miRNA are stably present in the 

plasma without the need for microvessicular transport (Turchinovich et al. 2011). This 

quality makes them appealing as both therapeutic candidates and biomarkers of disease.  

One of the unique aspects of miRNA is their inherent promiscuity. One miRNA may bind 

to hundreds of different gene targets, allowing regulation of whole signaling cascades or 

cellular processes (Winter et al. 2009). This typically occurs through mild repression of 

thousands of proteins (Schwanhäusser et al. 2008; Saugstad 2010). The seed sequence is 

important for this trait, as an increased number of seed sequences on a transcript results in 

increased translational repression (Schwanhäusser et al. 2008).  

Along the same lines, one mRNA 3’UTR may be targeted by many miRNA, thus 

allowing tight regulation of gene expression. In this way, miRNA are predicted to play 

some role in the regulation of more than half of protein-coding genes (Gurtan and Sharp 

2013). Genome sequencing has enabled bioinformatic target prediction of miRNA on a 

global scale. Many programs exist for predicting miRNA targets based sequence 

alignments which determine the potential for direct Watson-Crick base-pairing between 

the miRNA seed-sequence and complementary regions within the mRNA (typically in 

the 3’UTR) (Saugstad 2010). In addition, some programs take into account the 

accessibility of these binding sites within the mRNA, the location within the 3’UTR and 

the evolutionary conservation of the site to further ensure the likelihood of it being a true 

miRNA target (Saugstad 2010). But even with these numerous prediction programs, it is 

still difficult to accurately predict which targets are biologically relevant as this also 
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depends on the identities and levels of different miRNA, as well as different target 

mRNAs, being expressed in different cell types. These may also change with 

developmental stage and environmental stimuli adding further complexity, disentangling 

the regulatory potential of miRNAs. In addition many miRNA, do not have a high 

correlation between expression of the mature miRNA and that of the pri-miRNA (W. X. 

Wang et al. 2014). This suggests that miRNA are highly regulated post-transcriptionally, 

perhaps even by other miRNA.   

Currently, considerable advancement has occurred in the creation of miRNA-based 

therapeutics. Often, these therapeutics focus on decreasing miRNA expression, with the 

use of anti-miRs, small RNA molecules designed to sequester miRNA and inhibit their 

ability to bind targets. For example, an anti-miR was developed to decrease miR-122 

expression in the liver in order to prevent Hepatitis C viral proliferation (Janssen et al. 

2013). MiRNA mimics have the opposite effect, and are utilized to increase the 

expression of the miRNA of interest. Many studies of this nature have proven compelling 

in animal models. For example, miR-128 overexpression in a mouse model of 

Parkinson’s disease resulted in decreased motor abnormalities (Tan et al. 2013). 

Similarly, in a mouse model of HD, increased cellular levels of miR-196a were 

neuroprotective against the disease (Cheng et al. 2013). This was also found to be true in 

a human-induced pluripotent stem cell study from a patient with HD (HD-iPSCs). 

Transduction with lentivirus expressing miR-196a resulted in decreased numbers of 

pathological aggregates and less huntingtin protein accumulation (Cheng et al. 2013). 

Additionally, miR-196a has been implicated in the reduction of HTT levels in human 

induced pluripotent stem cells from an individual with HD (Cheng et al. 2013).  
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Yet, the problem facing development of miRNA-based therapeutics lies in their ability to 

bind multiple targets, potentially resulting in off-target effects. For this reason, 

considerable research has gone into identifying tissue specific miRNA, which can be 

targeted specifically with minimal off-target risk (van Rooij, Purcell, and Levin 2012).  

For example, numerous miRNAs are specifically expressed in neurons, that are important 

in neuronal differentiation, development, plasticity and survival (Saugstad 2010). In 

addition, the use of lentivirus or adeno-associated virus (AAV) for expression of miRNA 

or anti-miRNA enables constitutive expression, the use of tissue specific promoters and 

the utilization of natural tropisms that certain viruses possess for different cellular 

receptors (van Rooij, Purcell, and Levin 2012). Also, in relation to neurodegenerative 

disease treatment, some diseases primarily effect one particular area of the brain, a trait 

that can be utilized for targeted administration of therapies (Boese et al. 2013).  

Furthermore, manipulation of mRNA levels has become more specific, with less off 

target effects as more research has been done in the area.   
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1.4 MiRNA in Neurodegeneration 

 

Recently, numerous miRNA have been revealed to be dysregulated during 

neurodegeneration. MiR-29a has been implicated in multiple neurodegenerative diseases. 

Expression of miR-29a was significantly increased in brain samples from AD patients, 

prion disease infected mice and the SOD1G93A mouse model of ALS (Shioya et al. 2010; 

Nolan et al. 2014; Majer et al. 2012). Interestingly, the miR-29a/b-1 cluster has been 

found to be decreased in expression in brains of AD patients (Hébert et al. 2008; 

Saugstad 2010). However, it should be mentioned that miR-29 has been found to be 

expressed more highly in astrocytes than neurons (Saugstad 2010). This highlights the 

importance of miRNA as biomarkers of specific stages of disease in specific regions of 

the tissue, as expression can change drastically as disease progresses and minute changes 

in one area may be hidden in whole tissue sampling approaches.  

Changes in expression of miRNA during AD via comparing hippocampal profiles of 

patients and controls unveiled that miR-132-3p is significantly downregulated in patients 

compared to controls (Lau et al. 2013). MiR-106b and miR-107 have both been shown to 

be downregulated in the brains of AD patients, with decreased miR-107 correlating with 

rapid disease progression (Saugstad 2010). In addition, miR-9, miR-125b and miR-146a 

have all been implicated in AD pathogenesis, as their expression increases during disease 

in AD patient brains (Saugstad 2010). Similarly, increased miR-26b in pathological areas 

of AD patient brains post-mortem can be seen through all stages of disease (Absalon et 

al. 2013). MiR-16, miR-34c, miR-107, miR-128a, and miR-146a were all found to be 

differentially expressed in the hippocampus during AD in patients compared to controls 
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(Müller et al. 2014). In the hippocampus, miR-16 and miR-146a were upregulated in 

intermediate stage AD patients compared to late stage patients (Müller et al. 2014). This 

is interesting, as the expression of miR-16 directly parallels what was seen in the Majer et 

al. study discussed in section 1.5, with miR-16 upregulated during preclinical disease and 

downregulated clinically in prion disease mice (Majer et al. 2012). Interestingly, miR-128 

was found to be decreased in transgenic HD non-human primates in the frontal cortex and 

striatum in both pre-symptomatic and symptomatic human patients (Kocerha et al. 2014). 

MiR-133b is decreased in the brains of PD patients, and was revealed to be important for 

regulating the maturation and function of dopaminergic neurons (Saugstad 2010). A 

study looked at changes in miRNA expression during prion infection in mice whole brain 

samples and ultimately identified 15 miRNA deregulated in disease (Saba et al. 2008). 

Among the upregulated miRNA were miR-342-3p, miR-320, let-7b, miR-328, miR-128, 

miR-139-5p and miR-146a, while miR-338-3p and miR-337-3p were downregulated 

(Saba et al. 2008). Additionally, specifically in the hippocampal neurons of prion infected 

mice, miR-132-3p, miR-124a-3p, miR-26a-5p, miR-29a-3p, miR-140-5p and miR-16-5p 

were all upregulated during preclinical prion disease and downregulated at the clinical 

stage of disease (Majer et al. 2012).  A summary of miRNA implicated in 

neurodegenerative disease as reviewed in this thesis is included in Table 2. 
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Table 2: Summary of Dysregulated miRNA in Neurodegenerative Disease as 
Discussed in this Thesis. 
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Another avenue in neurodegenerative disease research where miRNAs may have 

instrumental roles, is as biomarker candidates, in particular to inform diagnosis of disease 

at early stages when treatment of damaged neurons may still be possible. Such diagnostic 

methodologies are required to utilize new treatment or neuroprotective strategies that are 

effective early in disease. For this reason, many researchers have sought to identify 

unique, disease-specific miRNA expression levels within the serum and CSF of afflicted 

patients.  In AD, numerous potential biomarkers have been described in plasma including 

let-7d-5p, let-7g-5p, miR-15b-5p, miR-142-3p, miR-191-5p, miR-301a-3p and miR-545-

3p (Pavan Kumar et al. 2013). Additionally, miR-16 and miR-148a were found to be 

higher in abundance within the CSF of AD patients than controls (Müller et al. 2014). 

Next-generation sequencing has revealed that seven miRNA are particularly abundant in 

the whole blood of AD patients compared to healthy controls, including miR-1285-5p, 

miR-26a-5p, miR-151a-3p, miR-161, let-7d-3p, miR-112 and miR-5010-3p. Moreover, 

the same analysis showed that five miRNA are significantly less abundant in AD patients 

compared to healthy controls, including let7f-5p, miR-107, miR-103a-3p, miR-26b-5p 

and miR-532-5p (Leidinger et al. 2013). Another avenue that has been explored is to 

determine microRNA profile within CSF exosomes in neurodegenerative disease 

patients. One such study revealed that miR-1 and miR-19b-3p were both reduced in PD 

CSF exosomes compared to controls, while miR-153, miR-409-3p, miR-10a-5p and let-

7g-3p were increased in abundance (Gui et al. 2015). The same study looked at AD 

patient CSF exosomes as well, and determined that while miR-132-5p and miR-485-5p 

were upregulated in AD samples compared to controls; miR-29c, miR-136-3p, miR-16-2 

and miR-331-5p were all downregulated (Gui et al. 2015). It should be kept in mind that 
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biomarkers may be helpful in both enabling early detection of disease and assessing the 

success of therapeutics. In neurodegenerative disease, since these diseases progress 

slowly, the best course of action may not be therapeutics to treat disease, but rather 

preventative compounds to preclude the disease from occurring by slowing down the 

progression to a virtual standstill. This concept relies on finding definitive biomarkers of 

early disease or disease susceptibility and miRNA may be the perfect candidate due to 

their ability to survive in CSF and blood better than many other biomolecules 

(Turchinovich et al. 2011).  

1.5 MiRNA Regulation in the Hippocampus During Prion Disease 
 

Within our lab, the research focus is on characterizing the neurodegeneration caused by 

prions using an RML-CD1 mouse model, with the results potentially being applicable to 

many neurodegenerative diseases, as well as prion disease. The primary aim is to 

determine the cellular response to prion infection within the mouse brain by pinpointing 

changes in gene expression within neurons throughout the course of infection. It is 

therefore key to study a region of the brain affected early on in the disease process, the 

hippocampus.  

In one previous study by Majer et al. 2012, it was found that not only was there 

substantial differential regulation of neuronal gene expression within this region 

throughout prion disease, there was also differential regulation of microRNAs (Majer et 

al. 2012). Neurons within the Cornu Ammonis (CA1) layer of the hippocampus had 

significantly reduced dendritic spine numbers at 35-45% of the incubation period and 
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minimal cell death before 70% of disease progression (Cunningham et al. 2003). PrPSc 

was considerably present by 90-110 days within the hippocampus (Majer et al. 2012). 

Gene expression analysis of microdissected neurons showed two distinct phases of gene 

expression in the CA1 region hippocampal neurons during the pre-clinical incubation 

stage of prion disease in mice (Majer et al. 2012). The first stage was an upregulation of 

genes involved in the neuronal protective response (positive regulation of transcription 

and stress activated protein kinase pathways), followed by the second stage which was a 

downregulation of the same genes, occurring right before clinical signs were apparent 

(Majer et al. 2012). At the onset of clinical disease, more transcripts were altered, with 

clear induction of inflammatory gene expression via infiltrating microglia and astrocytes 

(Majer et al. 2012). Preclinically there was also a downregulation of many genes 

important for glutamate receptor activity, glutamate metabolism, gamma-aminobutyric 

acid (GABAa), Ca2+ signaling, cytoskeleton organization and synaptic vesicle transport 

(Majer et al. 2012). In tandem with these changes there was an upregulation of many 

microRNA followed by the same downregulation seen in mRNA (See Figure 1) (Majer et 

al. 2012). 
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 25 

 

Figure 1: Differential Gene Expression in the CA1 Region of the Murine 

Hippocampus during Prion Infection  (Majer et al. 2012). IP = intraperitonal injection. 

EP = end-point. The scale bar at the bottom of the figure represents days post infection.  
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In the study by Majer et al, miRNA expression patterns correlated highly with the mRNA 

transcriptome with two clear phases of expression evident for miRNA as well. Of 

particular interest were the miRNA that were upregulated preclinically and declined 

clinically, as they may be central to staving off disease progression. This group includes 

miR-132-3p, miR-124a-3p, miR-26a-5p, miR-29a-3p, miR-140-5p and miR-16-5p. MiR-

132-3p has previously been shown to be neuroprotective via CREB activation (Wayman 

et al. 2008). Likewise, miR-124a-3p prevents apoptosis in hippocampal neurons and 

promotes neurite outgrowth (Sanuki et al. 2011). MiR-29a-3p is important for dendritic 

spine shaping and development (Lippi et al. 2011). MiR-140-5p, miR-26a-5p and miR-

16-5p have been poorly characterized but are known to be expressed in neurons (Majer & 

Booth 2014). 

Interestingly, a similar mRNA expression profile has been identified in the CA1 

hippocampal neurons in AD (Ginsberg et al., 2012). However, no studies of miRNA 

expression within the microdissected CA1 region are currently available to compare to. 

The sharp downregulation of a group of these molecules occurring at the onset of clinical 

prion disease suggests that manipulation of their expression may be key to preventing 

disease onset and consequently an avenue for the development of potential treatments. 
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1.6 MiR-16 

 

In the prion mouse model, only a handful of miRNA were shown to be upregulated prior 

to disease onset and downregulated at disease; miR-16-5p, miR-132-3p, miR-124a-3p, 

miR-29a-3p, miR-26a-5p and miR-140-5p (Majer et al. 2012). These miRNAs are 

important to take into consideration because they are likely to target genes involved in, or 

permissive to, neurodegeneration. One miRNA in particular, miRNA-16-5p has never 

before been investigated in prion disease. MiR-16-5p has been shown to be upregulated 

from 70 - 110 days post prion infection, returned to baseline levels at 130 days and was 

downregulated during the clinical stage of disease (Figure 2) (Majer et al. 2012). MiR-16 

is a member of the miR-15/107 miRNA family, a group of 10 microRNAs classified as 

such due to their sharing of the seed sequence 5’ AGCAGC (Wang et al. 2014). MiR-16 

is highly expressed among all tissues, but in particular is enriched in the human spleen 

(Wang et al. 2014). It is not one of the most highly expressed miRNA in the brain, but 

has been shown to be highly upregulated in neuronal development (Wang et al. 2014; 

Nelson et al. 2006). In addition, studies have shown that compared to other members of 

it’s miRNA family, miR-16 is the highest expressed in cultured glial cells and embryonic 

neurons (Wang et al. 2014). 
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Figure 2: MiR-16-5p Expression is Altered in the CA1 Region of the Hippocampus 
Throughout Time in an RML-Mouse Model of Prion Disease. Figure from Majer et 
al. 2012. Expression levels of miR-16-5p were determined at 70, 90, 110, 130 dpi and EP 
using Real-time PCR.   
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The sequence of the mature miRNA hsa-miR-16-5p is uagcagcacguaaauauuggcg (22nt 

long). Hsa- miR-16-1 and hsa-miR-16-2 are genes in different locations in the genome 

(chromosome 13 and 3, respectively) but lead to identical mature miR-16. However, 

there are two mature miRNA that are produced from these genes, miR-16-3p and miR-

16-5p. These miRNA are produced from opposite arms of the same pre-miRNA and tend 

to be present in roughly similar amounts. Typically there is a preference for one strand to 

be loaded into the RISC complex. Based on gene expression analysis, miR-16-5p is the 

biologically active strand in prion disease (Majer et al. 2012). 

Interestingly, miR-16-5p is actually a rather notorious miRNA in the field of cancer 

research. This particular gene has been implicated in the development of B-cell chronic 

lymphocytic leukemia (CLL). The region spanning miR-16-1 as well as miR-15a (which 

is only 0.5kb away from miR-16-1 in Chromosome 13q14) has been shown to be deleted 

in approximately 68% of the cases of this disease (Calin et al. 2002). MiR-16 binds to 

many genes that are involved in cell cycle regulation, most importantly BCL-2 an anti-

apoptotic gene important for neuronal survival and apoptosis (Bai et al. 2012). CLL is 

thought to arise via overexpression of BCL-2 in B-cells. There is an inverse correlation 

between BCL-2 protein expression and miR-16-1 and miR-15a expression in B-cells 

from CLL patients (Cimmino et al. 2005). Studies have shown that BCL-2 is regulated by 

miR-15a and miR-16-1 in hematopoietic cancer cells (Cimmino et al. 2005). Additionally 

in ovarian cancer, BMI1 (B-lymphoma Mo-MLV insertion region 1) is a target of miR-

15a and miR-16 as well, with high BMI1 expression implicated with poor prognosis and 

therapy failure (Dwivedi et al. 2016). For these reasons, miR-16 is considered to be a 

potent tumor suppressor. In agreement, higher levels of miR-16 and miR-26a correlated 
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with better survival rate in breast and prostate cancer patients (Lezina et al. 2013). MiR-

16 is frequently deleted in cases of CLL, prostate cancer and lung cancer (Calin et al. 

2002; Bonci et al. 2008; Bandi et al. 2009). Reduced expression of the miR-15/16 locus 

in Malignant pleural mesothelioma (MPM) has also been recently determined (Reid et al. 

2013). One study showed that introduction of a miR-16 mimic into xenograft-bearing 

nude mice resulted in inhibition of MPM tumor growth (Reid et al. 2013). A Phase I 

clinical trial is ongoing in this patient population, with these mimics being coined 

MesomiR 1 (Kao 2015) (ClinicalTrials.gov NCT02369198). After 8 weeks of weekly 

treatment, one patient showed a highly reduced glucose uptake within his lungs via 

fluorodeoxyglucose positron emission tomography (indicative of decreased tumor 

growth) (Kao 2015). In another instance of miR-16 therapeutic use, in a xenograft mouse 

model, the miR-16 mimic was successfully targeted to prostate cancer in bone tissue 

resulting in decreased proliferation of prostate cancer cells (Takeshita et al. 2010). 

MiR-16 is implicated in regulation of cell cycle progression, promoting apoptosis and 

suppressing tumorigenicity (Yan et al. 2013). MiR-16 and miR-26a target two checkpoint 

kinases of the cell cycle (Chk1 and Wee1) in a synergistic fashion (Lezina et al. 2013). 

MiR-16 also targets cyclin D1, cyclin D3, cyclin E1 and CDK6 all important in cell cycle 

progression (inhibits the cell cycle) (Linsley et al. 2007; Q. Liu et al. 2008). Some other 

studied targets of miR-16 include MAP7 (microtubule-associated protein 7), PRDM4 (PR 

domain containing 4) and CDS2 (CDP-diacylglycerol synthase 2) in cancer cells (Yan et 

al. 2013). MiR-16 also has targets in the Wnt signaling pathway (WNT3A) (Bonci et al. 

2008).  
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Multiple studies have identified miR-16 as a key player in the serotonin receptor system, 

implicating this miRNA in depression. MiR-16 targets the serotonin transporter (SERT) 

which is important for recapturing serotonin, and is the target of SSRI antidepressants 

(Baudry et al. 2010). SSRI administration causes a decrease in miR-16 expression in the 

hippocampus, increasing SERT expression and promoting neurogenesis (Launay et al. 

2011). For this reason, miR-16 has been implicated in major depressive disorder (MDD) 

(Song et al. 2015).  

Brain-derived neurotrophic factor (BDNF) is the most abundant neurotrophin in the 

mammalian central nervous system (Huang & Reichardt 2001). Decreased BDNF in the 

hippocampus has been implicated in the onset of depression (Bai et al. 2012). MiR-16 

targets the mRNA encoding BDNF and decreases its expression (Sun et al. 2013). It has 

been suggested that stress increases miR-16 expression in the brain, and thus 

downregulates BDNF levels leading to depression-like symptoms (Bai et al. 2012). In 

support of this suggestion, mice that experienced maternal deprivation showed lower 

BDNF mRNA & higher miR-16 than age-matched controls (Bai et al. 2012).  

