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The mechanism by which early-on-set Alzheimer’s disease (AD) manifests is well 

understood.  However, little is known about the molecular mechanisms contributing to late-on-

set AD, which accounts for >95% of AD cases. Research thus far invariably suggests that 

elevated ceramide, a sphingolipid, may be a risk factor for AD. Serine palmitoyltransferase 

(SPT) is not only the first rate limiting enzyme in the de novo synthesis of ceramide but varying 

SPT levels are consistently associated with varying ceramide levels. I observed that increased 

ceramide levels in AD are directly regulated by increased SPT levels. I also observed that SPT 

directly regulates amyloid beta (Aβ) levels through the post-transcriptional regulation of miR-

137,-181c,-9 and -29a/b, suggesting SPT and the respective miRNAs are potential therapeutic 

targets for AD. Therefore, I investigated the use of SPT inhibition as a potential therapeutic 

strategy for AD. I administered a SPT inhibitor subcutaneously through surgically implanted 

osmotic pumps into an AD mouse model. I observed that the inhibition of SPT and thus 

ceramide, reduced cortical Aβ and hyperphosphorylated tau levels, major hallmarks of AD, with 

statistically significant correlations between SPT, ceramide and Aβ levels. With nominal toxic 

side effects observed, inhibition of SPT is suggested as a potentially safe therapeutic strategy to 

ameliorate the AD pathology. In addition, I have identified that the afore mentioned miRNAs are 

reduced in the blood sera of probable AD and amnestic mild cognitive impaired patients, 

suggesting a potential use for these circulating miRNAs as non-invasive diagnostic biomarkers. 



In the AD mouse model studied, I observed that these miRNAs show positive correlations 

between their expressions in the brain cortices and presence in the sera, further suggesting a 

potential diagnostic role for these circulating miRNAs. A positive correlation was also observed 

between cortical and sera Aβ levels, providing further insights into the search of blood 

biomarkers. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Alzheimer’s disease 
 

Alzheimer’s disease (AD) is not only the principal cause of dementia in the United States 

but also one of the fastest growing diseases in developed countries (Huang, 2006). Currently 

there are over 5 million Americans diagnosed with AD and the number is estimated to double 

during the next 25 years (Migliore and Coppede, 2009). With a worldwide afflicted population of 

over 24 million, a number expected to double in the next 15 years (Ferri et al., 2005), AD is 

estimated to cost 20 trillion dollars to USA alone in the next 40 years (Alz.org, 2010). AD is a 

progressive neurodegenerative disorder characterized by amyloid beta (Aβ) plaques and 

neurofibrillary tangles (NFT). In an AD brain, the cortex shrivels damaging the areas of thinking, 

planning and memory while the hippocampus shrinks hindering formation of new memory. The 

amyloid cascade is responsible for triggering neuronal dysfunction and death in the brain. In the 

original hypothesis, it was believed that these toxic effects were imposed by the total amyloid 

load. With increased research, the central role of Aβ42 oligomers in causing neurotoxicity is now 

evident (for review, see (Hardy, 2006)).  

Early-on-set AD (< 65 years old), which accounts for less than 5% of AD cases, is an 

autosomal dominant disorder caused by mutations in amyloid precursor protein (APP), presenilin 

1 (PSEN1) and presenilin 2 (PSEN2). The APP gene has been mapped to the centromeric region 

of chromosome 21. Over 20 pathogenic mutations responsible for early onset of AD have been 

identified within the APP gene (Blennow et al., 2006). The double mutations K670D/M671L, 

named Swedish mutation, increases cleavage by β-site APP cleaving enzyme 1 (BACE1) at the 
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β-secretase cleavage site and thus elevate both Aβ40 and Aβ42 levels (Citron et al., 1992; Suzuki 

et al., 1994), while the London, V717I, and Indiana, V717F, mutations at the γ-secretase 

cleavage site increases the production of Aβ42 (Chartier-Harlin et al., 1991; Suzuki et al., 1994). 

PSEN1/2 are components of the γ secretase complex and the PSEN1 gene is mapped to 

chromosome 14  while the PSEN2 gene is located on chromosome 1 (Rocchi et al., 2003). While 

in the non-amyloidogeneic pathway APP is cleaved by α secretase and γ secretase does not 

produce Aβ , in the amyloidogeneic pathway Aβ is released as a result of proteolysis of APP by 

β-secretase and γ-secretase (Blennow et al., 2006). APP cleaved by BACE1 results in a C-

terminal fragment and this is further cleaved by γ-secretase to generate Aβ40 and Aβ42. While 

Aβ42 isoform is more fibriologenic and toxic than the more abundant Aβ40 isoform (Rocchi et 

al., 2003), APP mutations within Aβ, Dutch (E693Q) and Arctic (E693G) mutations, increase 

fibrillogenesis (Nilsberth et al., 2001; Massi et al., 2002). While the core of Aβ plaques is 

comprised of Aβ fibrils, they are surrounded by dystrophic neurites and activated microglia 

(Stephan and Phillips, 2005). NFTs are comprised and triggered by hyperphosphorylated tau. 

Tau, a microtubule associated protein (Rockenstein et al., 2007) is mapped to chromosome 17 

and is a phosphoprotein under physiological conditions. However, under pathological conditions 

tau is hyperphosphorylated and thus, tends to dissociate itself from microtubules (Gotz et al., 

2004). Although the pathways linking Aβ and tau are poorly understood, the amyloid cascade 

hypothesis proposes that modifications in tau and the consequential NFTs are elicited by toxic 

concentrations of Aβ (Ballard et al., 2011).  