A study by Liu et al. has shown that APP, one of the key proteins in AD, is directly 

regulated by miR-16 (Liu et al. 2012). They found that miR-16 was downregulated in 

neurons of SAMP8 mice with early-stage Alzheimer’s disease when APP was expressed 

highly in the hippocampus. Experiments on the effect of overexpression of miR-16 in 

neuronal cells by this group showed a corresponding decrease in APP expression (Liu et 

al. 2012). This was in agreement with studies on late-stage AD patient brain samples, 

which had significantly lower miR-16 within the pre-frontal cortex than control samples 

(Lau et al. 2013). Thus, the upregulation of miR-16 detected at the pre-clinical period of 
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prion infection by Majer et al. may be a protective response, functioning in 

downregulation of genes involved in the progression of the disease, much like APP is in 

AD. Additionally, miR-16 was identified as a potential biomarker of AD in patient 

serum. The level of miR-16 in the serum decreased with disease progression and 

increasing disease severity (Burgos et al. 2014). However, miR-16-2 was downregulated 

in the CSF exosomes of AD patients vs. controls (Gui et al. 2015).  

MiR-16 has previously been implicated in the development of α-synuclein aggregates 

involved in Parkinson’s disease (Zhang and Cheng 2014). MiR-16-1 binds to heat shock 

protein 70 (Hsp70) which is a negative regulator of α-synuclein aggregation (Zhang and 

Cheng 2014). Hsp70 is a molecular chaperone that has been highly studied in 

neurodegeneration, its function is to inhibit misfolding, and accumulation of misfolded 

proteins yet in PD it fails to perform this function, with α-synuclein and other protein 

aggregates accumulating within the cell (Zhang and Cheng 2014). Within an α-synuclein-

overexpressing human neuroblastoma cell line (SH-SY5Y), one study found that miR-16-

1 was binding to Hsp-70 and inhibiting its function to regulate the proper folding of 

proteins such as α-synuclein (Zhang and Cheng 2014). MiR-16 is increased in expression 

(the most of any miRNA investigated) in a PD mouse model (Dorval et al. 2014). 

Recently, one study looked at changes in protein expression after miR-16 upregulation 

throughout the brain of wild-type mice (Parsi et al. 2015). They found that miR-16 

upregulation resulted in region specific effects on protein level, with APP downregulated 

in the cortex, brainstem and striatum but not the hippocampus. Similarly, BACE1 was 

reduced in the hippocampus, brainstem and striatum. Total tau expression was decreased 

in the hippocampus, brainstem and striatum and there was less phosphorylated Tau in the 
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hippocampus and striatum. They also showed that protein levels of ERK1 were decreased 

in the hippocampus and cortex. MiR-16 is a putative regulator of the ERK1/MAPK3 

(also ERK2/MAPK1) pathway, which has been implicated in regulation of neuronal tau 

phosphorylation (Hébert et al., 2012). MiR-16 is found prevalently in the distal axons of 

neurons and interestingly so is tau (Natera-Naranjo et al. 2010). A proteomic study of the 

miR-16 overexpressing mouse brain found that few proteins were dysregulated by the 

addition of miR-16, only 16 in the hippocampus and 103 in the brainstem (Parsi et al. 

2015). This was interesting to note, as it suggests that miR-16 overexpression, 

particularly in the hippocampus, would have little off-target effect.  

As is the nature of miRNAs, information about miRNA function in one tissue type is not 

necessarily true for other types. For instance, as discussed above, miR-16 appears to be 

inhibitory in the development of AD while it may assist in the development of PD. In 

addition, one study therapeutically targeted the miR-16 family in cardiac myocytes post 

myocardial infarction, resulting in decreased infarct size and rescued cardiac function 

(Hullinger et al. 2012). At the same time, miR-16 has been used as a therapy for cystic 

fibrosis (CF). A miR-16 mimic has been added to CF lung cells and rescues the function 

of the F508del-CFTR protein that is dysfunctional in CF (Kumar et al. 2015). The 

numerous functions of miR-16 are summarized in Figure 3. For these reasons, any 

treatment with miR-16 would be not without caveats. Yet, some of these diseases are far 

more treatable than neurodegenerative disease, and for many patients this may be a small 

price to pay for treatment of a previously incurable disease.  
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Figure 3: MiR-16 Targets Genes Involved in Many Different Cellular Processes. The 
circles surrounding miR-16 contain the cellular processes miR-16 that is involved in, 
with the genes within the pathway that are directly targeted by miR-16 listed beneath. 
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1.7 Dendritic Remodeling 
 

Localized dendritic translation is integral to dendritic remodeling, a process that is 

disrupted early in neurodegenerative diseases (Kim et al. 2004). The extension of neurites 

is due to reassembly of cytoskeletal components, in a dynamic process that is often 

spatially regulated, with neurite structure depending immensely on extracellular 

environment of that particular neurite, which can vary drastically (Langhammer et al. 

2010). Many miRNA have been implicated in regulating dendritic development 

(Saugstad 2010). One study identified 86 miRNAs expressed in neurons that co-

fractionate with polyribosomes indicating their involvement in active translation (Kim et 

al. 2004). This type of miRNA localization is highly advantageous for neurons, as 

miRNA can bind and sequester target mRNA into P-bodies located at neuronal synapses 

(Huang et al. 2012), as there are more than 400 mRNAs identified to localize to dendrites 

along with translational machinery (Eberwine et al. 2001) many of which encode 

synaptic receptors and kinases (important for synaptic changes) (Kim et al. 2004; 

Eberwine et al. 2001). This is important so that when a stimulus occurs highly regulated 

protein translation occurs directly at the synapse without the lag time that would be 

associated with completely new mRNA synthesis (Schacher and Wu 2002; Kaplan et al. 

2009). In support of this possibility, inactivation of Dicer in developing mouse 

hippocampus resulted in decreased branching (Davis et al. 2008). Also at different stages 

of primary neuron growth in culture, there are distinct changes in groups of miRNAs (48 

miRNAs total) that presumably regulate these changes (van Spronsen et al. 2013). 

Branching is important for neural function, information processing and communication 

(Vetter et al. 2001; Schaefer et al. 2003; Langhammer et al. 2010). Abnormal branching 
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has been attributed to pathogenesis of neurological and neurodegenerative disorders such 

as AD (Arendt et al.1986; Lewis et al. 2003). As neurites increase in length, there is 

increased potential for synaptic connections to be made along these appendages (Arendt, 

Zvegintseva, and Leontovich 1986). Each synaptic connection is important for neuronal 

health and communication between neurons. Synaptic maintenance is lost early in 

neurodegenerative diseases, with the complete loss of synapses occurring not long after. 

During prion disease, decreased numbers of synapses and dendritic spine densities are 

found in the cortex and hippocampal neurons during preclinical disease suggesting that 

since such rapid changes in protein abundance occur, they are likely regulated close by, 

via miRNAs located at the synapse (Boese et al. 2016). There have also been accounts of 

decreased neurite length, branches and synapses in PD brain samples (Dubey et al. 2015).  

Decreased cell body area has been identified in neurons within hippocampi of AD and 

vascular dementia patients (Arendt, Zvegintseva, and Leontovich 1986; Gemmell et al. 

2012). It has been suggested that this decrease in cell body area is related to a decreased 

neuritic function, as somal volume has been shown to be proportional to dendritic and 

axonal structure (Gemmell et al. 2012; Lewis et al. 2003). Intriguingly, both degenerative 

and regenerative changes have been found in the brains of AD patients (Arendt, 

Zvegintseva, and Leontovich 1986). The degenerative changes comprised dendritic 

fragmentation and cell death, while the regenerative changes encompassed increased 

soma size, dendritic arborization and increased dendritic length (Arendt et al. 1986). 

These regenerative changes were likely compensatory for the neuronal function lost to 

degenerative changes. The exact mechanism for this is unknown, but it is thought to be a 

combination of factors including dysfunction of microtubule dynamics. 
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Microtubules are essential for transporting cellular components from the cell body along 

the length of dendrites. Microtubules are composed of heterodimers of α- and β-tubulin 

constantly assembling and disassembling to maintain dynamic cellular functions (Dubey 

et al. 2015; Götz et al. 2006). The most highly abundant microtubule-associated proteins 

(MAPs) within neurons are MAP2 (in the somatodendritic domain) and tau (in axons) 

(Götz et al. 2006). MAPs provide structural support to microtubules and assist in axonal 

transport.  

Axonal transport (due to the length of some neurites and their inability to regenerate) is 

implicated in cellular dysfunction during neurodegenerative disorders (Götz et al. 2006). 

Molecular transport and protein trafficking has been shown to be highly regulated in 

neurons of prion disease mouse model (Sorensen et al. 2008). Axonal transport has been 

shown to be disrupted in AD (Götz et al. 2006). Compromised axonal transport is one 

potential cause for impaired synaptic plasticity, a common manifestation in 

neurodegeneration. Synaptic plasticity is important for information processing (Thomas 

and Huganir 2004). This is particularly interesting in prion-infected neurons, as a 

connection between cell death in neurodegenerative diseases and excitotoxicity 

(overstimulation of neuronal synapses resulting in cell death) has been proposed (Choi 

1988; von Engelhardt et al. 2007). In agreement, one of the first physical signs of prion 

disease progression in the brain is the loss of synapses (Jeffrey et al. 2000; Cunningham 

et al. 2003) followed closely by the degeneration of axon termini, with clinical disease 

symptoms occurring well after (Jeffrey et al. 2000).  
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Chapter 2: Gaps in Knowledge/Hypothesis/Objectives 

 

As research progresses in this field it is becoming clear that although the symptoms and 

etiologies of neurodegenerative diseases vary, the molecular underpinnings are 

remarkably similar with each involving the aggregation of a misfolded host protein 

resulting in neuronal abnormalities and dysfunction. In many cases these pathologies can 

be seen long before the clinical stage of disease, with evidence of AD present in the brain 

more than 20 years before symptoms occur (Alzheimers Association 2015). For this 

reason, developing therapeutics derived from these similarities could be extremely 

beneficial in staving off disease progression. With this in mind, understanding 

neurodegenerative disease and the process of neurodegeneration is paramount to success. 

The dysregulation of miR-16 in a number of neurodegenerative diseases suggests that it 

may be directly involved in key disease-related processes. Of most importance to this 

project, miR-16-5p has been determined to be upregulated preclinically in the 

hippocampus and downregulated clinically in a RML mouse model of prion disease 

(Majer et al. 2012). It has also been found to target and inhibit the expression of APP and 

BACE1, two important molecules in AD, as well as to inhibit phosphorylation of tau 

(Parsi et al. 2015). Of large interest to this study, is the fact that miR-16 upregulation 

resulted in a decrease in gene expression of Prnp (major prion protein) with significance 

(p-value <0.05) although there was no predicted target site in the coding region or the 

3’UTR, indicating that it is likely an off-target effect (Parsi et al. 2015). With the 

increasing evidence for a role of miR-16 in neurodegeneration, the aim of this thesis is to 

elucidate the function of miR-16 within neurons, and specifically to tie this information 
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into the function of this miRNA within neurodegeneration. In order to understand miR-

16’s role in neurodegeneration, we must first understand its role in healthy cells, and how 

that role may be altered during disease.  

  



 42 

2.1 Hypothesis 
 

The hypothesis of this thesis is that hippocampal miR-16-5p, given its induction in 

hippocampal neurons during preclinical disease, plays a role in regulating the dendritic 

remodeling that is a characteristic early pathological feature of neuronal degeneration in 

prion disease.  

2.2 Objectives 
 

To address this hypothesis there are two main objectives. 

1) To determine the target genes and pathways on which miR-16-5p acts in 

hippocampal neurons. 

2) To examine whether regulation of these pathways affects neuronal phenotype in a 

way that may be relevant to prion disease pathogenesis. 

 

A primary hippocampal neuronal culture system along with lentiviral vectors to 

manipulate expression of miR-16-5p within the cells will be used to meet these 

objectives. To address the first objective, the effect of miR-16-5p upregulation and 

downregulation on the target mRNA and protein expression profiles of neurons will be 

examined with microarray profiling and western blot analysis. To address the second 

objective, the effect of miR-16-5p manipulation on neuronal phenotype will be 

determined by measuring neurite length, branching patterns and soma area.  

Overall, the results of these studies will enable better understanding of the role of miR-

16-5p in hippocampal neurodegeneration by assessing the phenotypic and genotypic 
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effects of changes in cellular miR-16-5p level on hippocampal neurons. These 

experiments are important in order to understand whether the upregulation of miR-16-5p 

during preclinical prion disease is beneficial to delaying disease progression. 
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Chapter 3: Materials and Methods 

3.1 Animal Use Document 

All animals were cared for as outlined in the Animal Use Document (AUD) H15-032. 

Timed pregnant CD1 female mice were first anaesthetized and then cervically dislocated. 

The uterus was collected and the embryos removed and decapitated. Pregnancy was 

timed to ensure that collections were performed at approximately embryonic day 18. 

Veterinary Services staff within the Public Health Agency of Canada Biosafety Level 2 

Laboratory performed these procedures.  

3.2 Primary Hippocampal Culture 

Hippocampal dissection was performed within an hour of collection using a Leica KL300 

LED microscope. Embryonic mouse heads were kept chilled in 1X Dissecting Media 

(DM) (10.15g of 100mM MgCl2 x 6H20, 0.946g of 10mM Kynurenic acid (Sigma), 

11.92g of 100mM HEPES in 500mL HBSS (1X) Hank’s Balanced Salt Solution (-

Calcium Chloride)(-Magnesium Chloride)(-Magnesium Sulfate) (Life Technologies) 

brought to pH 7.2 with 1N NaOH) on cold blocks throughout the dissection. Dissections 

were performed in 60mm x 15mm Polysterene Petri Dishes (Fisherbrand) with Fine 

Science Tools by DUMONT. The procedure began by cutting the skin caudal to rostral, 

holding the skull steady at the eye-sockets. Next, three incisions were made through the 

skull, the first along the superior sagittal sinus and the remaining along the symmetrical 

transverse sinuses. The skull was removed, exposing the brain, which was then detached 

from the olfactory lobes and lifted from the skull cavity. The brain was placed into a 

fresh dish of 1X DM and the left and right cerebral hemispheres were removed. Each 

hemisphere carefully had the meninges detached with forceps. The hippocampus was 
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dissected out from the interior of each hemisphere by making a careful incision along the 

corpus callosum, which resides directly above the hippocampus.  

 Hippocampi were incubated in a 37ºC water-bath with papain (100μL Papain Suspension 

(Worthington Biochemical Corporation (44.8 mgP/mL)) in 5mL 1X DM, 25μL of 

10mg/mL Deoxyribonuclease I from bovine pancrease (DNAse I) (Sigma-Aldrich) and 

filter sterilized (Sterile Syringe Filter with 0.2µm Cellulose Acetate Membrane (VWR)) 

for 4 minutes. Papain was then removed and hippocampi were washed/incubated in 5mL 

of Trypsin Inhibitor (0.15g Trypsin Inhibitor from Chicken Egg White (Sigma) in 15mL 

1X DM, with NaOH added until pH 8.5, and 75μL 10 mg/mL DNAse I, filter sterilized 

(0.2μm filter)) three times at 3-minute intervals. Following the washes, hippocampi were 

incubated in 5mL NBActiv4 media (Brain Bits) (Sterile Neurobasal/B27/Dipeptide L-

Alanyl-L-Glutamine (Invitrogen)/Creatine/Estrogen) with 1% Penicillin Streptomycin 

Glutamine (Life Technologies) (10,000 Units/mL Pen. 10,000 µg/mL Strep. 29.2 mg/mL 

L-Glutamine) for 3 minutes. Upon removal of media, another 1 mL of media was added 

to the cells, which were then triturated with a P1000 pipette (set to 700μL to avoid 

creation of bubbles) until a homogeneous suspension was achieved. Cells were counted 

with a Bright-Line Hemacytometer (Hausser Scientific) using 10μL of cell suspension 

and 10μL of trypan blue (2X dilution). The method employed to count the cells kept 

consistent between preps, with the top two rows and bottom two rows counted, and the 

middle row excluded from calculations. This method results in 20 squares measuring 

0.02cm x 0.02cm x 0.01cm. 

Cells/mL = cell count/20 (x 2 (dilution factor))(1mL/(0.02mLx0.02mLx0.01mL))  
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Cells were then diluted in NBActiv4 and plated at 50,000 cells/well on a 24-well plate 

pre-treated with PDL. Enzymes and 1X DM were always prepared fresh the day of the 

procedure. Cells were fed with 1mL of NBActiv4 four days post-plating. At eight days 

post-plating, and every four days after that, half of the media was removed and an 

equivalent amount of fresh media was added to maintain cell viability. 

3.3 Fixing and Staining Primary Hippocampal Neurons 

Coverslips (High Precision Microscope Cover Glasses – Deckgläser 13mm Marienfeld-

Superior (Zeiss)) were prepared by acid wash (1M HCL) then autoclaved. Coverslips 

were sprayed with 70% ethanol, buffed with a Kimwipe (Kimberly-Clark) to remove any 

lasting residue from washes and carefully placed into 24-well plates with forceps. 

1mg/mL Poly-D-Lysine (BD Biosciences) dissolved in borate buffer (4.76g Boric acid 

(EM Science), 2.54g sodium borate (Sigma), 1L ddH2O, pH to 8.4 with 5M NaOH and 

sterile filtered) at 0.02mg/mL was then added to wells at 500μL per well, to give a final 

quantity of 10μg of PDL/well. Plates were incubated at 37ºC for 24 hours. After 24 

hours, PDL was removed and wells were washed with 500μL sterile milliQ water twice, 

before replacing with NBactiv4 media for a final volume (with cells included) of 500μL. 

After cells were grown for the required amount of time (usually 12 days) they were fixed 

in 4% paraformaldehyde (PFA) with 4% sucrose. This was prepared by mixing 4g 

sucrose (Fisher Chemical) with 4g PFA (Fisher Chemical) and 100μL of 10M NaOH 

(Fisher Chemical) in 100mL of 1X DEPC-PBS (made in house). The mixture was 

warmed to 60ºC in a fume hood, and cooled to room temperature once all components 

were dissolved. In total, 65μL of 37% HCL (Fisher Chemical) was used to adjust the pH 

to 7.5. The liquid PFA was then aliquoted in 12.5mL aliquots and stored at -80ºC. 
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Powder PFA was handled with double gloves, lab coat, N100 respirator (3M) and 

protective eyewear.  

On the day that the cells were to be fixed, PFA was thawed in a 37ºC bead bath. After at 

least 30 minutes of heating, the PFA was taken to the fume-hood to fix the cells. The 

PFA must be used immediately to maintain optimal temperature for ideal performance. 

Media was removed from cells and 500μL of PFA added to each well of a 6-well plate. 

After 12 minutes of incubation in PFA, it was removed and the cells were rinsed 3 times 

in 1X PBS (Life Technologies). The fixed coverslips were stored in 500μL of 1X PBS at 

4ºC until immunostaining was performed.  

A variety of antibodies were used for immunostaining depending on the experimental 

design. Astrocytes were immunostained with an antibody to detect glial fibrillary acidic 

protein (GFAP) (1:500 dilution)(Dako; Z0334) with a 1:200 dilution of a goat anti-rabbit 

secondary antibody conjugated to Cy3 (Abcam; ab6939) or Cy5 (Abcam; ab97077). 

Neurons were detected with antibody to microtubule-associated protein 2 (MAP2) 

(1:1000)(Abcam; ab5392) with a 1:200 dilution of a goat anti-chicken secondary 

antibody conjugated to Alexa Fluor 555 (Abcam; ab150174). All antibodies were diluted 

in 1X PBS pH 7.4 (Life Technologies). Cells were first permeabilized with 0.5% Triton 

X-100 (Sigma-Aldrich) for ten minutes, followed by incubation with primary antibodies 

(as described above) for 1 hour at room temperature (RT). Subsequently, coverslips were 

washed once with 0.1% Triton X-100 and then twice with 1X PBS. Following this, 

coverslips were incubated with secondary antibody (as described above) for 1 hour at RT 

in the dark. The washes were repeated as described and then the coverslips were mounted 
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on slides (Thermo Scientific) using ProLong Gold Mounting Media containing DAPI 

(Life Technologies). 

Slides were scanned for image acquisition using the MIRAX MIDI scanner (Zeiss). 

Pannoramic Viewer (3DHISTECH) was employed to view images and to take pictures at 

different magnifications for subsequent analysis. The brightness and contrast of the 

filtered images were optimized and the ‘tracking’ function was turned on to ensure that 

cells were not captured in photos more than once. 

3.4 Analysis of Culture Purity with Immunostaining for Neurons and Astrocytes 

Primary hippocampal neurons plated on coverslips were fixed at days in vitro (DIV) 5, 7, 

11 and 14. Coverslips were immunostained as outlined in Section 3.3, with antibodies to 

detect MAP2 and GFAP. Immunostained coverslips were then visualized with the 

MIRAX MIDI scanner. Pannoramic Viewer was used to visualize the scans. In total, 

twenty photos were taken per slide, this ensured that the vast majority of the slide was 

captured which enabled counting of the cells with reduced selection bias. Images were 

saved as tiff files at 10X magnification for cell counting, as well as both 5X and 20X 

magnification for representative images of cell health. 

The ImageJ Cell Counter plug-in was employed to count the number of MAP2 positive 

cells (indicating neurons) and the number of GFAP positive cells (indicating glia). The 

average number of each of these cell types throughout the twenty images was used to 

determine the percentage of neurons in the culture. 
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3.5 RNA Analysis (Endogenous miR-16 Expression) 

In order to isolate RNA from tissue culture samples the Total RNA Purification Micro 

Kit (Norgen Biotek Corp.) was used. The protocol entitled “Cell Lysate Preparation from 

Cells Growing in a Monolayer” was utilized with slight modifications. In a BSC, media 

was removed and 350μL of Buffer RL was added to each well, of either a 24-well or 6-

well plate. A 24-well plate contained 50,000 primary hippocampal cells per well while a 

6-well plate contained 250,000 cells per well. No PBS wash was performed to prevent 

unnecessary cell loss. Cells were lysed via scraping with either a cell scraper or a pipette 

tip. Lysates were placed in 1.5mL tubes and transferred to the benchtop for the remainder 

of the procedure. Upon addition of 200μL of anhydrous ethyl alcohol (Commercial 

Alcohols) the lysate was vortexed and transferred to a micro spin-column. The column 

was centrifuged for 1 minute at 3500 x g (Eppendorf Centrifuge 5417C) and flow-

through discarded. The column was then washed three times with 400μL of Wash 

Solution A (containing anhydrous ethyl alcohol) and centrifuged for 1 minute at 14,000 x 

g with every wash, followed by a 2 minute spin at the same speed to dry the resin. The 

column was placed into a new RNase-free tube and the RNA was eluted from the resin 

with 20μL of Elution Solution A via centrifugation at 200 x g for 2 minutes, followed by 

14,000 x g for 1 minute. The RNA was stored at -80ºC until used.  

Immediately upon thawing, RNA was quantified with a NanoDrop. RNA quality and 

quantity was analyzed using a BioAnalyzer. Six samples were analyzed in duplicate via a 

Eukaryote Total RNA NanoChip. RIN numbers were all between 5 and 10. On two 

samples the RNA was too little to conclude RIN but the gel clearly depicted 18S and 28S 

peaks. As all of my samples are from the same cell culture conditions and the 
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concentrations determined by Bioanalyzer were very similar to those determined by 

Nanodrop, I made the assumption that the RNA used in this Bioanalyzer run was 

indicative of all of my sample RNA and therefore I used the Nanodrop from this point on 

to assess RNA quality (Data is included in Appendix 1.1). 

Reverse Transcription was performed using the TaqMan MicroRNA Reverse 

Transcriptase Kit (Cat# 4366596; Life Technologies) (10ng of total RNA was used per 

15μL reaction). Master mix was created by mixing: 0.15μL 100mM dNTPs (with dTTP), 

1μL MultiScribe Reverse Transcriptase, 50 U/μL, 1.5μL 10X Reverse Transcription 

Buffer, 0.19μL RNase Inhibitor, 20 U/μL and 4.16μL Nuclease-free water totaling 7μL 

per 15μL reaction. The master mix was added to 3μL of 5X RT Primer (gene of choice or 

housekeeping gene (usually U6 (Cat #4427975; Life Technologies)) and 5μL of RNA 

sample containing 10ng of total RNA. These were gently mixed together, and centrifuged 

before placing in a thermal cycler. The following reverse transcription reaction was 

performed: 30 minutes at 16ºC, 30 minutes at 42ºC, 5 minutes at 85ºC followed by a hold 

at 4ºC. This was performed on a MJ Research PTC-200 Peltier Thermal Cycler with a 

heated lid. The cDNA product was stored at -20ºC or used for Real-time PCR 

immediately.  

TaqMan Small RNA Assays (Applied Biosystems by Life Technologies) were used to 

determine target transcript levels in the cDNA product via Realtime PCR. No template 

controls (NTCs) were used for each probe. Endogenous control assays were used for 

comparison. Each reaction was 20μL in volume, containing 1μL of TaqMan Small RNA 

Assay (20X), 1.33μL of cDNA, 10μL of TaqMan Universal PCR Master Mix II (2X), no 

UNG and 7.67μL of Nuclease-free water. Each reaction was performed in duplicate, and 
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the 96-well 0.1mL plates were sealed with MicroAmp Optical Adhesive Film (Applied 

Biosystems), vortexed and centrifuged at 1000rpm for 2 minutes at 4ºC (Thermo Electron 

Corporation- Sorvall Legend RT Centrifuge). The ViiA7 (Applied Biosystems) thermal 

cycling conditions were as follows: 10 minutes at 95ºC for enzyme activation, followed 

by 40 cycles of 15 seconds at 95ºC for denaturation and 60 seconds at 60ºC for annealing 

and extension. The resulting data was analyzed using the ΔΔCt method in Microsoft 

Excel. Technical replicates had low standard deviation in Ct values, averaging <0.05. 

3.6 Manipulation of miR-16 Expression with Lentivirus 

3.6.1 Production of miRNA Containing Plasmids 

Plasmids containing miR-16, miR-Scr, miRZIP-16 or miRZIP-Scr were ordered from 

System Biosciences (Lentivector-based MicroRNA Precursor Constructs (Cat.# 

PMIRHxxxPA-1)). Each vector contained a pUC origin of replication that enabled high 

copy replication in E.coli cells, and an ampicillin resistance gene for colony selection. 

Other important elements included in the vectors are highlighted in Figure 4. E.coli stock 

plates were received and incubated overnight at 37ºC and single colonies were streaked 

onto Luria Bertani (LB) +Carbenicillin (50μg/mL) plates. Single colonies were then used 

to inoculate 3mL LB+Carbenicillin (50μg/mL) broth, which was grown for 8 hours at 

37ºC with shaking.  

This broth (200μL) was used to inoculate a 500mL flask containing 100mL of the same 

media, which was left for 16 hours at 37ºC shaking. The broth was then centrifuged at 

6000 x g for 15 minutes at 4ºC and the bacterial pellet was used for an endotoxin free 

Maxi prep using the established high-copy plasmid protocol from the QIAGEN EndoFree 
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Plasmid Maxi Kit. The pellet was resuspended in 10mL of Buffer P1 for cell lysis 

followed by addition of 10mL of Buffer P2, inversion and incubation at RT for 5 

minutes. Subsequently, 10mL of chilled Buffer P3 was added followed by another 

inversion to precipitate genomic DNA, protein and cell debris. The lysate was added to a 

QIAfilter Maxi Cartridge and incubated for 10 minutes at RT before filtering into a 50mL 

tube. Buffer ER was added to the filtrate, inverted and left on ice for 30 minutes. The 

lysate was then added to an equilibrated QIAGEN-tip 500 and allowed to empty via 

gravity flow. The QIAGEN-tip was next washed twice with 30mL of Buffer QC to 

remove contaminants and finally, the DNA eluted with 15mL of Buffer QN. The DNA 

was precipitated with 10.5mL of RT isopropanol, mixed and centrifuged at 5,000 x g for 

60 minutes at 4ºC. The supernatant was then decanted and the pellet washed with 5mL 

endotoxin-free RT 70% ethanol and centrifuged again at 5,000 x g for 60 minutes at 4ºC. 

The supernatant was decanted again, and the pellet left to air-dry for 10 minutes, before 

resuspending it in endotoxin-free Buffer TE. The final plasmid product was quantified 

with a Nanodrop at 260nm. All samples yielded approximately 1000ng/μL of plasmid 

product. 

Plasmids were sequenced to verify specific miRNA presence. Sanger Sequencing was 

performed at the NML DNA Core Facility. Plasmids were supplied to core facility as 

150ng/μL stocks (5μL per reaction) and primers were supplied as 1μM stocks (5μL per 

reaction). The miR-ZIP clones were sequenced using the Fwd GNH Primer –

TGCATGTCGCTATGTGTTCTGGGA and the miRNA clones using the EF1 rev 

Primer- 5`- GCACCCGTTCAATTGCCG-3`. Sequences were analyzed using 

DNASTAR Lasergene 13 SeqMan Pro and SeqBuilder (DNASTAR Madison, WI). Blast 
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Nucleotide analyses were performed using NCBI Nucleotide Blast and miRBase hairpin 

directed Blast (Kozomara and Griffiths-Jones 2014). 
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Figure 4: Maps of the HIV-1 Derived Plasmid Vectors used to Manipulate miR-16 
Expression (Systems BioSciences) pMIRNA1 encodes miR-16 and miR-Scr. pPurGreen 
encodes miRZIP-16 and miRZIP-Scr. Tables below each plasmid outline the important 
components for both plasmid and miRNA propagation. 
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3.6.2 Lentiviral Packaging of miRNA Containing Plasmids 

HEK293T cells were grown up in (1X) Dulbecco’s Modified Eagle Medium 

(DMEM)(+4.5g/L D-glucose)(+L-Glutamine)(-Sodium Pyruvate) with 10% Fetal Bovine 

Serum (FBS) (Life Technologies) and 1% Penicillin Streptomycin Glutamine (Life 

Technologies) (10,000 Units/mL Penicillin 10,000 µg/mL Streptomycin 29.2 mg/mL L-

Glutamine). HEK293T cells were used as they stably express the SV40 large T antigen, 

which is useful for producing large quantities of virus. The Lentivector Expression 

Systems: Guide to Packaging and Transduction of Target Cells protocol was used to 

package the plasmids. 

Cells were plated at 7.0 x 106 cells per 150cm2 cell culture plate in 20mL of antibiotic 

free media until ~70% confluent. 1mL of DMEM (serum free) was added to a sample 

tube along with 45μL pPACKH1 and 4.5μg of the lentivector with the mixture of these 

plasmids totaling 0.5μg/mL each. The pPACK Lentivector Packaging System 

(pPACKH1-XL HIV Lentivector Packaging Kit (LV510A-1) (System Biosciences)) 

includes all viral genes (env, gag, pol, rev and vsv-g) encoding proteins necessary to 

produce pseudoviral particles (envelope protein, structural protein, polymerase, reverse 

transcriptase and vesicular stomatitis virus glycoprotein G to aid in viral entry, 

respectively). These genes are encoded on separate plasmids, which are not incorporated 

into the viral product, ensuring that they are replication incompetent viruses.  

To the plasmid mixture, 55μL of Lipofectamine 2000 (Invitrogen) was added with 

vortexing 10 seconds. This mixture was incubated RT for 15 minutes before evenly 

adding it to the culture dish. After 24 hours the media was changed. At 48 hours the 

media was collected (containing the pseudoviral particles) and centrifuged at 3000 x g for 
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15 minutes at RT to pellet the cell debris. Supernatant was then transferred to a new 

conical tube and 1 volume of cold PEG-it Virus Precipitation Solution (5X) (Cat# 

LV810A-1; System Biosciences) was added to every 4 volumes of supernatant. The 

mixture was refrigerated for 24 hours and subsequently centrifuged at 1500 x g for 30 

minutes at 4ºC. The supernatant was then transferred to a fresh tube (saving the pellet) 

and the spin was repeated. The combined pellets were resuspended in 1/10 of original 

volume in cold sterile 1X PBS and aliquoted at -80ºC.  

The pseudoviral particles were subsequently used to transduce primary hippocampal 

cells. Upon entering the primary cells, the expression constructs were reverse transcribed 

and integrated into the neuronal genome. The miR-16 and miR-Scr constructs were 

transcribed, using host machinery, via the constitutive CMV promoter. In this system 

GFP was transcribed from an elongation factor 1a (EF1) promoter. Alternatively, the 

miRZIP-16 and miRZIP-Scr constructs were transcribed, using host machinery, from the 

constitutive H1 promoter, an RNA polymerase III promoter. In this system GFP was 

transcribed from the constitutive CMV promoter. All experiments were performed 72-96 

hours after pseudoviral administration, as optimal expression occurs at this time point. In 

addition, pseudovirus was only used after the first thaw as the titer drops ~30% with each 

freeze-thaw. 

3.6.3 Titering of Pseudovirus 

Primary hippocampal cells were plated at 50,000 cells/well in 24-well plates containing 

coverslips. They were then treated with 2-10μL of virus at DIV 8. At DIV 12, primary 

hippocampal cells were viewed on the Fluorescent Microscope OLYMPUS 1X70 with 

X-Cite 120PC to confirm GFP expression. The cells were subsequently fixed and 
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immunostained with antibodies directed at MAP2 as described in section 3.3. The 

coverslips were then viewed on the MIRAX MIDI scanner and 15 images per coverslip 

were taken at 10X magnification. The number of MAP2 positive cells were noted for 

each image as well as the number of MAP2 positive, GFP positive cells using the ImageJ 

Cell Counter plugin. The proportion of MAP2 positive cells that were also GFP positive 

was determined to represent the titer of the virus. Two biological replicates were used for 

tittering. The average of each biological replicate was plotted with the SEM between the 

two replicate sets.  

3.7 Checking for Cytotoxic Effect of Lentivirus on Hippocampal Primary Cells 

Promega CytoTox 96 Non-Radioactive Cytotoxicity Assay was used to assess the 

cytotoxic effect of lentivirus expressing miRNA or miRZIP. This protocol uses excreted 

Lactate Dehydrogenase (LDH), a stable cytosolic enzyme, as a quantitative measure of 

cell death. This works by coupling two enzymatic reactions (featured below), which 

result in the reduction of tetrazolium salt to a red formalin compound. The production of 

this compound, as assessed by absorbance at 490nm, is proportional to the number of 

cells lysed. 

       NAD+ + lactate –(LDH) pyruvate + NADH 

NADH + INT—(diaphorase) NAD+ + foramazan (red) 

Hippocampal primary cells were isolated and plated 50,000 cells/well on a 24-well plate 

in 500μL NBActiv4 media without antibiotic. At day 8 in culture, the cells are treated 

with pseudovirus of predetermined amount (ex. 4μL per well). Control wells included 

cells that weren’t treated with virus, media alone and media + virus. After incubation at 
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37ºC for 4 days (day 12 in culture), 200μL of supernatant was removed from wells and 

put into a 96-well cell culture to measure the excreted LDH (a marker of cell death). The 

cells were then ruptured via freeze-thaw by incubating the plate at -80ºC for 30 min 

followed by thawing at 37ºC for 15 min. This step allowed quantitation of total 

cytoplasmic LDH. The 96-well plates containing supernatant and cell lysate were 

centrifuged at 250 x g for 5 minutes (at 4ºC). Next, reconstituted Substrate Mix was 

added at 50μL/well and incubated for 30 minutes at RT in the dark followed by 

equivalent addition of stop solution. Absorbance was then measured at 450nm. An LDH 

Positive Control was used (bovine heart LDH) included in the kit. This was vortexed and 

2μL was added to 10mL of PBS + 1% BSA, prepared fresh for each assay. All samples 

were prepared in triplicate. Two biological replicates were performed. The calculations 

were performed by first subtracting the media alone absorbance from the absorbance of 

the sample. This was done for both supernatant and total cell lysate wells to normalize the 

absorbance. The normalized absorbance of a particular treatment supernatant 

(representing cell death) was then divided by the average normalized absorbance of that 

treatments total cell lysate (representing total cell death) yielding the percentage 

cytotoxicity in that well. The normalized absorbance as well as the percentage 

cytotoxicity of all samples was then plotted with the SEM.  

3.8 Optimizing Viral Amount by Checking with Fluorescent Microscope and RNA 

Analysis with Realtime PCR 

Transduced primary hippocampal cells at 12 DIV were viewed on a fluorescent 

microscope in order to visualize viral transduction via GFP expression. The optimal 
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amount of virus to use for further experiments was determined by selecting a quantity of 

virus that infected approximately 60% of cells. 

RNA was isolated from transduced primary hippocampal cells at 12 DIV as previously 

described in section 3.5. RNA was quantified via Nanodrop and subsequent cDNA 

synthesis and Realtime PCR were performed as previously described. U6 was used as a 

housekeeping gene. Results were analyzed using the ΔΔCt method in Microsoft Excel. 

3.9 Argonaute Immunoprecipitation in Hippocampal Primary Cells Overexpressing 

miR-16 

Primary hippocampal cells were plated at 250,000 cells per well in three 6-well plates, 

totaling 4.5 million cells. The cells were plated in 2.5mL of NBActiv4 on plates coated 

with PDL. The cells were either treated with lentivirus expressing miR-16 or miR-Scr at 

8 DIV. At 12 DIV the cells were used to perform the immunoprecipitation procedure 

described for the microRNA Isolation Kit, Mouse Ago2 (Wako). One slight modification 

to the procedure was the final product, as we were collecting mRNA targeted and thus 

bound by miR-16 rather than aiming to isolate cellular miRNA alone. This did not 

require a true change to the protocol, as no step is present to degrade the cellular mRNA 

in the miRNA end-goal procedure. First, 1mL of the 2.5mL media was removed from the 

cells, cells were scraped within the media and collected into a 50 mL conical tube, 

pooling all wells together. Cell suspension was centrifuged at 1000 rpm for 5 minutes at 

4ºC, the supernatant removed and the cells were washed in 1mL RT 1X PBS. The 

suspension was then centrifuged and resuspended twice more, with the final resuspension 

being in 1mL of Cell Lysis Solution. This suspension was then moved to a 1.5mL sample 

tube and incubated on ice for 10 minutes. The lysate was centrifuged at 4ºC for 20 
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minutes at 20,000 x g. During this time Anti Mouse Ago2 Antibody Beads were 

prewashed, by adding 50µL of Anti Mouse Ago2 Antibody Beads Solution to a 1.5mL 

sample tube and centrifuging at 3000 x g for 30 seconds at 4ºC, followed by washing 

with 1mL of cell lysis solution twice, centrifuging and removing the supernatant each 

time. The cell lysate post-centrifugation was added to the tube of prewashed beads, 

vortexed and rotated at 4ºC for 2 hours. Following this incubation, the mixture was 

centrifuged at 3000 x g for 30 seconds at 4ºC and the supernatant removed. The antigen-

antibody-bead complexes were washed twice with 1mL of Cell Lysis Solution, vortexed 

and centrifuged at 3000 x g for 30 seconds at 4ºC. Next, 50µL of Elution solution was 

added to the complexes in order to elute the antibody-Ago2 complexes from the beads. 

This was vortexed, and then centrifuged at 3000 x g at 4ºC for 30 seconds. The 

supernatant was kept and the beads discarded. The supernatant was taken for Western 

Blotting, and was acetone precipitated. For sample preparation for microarrays the 

following steps were taken to isolate Ago2 bound RNA. First, 350µL of sterile distilled 

water was added to the supernatant, followed by 400µL of phenol:chloroform:isoamyl 

alcohol (PCIA) which was then vortexed and centrifuged at 20,000 x g for 10 minutes at 

RT. The supernatant was kept and 400µL of chloroform was added with vortexing and 

centrifugation was repeated. The supernatant was again removed, and 3µL of 

Ethachinmate, 40µL of 3mol/L Sodium Acetate Solution and 1mL of 99.5% Ethanol 

were added with vortexing and centrifugation at 20,000 x g for 15 minutes at 4ºC to 

precipitate the RNA. The supernatant was removed from the pellet, and 1mL of 70% 

Ethanol was added, vortexed and centrifuged at 20,000 x g for 10 minutes at 4ºC. The 
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supernatant was again removed, and the pellet was dried before dissolving in 10μL of 

dH20.    