The molecular cause of late-on-set AD (>65 years old), which accounts for more than 

95% cases of AD, is not clearly understood. It is genetically associated with apolipoprotein E 
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isoform 4 (ApoE ε4) (for review, see (Rocchi et al., 2003)), glycogen synthase kinase 3β 

(GSK3β) (Kwok et al., 2008), dual specificity tyrosine-phosphorylation-regulated kinase 1A 

(DYRK1A) (Liu et al., 2008), tau, translocase of outer mitochondrial membrane 40 (TOMM40) 

(Roses, 2010), CLU and PICALM (Seshadri et al.; Harold et al., 2009). In addition to these 

genes, bridging integrator 1 (BIN1), ATP-binding cassette, sub-family A (ABC1), member 

7(ABCA7), complement component (3b/4b) receptor 1 (knops blood group) (CR1), menebrane-

spanning 4-domains, subfamily A, member 6A (MS4A6A), CD33, membrane-spanning 4-

domains, subfamily A, member 4E (MS4A4E), CD2-associated protein (CD2AP) have been 

ranked as top 10 genes associated with AD in AlzGene database. The AlzGene database includes 

1395 studies and 320 meta-analyses which have identified 695 genes and 2973 polymorphisms 

(http://www.alzgene.org) (Bertram et al., 2007).  

Alterations in AD related genes may not necessarily result in protein sequence changes. 

Gene duplications in the APP locus located on chromosome 21 causes early-on-set AD (Rovelet-

Lecrux et al., 2006; McNaughton et al., 2012) and the extra copy of APP in Trisomy 21 (Down’s 

syndrome) is associated with increased incidence of AD (Podlisny et al., 1987). Polyrmorphisms 

observed in the APP promoter which increases APP transcription are also associated with AD 

(Theuns et al., 2006) suggesting the importance of gene dosage and misregulation of protein 

expressions in AD pathogenesis. Therefore, understanding the regulation of genes could provide 

insights into the etiology and identification of novel therapeutic and diagnostic strategies for AD. 

In addition to genetic risk factors epidemiological studies have identified other risk factors that 

contribute to the etiology of AD.  
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1.2 Epidemiological risk factors for AD 
 

Aging being the most blatant risk factor for AD with incidence increasing exponentially 

with age (Hebert et al., 1995; Zhu and Sano, 2006), population studies suggest that women are at 

higher risk than men with higher cognitive impairments and senile dementia of the AD type 

(Bachman et al., 1992; McPherson et al., 1999; Alberca et al., 2002). Epidemiological studies 

have suggested associations between AD and vascular diseases including hypercholesterolemia, 

hypertension, atherosclerosis, coronary heart disease, smoking, obesity and diabetes (for review, 

see (Mayeux, 2003)). In addition, traumatic brain injury is shown to be a risk factor; however, 

whether it initiates the pathogenic cascade or it simply diminishes the brain reserve capacity is 

unclear (for review, see  (Jellinger, 2004)). In contrast, physical exercise and cognitive exercise 

have a protective effect on dementia incidence (Kramer et al., 1999; Ngandu et al., 2007; 

Solfrizzi et al., 2008). Evidence suggest that consumption of a Mediterranean diet, characterized 

by high intake of vegetables, fruits, nuts, legumes, cereals, fish, monounsaturated fatty acids, 

polyunsaturated fatty acid (PUFA), moderate intake of alcohol and a low intake of meat and 

dairy products, may have beneficial effects on the risk of dementia while saturated fatty acids 

may have harmful effects on cognitive function and the incident of dementia (for review, see 

(Solfrizzi et al., 2011)  

 

1.3 High-fat diet and AD 
 

Individuals of Japanese (Grant, 1999) and African (Hendrie et al., 1995) origins living in 

the USA have much higher incidences of AD, 4.1% and 6.24% respectively, than their 

counterparts, <2%, living in their native countries, supporting the theory that environmental 
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factors including diet and levels of exercise are also a vital component in the pathogenesis of 

AD. In support of this, a high cholesterol diet and high dietary fat intake, namely saturated fat, 

have increased the risk of cognitive decline in aged populations (Kalmijn et al., 1997; Sulkava, 

1998; Luchsinger et al., 2002; Morris et al., 2004; Eskelinen et al., 2008). Furthermore, studies 

have shown high dietary intake of saturated fats may enhance cerebral deposition of Aβ (Sparks 

et al., 2000). Consumption of docosahexaenoic acid (DHA), the most abundant PUFA in the 

brain, have reduced the risk of AD in animals (Hooijmans and Kiliaan, 2008). Further, dietary 

restrictions have ameliorated AD in transgenic models of AD (Mattson, 2000). Conversely, Aβ 

levels have been shown to decrease (Howland et al., 1998; Van der Auwera et al., 2005) or be 

unchanged (George et al., 2004) with high-fat/high cholesterol diets in mouse models of AD. 

Concomitantly, other population based studies have shown no or weak associations between diet 

and cognitive impairment (Engelhart et al., 2002; Psaltopoulou et al., 2008). The risk of dietary 

fat intake has been utilized as a potential risk factor in chapters 2, 3 and 4 of this study. 

Concomitantly, a high-fat diet has been reported to increase plasma ceramide levels (Shah et al., 

2008). 

 

1.4 Ceramide and AD 
 

Ceramides are sphingolipids, with over 50 distinct molecular species, contributing to 

sphingolipid signaling (Hannun and Obeid, 2008). In the de novo ceramide synthesis pathway 

that occurs in the endoplasmic reticulum (ER), serine palmitoyltransferse (SPT) condenses serine 

and palmitoyl-co-A to dihydrophingosine (Hannun and Obeid, 2008). Ceramide synthase (CerS) 

act on dihydrophingosine to produce dihydroceramide which undergoes desaturation to produce 
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ceramide. Ceramide may also be converted to ceramide-1- phosphate by ceramide kinase.(Linn 

et al., 2001; Hannun and Obeid, 2002) Both ceramide and ceramide-1-phosphate are bio-active. 

The de novo pathway is metabolically equipped to respond to variation in serine and palmitate 

concentrations as SPT exhibits Km (0.2 mM) values that are in the physiological intracellular 

concentrations for the 2 substrates  (Hannun and Obeid, 2008; Hu et al., 2009). Ceramide is also 

synthesized via sphingomyelinase (SMase) acting upon sphingomyelin (SM). Ceramide is 

converted to sphingosine by ceramidase (CDase) followed by the action of sphingosine kinase 

(SK) to produce sphingosin-1-phosphate (S-1-P). The de novo pathway could be induced by heat 

stress, UV radiation; chemotherapy and death receptors that bring about senescence, apoptosis 

and cell cycle arrest  (Hannun and Obeid, 2008). 