A BioAnalyzer run was performed in order to see if the RNA yield could be determined. 

A Eukaryote Total RNA PicoChip was utilized, but no yield could be determined. Run 

data is included in Appendix 1.3. In order to ensure that miR-16 was highly present 

within the immunoprecipitated RNA, Realtime PCR was performed before microarray 

analysis was completed. The housekeeping genes in this run were U6 and let-7c and miR-

132 was also used as a positive control.  

3.10 Microarray 

Reverse transcription, second-strand synthesis, cRNA synthesis, aaUTP modification and 

purification were all performed using the protocols provided with the Amino Allyl 

MessageAmp II aRNA Amplification Kit (Life Techologies). 

In order to preserve sample, 4μL of the AgoIP RNA was used in the Reverse 

transcription step (of each AgoIP-miR16 and AgoIP-miRScr). The 1st round of the Invitro 

Transcription to Synthesize Amino Allyl-Modified aRNA was performed via the 

unmodified protocol. Approximately 500ng of aRNA was subjected to 2nd round 

amplification. Nanodrop determined that the 260/280 ratio was 1.90 or greater for all 

samples. Dye coupling was performed with Alexa Fluor 555 and Alexa Fluor 647. In 

total, 745ng of dye-coupled sample for each treatment (miR-16 and miR-Scr) was mixed 

together (with opposing dyes) for hybridization. Dye switching was utilized, with a repeat 

hybridization reaction using the Two-Color Microarray-Based Gene Expression Analysis 

– Low Input Quick Amp Labeling Protocol (Agilent Technologies, Edition 6.6). The 
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repeat hybridization reaction was performed using the Agilent Gene Expression 

Hybridization kit. Fragmentation mix was made up as stated for a 4x44K microarray for 

each array. As follows: 845ng of both Cyanine 3-labeled and Cyanine 5-labeled, linearly 

amplified cRNA, 11μL of 10X Blocking agent, 2.2μL of 25X Fragmentation Buffer and 

Nuclease-free water were added together for a final volume of 55μL. A dye swap was 

performed, meaning that miR-16 and miR-Scr were each labeled with Cy-3 and Cy-5 and 

oppositely labeled miR-16 and miR-Scr were added to each of the two fragmentation 

tubes. They were then allowed to fragment for 30 minutes at 60°C. The reactions were 

stopped with 2X Hybridization Buffer of equivalent volume (55μL) and mixed carefully 

followed by centrifuging at 13,000rpm for 1 minute at RT. Samples were then incubated 

on ice until loaded onto an Agilent Whole Mouse Genome (4X44K) Oligo Microarray. 

Carefully, 100μL of the prepared hybridization sample was then added to the gasket slide 

of the microarray and an array slide was placed on top and clamped into a chamber. The 

slide was left to rotate at 65ºC for 17 hours. The array was then removed from the 

chamber, and the gasket removed while submerged in Gene Expression Wash Buffer 1. 

The slide was washed in this buffer for 1 minute, followed by washing in pre-warmed 

Gene Expression Wash Buffer 2 for 1 minute. The slide was immediately scanned using 

the Agilent Technologies DNA Microarray Scanner With Surescan High-Resolution 

Technology. Feature Extraction Software version 12 (Agilent) was used to extract the 

genetic information from the array. 

3.11 Analysis of Data from Microarray with Ingenuity Pathway Analysis 

Information extracted from the array was log2-transformed and cross-referenced to miR-

16 putative target information from TargetScanMouse Release 7.1 using Excel. Data was 
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then uploaded into Ingenuity Pathway Analysis (IPA) (Build Version: 366632M; Content 

Version: 26127183) and a Core Analysis was performed. Ingenuity Knowledge Base 

(Genes Only) was used as a reference set with both direct and indirect relationships taken 

into account. 

3.12 Stimulation of Hippocampal Cells to Elicit Changes in Target Expression at 

Protein Level 

6-well dishes containing primary hippocampal cells were treated with pseudovirus at 8 

DIV and at 12 DIV they were stimulated. Brain-derived neurotrophic factor human 

(BDNF) (B3795 Sigma) was used to stimulate the primary hippocampal cell cultures. 

BDNF was first diluted in H20 from powder stock and then 1X PBS (1:100) before 

adding to cells at 25ng/mL and 50ng/mL. Protein and RNA were collected at 24 hours 

after BDNF addition.  

3.13 Protein Extraction and Western Blots to Validate Targets at Protein Level 

Protein was extracted from hippocampal neurons using N-PER Neuronal Protein 

Extraction Reagent (Thermo Scientific). First, the media was removed and 100μL of N-

PER was added per well of a 6-well plate, with 1μL Halt Protease and Phosphatase 

Inhibitor Cocktail, EDTA-Free (100X) (Thermo Scientific) and left on ice for 5 minutes. 

Plates were scraped and lysate was collected and frozen at -80ºC.  

For the Argonaute immunoprecipitation western blot and blots of dilute samples, an 

acetone precipitation was performed using the Thermo-Scientific protocol. Protein was 

thawed, cold (-20ºC) acetone amounting to 4X the volume of protein sample was added 

to the protein, vortexed and incubated for 1 hour at -20ºC. It was then centrifuged for 10 
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minutes at 13,000 x g, decanted and the acetone was evaporated on the benchtop for 30 

minutes at RT. The sample was finally dissolved in Cell Disruption Buffer (PARIS Kit) 

(Ambion).  

Pierce BCA Protein Assay Kit (Thermo Scientific) was used to determine protein amount 

within each sample. This kit works based on the knowledge that Cu2+ is reduced to Cu1+ 

by protein within an alkaline environment and bicinchoninic acid (BCA) chelates Cu1+ 

resulting in development of a purple colour strongly absorbed at 562nm. Using a standard 

curve, this property is used to determine protein quantity within a sample. Bovine serum 

albumin (BSA) is used as the standard protein to create a standard curve of known 

concentration (from 0-2000μg/mL). The standard was diluted in the same N-PER/HALT 

mixture that the samples were in. The microplate procedure was used to allow a small 

concentration of protein to be used. In total, 25μL of standard was added to a 96-well 

plate in duplicate. Next, 4μL of sample was added in duplicate as well, diluted in 21μL of 

buffer. Finally, 200μL of Working reagent (50 parts BCA Reagent A and 1 part BCA 

Reagent B) was added to each well and mixed by pipetting. The plate was placed at 37ºC 

for 30 minutes and the absorbance was measured at 562nm. Calculations were performed 

in Excel to determine the amount of protein in each sample using the BSA standard 

curve. 

Between 50 and 100μg of sample was aliquoted for each well of a 10% NuPAGE Bis-

Tris Mini Gel (Invitrogen) or ExpressPlus PAGE 4-12% Gel (GenScript). To these 

samples, 5μL of NuPAGE LDS Sample Buffer (4x) (Life technologies), 2μL of NuPAGE 

Sample Reducing Agent (10X) (Life technologies) and 3μL of dH20 were added to make 

a total loading volume of 20μL. The samples were then heated at 70ºC for 10 minutes, 
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vortexed again and centrifuged. The samples were added to the gels along with one lane 

containing two ladders: 5μL of MagicMark XP Western Protein Standard (Invitrogen) 

and 3μL of Novex Sharp Pre-Stained Protein Standard (Invitrogen). Electrophoresis was 

performed in an Xcell SureLock chamber (Invitrogen) with Novex MOPS SDS Running 

Buffer (20X) (Life technologies) diluted to 1X in dH20. NuPAGE Antioxidant (Thermo 

Fisher) was added to the running buffer to keep proteins in a reduced state throughout 

electrophoresis. Electrophoresis was performed at 200 Volts for 55 minutes. The protein 

was then transferred to a nitrocellulose membrane using the Novex iBlot Gel Transfer 

Stacks Nitrocellulose (Life Technologies) using the iBlot (Invitrogen). The membrane 

was next blocked at RT for 1 hour in 5% Skim Milk in 1X TBST shaking. It was washed 

three times in TBST (1X Tris Buffered Saline, pH 8.0 (1X TBS) (SIGMA), 

0.1%Tween20 (Thermo Fisher)) for 5 minutes shaking, at RT. Blots were left at 4ºC 

overnight, or alternatively at RT 1 hour, shaking in primary antibody. Primary antibodies 

were diluted in 5% w/v Bovine Serum Albumin (BSA) (Fisher Bioreagents) in 1X TBST. 

Blots were then washed as previously described and incubated for 1 hour shaking at room 

temperature in secondary antibody. Secondary antibodies were diluted in 5% Skim Milk 

in 1X TBST. Blots were washed twice in TBST for 5 minutes at room temperature, 

shaking, followed by a single wash in TBS under the same conditions. For detection, 

blots were incubated for 5 minutes in SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific) before developing using the Bio-Rad Versa Doc Imaging 

System. Alternatively, blots were developed using an X-ray film developer (Konica 

Minolta SRX-201A). Densitometry analysis was performed using the Quantity One 

Software (Bio-Rad) or alternatively using ImageJ. 



 67 

The antibodies used for western blotting were as follows: Anti-APP Rabbit Antibody 

(SIGMA A8717) (recognizes APP695 APP751 and APP770 (95-100kDa)); Anti-BCL-2 

Mouse Antibody (SIGMA B9804) (recognizes an epitope between amino acids 61 and 76 

of the BCL-2 protein (doublet 26kDa and band at 30kDa)); Anti-Ago2 Mouse 

Monoclonal Antibody (Wako 014-22023) (recognizes Ago2 protein at 100kDa and is 

identical to the antibody used in the Ago-IP kit); MEK1/2 (47E6) Rabbit mAb (Cell 

Signaling Technology; 9126) (MW 45kDa); TrkB (80E3) Rabbit mAb. (Cell Signaling 

Technology; 4603) (MW 90, 140kDa); P44/42 MAPK (Erk1/2) (137F5) Rabbit mAb 

(Cell Signaling Technology; 4695) (MW 42, 44kDa); c-Raf (D4B3J) Rabbit mAb (Cell 

Signaling Technology; 53745) (MW 75kDa); β-Actin Antibody Rabbit (Cell Signaling 

Technology; 4967) (MW 45kDa); Phospho-c-Raf (Ser338) (56A6) Rabbit mAb (Cell 

Signaling Technology; 9427) (MW 74kDa); Phospho-MEK1/2 (Ser217/221) (41G9) 

Rabbit mAb (Cell Signaling Technology; 9154) (MW 45kDa); Phospho-p44/42 MAPK 

(Thr202/Tyr204) (D13.14.4E) XP Rabbit mAb (Cell Signaling Technology; 4370) (MW 

42, 44kDa); Phospho-p90RSK (Ser380) (D3H11) Rabbit mAb (Cell Signaling 

Technology; 11989) (MW 90kDa); Phospho-MSK1 (Thr581) Antibody (Cell Signaling 

Technology; 9595) (MW 90kDa) and Anti-rabbit IgG, HRP-linked Antibody (Cell 

Signaling Technology; 7074).  

3.14 Looking at Morphological Changes in Hippocampal Cultures after miR-16 

Overexpression via Immunostaining 

Primary hippocampal cells were plated on coverslips, treated with pseudovirus, fixed and 

immunostained as described in section 3.3. MAP2 primary antibody was used to detect 

neurons, in addition to the GFP expressed by the transduced cells. 
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3.15 Analysis of Morphological Changes via SynD Program 

The images were collected as described in section 3.3. Neurite length, soma area and 

Sholl analysis were performed using Synapse Detection (SynD) (Schmitz et al. 2011) 

(www.cncr.nl/resources). Upon running the SynD_extract program in MATLAB R2016a, 

a tiff image was uploaded, the soma and neurites detected and the results exported. The 

soma was detected using an erosion radius of 2, and threshold of 130 to remove neurites 

from contention. The soma mask was manually edited to ensure the entire soma was 

detected. Neurite masks were created by automated addition of pixels at a cost to the 

system lower than 0.9 with a steerable filter set to 0.5μm (matched to neurite diameter in 

images). The neurite mask was then manually edited to ensure all masked regions 

represented neurites stemming from the masked soma. The results of each SynD analysis 

were then exported to a mat file. SynD_aggregate, another application within the SynD 

program, was used to compile mat files from images from the same coverslip into xml 

files. The data was then sorted within Excel and GraphPad Prism 7 was utilized to present 

the information graphically and to perform statistical analysis. 

  

http://www.cncr.nl/resources
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Chapter 4: Results 

4.1 Establishing and Analyzing Hippocampal Primary Cell Culture 

 

Decreased number of synapses and decreased number of dendritic spines are both signs 

of prion disease, which are seen highly in the stratum radiatum of region 1 of the CA1 

region of the hippocampus in mouse prion disease. This includes both pre- and post-

synaptic degeneration (Majer and Booth 2014). In human prion infection as well, 

synaptic loss is not uniform throughout the brain with hippocampal and cortical regions 

showing the most consistent synapse loss (Clinton et al. 1993; Šišková et al. 2009). Of 

additional interest, is the homogeneous cellular composition of the CA1 region of the 

hippocampus. In healthy brains, astrocytes, microglia and oligodendrocytes largely 

outnumber neurons. However, the CA1 region of the hippocampus is almost exclusively 

composed of neurons (Klausberger and Somogyi 2008). For these reasons, the 

hippocampus, particularly the CA1 region, is of interest because looking at brain tissues 

as a whole can be a vast mixture of cell types, which can mask what is really going on at 

the transcriptional level (low abundance transcripts) or significant hippocampal neuron 

specific changes (Majer and Booth 2014). 

In order to create an in vitro model of the hippocampus, a region of the brain that 

undergoes significant neurodegeneration during prion disease (Cunningham et al. 2003), 

primary hippocampal cells were dissected from embryonic day 18 (E18) mice.  

Collection of primary embryonic cells is a lengthy process involving coordinating 

breeding, embryo collection and dissections. These cells are very sensitive to perturbation 

and environmental stressors and are not kept more than four weeks. However, primary 
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cells are used rather than a neuronal derived cell line, as cell lines often lack traditional 

neuronal morphology and the ability to make synaptic connections (Beaudoin et al. 

2012). In addition, embryonic cell cultures were chosen over postnatal cultures due to 

their superior ability to withstand stress incurred during culture preparation, as well as the 

higher proportion of neurons within the culture due to less integration of glial cells and 

the meningeal structure (Beaudoin et al. 2012). In addition, the synaptic loss and 

dendritic changes that occur early in prion disease cannot be modeled in cell lines, 

however those cellular processes can be evaluated using primary neuronal cultures.  

Despite the maintenance required, primary embryonic cell cultures have become well 

established as a tool in neuroscience, and the steps necessary to produce them have been 

well characterized. In order to cultivate a primarily neuronal cell population, serum-free 

Neurobasal/B27 media is used (Brewer et al. 2008). As well, NbActiv4 is a complex 

version of Neurobasal/B27 medium with supplemented estrogen, creatine and cholesterol 

which substantially increases the strength and number of synapses within the culture, an 

established marker of neuronal health (Brewer et al. 2008). 
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4.1.1 Analysis of Culture Purity via Immunostaining 

 

In order to assess the characteristics of the culture, as well as the health and maturation of 

neuronal cells over time, cells were fixed every few days for 14 days. This time period 

was chosen to reflect the average length of time that cells would be used in experiments. 

These cultures were then immunostained with antibodies to microtubule-associated 

protein 2 (MAP2), a dendrite-specific neuronal marker, glial fibrillary acidic protein 

(GFAP) a glial cell marker, as well as DAPI, a DNA-specific stain. The use of GFAP 

allowed visual confirmation that the cultures were predominantly neuronal, with a low 

number of astrocytes.  

Analysis of these cultures revealed that they were a true representation of a primary 

hippocampal culture, indicated by visibly increased neurite outgrowth and branching over 

time (Figure 5). The first stage of pyramidal neuronal development in culture is the 

extension of lamellopodia into neurites (as visualized at 4 and 7 DIV; Figure 5) 

(Beaudoin et al. 2012). This is closely followed by the extension of axons and dendrites 

beginning at 8 DIV (as visualized at 11 DIV; Figure 5) and the ability to tell the two 

apart, with the dendrites being thick and branching and the axon thin and spineless 

(Beaudoin et al. 2012; van Spronsen et al. 2013). The first synapses also are apparent at 

this stage (van Spronsen et al. 2013). The final stage of neuronal development begins at 

12 DIV with the formation of defined dendritic spines, and the maturation of synapses 

into a complex network (which likely could be visualized at a higher magnification at 14 

DIV; Figure 5) (Beaudoin et al. 2012; van Spronsen et al. 2013). 



 72 

 



 73 

Figure 5: Immunohistochemistry Highlights the Development of Primary 
Hippocampal Neurons Over Time in Culture. Cells are pictured from the top at 4, 7, 
11 and 14 DIV in both 5X (left) and 20X (right) magnification. Green: MAP2. Red: 
GFAP. Blue: DAPI.  
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In order to determine the distinct proportions of cell types within the cultures, cells were 

counted using the ImageJ Cell Counter plugin. Figure 6 illustrates both the percentage of 

neurons in culture as well as the total cell population over time.  There was an overall 

decline in the percentage of neurons in culture over time. In order to determine if this was 

due to increased glial presence, or merely from normal culture death over time the total 

cell population was characterized further. As seen in Figure 6, there was a steady number 

of neuronal cells (approx. 100 per image) up until day 15 where the number dropped 

down to about 50 cells per image. This was likely due to the death of neuronal cells 

within the culture, a normal feature of primary neuronal cultures. Additionally, no 

relative rise in glial cell number within the culture over time was apparent. This was 

confirmation that the lower percentage of neurons at day 15 was due to cell death rather 

than the expansion of the glial cell population. Taken together, the data show that these 

cultures are more than 70% neuronal, even at day 15, reflecting that this is a relatively 

pure neuronal culture, and thus a good model of the hippocampus, which is primarily 

neuronal in cell structure (Mattson and Kater 1989). As well, a small number of 

astrocytes persist within the culture at all time points, which is desirable as they have 

been shown to be important for promoting neuronal health and maturation (Haber et al. 

2006).  
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Figure 6: The Proportion of Neurons in Culture Over Time Relative to Astrocytes. 
On the top, the percentage of neurons in culture from 4 to 14 DIV is shown. On the 
bottom, the total cell population is plotted; comprising the total number of neurons and 
the total number of astrocytes from 4 to 14 DIV. Error bars represent SEM of triplicate 
counts. MAP2: Neuronal Marker. GFAP: Astrocyte Marker. 
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4.1.2 Endogenous miR-16 Expression Within Neuronal Primary Cultures 

 

Primary cultures were utilized in order to analyze the endogenous levels of miR-16-5p 

present over time in culture, with RNA collected every few days from 4 to 12 DIV. 

Between 3 and 5 biological replicates (and triplicate technical replicates) were collected 

for each time point. 4 DIV was used as a starting point because before that the cells are 

under a great deal of stress following the dissection procedure. GraphPad Prism was used 

to perform multiple t-tests using the Holm-Sidak method, with α = 0.05. This indicated 

that there was a statistically significant difference between U6 and miR-16 at all time 

points. There was a significant increase in miR-16 expression between 8 and 9 DIV, with 

P-value=0.00018 (Figure 7). There was also a significant difference between 10 & 11 

DIV and 11 & 12 DIV with P-values= 0.00154 & 0.00321 respectively, with expression 

of miR-16 decreasing (Figure 7). However, as there is never more than a 2-fold change in 

expression it appears that miR-16-5p expression is not highly altered during cellular 

development. 
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Figure 7: Endogenous MiR-16-5p Expression Level in Primary Hippocampal 
Neurons Over Time in Culture. Top: Fold change of miR-16 expression normalized to 
U6 snRNA from 4 to 12 DIV. Fold change at all time points was measured relative to 4 
DIV. Bottom: Ct values of miR-16 and U6 snRNA from 4 to 12 DIV. Data represents the 
mean +/- SEM (n=3-5) biological replicates. Multiple t-tests using the Holm-Sidak 
method determined statistical significance. α=0.005 with * = <0.005 and ** = <0.0005.  
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4.2 Manipulation of the Levels of Mature miR-16 in Primary Hippocampal Cells 

 

Lentiviral transduction was chosen to manipulate the miR-16 expression in the primary 

hippocampal cells. Replication incompetent pseudo-lentivirus was used due to its ability 

to infect non-dividing cells, as well as its applicability for subsequent use in animal 

models. Most importantly, the ability to integrate into the neuronal genome is useful for 

stable, long-term expression of the miRNA constructs from constitutive promoters. 