There is compelling evidence demonstrating an increase of ceramide levels (>3 folds) in 

the brains of AD patient, and suggesting its contribution to disease pathogenesis (Han et al., 

2002; Cutler et al., 2004; Satoi et al., 2005; He et al., 2010). The primary location for 

amyloidogenic processing of APP are the lipid rafts (Sisodia, 1992; Cordy et al., 2003; Ehehalt et 

al., 2003; Wada et al., 2003; Won et al., 2008). Membrane ceramides are not only the major 

component of the lipid rafts but they also contribute to AD pathology by facilitating the 

mislocation of BACE1 and γ-secretase to lipid rafts, and thereby promoting Aβ formation (Lee et 

al., 1998; Vetrivel et al., 2004; Vetrivel et al., 2005; Hur et al., 2008; Haughey et al., 2010). 

Inactive BACE1 and γ-secretase resides outside of lipid rafts under non-pathological settings 

allowing non-amyloidogenic processing of APP while under disease state ceramide facilitate the 

trafficking of these pathogenic secretases to lipid rafts where they become active to produce Aβ 

(Cordy et al., 2003; Vetrivel et al., 2005; Ebina et al., 2009). Inhibiting the de novo ceramide 

synthesis decreases the production of Aβ, while exogenous addition of ceramide increases Aβ 
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production by stabilizing BACE1 (Puglielli et al., 2003; Costantini et al., 2007) . Multiple in 

vitro and in vivo studies suggest a connection between ceramides and Aβ and thereby indicating 

increased ceramide levels could be an important risk factor for late on-set AD (Cutler et al., 

2002; Gulbins and Kolesnick, 2003; Puglielli et al., 2003; Kalvodova et al., 2005; Mattson et al., 

2005). Ceramide synthesis through the catalysis of SPT is further explored in this report. 

 

1.5 Regulation of SPT 
 

SPT is the first rate limiting enzyme in the de novo ceramide synthesis pathway (Merrill 

et al., 1985; Hanada et al., 1997; Hannun and Obeid, 2008). Activation of SPT elevates ceramide 

levels (Perry et al., 2000) and inhibition of SPT with ISP-1 or L-cycloserine (LCS) decreases 

ceramide levels, both in vitro and in vivo (Hojjati et al., 2005b; Holland et al., 2007; Patil et al., 

2007; Strettoi et al., 2010), suggesting SPT is a potent regulator of ceramide. Further, inhibition 

of SPT with ISP-1 decreases neuronal cell death by Aβ (Cutler et al., 2004) and induces the non-

amyloidogenic processing of APP (Sawamura et al., 2004). These studies highlight the 

importance of SPT in AD. SPT is a heterodimer composed of serine palmitoyltransferase long 

chain 1 (SPTLC1) and either serine palmitoyltransferase long chain 2 (SPTLC2) (Hanada, 2003) 

or serine palmitoyltransferase long chain 3 (SPTLC3) (Hornemann et al., 2006). Mutations in 

SPTLC1 (Bejaoui et al., 2001; Dawkins et al., 2001; Rotthier et al., 2009) and SPTLC2 (Rotthier 

et al., 2010), the major subunits in the brain (Altura et al.; Hornemann et al., 2006) cause 

hereditary sensory and autonomic neuropathy type 1 (HSAN-1). No mutations as yet have been 

identified in SPTLC3 (Rotthier et al., 2010). In the human genome, SPTLC1 is comprised of 15 

exons spanning ~85 kbp in chromosome 9q21-q22 region, while SPTLC2 is comprised of 12 
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exons spanning ~110 kbps in chromosome 14q24.3-q31 region (Hanada, 2003). The mammalian 

SPTLC1 and SPTLC2 encode proteins of 53 kDa and 63 kDa respectively, with ~20% similarity 

and neither subunit submitted to glycosylation (Hanada et al., 1997; Weiss and Stoffel, 1997). 

Affinity-peptide chromatography assays have demonstrated that SPT consists of SPTLC1 and 

SPTLC2 at a 1:1 ratio (Hanada et al., 2000). Both SPTLC1 and SPTLC2 are essential for 

embryonic development since complete knockout (homozygous) of Sptlc1 or Sptlc2 are 

embryonic lethal (Hojjati et al., 2005a). However, the regulation of these subunits and in turn 

SPT is not well understood. Cell culture studies demonstrate that SPT activity increases in 

response to stimuli (i.e. etoposide or retinoic acid or resveratrol), but without concomitant 

changes in SPTLC1 and SPTLC2 mRNA levels (Herget et al., 2000; Perry et al., 2000; Scarlatti 

et al., 2003), which have led researchers to hypothesize that SPT is post-transcriptionally 

regulated. 

 

1.6 Post-transcriptional regulation by miRNA 

 
Gene expression may be post-transcriptionally regulated through microRNAs (miRNA) 

(Ambros, 2004; Bartel, 2004). MiRNAs are endogenous small RNAs of 21–25 nucleotides that 

negatively regulate gene expression at the post-transcriptional level (Lagos-Quintana et al., 

2001). There are over 1000 miRNAs identified (Griffiths-Jones et al., 2008; mirbase.org, 2012) 

and 1/3 of the miRNA genes are located within protein coding messenger RNAs (mRNA) while 

the others are intergenic (Delay et al., 2012). In animals two processing events direct the 

formation of mature miRNA. The nascent miRNA transcripts (pri-miRNA) are processed into 

~70-nucleotide precursors (pre-miRNA) followed by a second process where the pre-miRNA is 
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cleaved to generate ~21–25 nucleotide mature miRNAs. These chronological cleavages of 

miRNA maturation are catalysed by RNase-III enzymes, Drosha and Dicer (He and Hannon, 

2004). MiRNAs bind to 3’UTR of the target mRNA to cause translational repression or 

degradation of the targeted mRNA by feeding into the RNA interference (RNAi) pathway (He 

and Hannon, 2004; Chekulaeva and Filipowicz, 2009).  

In mammals more than 30% of all protein-coding genes (Nilsen, 2007; Filipowicz et al., 

2008) and more than 90% of the human genes (Barbato et al., 2009) are predicted to be regulated 

by miRNAs. A miRNA “family”, defined as a group of miRNAs having the same seed sequence, 

in most cases, but not all, target the same gene. Conversely, a single miRNA may target several 

genes, potentially regulating multiple pathways (Baek et al., 2008; Selbach et al., 2008). 

Reduction of total brain miRNAs have resulted in progressive neurodegeneration with knock-out 

of Dicer resulting in neuronal loss, brain shrinkage and inflammation. Moreover, dicer-deficient 

mice have demonstrated changes in APP levels and tau hyperphosphorylation  (Kim et al., 2007; 

Schaefer et al., 2007; Cuellar et al., 2008; Davis et al., 2008; Hebert et al., 2010; Kawase-Koga 

et al., 2010; Tao et al., 2011) suggesting a contribution of the miRNA regulating pathways to the 

pathogenesis of AD. The first indication of changes in miRNA profiles in AD was reported in a 

small-scale study in 2007 (Lukiw, 2007), and since then many researchers, using large-scale 

genome wide studies have demonstrated alterations in miRNA patterns in AD brains, blood and 

cerebrospinal fluid (CSF) (Schipper et al., 2007; Cogswell et al., 2008; Hebert et al., 2008; 

Nelson and Wang, 2010; Nunez-Iglesias et al., 2010; Shioya et al., 2010).  

Other gene regulatory mechanisms include cell signaling, mRNA splicing, 

polyadenylation and localization, chromatin modifications; and mechanisms of protein 

localization, modification and degradation (Chen and Rajewsky, 2007).  
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In order to study gene regulations and thus alterations in biomarkers and investigate their 

potential therapeutic applications researchers incorporate animal models in their studies. 

 

1.7 Mouse models of AD 
 

There is no existing mouse model that recapitulates all the clinical and pathological 

features of AD, including cognitive and behavioral deficits, amyloid plaque, NFTs, gliosis, 

synapse loss, axonopathy, neuronal loss and neurodegeneration, raising concerns regarding the 

use of mouse models for preclinical testing (Hall and Roberson, 2012) with many disease 

modifying treatments that show promise in mouse models failing in clinical trials (Mangialasche 

et al., 2010). Nevertheless, AD mouse models can be used as a reductionist tool for 

understanding the effects on the brain, genes and proteins associated with AD, and identifying 

strategies to block the effects (Hall and Roberson, 2012). 

Transgenic expression of the human APP (hAPP) is the basis of most of the widely used 

mouse models of AD. While autosomal dominant AD only accounts for a limited number of AD 

cases and thus may cause limitations in these models, clinicians report the similarities between 

early-on-set and late on-set AD are more significant than their differences (Hall and Roberson, 

2012). The 3 isoforms of APP include APP695, APP751 and APP770. APP695 has been 

incorporated into PDAPP (Chen et al., 2000), J20 (Mucke et al., 2000) and Tg2576 (Arendash 

and King, 2002). APP751 has been incorporated into APP23 (Calhoun et al., 1998) and TASD-

41 (Rockenstein et al., 2001). APP770 has been incorporated into PDAPP (Chen et al., 2000) and 

J20 (Mucke et al., 2000). In addition, Swedish mutation has been incorporated into Tg2576 

(Arendash and King, 2002) and APP23 (Calhoun et al., 1998), while Indiana mutation has been 
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incorporated into PDAPP (Chen et al., 2000), and both Indiana and Swedish mutations have been 

incorporated into J20 (Mucke et al., 2000), and London and Swedish mutations have been 

incorporated into TASD-41 (Rockenstein et al., 2001). The expression of these genes are driven 

by numerous promoters that include platelet-derived growth factor B-chain (PDGF-B) (e.g. 

PDAPP (Chen et al., 2000), J20 (Mucke et al., 2000)), thymocyte differentiation antigen 1 (Thy-

1) (e.g. APP23 (Calhoun et al., 1998), TASD-41 (Rockenstein et al., 2001)), and prion protein 

(PrP) (e.g. Tg2576 (Arendash and King, 2002)), to express the genes at different levels and 

spatial patterns under a variety of background strains that modulate the phenotype.  These mouse 

models initiate the development of symptoms and hallmarks, cognitive deficits and plaques, at 

different times of development, ranging from 3 to17 months. Other transgenic mouse models 

include Aβ (e.g. BRI-Aβ42A (McGowan et al., 2005)), presenilin and hAPP (e.g. PSAPP 

(Arendash et al., 2001), Tg2576xPS1 (Jankowsky et al., 2004), 5xFAD (Kimura and Ohno, 

2009)) and human tau (e.g. TAPP (Lewis et al., 2001), 3xTg (Billings et al., 2005), vhtau 

(Andorfer et al., 2003)).   

Non-transgenic animal models include diabetes, obesity and traumatic brain injury 

models. Streptozotic (STZ), a betacytotoxic drug, injection model that selectively destroys 

insulin-secreting pancreatic β cells and thereby causing type-1 diabetes mellitus has shown to 

increase tau hyperphosphorylation (Planel et al., 2007; Kim et al., 2009). Type-2 diabetes 

mellitus (T2DM) spontaneous models include bio-breeding Zucker diabetic rat/Wor rats and 

db/db mice (Li et al., 2007; Kim et al., 2009) with prominent neurodegernative changes, 

neuronal loss, gliosis and synaptic loss (Park). In addition, long term ingestion of a high-fat diet 

leads to obesity and T2DM. This phenomenon has been incorporated in to transgenic models of 

AD to induce Aβ generation (Ho et al., 2004; Kohjima et al., 2010). Further, cross-mated double-
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transgenic animals with APP23-ob/ob (leptin deficient) and APP23-NSY (polygenic T2DM) 

show severe congnitive imapairement (Takeda et al., 2010). In humans diffuse Aβ deposits have 

been reported to occure between 4 hours to 2.5 years after traumatic brain injury (Roberts et al., 

1994). This anomaly has been modeled by controlled cortical impact in combination with 

transgenic models to enhance the pathologies (Tran et al., 2011). 