The constructs were expressed as single-stranded siRNA sequences that formed hairpin 

secondary structures, which were recognized by Dicer and processed via the endogenous 

miRNA processing system within the cell ensuring proper cleavage of the hairpins into 

mature miRNA. This system allowed normal cellular miRNA to be processed as well, an 

advantage over other methods of miRNA manipulation that monopolize the miRNA 

processing machinery, potentially interfering with regulation of many genes and cellular 

processes that are not directly regulated by the miRNA being manipulated.  

Sequencing of the plasmids yielded the following results. An NCBI Nucleotide Blast 

revealed that the miR-16 containing plasmid aligned to Mus musculus miR-16-1 

(NR_029734.1) with 96% sequence identity and no gaps (Appendix 1.2.1). In addition, a 

hairpin Blast search using miRBase revealed that this sequence aligned to mmu-miR-16-

1 and mmu-miR-16-2 but the former had a higher alignment score (411 vs. 146) 

indicating better alignment (Appendix 1.2.1). A miRBase Blast of the miR-Scr containing 

plasmid revealed alignment to miR-169p in both Arabidopsis spp. and Populus spp. 
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(Appendix 1.2.2). A miRBase Blast of the miRZIP-16 containing plasmid revealed 

alignment to both mmu-miR-16-1 and mmu-miR-16-2 with marginally better alignment 

to the latter (115 vs 119) (Appendix 1.2.3). A miRBase Blast of the miRZIP-Scr showed 

strong confidence in alignment to miR-168a from the Glycine spp. and miR-1616 & miR-

2671c from Medicago spp. (Appendix 1.2.4).  

As noted in the previous section, endogenous levels of miR-16 are highest within the 

primary culture at 8 DIV. Therefore, cells were treated with lentiviral vectors containing 

either miR-16, miR-Scr, miRZIP-16 or miRZIP-Scr at 8 DIV. This allowed the virus to 

be overexpressed when the endogenous levels are highest, and at the point when the cells 

will be extending their neurites and developing synaptic connections allowing analysis of 

miR-16’s effect on these processes. MiR-16-5p overexpression supplemented the 

endogenously expressed miRNA while miRZIP-16 overexpression resulted in a specific 

knockdown of endogenous miR-16-5p by “zipping up” the miRNA due to 

complementary binding. Together they represent a model of high miR-16-5p expression 

(analogous to the preclinical stage of prion infection) and low miR-16-5p expression in 

hippocampal neurons (analogous to the clinical stage of prion infection). In addition to 

miR-16-5p, miRZIP-16 or Scramble the lentiviral vectors also constitutively expressed 

copGFP. This allowed for convenient identification of whether the virus had stably 

integrated into the cellular genome and successfully undergone gene expression via 

fluorescent microscopy.  
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4.2.1 Titering of Virus 

 

Titering infection competent viral particles is complicated with lentivirus as a traditional 

plaque assay cannot be used as it doesn’t replicate in culture. Instead, the proportion of 

infected cell (MAP2 positive + GFP positive) to uninfected cells (MAP2 positive + GFP 

negative) was used as a method of titering. Increasing amounts of virus from 2-10μL 

were added to primary cells at 8 DIV. A one sample t-test of the two treatments showed a 

significant difference in the percentage of cells transduced with increasing viral addition 

for both miR-16 and miR-Scr with two-tailed P-values of 0.0007 and <0.0001, 

respectively (Figure 8).  
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Figure 8: Titering of Virus.  2μL to 10μL (from left to right) of virus was added to 
primary hippocampal cells. T-tests of each treatment revealed a significant increase in the 
percentage of cells transduced with virus with increasing viral addition. α = 0.05. * = 
<0.05. 
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4.2.2 Results of Cytotoxicity Analysis 

 

Cytotoxicity analysis was used to ensure that any changes in gene expression, or 

morphology that were found were attributable to the changes in miR-16 expression, and 

not a result of an increase in cell death due to the pseudoviral infection of the cells. A 

one-way ANOVA with Holm-Sidak’s multiple comparisons test was used for significant 

differences between primary cell spontaneous or untreated samples and treatments. The 

mean of each treatment was compared to the mean of the control. Cells were treated with 

1 to 10μL of virus for miR-16, miR-Scr, miRZIP-16 and miRZIP-Scr. At no point was the 

level of cell death in any of the treatments higher than primary cell spontaneous cell 

death (Figure 9). However, both miR-16 and miRZIP-Scr had significantly less cell death 

than primary cell spontaneous cell death at certain dosages. Looking at the percentage of 

cell death with different treatments, again there was no instance when treatments had 

increased cell death over controls (Figure 9). The percentage of cell death was 

significantly lower with all treatments of both miRZIP-16 and miRZIP-Scr than untreated 

cells (Figure 9). Therefore, it can be concluded that none of the lentiviral vectors used in 

this study had a negative effect on cell viability. 
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Figure 9: Cytotoxicity Assay to Determine the Percentage of Cell Death in 
Hippocampal Cultures After Lentiviral Treatment. The top four graphs show the cell 
death with each viral addition (supernatant absorbance) compared to the maximal cell 
death (lysed cell absorbance). The bottom four graphs show the percentage of cell death 
induced by the viral addition compared to the maximal cell death. One-way ANOVA 
with Holm-Sidak’s multiple comparisons was employed to test for significant differences 
between treatments and untreated control cells. α =0.05. * = <0.05, ** = <0.005, *** = 
<0.0005 and **** = <0.0001. MAX absorbance or % cell death is defined as the 
respective level reached in each treatment when cells were lysed via freeze thaw. 
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4.2.3 Fluorescent Microscopy and Realtime Analysis 

 

The optimal amount of virus to add to cultures was determined by selecting a quantity of 

virus that didn’t infect every single cell, as it was desirable for GFP expressing cells to be 

separated enough to do efficient single cell analysis. As well, it was important to choose 

an amount of virus that was efficient in upregulating miR-16 expression, or 

downregulating its expression, depending on treatment. First, the vector expression was 

visually verified after cells had been exposed to varying amounts of virus by detecting 

GFP with the confocal microscope (Figure 10).
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Figure 10: Fluorescent Microscopy of Hippocampal Primary Cells Transduced with 
Pseudovirus. Both miR-16 and miR-Scr were added at 20µL/well in a 6-well plate. Cells 
were viewed on the fluorescent microscope after 4 days with the 20X objective.  
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Next, the optimal amount of virus necessary for adequate manipulation of miR-16 levels 

was determined. Overexpression of miR-16 and miR-Scr in primary hippocampal cells 

was visualized in Figure 11A. In Figure 11C, the overexpression of miR-16 was verified 

by Realtime PCR. The miR-16 was over expressed in comparison to miR-Scr treated 

cells after transduction with both 2 and 4µL of virus in this experiment. For the 

remainder of experiments, 4µL of miR-16 and miR-Scr expressing pseudo-lentiviruses 

were used for addition to cells. Figure 11B contains images of miRZIP-16 and miRZIP-

Scr treated cells to visually verify pseudoviral expression. Realtime results indicated that 

miRZIP-16 treated cells had decreased miR-16 expression relative to miRZIP-Scr at both 

2 and 4µL treatments (Figure 11D).  For all further experiments, 4µL of all viruses was 

added to cells (or the equivalent addition to a 6-well plate, 20µL) because as we could see 

in Figure 8, this amount of virus gave roughly equivalent titers of both miR-16 and miR-

Scr.
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Figure 11: Manipulation of MiR-16 Expression in Primary Hippocampal Neurons 
Verified by Immunohistochemistry and Realtime PCR. A&B) Pink: MAP2 (neurons), 
Green: GFP (lentiviral expressing cells), Red: GFAP (astrocytes) and Blue: DAPI. C&D) 
Realtime PCR results relative to miR-Scr and miR-ZIPScr respectively. Realtime was 
performed in triplicate, with 3 biological replicates. The line in each graph denotes the 
baseline U6 Expression that miR-16 is measured relative to.  
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4.2.4 Verification of model 

 

Previous studies have shown that miR-16 binds to mRNA encoding APP and BCL-2 and 

decreases the expression of these proteins (Liu et al. 2012; Cimmino et al. 2005). Both of 

these genes are expressed in hippocampal neurons and so it was important to validate that 

upregulation of miR-16 in experimental primary hippocampal cells was capable of 

effectively downregulating the expression of these proteins.  

Six-well plates were treated with increasing amounts of miR-16 and miR-Scr and protein 

was extracted after 4 days. A western blot was performed with primary antibodies to APP 

and Bcl-2 (Figure 12). Visually, the miR-16 treated wells had lower levels of both of 

these proteins relative to miR-Scr treated wells (Figure 12B). This was verified with 

densitometry, with both APP and Bcl-2 having on average lower protein levels in miR-16 

treated wells relative to miR-Scr treated wells (Figure 12A). However, increasing viral 

addition appears to increase the protein level of APP (although miR-16 still 

downregulates it compared to miR-Scr treated cells). This occurrence is likely due to the 

cellular response to lentiviral infection, which would be of interest to investigate in 

further studies. Regardless, these findings support the use of the miR-16 overexpression 

system in primary hippocampal cells as a model of functional miR-16 overexpression as 

they agree with literature findings. 
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Figure 12: Western blots to verify experimental model. A) APP and Bcl-2 protein 
levels were lower in miR-16 treated cells than miR-Scr treated cells. All protein levels 
were normalized to B-actin levels in the same well. B) Western blots of APP, Bcl-2 and 
B-actin. Ctrl = untreated cells. 
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4.3 Argonaute Immunoprecipitation for Target Detection via Microarray 

 

In order to understand which mRNA transcripts miR-16 is directly targeting, 

immunoprecipitation of Argonaute 2 complexes (Ago2-IP) was performed. Using the 

knowledge that miRNA associates with the RISC complex to knock down targets, Ago2-

IP allows specific immunoprecipitation of Ago2, a protein in the RISC complex, thereby 

co-precipitating all RNA bound to the complex. In addition, miRNA are highly stable in 

complex with Ago2 (Turchinovich et al. 2011) and in this system of miR-16 

overexpression, the RISC complexes are primarily associated with miR-16, allowing 

specific precipitation of miR-16 mRNA targets.  

Ago2-IP is a very powerful methodology to use for miRNA target analyses. In this study, 

Ago2-IP was utilized in combination with a microarray for gene expression analysis. This 

methodology is often used to screen for miRNA that are associated with the RISC 

complex or to profile miRNA targets (Goff et al. 2009; Parsi et al. 2015). However, when 

Ago2-IP is used to determine miRNA targets it is typically in easy-to-culture cell lines 

and rarely, if ever, in neuronal populations (Fan et al. 2013). This method represents a 

biologically relevant assessment of mRNA targets of miRNA within hippocampal 

neuronal primary cells.  

TargetScan or other computational programs are typically used to make miRNA target 

predictions, with validation of those targets further explored in cell culture (Shioya et al. 

2010). That approach can be useful, but the platforms are deficient in their ability to 

identify tissue-specific targets, an area that Ago2-IP gene expression analysis excels in. 

Additionally, unlike overexpressing a particular miRNA and determining potential targets 
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based on transcriptomic changes of the culture system, selecting for Ago-2 bound mRNA 

has the benefit of including all miRNA bound by the RISC complex, even those that are 

destined for degradation. This is important to note, as miRNA do not always exhibit a 

detectable effect on expression changes at the transcriptional level regardless of their 

effect at the protein level (Schwanhäusser et al. 2008). Therefore, using the Ago2-IP 

technique allows selection for all miRNA bound to Ago2, whether they will subsequently 

be degraded or not.  

To perform Ago2-IP, primary hippocampal neurons were treated with lentiviral vectors at 

8 DIV and incubated for four days (Figure 13). Ago2-IP was then performed using 

antibodies specific to Ago2. The mRNA collected in this way was then converted to 

cDNA, amplified and subsequently applied to a Whole Genome Mouse microarray for 

mRNA identification. In order to precipitate enough mRNA for further analysis, large 

numbers of cells were plated (approx. 5 million per lentiviral treatment). This procedure 

was optimized for use with hippocampal cells, as it is difficult to culture high number of 

cells at once. Completion of the Ago2-IP procedure yielded a visible pellet of RNA. RNA 

was resuspended but the yield was below the threshold for an accurate quantitative 

analysis of yield and quality using the Agilent BioAnalyzer. However, the results of this 

analysis are included in the appendix as the presence of RNA is evident despite the low 

yield (Appendix 1.3).  
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Figure 13: Ago2-IP Procedure. On the left, the miR-16 treated cells were incubated 
with anti-Ago2 antibody conjugated to beads. Immunoprecipitation was performed and 
miRNA (mainly miR-16) and target mRNA were eluted. This RNA was then labeled and 
applied to a microarray. On the right, the same procedure is illustrated with miR-Scr 
treated cells. Instead of primarily miR-16 being pulled down, it was a variety of 
endogenous miRNA and their targets.  
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For additional validation of the experimental procedure, it was important to determine 

that the Ago2 protein was successfully immunoprecipitated. Therefore a western blot was 

performed on the immunoprecipitate (Figure 14). Although the amount of protein was 

low, a faint band in the miR-16 and miR-Scr Ago2-IP fractions at approximately 100kDa 

was apparent. This corresponds to the expected molecular weight of Ago2. Furthermore, 

there are clear bands corresponding to both the heavy and light chain of the anti-Ago2 

antibody on the blot, indicating that all of the proteins did elute from the beads. 

Additionally, it should be mentioned that there are bands corresponding to the antibody 

heavy and light chain in the control (non-immunoprecipitated protein) lane as well, likely 

due to contamination with miR-Scr protein sample during loading. However, there is a 

clear non-specific band at approximately 35 kDa (due to presence of many proteins in the 

cell lysate) that is not present in the other two lanes. Additionally there is no Ago2 band 

present in this lane, supporting our successful precipitation of the Ago2 protein. 
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Figure 14: Western Blot to Confirm the Immunoprecipitation of the Argonaute 2 
Protein. Heavy chain and Light chain represent the respective chains of the Ago2 
antibody used to perform the immunoprecipitation. Ago2 represents the Argonaute 2 
protein that is co-immunoprecipitated with the miRNA:mRNA complexes. NSB: non-
specific band. 
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4.3.1 Validation of MiR-16 Presence in Immunoprecipitated RNA 

 

In order to ensure that miR-16 was highly present within the immunoprecipitated RNA, 

Realtime PCR was performed before microarray analysis was completed. MiR-16 has 

previously been shown to associate with Ago2 (Turchinovich et al. 2011), thus it was 

expected to co-immunoprecipitate with anti-Ago2. The snoRNA U6 has not been shown 

to associate with Ago2, and thus it was used as a non-target control RNA for non-

immunoprecipitated RNA. Let-7c on the other hand, has been shown to be highly 

prevalent in combination with Ago2 and thus served as an endogenous control (Krell et 

al. 2016). To ensure the relevancy to neuronal tissue, the level of miR-132 within the 

RNA sample was also determined, as it is known to be highly prevalent in neurons 

(Sempere et al. 2004). The level of miR-16 in the miR-16 treated Ago2-IP sample was 

approximately 10-fold higher than that of let-7c, and miR-132 was approximately 2-fold 

higher than let-7c (Figure 15). In the miR-Scr treated Ago2-IP sample, the miR-16 level 

was very similar to that of let-7c and the miR-132 level was approximately 2-fold higher 

than let-7c (Figure 15). The results of this analysis indicate that miR-16 was indeed 

overrepresented in the miR-16 treated Ago2-IP sample. 
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Figure 15: Relative Abundance of MiR-16 in RNA Extracted from Ago-IP Samples. 
Relative Abundance was determined via Realtime PCR with probes for miR-16, miR-132 
and let-7c in the same RNA samples from both miR-16 treated AgoIP and miR-Scr 
treated AgoIP. Let-7c was used as a normalizing control. Statistical analyses/additional 
replicates were not performed due to limited sample quantity. 
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4.3.2 Identification of Immunoprecipitated mRNA via microarray 

The identities of immunoprecipitated mRNA targets were assessed using a Whole 

Genome Mouse microarray. Microarrays are useful due to their ability to detect gene 

expression changes on a whole genome scale. The array was used to compare genes 

pulled down with Ago2 in miR-16 treated vs. miR-Scr treated hippocampal cells. Feature 

Extraction was utilized to extract the data from the array. The Quality Control report is 

included in the Appendix 1.4. 

4.3.3 Cross Reference with TargetScan 

 

In order to exclude any genes pulled down during the Argonaute immunoprecipitation in 

combination with miRNAs other than miR-16, the microarray data was cross-referenced 

with data generated from a miR-16 target search generated in TargetScanMouse Release 

7.1. TargetScan is a web-based tool that allows target determination by searching 

databases of mRNA transcripts for sequences that would facilitate binding by the 7-

nucleotide binding site (seed sequence) present on miR-16-5p. TargetScan was used, 

rather than another of the many prediction programs available, because it is a seed 

sequence based algorithm and those have been proven to be the most accurate 

(Schwanhäusser et al. 2008). TargetScan presented 4443 genes as putative targets of 

miR-16-5p, while the immunoprecipitation yielded 2059 genes. Cross-referencing the 

two data sets revealed 690 genes that were predicted targets of miR-16-5p within the 

Argonaute immunoprecipitated RNA (Figure 16).  
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This data set was uploaded into Ingenuity Pathway Analysis (IPA). IPA then analyzed the 

data, specifically looking only at relationships where confidence was equivalent to 

experimental observations. The Exp. Fold Change Cutoff was 4.0 with a range from -

1.9253E4 to 8098.07 with a focus on the transcripts that were increased in relative 

abundance within miR-16 bound RISC complex. In this way, 673 genes were identified 

as putative targets of miR-16-5p in hippocampal primary cultures with high confidence.  
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Figure 16: Venn Diagram Highlighting the Overlap Between Genes Identified as 
Targets via Microarray of AgoIP Samples and TargetScan Prediction. Produced 
using Venny version 2.1. (http://bioinfogp.cnb.csic.es/tools/venny/). 

  

http://bioinfogp.cnb.csic.es/tools/venny/


 111 

 

4.4 Functional Analysis of Microarray Results  

 

A core analysis was performed on IPA analysis, with both direct and indirect 

relationships taken into account.  It should be kept in mind that throughout the analysis of 

the results, transcripts that are present at high amounts indicate genes that are targeted by 

miR-16 and thus would be presumably be downregulated in a system of high miR-16 

expression, such as the “pre-clinical” stage of prion disease in the CA1 region of the 

mouse hippocampus.  
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4.4.1 Top Canonical Pathways 

 

The top canonical pathways that were highly represented in the array were as depicted in 

Table 3. The p-values indicate a strongly significant relationship between miR-16 and 

these pathways. Of greatest interest is mitochondrial dysfunction, with the highest 

significance, because while the others are mostly implicated in cancer, mitochondrial 

dysfunction has been highly implicated in the pathogenesis of Alzheimer’s disease 

(Nunomura et al. 2001). This spurred taking a closer look at the pathway, as shown in 

Figure 17. As seen in Figure 17, many genes involved in mitochondrial dysfunction are 

directly related to AD such as α-synuclein, Aβ, and APP. This is also a good indicator of 

the success of the immunoprecipitation, as previously described targets of miR-16-5p like 

APP, BACE2 and BCL2 are all present in this pathway (Figure 17). 

 

Table 3: Pathways Identified as Highly Targeted by MiR-16 via IPA. 

Pathway p-value Overlap with Pathway 
Components 

Mitochondrial Dysfunction 1.21E-05 9.9% (17/171) 
Pancreatic Adenocarcinoma 

Signaling 
6.50E-05 11.3% (12/106) 

Molecular Mechanisms of 
Cancer 

8.42E-05 6.8% (25/365) 

Gq Signaling 1.11E-04 9.5% (14/147) 
Docosahexaenoic Acid (DHA) 

Signaling 
1.23E-04 17.9% (7/39) 
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Figure 17: Mitochondrial Dysfunction Pathway.  Genes shown in red were highly 
present in the microarray data and thus are targeted by miR-16. Figure created in IPA.  
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 In keeping with this theme, some other pathways that are highly enriched in targets 

found in this analysis include amyloid processing and synaptic long-term potentiation 

(Figure 18 & 19). Similar molecules are targeted in both mitochondrial dysfunction and 

amyloid processing, with APP and BACE2 present in both pathways. Both APP and 

BACE2 were highly represented in the array (5.165 fold and 4.682 fold respectively). 

Synaptic long-term potentiation included the MAPK/ERK pathway, with MAP2K1 (a 

key member of the pathway) being highly represented in the array (502.72 fold higher 

than in AgoScr-IP). This indicates that miR-16-5p is likely to have a strong impact on 

that pathway and since the MAPK/ERK pathway is a ubiquitous pathway involved in 

many cellular processes, it is likely that this microRNA has a significant impact on cell 

function. 
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Figure 18: Amyloid Processing Pathway. Shapes filled in with red colour are targeted 
by miR-16 and were upregulated in the microarray. Figure created in IPA. 
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Figure 19: Synaptic Long Term Potentiation. Shapes filled in with red colour are 
targeted by miR-16 and were upregulated in the microarray. Figure created in IPA. 
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4.4.2 Top Upstream Regulators 

 

L-dopa was identified as the top upstream regulator of the genes represented on the array, 

with an activation z-score of 1.579 and a p-value of 7.47E-09. The second upstream 

regulator on the list was CREB1 with a z-score of 0.032 and a p-value of 3.06E-07. 

Interestingly, CREB1 was found to be present in the array (1.901 fold higher than 

AgoScr-IP) indicating that it is a potential direct target of miR-16. The rest of the top 10 

regulators are summarized in Table 4. BDNF (a neurotrophin) and glutamate (a 

neurotransmitter) are of significant interest, as the results of this array are not 

neurospecific (IPA has an inherent bias towards cancer cells and miRNA have many 

targets in many tissues) yet these are the most prominent upstream regulators along with 

L-dopa, indicating that miR-16 has important neurospecific effects. This spurred 

investigation into important pathways that all three regulate potentially clinically relevant 

targets of miR-16 in neurons. Of particular interest is that all three of these putative 

upstream regulators stimulate the MAPK/ERK pathway and CREB1 is a direct target of 

that pathway. The analysis program was not able to make a determination of the 

predicted activity of L-dopa, CREB1, MYC, L-glutamic acid and CXCR1 on miR-16 due 

to insufficient data, this does not however, mean that they are not activating or inhibiting 

miR-16. Furthermore, both MYC and BDNF are relatively decreased in abundance in the 

miR-16 AgoIP vs the miR-Scr AgoIP, 6.849 and 2.101 fold, respectively. This indicates 

that they are unlikely to be directly targeted by miR-16. 
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Table 4: Top Upstream Regulators of miR-16 As Predicted by IPA.   

Upstream 
Regulator 

Exp. Fold 
Change 

Molecule 
Type 

Predicted 
Activity 

Activation 
z-score 

p-value of 
overlap 

L-dopa - Endogenous 
mammalian 

chemical 

- 1.579 7.47E-09 

CREB1 1.901 Transcription 
Regulator 

- -0.032 3.06E-07 

miR-17-5p (and 
other miRNAs with 
seed AAAGUGC) 

- Mature 
miRNA 

Inhibited -3.276 3.33E-07 

MYC -6.849 Transcription 
Regulator 

- 1.258 3.72E-07 

L-glutamic acid - Endogenous 
Mammalian 
Chemical 

- 1.890 4.72E-07 

Mitomycin C - Chemical 
Drug 

Activated 2.534 4.84E-07 

CXCR1 1.127 G-Protein 
Coupled 
Receptor 

- 1.000 8.50E-07 

Prednisolone - Chemical 
Drug 

Inhibited -2.400 1.74E-06 

BDNF -2.101 Growth 
Factor 

Activated 2.966 3.31E-06 

Dihydrotestosterone - Endogenous 
Mammalian 
Chemical 

Activated 2.0777 5.03E-06 
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4.4.3 Top Diseases and Biological Functions 

 

The top diseases and disorders associated with genes targeted by miR-16 are presented in 

Table 5. Neurological diseases predominate, with psychological disorders also largely 

prevalent in this group. Altogether, diseases/disorders that are the result of an affliction of 

neurons, are most highly represented, out of all disorders and diseases in this microarray. 

This may be simply due to the fact that a neuronal population was sampled, but these are 

also a concentrated population of targets of miR-16 due to the cross-referencing to 

TargetScan. Therefore, it can be concluded that miR-16 is targeting molecules with 

important roles in these diseases and disorders of neurons.  

 

Table 5: Top Diseases and Disorders Involving the Targets of MiR-16 as Predicted 
by IPA. 

Disease/Disorder p-value Number of Molecules 
Neurological Disease 2.88E-03  7.42E-08 181 

Psychological Disorders 2.58E-03  1.08E-07 95 
Hereditary Disorder 2.53E-03  3.12E-07 50 

Organismal Injury and 
Abnormalities 

3.14E-03  3.12E-07 512 

Skeletal and Muscular Disorders 2.99E-03  3.12E-07 86 
 

 

In Table 6 the top molecular and cellular functions associated with the genes 

overrepresented in the microarray are outlined. Cellular Development and Cellular 

Growth and Proliferation were both significantly present with 182 and 245 molecules 

representing them each, respectfully. All of the top five molecular and cellular functions 
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have a lot to do with increased growth and development of cells, in this case neurons. The 

significant effect on these functions indicates that miR-16 is regulating them at a number 

of locations within their underlying pathways. In other words, miR-16 is inhibiting cell 

growth and development.  

 

Table 6: Top Molecular and Cellular Functions Involving the Targets of miR-16 as 
Predicted by IPA. 

Molecular/Cellular Function p-value Number of Molecules 

Cellular Development 2.99E-03  1.63E-09 182 

Cellular Growth and Proliferation 2.99E-03  1.63E-09 245 

Cell Morphology 2.53E-03  1.73E-09 170 

Cellular Assembly and 

Organization 

2.95E-03  1.73E-09 142 

Cellular Function and 

Maintenance 

2.95E-03  1.73E-09 178 

 

The next aspect of biological functions that investigated in IPA was physiological system 

development and function, moving from the microscopic to the macroscopic system view 

of an organism. The results of this analysis are outlined in Table 7. It is clear again that 

genes involving nervous system function and neurons are the primarily the targets of 

miR-16 in our primary culture system. As well, miR-16 is targeting and thus inhibiting 

the expression of genes that further tissue development, in keeping with the previous 

section on cellular development. Overall, the results of this array predict that miR-16 

putatively has an anti-development function. This is all tied together in Figure 20, a heat 

map exploring the diseases and functions that miR-16 is involved in regulating. The 
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genes in blue are downregulated genes that are involved in cell death and survival. In 

addition, neurological diseases are downregulated in this microarray. The genes in orange 

are upregulated genes involved in differentiation and neuronal growth. This sums up the 

overall bioinformatics prediction that miR-16 is pro-survival, and anti-neurodegeneration 

but also consequently anti-growth and differentiation. 

 

Table 7: Top Pathways within Physiological System Development and Function 
Involving the Predicated Targets of miR-16 Determined using IPA. 

Physiological System 
Development and Function 

p-value Number of Molecules 

Nervous System Development 
and Function 

2.97E-03  1.63E-09 152 

Tissue Development 2.93E-03  1.63E-09 164 
Behavior 1.20E-03  2.97E-07 76 

Tissue Morphology 2.53E-03  1.07E-05 97 
Organismal Development 2.56E-03  3.06E-05 135 
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Figure 20: A Heat Map of the Diseases and Functions Involving the Targets of miR-
16. This figure was created in IPA. 
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4.4.4 Closer Evaluation of Nervous System Development and Function 

Further evaluating miR-16 targets in the category of Nervous System Development and 

Function unveils genes involved in neuritogenesis, development of neurons and 

morphogenesis of neurites are all increased in abundance relative to AgoScr-IP (z-scores 

are 3.717,4.582 and 2.588 respectively). All three of these pathways are involved in 

“neuronal growth and differentiation” which is supporting evidence that miR-16 

decreases neuronal growth and differentiation. In Figure 21 the vast interconnections 

between all three of these pathways are visualized. The darker the red colour, the higher 

the abundance of that gene on the array. It is important to note that again members of the 

MAPK/ERK pathway (specifically NTRK2 and MAP2K1) are involved in all three 

pathways.  
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Figure 21: An Interaction Web of Genes Involved in the Development of Neurons, 
Morphogenesis of Neurites and Neuritogenesis. Genes that miR-16 highly targets are 
shown in dark red, with lighter variations indicating lower targeting potential.  
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Table 8 is a list of molecules that are most highly abundant in the array. This could 

represent targets of miR-16 that are most highly abundant in the neuronal cultures, or 

targets that miR-16 has the highest binding affinity for, or potentially targets containing 

multiple binding sites for miR-16. The most prominent targets include KANSL1, 

CRYBB2, PRIMA1 and MAP2K1. KANSL1 is of interest as it has been previously 

implicated in neurodegeneration, and is related to tau expression (Zollino et al. 2012). 

CRYBB2 is important in neurodegeneration in the retina of the eye and has been 

implicated in hippocampal function (Sun et al. 2013). PRIMA1 is important for 

coordinating acetylcholine receptor subunits in neurons, is important for neuronal 

outgrowth and is upregulated by MAPK/ERK signaling (Xie et al. 2009). MAP2K1 

(MEK) is an important member of the MAPK/ERK pathway (Thomas & Huganir 2004). 

A number of genes that have been previously implicated in neurodegenerative disease are 

more highly represented in miR-16 Ago2-IP than control, including TRPM4 (~5-fold) 

that is closely related to TRPM2, a voltage-independent cation channel that is important 

in driving calcium into cells in response to NMDA application (Xie et al. 2010). 

Interestingly, a number of disease-associated SNPs have been identified in the genes for 

MAPT (tau) (2.201-fold) and KANSL1 (8098.070-fold) (Wang et al. 2016; Jun et al. 

2016). APOE (another important Alzheimer’s disease gene) (Akram et al. 2012) is 

overrepresented 1.922-fold. As well, BACE1 (-2.76-fold) and BACE2 (4.682-fold), APP 

(5.165-fold), PRNP (-2.188-fold), TP53 (-13.158-fold), BCL2 (4.759-fold) and DICER 

(2.443-fold) were found to be differentially targeted using the microarray data. In 

particular MAPK/ERK genes were differentially targeted by miR-16 including BDNF    
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(-2.101-fold), NTRK1 (1.762 fold), NTRK2 (TrkB) (9.879 fold) and RAF1 (c-Raf) 

(3.265-fold).  
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Table 8: Top Molecules Predicted to be Highly Targeted by MiR-16 as Determined 
by IPA. 

Top Analysis-Ready Molecules Exp. Value 
KANSL1 8098.070 
CRYBB2 1688.062 
PRIMA1 532.320 
MAP2K1 502.720 
SLC22A1 70.898 

TRAPPC12 68.562 
TXLNB 38.277 
TCP1 30.554 
CHD9 29.795 
ZFP91 24.411 

 

4.5 Validation of miR-16 Targets at the Protein Level 

 

In accordance with the hypothesis, the microarray investigation into biologically relevant 

targets of miR-16 in neurons revealed a number of genes, which have large influence on 

neuronal function and phenotype. In particular, the results of the Ago2-IP microarray 

indicate that miR-16 binds, sequesters and restricts the expression of many genes that are 

involved in the MEK/ERK pathway. The direct involvement of the MAPK/ERK pathway 

components shown to be targeted by miR-16 in this primary culture system (TrkB, MEK 

and c-Raf) is outlined in Figure 22.  

MiR-16 is a putative regulator of the MAPK/ERK pathway, which has been implicated in 

regulation of neuronal tau phosphorylation as well as neurite growth and development 

(Hébert, Sergeant, and Buée 2012). Overexpression of miR-16 has been shown to inhibit 

the MAPK/ERK pathway in an osteosarcoma cell line via directly targeting the 3’UTR of 

both KRAS and Raf1 (Chen et al. 2013). 
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Components of this pathway have previously been found to be downregulated in AD, 

supporting the relevance of these results for many neurodegenerative diseases (Hallock & 

Thomas 2012). In particular, MAP2K1 a target that was 502.720 fold overrepresented in 

the miR-16 Ago2-IP relative to scramble was knocked down in AD (Hallock & Thomas 

2012). An analysis of patients with varying stages of AD showed there to be an increase 

in the number of dysregulated MAPK/ERK pathway components with increasing disease 

severity (Hallock & Thomas 2012). 

The MAPK/ERK pathway is also important for cellular proliferation and development as 

well as the regulation of transcription (Hallock & Thomas 2012), this agrees with the 

large scale in the IPA analysis, as there is a significant decrease in cellular development 

and growth, indicating that this may be an important part of miR-16 targeting.  

Another gene that was more prevalent in the miR-16 Ago2-IP than control was NTRK2 

which was increased by 9.879. This gene encodes TrkB, a neurotrophin receptor that is 

specifically stimulated by BDNF (Figure 22) (Huang & Reichardt 2001). Both BDNF 

and TrkB are highly expressed in pyramidal neurons (Cellerino et al. 1996) 

Neurotrophins, like BDNF, have been shown to induce cytoskeletal rearrangement 

(Huang & Reichardt 2001). BDNF is often a neuronal marker of plasticity since it is 

involved in proliferation, growth and remodeling and synapse formation (Zhao et al. 

2012). BDNF stimulates cellular pathways to alter neurite morphology, increase neurite 

number and increase complexity of dendrites likely thorough regulation of cytoskeletal 

dynamics (McAllister 2001; Gorski et al. 2003; Baker et al. 1998; McAllister et al. 1995; 

Horch et al. 1999). 
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Figure 22: MAPK/ERK Pathway in Neurons. The genes encoding TrkB, Raf and 
MEK were shown to be targeted by miR-16 in the microarray analysis. The resulting 
proteins are represented in green in this diagram.  
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4.5.1 Stimulation of MAPK/ERK Pathway 

 

In order to assess the role of miR-16 in the MAPK/ERK pathway primary cells were 

treated with miR-16 or miR-Scr in combination with either PBS or BDNF. BDNF was 

used to stimulate the MAPK/ERK pathway as it was more likely to see changes in protein 

levels after pathway stimulation when translation of pathway components is likely to be 

induced. Purified recombinant human BDNF was used. A Blast search showed there to 

be a 97% protein sequence identity between human and mouse indicating considerable 

homology and that it is likely to stimulate primary neurons isolated from mice. In support 

of this methodology, it has been successfully used in murine cell cultures in a number of 

publications (Hermel et al. 2004; Liu et al. 2014). 

Varying amounts of BDNF were added to the cells to elicit an upregulation in stimulation 

of the pathway, as visualized by increased MEK protein level (Figure 23). There was a 

dose-responsive effect of the activation of the pathway, with 25ng/mL and 50ng/mL both 

eliciting a potent effect on MEK expression. For this reason, 25ng/mL was used as the 

dosage of BDNF for the rest of the experiments. Protein was collected 24 hours after 

PBS/BDNF treatment and western blots were performed for different components of the 

MAPK/ERK pathway. 
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Figure 23: Stimulation of Primary Hippocampal Neurons with Increasing Levels of 
BDNF Resulted in a Dose-Response Relationship. After treating cultures with 0, 
25ng/mL or 50ng/mL BDNF in 1X PBS protein was collected and a western blot was 
performed (top) and quantified by densitometry (bottom). Alpha-tubulin was used as a 
loading control. 
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4.5.2 Effect of miR-16 Upregulation on BDNF Activation of the MAPK/ERK 

Pathway 

 

The levels of different components of the MAPK/ERK pathway were next looked at 

using western blots. These components include MEK1/2, TrkB, p44/42 MAPK 

(ERK1/2), c-Raf, β-actin, p-c-Raf(Ser338), p-MEK1/2 (Ser217/221), p-ERK1/2 

(Thr202/Tyr204), p-p90RSK (Ser380) and p-MSK1 (Thr581).  

On average, in PBS treated wells there was no decrease in protein level of the 

components with miR-16 addition relative to control. However, when BDNF was added 

to the cells, there was a relative decrease in protein level of many of the components of 

the MAPK/ERK in the miR-16 treated cells when compared to BDNF treatment alone. 

These components include c-Raf, ERK, p-MSK1, p-p90RSK and MEK (Figure 24). 

Interestingly, in many of these blots there was decreased protein level in the miR-Scr 

treated wells to levels even lower than the miR-16 treated wells. Also of interest is that 

although TrkB protein levels were decreased with PBS + miR-16, relative to control, they 

were in fact increased with BDNF + miR-16. There also appeared to be limited increased 

TrkB expression with BDNF addition alone.  

In regards to the phosphorylated members of the MAPK/ERK pathway, there were some 

interesting findings as well. For instance, although the phosphorylated transcription 

factors that represent the “end-point” of the cascade were decreased in protein level with 

miR-16 and BDNF addition (p-MSK1 and p-p90RSK (Figure 24)) there was increased 

phosphorylation of p-MEK, p-ERK and p-c-Raf direct components of the pathway. 
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Figure 24: MiR-16 and MiR-Scr Treated Cells Treated with BDNF or PBS were 
Analyzed for Expression of Multiple Members of the MAPK/ERK Pathway via 
Western Blot. Cells were treated with 25ng/mL BDNF or PBS for 24 hours prior to 
protein collection. Three separate blots were used, with β-actin used as a normalizing 
control for all of them. Densitometry was performed for all blots.  
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Next, the effect of miR-16 absence on the MAPK/ERK pathway was assessed using 

miRZIP-16 and miRZIP-Scr in combination with PBS or BDNF treatment. These effects 

were less obvious on this blot, likely due to redundant regulation of the pathway by other 

miRNAs. However, in the MEK blot, there does appear to be no difference between 

miRZIP-16 and miRZIP-Scr treated wells, perhaps indicating that the decrease in 

expression caused by miR-16 has been prevented by miRZIP-16 (Figure 25). 

Interestingly, there does appear to be a decrease in MEK level upon addition with the 

BDNF in combination with the miRZIPs. Moving on to p-MEK, there is a distinct 

difference compared to the miR-16 treated western blot, in that p-MEK decreases with 

BDNF addition in combination with miRZIP-16. This is interesting, as increased miR-16 

levels in the previous blot (Figure 24) showed increased phosphorylation of MEK in 

combination with BDNF. There is also an increase in p-p90RSK with BDNF + miRZIP-

16 treatment which is opposite to the decrease in phosphorylation that is seen with BDNF 

+ miR16 treatment in the previous figure. The protein levels of TrkB are also opposite of 

those seen in Figure 24, with miRZIP-16 eliciting high expression of TrkB with PBS and 

that expression subsequently dropping with addition of BDNF + miRZIP-16. 



 143 

 

 



 144 

Figure 25: MiRZIP-16 and MiRZIP-Scr Treated Cells with PBS or BDNF treatment 
were Analyzed for Changes in MAPK/ERK Pathway Protein Levels. Cells were 
treated with 25ng/mL BDNF or PBS for 24 hours prior to protein collection. β-actin was 
used as a normalizing control. Densitometry was performed for all wells.  
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Changes in miR-16 expression were assessed after BDNF treatment to ensure that there 

were no aberrant changes in expression unrelated to the pseudoviral edition. Realtime 

PCR was used to assess these levels, relative to U6 at both 30 minutes and 24 hours post 

BDNF addition. There is a trend toward miR-16 being decreased in BDNF treated cells 

vs. controls, but it is not significant (Figure 26). 
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Figure 26: Fold Change in MiR-16 Expression Relative to U6 upon Treatment with 
BDNF. Cells were treated with 25ng/mL BDNF or PBS for 24 hours prior to protein 
collection. N = 3, t-tests revealed no significant difference at any time point between 
control and BDNF treated cells. 
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4.6 The Effects of miR-16 Altered Expression on Neuronal Morphology 

 

It is important to look at neuronal morphology, as the ability of neurons to transmit and 

receive information is directly dependent on their dendritic and axonal morphology 

(Langhammer et al. 2010). Neuronal morphology is a complex subject, with multiple 

parameters that are important to look at to get a true picture of neuronal health. 