 For the studies described in this report, TgCRND8 (Centre for Research in 

Neurodegenerative Diseases) transgenic mice, containing the hAPP 695-cDNA with both the 

Indiana and the Swedish mutations, in a hybrid C3H/He-C57BL/6 background were used. 

TgCRND8 mice express the APP transgene at 5 folds higher than the endogenous APP under the 

control of the Syrian hamster PrP promoter.  Due to the regulation of the PrP promoter these 

mice may express hAPP up to 15-folds above the endogenous levels but with less spatial 

selectivity, allowing expressions in neurons, astrocytes, oligodendrocytes, microglia (Boy et al., 

2006), liver, kidney, spleen and other organs (Asante et al., 2002). Further, they develop 

cognitive deficits and Aβ deposits as early as 3 months (Chishti et al., 2001). The early 

pathogenesis was a vital component in selecting the TgCRND8 model for this research. With the 

use of TgCRND8 and wild-type risk factor mouse models, this study aims to identify potential 

diagnosis biomarkers and and therapeutic targets in AD. 

 

1.8 Diagnosis and biomarkers 
 

At present, AD can only be conclusively diagnosed at autopsy. The risk assessment 

criteria that are discussed in round table meetings include epidemiological risk factors, age, 

insulin resistance/ diabetes, genetic risk factors, vascular risk factors, and amyloid and tau 
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pathologies. The Cambridge Neuropsychologucal Test Automated Battery (CAN-TAB), a 

prodromal AD test based on paired associative learning (PAL) and the cognitive testing 

performed by Cog-state are used as computerized screening tools. In CANTAB PAL test, AD 

participants have expressed deteriorating scores over time along with some who have been 

screened with memeory complaints and patients with questionable dementia could convert to 

probable AD (Carrillo et al., 2009). Currently the most common method of screening for AD is 

to assess the cognitive decline. The mini mental state examination (MMSE) is the most widely 

used and is considered an index for the severity of cognitive decline (Ashford, 2008). However, 

MMSE not only provides minimal information on the mild impairment range but also lacks 

discriminative power against other forms of dementia (Ashford, 2008). It creates diagnostic 

uncertainty during the earlier phases of dementia, failing to distinguish between normal and 

pathological conditions. In addition, MMSE score variations have been observed with respect to 

age, education levels (Crum et al., 1993), and ethnicity (Ng et al., 2007).  

Other methods of diagnosis include computed tomography (CT) and magnetic resonance 

imaging (MRI), which are used to detect intracranial lesions (Waldemar et al., 2007) or cortical 

thinning (Mungas et al., 2002). However, the sensitivity of these imaging techniques does not 

afford sufficient demarcations in the medical temporal atrophy between AD and non-AD 

dementia to provide clear and decisive diagnosis (Wahlund et al., 2000; Scheltens et al., 2002). 

Functional neuro-imaging techniques such as radio-isotopic scans have been developed for 

probable diagnosis (Ballard et al., 2011), but again with insufficient clinical accuracy in 

discriminating between AD and control individuals (Dougall et al., 2004). Even though positron 

emission tomography (PET) imaging in conjunction with the Pittsburgh Compound B (PiB) has 
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been able to distinguish cases with probable AD from normal and non-AD cases, wide variations 

in sensitivity and specificity have been reported (Patwardhan et al., 2004).  

Aβ (Sjogren et al., 2002) and hyperphosphorylated tau (de Souza et al., 2011) levels in 

the CSF have also been suggested as diagnostic markers for AD. However these CSF markers 

may not be able to distinguish between mild cognitive impairment (MCI), non-progressive 

deficits and healthy older adults since similar patterns have been observed in these cases. 

Further, their high inter-laboratory variations (Forlenza et al., 2010) and invasive procedures in 

sample acquisition limits their wide application. Therefore, the ability to identify biomarkers 

through less invasive procedures, such as in blood would be significant. However, attempts to 

measure Aβ levels in blood, thus far, have led to inconsistent results (Ballard et al., 2011).  

The current screening/selection criteria that AD centers utilized is based on National 

Institute of Neurological and Communicative Disorders and Stroke; Alzheimer’s ddisease and 

Related Disorders Association (NINCDS-ADRDA) (McKhann et al., 1984). The diagnosis for 

AD and other dementia consists of 3 steps that include the clinical diagnosis of dementia, the 

exclusion of other causes of dementia and diagnostic classification of dementia subtypes. This 

diagnosis is based on careful evaluation of the history of clinical neurological examinations, 

technical and laboratory methods which included MMSE, brain imaging modalities (MRI or/and 

emission tomography based techniques) and Aβ, tau, hyperphosporylated tau and proteomics of 

the CSF. Other causes of dementia that are particularly excluded are infections of the CNS (HIV, 

syphilis) or Creutzfeld-Jacob disease, subdural haematoma, communicative hydrocephalus, brain 

tumors, drug intoxication, alcohol intoxication, thyroid disease, parathyroid disease, and 

vitamine or other deficiencies (European Medicines Agenecy guidelines, 2008). The disease 
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centers discuss their selection and elimination criterias for the respective patients in a round table 

panel that include certified neurologists. 

Early and accurate diagnosis is crucial, enabling early treatments to slow or delay the 

progression of the disease and provide patients and family members with information to plan for 

the future. 

 

1.9 Therapeutic strategies 
 

Symptomatic treatments for AD include cholinesterase inhibitors and NMDA receptor 

antagonists. Donepezil, rivastigmine and galatamine are cholinesterase inhibitors that are 

licensed for the treatment of mild to moderate AD. Moderate improvements in cognition, apathy 

and social interactions are reported with the use of cholinesterase inhibitors in randomized 

controlled trials (Loy and Schneider, 2006; Birks et al., 2009; Waldemar et al., 2011).  However, 

the outcome measured in these clinical trials fails to translate well into practice (Rockwood et al., 

2006). Memantine, an NMDA receptor antagonist, is licensed for moderate to severe AD and 

have improved cognitive performance (McShane et al., 2006). 