Traditionally, these parameters are assayed individually, necessitating hours of 

manpower with a high probability of human error and bias. For this reason, the 

development of automated processes to determine these parameters has occurred in order 

to streamline the process. 

SynD is the result of these endeavors; the software automatically analyzes dendrite and 

synapse characteristics in immunofluorescence images with minimal user input. This 

program is superior to others in that it is specific for neurons, and automatically can 

detect soma, dendrites and synapses (Figure 27). Synapse number can be detected using 

synapse specific antibodies such as PSD95. This program allows detection of dendritic 

length, synapse number, soma area and dendritic branching via Sholl analysis. 

Sholl analysis is an important method to quantify neuronal morphology. This method 

involves the drawing of concentric circles of increasing radius outward from the 

geometric center of the soma to the end of the longest neurite. The number of neurites 

that intersect each circle is then counted, and the complexity of dendritic arborization can 

be determined. 

These experiments endevour to increase understanding of the function of miR-16 in 

neuronal morphology and dendritic remodeling. Cells were treated with the lentiviral 
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vectors at 8 DIV and were subsequently fixed and immunostained for MAP2 from 4 days 

to 28 days post viral inoculation. The cells were treated at 8 DIV to assess the effect of 

manipulation of miR-16 expression on neurite outgrowth and synapse formation over 

time, as these characteristics typically begin to be established by 12 DIV (van Spronsen 

et al. 2013). Intricate single-cell analyses were performed on these cells, with 

measurements taken to determine neurite length, cell body area and number of branch-

points via Sholl analysis.  
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Figure 27: Images of a Neuron Analyzed with SynD Morphological Analysis 
Software. A: Original image. B: Soma detection. C: Neurite detection. 
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4.6.1 Effect of miR-16 on Neurite Length 

 

Neurite length is an important indicator of neuronal fitness, with increased length 

indicating capacity to have more synaptic connections at greater distances, with greater 

networking capabilities (Brewer et al. 2008). The changes in neurite length overtime in 

culture for both miR-16 and miR-Scr treated cells are shown in Figure 28. At both 28 

DIV and 36 DIV there was a significant decrease in dendritic length of miR-16 treated 

cells compared to miR-Scr treated cells. There were no significant differences found at 

any point between miR-Scr and control (no viral treatment) cells (not shown). Indicating 

that miR-16 treated cells have shorter neurite length on average compared to miR-Scr or 

control treated cells (not shown).  There were significant differences in dendritic length 

throughout time for both the miR-16 treated and miR-Scr treated groups (p-value 

<0.0001 for both groups). 
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Figure 28: Total Dendritic Length of Primary Hippocampal Cells Treated with 
Either MiR-16 or MiR-Scr at 8 DIV. Length was measured in micrometers. One 
sample t-tests were performed using the Holm-Sidak method to find significance. Each 
treatment was analyzed individually without assuming a constant standard deviation 
α=0.05. * indicates a p-value  <0.005. ** indicates a p-value <0.0005. N = 2-3 
representing individual coverslips with cells from different primary cell collections. 15 
cells were analyzed per coverslip. Graph shows SEM. 
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4.6.2 Effect of miR-16 on Cell Body Size 

 

Neuronal cell body size is reduced in the hippocampus of patients with AD and vascular 

dementia by between 10 and 20% compared to healthy controls (Gemmell et al. 2012). In 

agreement, studies have shown that cell body size has a positive correlation with 

cognitive function (Gemmell et al. 2012). The effect of miR-16 overexpression on cell 

body size was assessed in this thesis, as a change in the size may therefore indicate a 

change in neuronal health and viability. However, there were no significant changes in 

soma area found between the treatments throughout time (Figure 29). There were also no 

significant differences found at any point between miR-Scr and control (no viral 

treatment) cells (not shown). There were however, significant differences in soma area 

throughout time within miR-16 treated and miR-Scr treated groups (p-value <0.0001 for 

both groups). This suggests that the cells became less healthy overtime irrespective of 

miRNA treatment, simply due to aging within the culture. 
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Figure 29: Mean Soma Area of Primary Hippocampal Cells Treated with Either 
MiR-16 or MiR-Scr at DIV 8. One sample t-tests were performed using the Holm-Sidak 
method to find significance. Each treatment was analyzed individually without assuming 
a constant standard deviation α=0.05. * indicates a p-value <0.005. ** indicates a p-value 
<0.0005. N= 2-3 representing individual coverslips with cells from different primary cell 
collections. 15 cells were analyzed per coverslip. Graph shows SEM. 
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4.6.3 Effect of miR-16 on Branching of Neurites 

 

Sholl analysis has revealed that there were significant differences in the number of 

neurites/branch points intersected at 28 DIV (Figure 30). Distances between 14 and 34 

mu from the soma had p-values <0.0005 while 36 mu had a p-value <0.008. No 

significant differences were found for any other day between miR-16 and miR-Scr treated 

primary hippocampal cells. It should also be noted that there was a progressive decrease 

in the maximum number of neurites intersected over time in both groups, likely 

indicating cellular aging, with miR-16 appearing to exacerbate the response. There were 

no significant differences found at any point between miR-Scr and control (no viral 

treatment) cells (not shown). 
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Figure 30: Sholl Analysis of Primary Hippocampal Neurons Treated with Either 
MiR-16 or MiR-Scr at DIV 8. One sample t-tests were performed using the Holm-Sidak 
method to find significance. Each treatment was analyzed individually without assuming 
a constant standard deviation α=0.05. * indicates a p-value <0.005. ** indicates a p-value 
<0.0005. N= 2-3 representing individual coverslips with cells from different primary cell 
collections. 15 cells were analyzed per coverslip. Graphs show SEM. 
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4.6.4 Effect of miR-16 on Dendritic Restructuring 
 

Alpha-tubulin is an important molecule involved in dendritic restructuring (Kollins et al. 

2009). In order to assess the impact of miR-16 overexpression on this process western 

blots were performed to determine changes in α-tubulin level (Figure 31). MiR-16 did not 

have any substantial effect on α-tubulin levels in unstimulated cells. However, BDNF 

significantly increased α-tubulin protein levels in primary hippocampal cells. 

Furthermore, in BDNF stimulated cells with miR-16, α-tubulin was reduced compared to 

BDNF treatment alone. This supports data collected in previous sections that suggested a 

negative effect by miR-16 on dendritic remodeling and outgrowth. In agreement with 

these findings, TargetScan revealed that miR-16 has a binding site in the 3’UTR of 

TUBA1A (not shown), the gene encoding α1a-tubulin, the form of α-tubulin highly 

expressed in post-mitotic neurons (Yokoi et al. 2015). Interestingly, this was the only 

subtype of either α- or β-tubulin that was predicted by TargetScan to be targeted by miR-

16, however it was not present in the microarray data.  
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Figure 31: Changes in α-tubulin Levels After BDNF addition in MiR-16 and MiR-
Scr Treated Cultures. Cells were treated with 25ng/mL BDNF or PBS for 24 hours 
prior to protein collection. Densitometry was performed relative to β-actin.  
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4.6.5 Effects of miR-16 expression on Neurodegeneration 

 

A simple way to assess neurodegeneration is by looking at a natural form of 

neurodegeneration, cell death due to aging. This can be assessed in a culture dish by 

counting the number of cells/well over time. In this experiment, the aim was to determine 

if miR-16 had an effect on the life of the culture, by either increasing or decreasing cell 

viability over time. Of particular interest was whether the decrease in the maximal 

number of neurites intersected overtime found in Section 4.6.3 was indeed due to an 

increased cellular aging (and presumably earlier death) of the miR-16 treated cells 

compared to miR-Scr. The results of this study indicated that although there was a 

significant change in cell number over time, indicating an increase in cell death, there 

was no significant change between treatments at any time point (Figure 32). However, 

there was a trend at Day 36 towards an increased number of viable neurons in miR-16 

cultures vs. miR-Scr cultures, which could be suggestive of neuroprotection. Regardless, 

as assessed in this manner, miR-16 appears to have no significant effect on the life of 

hippocampal neurons in culture ie) it is not neuroprotective, nor promoting 

neurodegeneration. Further analysis is required to assess the putative neuroprotective 

property of miR-16 further.  
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Figure 32: The Effect of MiR-16 on Neurodegeneration Due to Normal Culture 
Stress Over Time. Hippocampal primary cells were treated at 8 DIV with either miR-16 
or miR-Scr lentivector and cells were fixed at the indicated time points. Cells were 
counted using ImageJ Cell Counter plugin using images taken at 10x magnification from 
Scanner files using Panoramic Viewer. A 2way ANOVA using Tukey's multiple 
comparisons test was performed with α= 0.05. n.s.= not significant. **= p-value <0.0001. 
Data is plotted as SEM of 3 biological replicates.  
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Chapter 5: Discussion 

5.1 Importance/Relevance of Study to Human Health 
 

With the average life expectancy increasing, the prevalence of dementia is expected to 

increase as well. However, some studies have shown conflicting results, with age-specific 

incidence (ie. risk of developing dementia at any particular age) declining in high-income 

countries (Prince et al. 2016; Satizabal et al. 2016). This is thought to be due to an 

increase in proper treatment of cardiovascular conditions (and consequently an increase 

in overall cardiovascular health) as well as increased education, as there was a significant 

decrease in dementia risk found in people with a high school diploma compared to those 

without (Satizabal et al. 2016). However, this may not be indicative of global trends as 

the study was primarily people of European ancestry (Satizabal et al. 2016). For instance, 

there is an increasing prevalence of dementia in East Asia, correlating with worsening 

cardiovascular risks (Prince et al. 2016). Other studies have been unable to find 

conclusive evidence suggesting that dementia risk doesn’t increase with age (Prince et al. 

2016). Regardless of which finding is considered, trends can change very quickly and 

such multifaceted diseases may have factors that haven’t been taken into account in these 

studies, making the risk of dementia difficult to predict (Satizabal et al. 2016).  

Additionally, even with decreasing incidences there can still be increasing prevalence of 

the disease as the population of at-risk people is growing (Satizabal et al. 2016). 

Prevalence depends on incidence and duration of illness. It is a measure of the proportion 

of the population affected at one time, so with a larger at-risk population comes an 

increased prevalence (Prince et al. 2016). The current statistics indicate that by the year 
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2050, 13.8 million Americans will have AD with a new case expected to develop ever 33 

seconds (Alzheimers Association 2015). Of note, the estimated payments for people with 

dementia in hospice, health-care or long-term care aged more than 65 years old is $236 

billion US dollars (Alzheimers Association 2015). Therefore, dementia is an important 

issue both clinically and economically and understanding these illnesses is key to 

preventing and treating them. 

Neurodegeneration is a key component of dementias as well as numerous related 

neurodegenerative diseases. This thesis aimed to assist in increasing the understanding of 

these diseases by shedding some light on the molecular aspect of neurodegeneration, 

specifically by elucidating the function of one particular disease related miRNA, miR-16-

5p, in neurons. Studies of this nature are important to further our knowledge of disease 

processes. Information on tissue-specific miRNA function can be directly used to better 

human health by creating pharmaceuticals such as miRNA mimics or anti-miRs to 

change the disease-state gene expression profile of the cells to a healthy cell profile. In 

addition, advances have been made in delivering these therapies specifically to cells of 

interest in order to facilitate tissue-specific expression. Additionally, cell-type specific 

promoters can facilitate tissue-specific therapeutic expression, targeting the miRNA-

based therapeutic to the region of interest. This substantially minimizes the potential for 

off-target effects, which are the greatest caveat of miRNA-based therapeutics. There are 

also a number of delivery methods that have the potential to enable miRNA delivery to 

the brain, bypassing the blood brain barrier (Campbell & Booth 2015). Overall, the 

potential for miRNA-based therapeutics is high and investigations like those conducted in 

this thesis are extremely relevant to the future of medicine. 
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Overall, the results of this study can be summarized as follows:  

 

1  MiR-16 directly targets many mRNA involved in cellular remodeling including 
components of the MAPK/ERK pathway 
 

2  MiR-16 overexpression results in a downregulation of a number of components 
of the MAPK/ERK pathway at the protein level upon stimulation with BDNF 
 

3 MiR-16 overexpression results in decreased length of neurites and decreased 
arborization 

 

These findings suggest that miR-16 plays an important role in regulating the MAPK/ERK 

pathway in hippocampal neurons, with inhibition of this pathway by miR-16 likely 

leading to decreased neuritic growth. This may in fact be a neuroprotective response, as 

decreasing neurite outgrowth may allow the neuron to save energy and resources to 

promote survival. The finite details of the study will be discussed in the following 

sections. 
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5.2 Manipulating miR-16 Expression in a Primary Culture System 

 

In regards to the hippocampal cell culture, at all time points tested the cultures were more 

than 70% neuronal. This indicates that these cultures were a suitable model of a 

hippocampal system. Additionally, this was an effective model to manipulate miR-16 

expression in as baseline miR-16 expression was accurately defined within the culture. In 

addition, the fact that miR-16 changed so drastically in the prion mouse model but very 

little in the primary hippocampal neurons suggests that this finding during prion disease 

is likely extremely relevant. 

 The use of a pseudo-lentiviral vector to manipulate miR-16 expression within the 

primary hippocampal cells was advantageous as the pseudo-lentivirus directly integrates 

the miR-16 coding region into the neuronal genome, allowing expression of the miRNA 

through the normal miRNA-processing pathway. For this reason, there is strong support 

that changes in gene and protein expression determined in this thesis are due to miR-16 

overexpression and are not simply an artifact of extreme overexpression disturbing 

normal cellular processes.  

For all pseudo-lentiviral vectors used in this study, 4μL of virus or 20μL (the same 

equivalent amount of virus/cell number) was used to transduce cells. This amount of 

virus only resulted in ~60% transduction (Figure 8). However, the reason that virus that 

wasn’t 100% efficient was used was so that GFP-expressing cells could be visually 

separated from one another for single-cell analysis (Koshimizu et al. 2013). In addition, 

other publications have verified that the use of 60% transduction is sufficiently 
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efficacious (Royo et al. 2006; Dehay et al. 2012). However, use of lentivirus in this way 

does not necessarily result in high expression of the lentivirally-encoded transcript. For 

example, one study found that correlations between precursor transcipts for miRNA and 

the mature miRNA product were not strong, ie) it doesn’t matter how much precursor 

you have expressed, you won’t necessarily get more product (Wang et al. 2014). For this 

reason, the miR-16 expression levels were analyzed as described in Section 4.2.3. The 

results indicated that 4μL of miR-16 resulted in approximately 5-fold upregulation of 

miR-16 expression and 4μL of miRZIP-16 resulted in decreased expression of miR-16 to 

approximately 0.7-fold relative to baseline expression. This indicated that the lentiviral 

vectors were sufficiently able to change the expression of miR-16 within their respective 

cultures.  

Sequencing revealed that miR-Scr & miRZIP-Scr encoded plant miRNA. This was 

important to note, as a BLAST search revealed that there were no binding sites for either 

miRNA within the murine genome, indicating that there should be no off-target effects in 

the cell culture model. However, given that miRNAs bind by incomplete base pairings it 

is still possible that there may be a physiological effect of overexpression of the control 

miRNA. There appear to be some anomalous findings in regards to miR-Scr in the 

western blots in Figures 24 & 25 with protein levels of investigated targets often being 

lower in the miR-Scr treated cells than the miR-16 treated cells, with both treatments 

resulting in much lower protein level than the untreated cells. In future studies, it may be 

beneficial to use an empty vector rather than miR-Scr as a control.  
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5.3 IPA-predicted mRNA Targets of miR-16 
 

It should be noted that genes and pathways implicated in cancer were not enriched in the 

IPA output from the microarray data as had been notable in many other published studies 

on miR-16-5p. This is likely indicative or the use of primary hippocampal neurons, which 

enables the study of cell-type specific gene regulation. This is noteworthy, as it indicates 

that miR-16 has a clearly defined role in neuronal cells that is distinct from its role in 

dividing cells. In other words, there is an extreme difference in target profile between cell 

types. This has been shown in other studies that manipulated miR-16 in neuronal cells as 

well (Parsi et al. 2015). For this reason, we did not investigate changes in miR-15a levels 

in our study, because although there is strong correlation between miR-15a expression 

and miR-16 expression in cancer there has been no such information in 

neurodegenerative disease. Additionally, this finding is therapeutically relevant as it 

suggests that manipulating miR-16 expression in the brain would not increase the risk of 

developing cancer, as important cancer-related targets of miR-16 (Bcl-2, Mc11, Ccnd1 

and Wnt3a) are not highly regulated by miR-16 in the brain (Parsi et al. 2015). This is 

likely a result of the fact that abundance of target transcripts varies greatly between 

tissues, simply changing the target profile due to availability. 

Overall, a number of interesting findings came from the IPA microarray analysis. For 

instance, miR-16 was predicted to regulate targets associated with neurological disease 

and psychological disorders (181 and 95 targets each, respectively) (Table 5). This is 

extremely relevant as it is well documented that miR-16 is both implicated in AD 

(neurological disease) and depression (psychological disorder) (Liu et al. 2012; Song et 
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al. 2015). Also of interest, the top molecular and cellular functions that miR-16 inhibits 

are cellular development (182 genes), cellular growth and proliferation (245 genes) and 

cellular morphology (170 genes) (Table 6). These findings were directly in line with the 

results of the morphological analysis of neuronal primary cells treated with miR-16, as 

miR-16 treatment resulted in decreased neurite length (Figure 28) and branching (Figure 

30). Finally, IPA predicted that miR-16 inhibits tissue development and is generally pro-

survival (Table 7). Together these findings are supportive of the suggestion that miR-16 

is neuroprotective.  

Growth of neurites is associated with activation of mitogen-activated protein kinase 

(MAPK) and extracellular signal-regulated kinases -1 and -2 (ERK1 and ERK2) 

(MAPK/ERK pathway) (Thomas & Huganir 2004; Stokin et al. 2005). Components of 

the MAPK/ERK pathway are highly stabilized within hippocampal dendrites (Wu, 

Deisseroth, and Tsien 2001). This pathway is important for cellular proliferation and 

differentiation, which are essential for synaptic plasticity (Thomas & Huganir 2004). The 

MAPK/ERK pathway, was revealed to be regulated by miR-16 via the microarray 

analysis. In particular miR-16 was shown to target TrkB (9.879-fold), c-Raf (3.265-fold) 

and MAP2k1 (502.720- fold). New dendritic spines are created in hippocampal cultures 

following depolarization due to sustained ERK activation allowing for long-lasting 

structural alterations (Wu, Deisseroth, and Tsien 2001). The role of this pathway in 

neurons is highlighted in Figure 33.  

Interestingly, stimulation of this receptor (TrkB) by BDNF has been shown to result in 

increased nitric oxide production and neurodegeneration (Colombo et al. 2012). In 
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particular, NO production promoted by this pathway in astrocytes has been shown to 

cause morphological changes and death of surrounding neurons, which only becomes 

worse due to NO production within the neurons (Colombo et al. 2012). This suggests that 

miR-16 is downregulating TrkB expression in a neuroprotective function. Future studies 

should look at measuring NO production within this cell culture system upon stimulation 

with BDNF. It is thought that environmental factors can regulate BDNF expression in the 

hippocampus and that these factors likely work though miRNA (Bai et al. 2012). In TrkB 

mutant mice, CA1 LTP is reduced, and lack of TrkB in excitatory pyramidal neurons 

results in deficits in memory acquisition (Minichiello et al. 1999). Without stimulus, 

TrkB is mostly present in cytoplasmic vesicles (Meyer-Franke et al. 1998). Evidence 

suggests that decreased BDNF in hippocampus leads to decreased proliferation of 

neurons and consequently depression (Zhao et al. 2012).  
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Figure 33: The Interwoven Role of the MAPK/ERK pathway in Dendritic 
Remodeling and Neuronal Death.  
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Stimulus of TrkB with BDNF promotes an increase in Ras-GTP (active) over Ras-GDP 

(inactive) (Thomas and Huganir 2004). Ras-GTP activates the protein kinase Raf, which 

phosphorylates and activates MAPK/ERK kinase (MEK). MEK can then phosphorylate 

and activate the serine/threonine kinases ERK1 and ERK2 (p44 & p42 MAPK). ERK1 

and ERK2 then target transcription factors, cytoskeletal proteins, regulatory enzymes and 

kinases such as ribosomal protein S6 kinases (RSKs) and RSK-related mitogen-&stress 

activated kinases (MSKs) within the cytoplasm and the nucleus (Thomas & Huganir 

2004; Huang and Reichardt 2001). Substrates probably reside throughout the neuron as p-

ERK immunoreactivity develops rapidly throughout dendritic and somatic regions after 

LTP-inducing stimuli with nuclear translocation occurring, suggesting a role in activity 

dependent manipulation of gene expression (Davis et al. 2000). Transcription factors are 

direct targets of ERK, including Elk1 and cAMP regulated enhancer binding protein 

(CREB) which are phosphorylated following LTP (Davis et al. 2000; Stokin et al. 2005). 