Treatments strategies for neuropsychiatric symptoms of AD include atypical 

antipsychotics (risperidone, quetiapine, olanzapine and aripiprazole) (Ballard and Howard, 

2006), antidepressants (citalopram and sertraline) (Weintraub et al., 2010) and anticonvulsants 

(carbamazepine) (Ballard et al., 2009b). While risperidone is licensed for short-term treatment of 

severe aggression in AD, other neuropsychiatric drugs are used off-license with severe adverse 

side effects including sedation, parkinsonism, chest infections, stoke and death (Ballard et al., 

2009a).  
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With minimal improvements observed with symptomatic treatments, the necessity for 

disease modifying treatments is evident. Proposed treatments under clinical trials to treat the 

etiology of AD include immunotherapy (bapineuzumab), sectretase inhibitors (tarenflurbil and 

semagacestat), Cu or Zn modulators (PBTS), tau aggregation inhibitors (Methylthioninium 

chloride), GSK3 inhibitors (Lithium) and natural products and vitamins (vitamin E, ginkgo 

biloba, omega-3-fatty acids and DHA). Immunotherapy to clear Aβ has been effective in 

transgenic mice (Schenk et al., 1999) however the clinical benefits are less apparent (Holmes et 

al., 2008). With only a limited number of antibodies crossing the blood-brain-barrier, 

immunotherapy is subjected to skepticism (Ballard et al., 2011). Potential therapies to inhibit β-

secretase or modulate γ-secretase that increase Aβ40 and reduce Aβ42 levels although shows 

promise in phase 2 trials failed in large randomized controlled trials (Green et al., 2009). PBT2 

and tau aggregation inhibitors have shown promise in phase 2 trials and await phase 3 trials 

(Lannfelt et al., 2008). While GSK3 inhibitors reduce tau hyperphosphorylation in animal 

models and are subjected to early stage clinical trials (Leroy et al., 2010), natural products 

(Weinmann et al., 2010) and vitamins (Petersen et al., 2005) have been unsuccessful in 

randomized controlled trials; however omega-3-fatty acids show possible benefits on 

neuropsychiatric symptoms in a subgroup of the patients (Freund-Levi et al., 2006) and DHA 

currently under a phase 3 trial (Ballard et al., 2011). With several promising drugs failing in 

randomized controlled trials there is an urgent need to identify new drugs and drug targets to 

treat the etiology of the disease. 
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1.10 Summary to introduction 
 

The manifestation of early-on-set AD is due to autosomal dominant mutations in APP, 

PSEN 1 and PSEN 2. However, molecular mechanisms leading to late-on-set AD is unclear. 

Many researchers have identified that ceramide levels, a sphingolipid, are increased in late-on-set 

AD autopsy brain samples. The de novo synthesis of ceramide is catalyzed by the enzyme SPT. 

However, the regulation of SPT was not understood. Therefore, chapter 2 of this report seeks to 

understand the regulation of SPT in respect to AD with emphasis given on the regulation of Aβ 

by SPT. In addition, with no conclusive current diagnostic methodology available and many 

biomarkers and imaging techniques failing to provide an accurate diagnosis, there is an essential 

need to identify early diagnostic biomarkers to provide a comprehensive diagnosis and prognosis 

for AD. Thus, Chapter 3 of this dissertation inquires the potential use of blood sera miRNAs as 

non-invasive biomarkers for AD. With many drugs failing in clinical trials, there is a pressing 

need to identify new drugs and drug targets to treat the etiology of AD. Therefore, chapter 4 

endeavors to identify the potential therapeutic application of SPT inhibition in AD with the use 

of a transgenic AD mouse model, TgCRND8. The specific aims in this research include 

Chapter 2 

1. Understand the regulation of SPT 

Hypothesis: SPT is post-transcriptionally regulated by miRNAs 

2. Study the effects of miRNA and in turn SPT on Aβ levels 

Hypothesis: miR-137/181c and in turn SPTLC1 regulates Aβ levels 

 Chapter 3 

3. Inquire the use of blood sera miRNAs as potential diagnostic biomarkers 
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Hypothesis: miR-137, -181c, -9 and -29a/b are down regulated in probable 

AD and probable early AD blood sera samples 

 Chapter 4 

4. Investigate the inhibition of SPT/ceramide as a potential therapeutic target to 

ameliorate the Aβ burden, in vivo 

Hypothesis: The inhibition of SPT could reduce Aβ and 

hyperphosphorylated tau levels in an AD mouse model  

 

 Finally, chapter 5 discusses the concluding remarks and identifies potential future 

applications/studies that can be derived from this research. 
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CHAPTER 2: MIR-137/181C REGULATES SPT AND IN TURN AΒ, NOVEL 

TARGETS IN SPORADIC ALZHEIMER’S DISEASE 

Publication: Geekiyanage, H. and Chan, C., 2011. MiR-137/181c regulates SPT and in turn Aβ, 

novel targets in sporadic Alzheimer’s disease. Journal of Neuroscience 31(41): 14820-30 

 

ABSTRACT  
 

The contribution of mutations in APP and PSEN to familial Alzheimer’s disease is well 

established. However, little is known about the molecular mechanisms leading to Aβ generation 

in sporadic AD. Increased brain ceramide levels have been associated with sporadic AD, and are 

a suggested risk factor. SPT is the first rate limiting enzyme in the de novo ceramide synthesis. 

However, the regulation of SPT is not yet understood. Evidence suggests that it may be post-

transcriptionally regulated. Therefore, I investigated the role of miRNAs in the regulation of SPT 

and Aβ generation. I show that SPT is upregulated in a subgroup of sporadic AD patient brains. 

This is further confirmed in AD mouse risk factor model studies. I identified that the loss of 

miR-137, -181c, -9 and -29a/b-1 increases SPT and in turn Aβ levels, and provides a mechanism 

for the elevated risk of AD associated with age, high-fat diet and gender. Finally, these results 

suggest SPT and the respective miRNAs may be potential therapeutic targets for sporadic AD. 

 

Keywords: Alzheimer’s disease, amyloid beta, serine palmitoyltransferase, microRNA 
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2.1 Introduction 
 

It is well established that Aβ accumulation in familial Alzheimer’s disease is due to 

mutations in APP and PSEN genes (reviewed in ref. (Cruts and Van Broeckhoven, 1998)). 