CREB regulates pro-survival genes in the neuron, knockout in mice results in 

neurodegeneration in the hippocampus (Mantamadiotis et al. 2002). Additionally, 

CREB1 was predicted to be a target of miR-16 in this array (Table 4), and previous 

studies have confirmed that BDNF is a target of miR-16 (Sun et al. 2013). Altogether this 

indicates that miR-16 is inhibiting the MAPK/ERK pathway on multiple fronts.  

ERKs, upstream regulators and some targets are expressed and increased in mature 

neurons, contrary to their originally thought role of being involved only in proliferation 

and differentiation (Thomas & Huganir 2004). In addition to BDNF, ERKs can be 

activated with glutamate via excitatory glutamatergic receptors (important for learning 
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and memory) in pathways that are either Raf1-dependent or Raf1-independent (Kurino et 

al. 1995). They can also be activated via direct membrane depolarization in a Ras-

dependent manner (Rosen et al. 1994). 

The MAPK/ERK pathway has been shown to be important in learning, synaptic plasticity 

and long-term potentiation in the hippocampus (Hallock & Thomas 2012). ERK is 

important for long-term memory in spatial learning and fear conditioning (Thomas & 

Huganir 2004). Interestingly, MAPK has been shown to increase phosphorylation of APP 

and tau resulting in increased Aβ production and formation of neurofibrillary tangles 

(Rapoport & Ferreira 2000). Additionally, Aβ has been shown to stimulate the MAPK 

pathway in neurons, and selective inhibition of this pathway has protected neurons from 

Aβ induced neurite degeneration (Rapoport & Ferreira 2000). 

ERK1/2 usually functions in a pro-survival role, but when it’s activated for a prolonged 

time via oxidative stress it results in neuronal death (Stanciu & Defranco 2002). This 

occurs via negative feedback inhibition, as stress activates ERK, which activates cyclin-

dependent kinase 5 (CDK5) enabling it to phosphorylate vaccinia-related kinase 3 

(VRK3) which decreases ERK activation (Song et al. 2016). CDK5 also directly targets 

MEK1 (Song et al. 2016). Changes and dysregulation of CDK5 have been implicated in 

the pathogenesis of AD and ALS (Dhavan & Tsai 2001). CDK5 is important for 

cytoskeletal changes in the neurons with major influences on axonal guidance and 

synaptic function (Dhavan & Tsai 2001).  

Inhibition of MAPK pathway has been shown to protect neurons in culture from 

oxidative stress induced cell death (Satoh et al. 2000). Inhibition of the ERK network has 
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been accomplished previously in models of neurodegenerative disease resulting in 

alleviation of clinical signs of Parkinson’s-like disease in mice (Tan et al. 2013). 

Interestingly, and contrary to other findings, MAPK/ERK pathway has been identified as 

a key downregulated pathway in AD via a Core bioinformatic analysis of the literature 

(Hallock & Thomas 2012). But it has been shown that there is increased phosphorylated 

ERK in brains of AD patients (Ferrer et al. 2001). The MEK/ERK pathway has been 

implicated in phosphorylation of tau via activation by Ras, which is also found to be 

activated in AD compared to controls (Ferrer et al. 2001). As well MAPK/ERK 

pathways, synaptic long-term potentiation and calcium signaling are all dysregulated 

during prion disease (Sorensen et al. 2008). In one study it was found that prion infection 

caused a hyperactivation of the MEK/ERK pathway in a scrapie-infected hypothalamic 

cell line (GT1-1) (Didonna & Legname 2010).  
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5.4 Western Blot Analysis of the MAPK/ERK Pathway 
 

An interesting aspect of this project was the differences in protein expression of 

MAPK/ERK pathway components treated with miR-16 or miR-Scr (or the miRZIP 

equivalents) in combination with PBS or BDNF. Many members of the MAPK/ERK 

pathway did not have appreciable differences in expression between miR-16 and 

untreated cells when treated with PBS. Thus, cells were treated with BDNF to stimulate 

the pathway in order to see more potent changes at the protein level. However, a few 

prominent differences were noticed between miR-16 (or miRZIP-16) treated cells with 

PBS vs. BDNF. For instance, TrkB protein level was significantly reduced with miR-16 

expression + PBS relative to control, which was anticipated based on the results of the 

array (Figure 24). However, when BDNF was applied in combination with miR-16, TrkB 

expression increased (Figure 24). MiRZIP-16 + PBS also showed increased TrkB relative 

to miRZIP-Scr + PBS, as expected. The results of these analyses suggest that TrkB is 

increased in expression by BDNF expression (likely because it is a specific receptor for 

BDNF), and that effect is not completely abolished by the addition of miR-16 to the 

culture. Additionally, miRZIP-Scr appeared to have a very inhibitory effect on TrkB 

expression, suggesting that TrkB may be deregulated by viral addition to the cell.  

Due to findings such as these, it was important to ensure that BDNF addition was not 

decreasing the expression of miR-16 within the culture. Interestingly, 24 hours after 

BDNF addition there was no significant difference in the RNA levels of miR-16, but 

there was a trend towards decreased miR-16 expression (Figure 26). However, even with 

some potential decrease in miR-16 expression in the miR-16 overexpressing cells there 
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was still substantial decreases in MEK, ERK, c-Raf, p-MSK1 and p-p90RSK protein 

levels in the miR-16 + BDNF treated cells relative to BDNF alone or miR-Scr + BDNF 

(Figure 24). 

Interestingly, there were increased levels of p-ERK, p-MEK and p-c-Raf with miR-16 

addition (+PBS or BDNF) compared to control or miR-Scr. This was not expected, as it 

was anticipated that miR-16 would have a dampening role on activation of the pathway. 

However, this phosphorylation indicated that the pathway was still functional, and the 

decrease in expression of the corresponding unphosphorylated variants of these proteins 

indicates that the inhibition of protein synthesis due to miR-16 addition did occur. It is 

therefore speculated that the ability of this pathway to still be activated is due to the 

persistence of proteins that were synthesized before miR-16 addition. Perhaps western 

blots conducted at a later point post-lentiviral inoculation would reveal diminished 

activation of this pathway. Only one of these proteins was analyzed on a miRZIP-16/Scr 

western blot, MEK. Interestingly, miRZIP-16 + BDNF resulted in decreased MEK 

protein level as well as decreased p-MEK (Figure 25).  

It should be kept in mind that cultures in vitro are not always able to perform as cells in 

vivo do, due to inherent differences in environment and presence of appropriates stressors 

(van Rooij, Purcell, and Levin 2012). It is also possible that the pathway would be better 

stimulated by other treatments as, ERKs can be activated with glutamate via excitatory 

glutamatergic receptors or direct membrane depolarization (Kurino et al. 1995; Rosen et 

al. 1994). Nonetheless, these studies focused on stimulation with BDNF as it was known 

that one target of miR-16 detected via the microarray was TrkB which is a receptor for 
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BDNF and because BDNF has been shown to stimulate the pathway in neuronal cultures 

previously (Ying et al. 2002). It would be interesting to try different treatments to assess 

the pathway response as well as to explore the use of an inhibitor of MEK such as 

PD98059 or U0126, in order to test that miR-16 has the same effect on cell phenotype as 

inhibition of the MEK/ERK pathway. Interestingly, it has been shown that exposure to 

inhibitors of MEK increase the growth of dendrites (Kim et al., 2004). This is the 

opposite of what is suggested by the results of this thesis and in fact, it has been purposed 

that the activation of this pathway could both positively and negatively affect axonal 

growth in certain situations (Kim et al., 2004).  

It should be noted that this study was limited to examining the “classical” MAPK/ERK 

pathway. However, other variants of the pathway do exist, such as the parallel cascade 

that results in phosphorylation of p38 MAPK which regulates different forms of synaptic 

plasticity (Thomas & Huganir 2004). It is possible that miR-16 is dampening this 

pathway in order to promote preferential activation of other pathways implicated in 

neuronal survival. Further investigation into pathways involved in promoting neuronal 

survival should be investigated in the future. 
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5.5 The Impact of miR-16 on Neuronal Phenotype 
 

Traditionally analysis of neuronal morphology was manually performed in a very labour 

intensive fashion. Automated neuronal analysis helps to cut down on human bias and 

time (Schmitz et al. 2011; Langhammer et al. 2010). Additionally, automation enables 

novice observers to conduct neuronal morphological analysis at an expert level (Schmitz 

et al. 2011).  

In keeping with the knowledge that MAPK/ERK is activated when dendritic remodeling 

occurs, it is not surprising that there was decreased neuritic growth and remodeling in this 

experimental system. In particular there was significantly decreased neurite length in 

miR-16 treated cells vs. miR-Scr treated cells at 28 and 36 DIV (Figure 28). There was 

also a significantly decreased number of branch-points in miR-16 treated cells at 28 DIV 

vs. miR-Scr treated cells (Figure 30). Clearly, 28 DIV was a significant turning point for 

the effect of miR-16 on neuronal phenotype. However, at all times from 12 DIV onward 

in the Sholl analysis there was a trend of decreased number of intersected neurites in the 

miR-16 treated cells compared to miR-Scr. Also, there is a general trend towards a 

decreased number of intersections in both treatment groups with increasing DIV.  It 

appears that miR-16 is thus decreasing the length and branching of the neurites, 

prematurely and exacerbating the effect of cellular aging. It is possible that this is a 

neuroprotective mechanism, to reduce energy usage and prolong cellular life. In order to 

address this possibility, the viability of the cells was assessed via an aging assay. The 

results of this endeavour however, did not show significantly prolonged neuronal survival 

with miR-16 treatment relative to miR-Scr. However, there was a trend towards miR-16 
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increasing neuronal survival at the final investigated time point. Therefore, in future 

studies it would be important to look at neuronal survival vs. untreated cells in culture. In 

addition, a TUNNEL assay should be performed for ultimate significance.  

There was no significant difference in somal area between miR-16 or miR-Scr treated 

cells at any time point. There was however, a significant decrease in cell size over time, 

reflective of the aging cellular population. It is possible though, that changes due to 

treatment type could have been apparent if the three distinct subclasses of neurons within 

the hippocampus (pyramidal, bipolar and stellate) were analyzed individually (Mattson & 

Kater 1989). This is something that would be beneficial to explore in future experiments.  

In regards to neuronal health, it is known that molecules such as CDK5 are important for 

stopping the MAPK/ERK pathway activation, which not only prevents neurite 

development, but also prevents the mechanisms of cell death from activating. It is 

hypothesized that miR-16 is working in this way, to prevent the overactivation of this 

pathway during the onset of neurodegenerative disease, to stave off neuronal death and 

thus the progression of the disease. It is in agreement with this hypothesis that CDK5 is 

not highly targeted by miR-16 within the microarray (only 1.259 fold upregulated) and no 

conserved binding sites were found in TargetScan (not shown). For this reason, it is 

suspected that miR-16 is working in tandem with CDK5 to disrupt MAPK/ERK 

signalling and prolong neuronal life. Future studies would be imperative to assess the 

regulation of CDK5 in this cell culture system, along with some “pro-neurite and axon 

outgrowth” genes such as CORONIN1b, RAB13 and GAP43, to confirm the 

morphological findings (Tedeschi et Di Giovanni 2009).   
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One of the cellular processes downregulated preclinically in a prion disease mouse model 

was cytoskeletal organization (Majer et al. 2012). A number of microtubule-associated 

proteins have been implicated in the onset of neurodegeneration, including tau, parkin 

and α-tubulin. Tau is a microtubule associated protein, that promotes microtubule 

assembly and stability (Dubey, Ratnakaran, and Koushika 2015). Tau is known to be 

phosphorylated at ~80 sites, and phosphorylation is important for tau’s ability to bind 

microtubules and hyperphosphorylation causes detachment from microtubules which 

leads to formation of insoluble aggregates typical of AD (Hébert, Sergeant, and Buée 

2012). Parkin is an E3 ubiquitin ligase that is implicated in PD. It binds to α- and β-

tubulin heterodimers and stabilizes the microtubules (Dubey, Ratnakaran, and Koushika 

2015). α-tubulin is a major component of microtubules. Deficiencies in α-tubulin in 

neurons lead to abnormal neuronal morphology and development (Yokoi et al. 2015). 

Interestingly, miR-16 was shown to have an effect on the α-tubulin levels of cells treated 

with BDNF (Figure 31). It was predicted via TargetScan to target the most common gene 

encoding α-tubulin in neurons, TUBA1A, and that was the only transcript of either α- or 

β-tubulin that miR-16 targeted (not shown). Interestingly, tubulin deficiencies have been 

implicated in neurodegenerative disease in the past, in ALS (Smith et al. 2014). In 

addition, TargetScan identified that the key miRNA targeting TUBB2A and TUBB2B 

(two highly abundant forms of β-tubulin found in the brain) (Cushion et al. 2014) was 

miR-29a, a miRNA that has been highly implicated in dendritic spine development and 

neurodegenerative disease previously (Majer & Booth 2014). This indicates that the 

regulation of tubulin subtypes may be important to the progression of neurodegeneration. 
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Also worth noting, is that the protein levels in the APP/BCL-2 blot were probably subject 

to loading discrepancies that simply couldn’t be seen due to the influence of miR-16 on α 

-tubulin (the loading control in that blot). This blot was performed before the effect of 

miR-16 on α –tubulin was discovered. Nonetheless, this blot was still able to show that 

miR-16 effectively decreases both APP and BCL-2 protein levels compared to miR-Scr 

treatment. 

With the cumulative information in this thesis, it is clear that miR-16 targets members of 

the MAPK/ERK pathway, decreases neurite length and branching and decreases α-

tubulin levels. BDNF stimulates the MAPK/ERK pathway, increases neurite length and 

branching and increases α-tubulin levels. When BDNF was added in conjunction with 

miR-16, there was a decrease in the activation of this pathway. It is also likely that the 

dendritic remodeling process is controlled through this pathway. For this reason, 

morphological analyses should be repeated with BDNF addition, which will likely result 

in a more substantial effect of miR-16 downregulating the dendritic remodeling process. 

Further research needs to be done to fully understand why regulating this process is 

advantageous to neuronal health and whether it is truly acting in a neuroprotective 

capacity.  
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5.6 Future Directions 

A number of analyses could still be done to further verify the findings of this thesis. For 

instance, repeat western blots would be beneficial to solidify the findings. In addition, 

this study was done entirely in vitro and moving to an in vivo model system would be 

beneficial to further the biological relevance of our findings within the murine 

hippocampus. However, it is essential to perform studies of this nature in the in vitro 

setting first, as animal models are costly and it is inhumane to work directly in animals 

without knowing the implication of the agent on mortality. With this thesis implicating 

miR-16 overexpression with decreased dendritic growth and inhibition of the 

MAPK/ERK pathway, likely involved in a neuroprotective response, with no increase in 

neuronal death vs. Scr control, the logical next step is to move into a mouse model. 

Ultimately, targeted infection of the mouse hippocampus with miR-16 containing vector 

would be the goal, with co-expression of a fluorescent protein to monitor miR-16 

expression within that region. This could be accomplished using the IVIS-SpectrumCt 

Pre-clinical In Vivo Imaging System. Subsequent studies on the effect of overexpressed 

miR-16 within the hippocampus on the progression of prion disease in the RML scrapie 

mouse model would ultimately allow understanding of the miR-16’s role within the 

murine hippocampus in both healthy and prion-infected mice. In addition, histological 

sections, RNA and protein could be collected at time points of interest, to look at 

aggregation of PrPSc, presence of markers of neuronal survival, neuronal morphology and 

the regulation of the MAPK/ERK pathway throughout disease progression.  
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A couple of interesting points to note for future studies are as follows. First, studies on 

miRNA associated with synaptoneurosomes in prion-infected mice did not detect miR-16 

dysregulation within these bodies preclinically or clinically during infection (Boese et al. 

2016). This finding suggests that miR-16 is not as important for synaptic regulation as 

other miRNA and is not being transmitted to other cells to modulate gene expression. 

Also of significant note, miR-16 has often been used as a housekeeping gene or “steady 

state miRNA” in studies looking at changes in miRNA expression (Rinnerthaler et al. 

2016). This is important to note as this may be inappropriate in cell types such as 

neuronal cells or cancer cells, as miR-16 fluctuations have been reported in many disease 

processes as reviewed in the Section 1.6. This brings up a potential caveat of therapeutic 

development, as although miR-16 may stave off neurodegeneration, it could potentially 

cause depression (Song et al. 2015). 

In addition, it would be interesting to compare the data generated from the microarray in 

this study to that generated by Majer et al. in their study of the gene regulation during 

prion disease in the CA1 region of the hippocampus (Majer et al. 2012).  Since miR-16-

5p was only one of the numerous miRNA dysregulated in this study it is unlikely that 

there will be a highly similar profile between the two arrays, but it would be interesting to 

determine the potential magnitude of miR-16’s role in prion-infected cells in this way.  

Additionally, there were other pathways represented in the array that would be of interest 

to study further including mitochondrial dysfunction, synaptic long-term potentiation and 

amyloid processing (Outlined in Figures 17-19). Some of the established targets of miR-

16 present within these pathways include α-synuclein, Aβ, APP, BACE2, BCL2 and 



 

 

189 

MAP2K1. Western blots to detect the presence of pathway-specific products would be 

beneficial to confirm the regulation of these processes by miR-16 in hippocampal 

neurons.  

Finally, it is important to note that studies of this nature produce miRNA candidates as 

targets for neurodegenerative disease therapeutics, but the ability of miRNAs to target 

specific genes in specific tissues is quite variable. A large amount of research must go 

into understanding the intricacies of miRNA functions. For this reason, the study of 

miRNA in disease is challenging but allows for considerable knowledge to be gained for 

therapeutic discovery.  
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Chapter 6: Conclusion 
 

The hypothesis of this thesis was that hippocampal miR-16-5p targets mRNA involved in 

the dendritic remodeling and morphological changes that are central to the early 

neurodegeneration in prion disease. The outcome of this study supports the hypothesis, 

implicating miR-16-5p as a direct regulator of the MAPK/ERK pathway and an inhibitor 

of neuronal growth and differentiation in a pro-survival capacity. Therefore, miR-16 

represents a valuable target for therapeutic development for neurodegenerative diseases 

including prion disease.  
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Appendix 

1.1 Bioanalyzer Nanochip Results for Endogenous RNA 
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1.2 Vector Sequences Visualized using DNASTAR Lasergene 13 - SeqMan 
Pro & SeqBuilder and Aligned using NCBI Align Sequences Nucleotide 
Blast or miRBase Blast Search Directed at Hairpin Sequences. 

 

1.2.1 miR-16 

 

 
Above image illustrates a Blast alignment using:  

Mus musculus microRNA 16-1 (Mir16-1), microRNA NCBI Reference Sequence: NR_029734.1 

Appendix 1: miRBase Blast search using miR-16 Plasmid Sequence 

 

  

 

1.2.2 miR-Scr 
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1.2.3 miRZIP-16 

 

Appendix 2: miRBase Blast search using miR-ZIP16 Plasmid Sequence 

 
 

1.2.4 miRZIP-Scr 
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1.3 Bioanalyzer Picochip Results for Argonaute Immunoprecipitation RNA
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1.4 Feature Extraction Quality Control Report 
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