However, the mechanisms contributing to Aβ accumulation in sporadic AD is less well 

understood. Research thus far, consistently demonstrates that ceramide, a sphingolipid, is 

increased in AD patients (Cutler et al., 2004; He et al., 2010) and may contribute to the disease 

pathogenesis. Membrane ceramides are not only the major component of lipid rafts but they also 

contribute to AD pathology by facilitating the mislocation of BACE1 and γ-secretase to lipid 

rafts, and thereby promoting Aβ formation (Lee et al., 1998; Vetrivel et al., 2005). Inhibiting de 

novo ceramide synthesis has been shown to decrease the production of Aβ while exogenous 

addition of ceramide increased Aβ production (Puglielli et al., 2003; Patil et al., 2007). 

Numerous studies suggest a connection between ceramides and Aβ, and indicate increased 

ceramide levels may be an important risk factor for sporadic AD (Puglielli et al., 2003; Mattson 

et al., 2005). 

SPT is the first rate limiting enzyme in the de novo ceramide synthesis pathway (Hannun 

and Obeid, 2008). Activation of SPT elevates ceramide levels (Perry et al., 2000) and inhibition 

of SPT decreases ceramide levels (Hojjati et al., 2005b; Patil et al., 2007) and neuronal cell death 

by Aβ (Cutler et al., 2004), supporting SPT as an important regulator of ceramide. SPT is a 

heterodimer composed of SPTLC1 and either SPTLC2 or SPTLC3 (Rotthier et al., 2010). In the 

brain, SPTLC3 is lowly expressed while SPTLC1 and SPTLC2 are the major subunits 

(Hornemann et al., 2006). However, the regulation of these subunits and in turn SPT is not well 

understood. Cell culture studies demonstrate that SPT activity increases in response to various 



21 
 

stimuli (i.e. etoposide or resveratrol), but without concomitant changes in SPTLC1 and SPTLC2 

mRNA levels (Perry et al., 2000; Scarlatti et al., 2003), which have led researchers to 

hypothesize that SPT may be post-transcriptionally regulated. 

Gene expression may be post-transcriptionally regulated through miRNAs, endogenous 

small RNAs of 21–25 nucleotides, that bind to 3′UTR of the target mRNA to cause translational 

repression or degradation of the mRNAs (He and Hannon, 2004). MiRNAs have been associated 

with neuronal differentiation, synaptic plasticity and memory formation (Sempere et al., 2004; 

Mehler and Mattick, 2006; Schratt et al., 2006). From miRNA expression profiles, several 

miRNAs are differentially expressed in AD patients (Lukiw, 2007; Cogswell et al., 2008; Hebert 

et al., 2008; Wang et al., 2008) and several have been reported to be specific or enriched in the 

brain (Sempere et al., 2004). Indeed a recent study reported altered expressions of several 

miRNAs in response to Aβ (Schonrock et al., 2010), suggesting the involvement of miRNA in 

sporadic AD. Therefore, I investigated whether miRNAs mediated the post-transcriptional 

regulation of SPT with respect to sporadic AD. 

 

2.2 Material and Methods 
 

Patient information. The AD (n=7) and control (n=7) neocortical brain samples were 

from the University of Kentucky (UK) Alzheimer's disease center tissue bank (ADC) as frozen 

tissues. The samples have been clinically diagnosed by neurologists, neuropathologists, 

neuropsychologists, and other staff members in the ADC clinic. Most samples have been 

obtained in <4hrs post-mortem interval (PMI). All individuals were between the ages of 88-99 

years. The reference number (ref. #), gender, Braak stage, mini mental state exam scores, frontal 



22 
 

neuritic plaque numbers (NP), NFT and ApoE genotype of the individuals are listed in Table 1. 

The cause of death of these individuals is multifactorial or unclear with pneumonia being the 

classical cause of death. The above information was provided by the University of Kentucky 

(UK) Alzheimer's disease center tissue bank (ADC). 

 

Animals. Wild type male C57BL/6 mice purchased from Jackson laboratories were used 

in the developmental study. Wild type mice on a hybrid background, C3H/He (Charles River) x 

C57BL/6 were used in the diet (all male) and gender specific studies (7 males, 7 females). All 

procedures conducted were approved by the Institutional Animal Care and Use Committee at 

Michigan State University. 

 

Primary cell culture. Primary astrocytes were isolated and cultured from <24hr old wild 

type Sprague-Dawley rat pups and 3 week old TgCRND8 (Centre for Research in 

Neurodegenerative Diseases) transgenic mouse pups, containing the APP 695-cDNA with both 

the Indiana and the Swedish mutations, in a hybrid C3H/He x C57BL/6 background (Chishti et 

al., 2001) as described (Patil et al., 2007). The TgCRND8 mice express the APP transgene at 5-

folds higher than the endogenous APP under the control of the Syrian hamster prion promoter 

(Chishti et al., 2001). 

 

Protein extraction and western blot analysis. Cells, mouse brain cortices and human 

brain neocortices (homogenized) were lysed in buffer: 1% (v ⁄ v) Triton, 0.1% (w ⁄ v) sodium 

dodecyl sulfate, 0.5% (w ⁄ v) deoxycholate, 20 mm Tris, pH 7.4, 150 mm, NaCl, 100 mm NaF, 1 

mm Na3VO4, 1 mm EDTA, 1 mm EGTA ,1 mm phenylmethylsulfonyl fluoride and protease 



23 
 

inhibitor cocktail (all chemicals from Sigma). The lysis was spun at 10,000 rpm for 10 min then 

the total protein concentration of the supernatant was measured by Bradford’s assays and was 

mixed with reducing loading buffer and heated at 94oC for 5 min. Immunoblot analysis was 

performed as described (Patil et al., 2007). Protein quantifications were conducted by 

normalizing to GAPDH or β-Actin. Western blots were quantified using Quantity One (BioRad) 

version 4.5. 

 

ELISA. Protein was extracted from human autopsy brain samples and ELISA was 

performed for human Aβ42 using KHB3441 (Invitrogen) according to the manufacturer’s 

instruction. The Aβ42 levels were calculated by normalizing to the total protein levels measured 

by Bradford’s assay. 

 

Transfections, plasmids and luciferase assays. Primary wild type and transgenic 

astrocytes were plated in 12 well plates and transfected for 24 – 72 hrs with 100-150nM of Syn-

miRNA miScript miRNA mimic or anti-miR-RNA miScript miRNA inhibitor (Qiagen) or 500 

ng – 2 µg of human SPTLC1 cDNA or 1.5 – 2 µg of luciferase vector construct using 

Lipofectamine RNAi/MAX or Lipofectamine 2000 following manufacturer’s instructions. The 

SPTLC1 cDNA plasmid and SPTLC1 and SPTLC2 luciferase 3’UTR expression clones, 

containing the luciferase reporter gene and Renilla tracking gene and driven by the SV40 

promoter, were purchased from Genecopoeia. The luciferase assay was conducted with dual 

luciferase assay kit (Luc-Pair™ miR Luciferase Assay Kit) (Genecopoeia). The Luciferase 

expression levels were normalized to Renilla expression levels. 
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Quantitative RT-PCR (qRT-PCR). Total mRNA was extracted using RNeasy Plus 

Mini Kit (Qiagen) and total RNA was quantified using ND-1000 nanodrop spectrophotometer. 

RNA quality control was performed by assessing OD 260/280 ratio. RNA quality control of the 

control and human AD brain samples were performed using the Agilent Bioanalyzer 2100. In 

addition the PCR products were run on agarose gels. qRT-PCR was conducted using iQSYBR 

Green Supermix (BioRad) and MyiQ real-time PCR detection system following reverse 

transcription using iScript™ cDNA Synthesis Kit according to manufacturer’s instructions. 

Primers include human SPTLC1: 5’ TGGAAGAGAGCACTGGGTCT 3’ and 5’ 

GCTACCTCCTTGATGGTGGA 3’; human SPTLC2: 5’ GAGACGCCTGAAAGAGATGG 3’ 

and 5’ TGGTATGAGCTGCTGACAGG 3’; human GAPDH: 

5’GAGTCAACGGATTTGGTCGT 3’ and 5’ TTGATTTTGGAGGGATCTCG 3’; mouse 

Sptlc1:5’ AGTGGTGGGAGAGTCCCTTT 3’ and 5’ CAGTGACCACAACCCTGATG 3’; 

mouse Sptlc2: 5’ CCTGTCAGCAGCTCATACCA 3’ and 5’ CACACTGTCCTGGGAGGAAT 

3’; mouse Gapdh: 5’ AACTTTGGCATTGTGGAAGG 3’ and 5’ 

ACACATTGGGGGTAGGAACA 3’; rat Sptlc1: 5’ ACCTGGAGCGACTGCTAAAA 3’ and 5’ 

ATCCCATAGTGCTCGGTGAC 3’; rat Sptlc2: 5’ TTGAGACTCACTGGCCCTCT 3’ and 5’ 

GGCCAGGAGGAGTCACATAA 3’; rat Gapdh: 5’ AGACAGCCGCATCTTCTTGT 3’ and 5’ 

CTTGCCGTGGGTAGAGTCAT 3’. Relative human, mouse and rat SPTLC1 and SPTLC2 

expressions were calculated using the comparative CT method normalizing to their 

corresponding GAPDH expressions. 

Total miRNAs were extracted using miRNeasy Mini Kit (Qiagen) and RNeasy MinElute 

Cleanup Kit (Qiagen) total RNA was quantified using ND-1000 nanodrop spectrophotometer. 

RNA quality control was performed by assessing OD 260/280 ratio. In addition the PCR 
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products were run on agarose gels. qRT-PCR was conducted using miScript SYBR Green PCR 

Kit (Qiagen) and MyiQ real time PCR detection system following reverse transcription using 

miScript Reverse Transcription Kit (Qiagen) according to manufacturer’s instructions. All 

miRNA primers were purchased from Qiagen and the relative expressions were calculated using 

the comparative CT method using RNU6B as the normalizing control. 

 

Ceramide quantification. Lipids were extracted from homogenized human brain 

neocortices and mouse brain cortices according to Bligh and Dyer (Bligh and Dyer, 1959). 

Tandem mass spectrometry (MS/MS) was performed using Quattro Premier XE (Waters), 

Acquity ultra performance liquid chromatography (Waters) (LC-MS/MS) and Mass Lynx 4.1 

software. External ceramide standards were purchased from Matreya and Avanti, Polar Lipids 

Inc. C12:0 (Avanti, Polar Lipids Inc.) was used as the internal standard. 

 

Antibodies. LCB1 (BD Transduction Laboratories™), SPTLC1 (proteintech), SPTLC2 

(abcam), GAPDH (cell signaling), β-Actin (Sigma), β-Amyloid (cell signaling), β-Amyloid -4G8 

clone (Covance). 

 

Statistical analysis. Statistical significances were determined by using 2 tailed t tests and 

Spearman correlation (2 tailed-T distribution test). 
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2.3 Results 
 

Elevated ceramide and SPT expression in a subgroup of sporadic AD patients 

The levels of ceramide and SPT protein expression were measured in the frontal brain 

cortices of 7 sporadic AD patients and 7 controls (see Table 1 for information on the patients). 

Of the vast number of distinct ceramide species (over 50 species), d18:1;18:0 and d18:1;16:0 are 

reported to be the major sphingolipid species in rat neurons (Valsecchi et al., 2007) and human 

brain (Ladisch et al., 1994). Consistent with previous reports (Cutler et al., 2004; He et al., 

2010), ceramide levels, d18:1; 16:0 (P=0.037, student’s t test) and d18:1; 18:0 (P=0.033), were 

significantly increased in this subgroup of AD patients (Figure 1A) (see Appendix A, Figure 21 

for a representation of gender differentiated expression of ceramide). Several reports have shown 

that the sphingomyelin levels either increased (Pettegrew et al., 2001; Bandaru et al., 2009) or 

remained unchanged (Han et al., 2002) in AD brains. In contrast, other researchers have shown 

that the sphingomyelin levels decreased (Cutler et al., 2004; He et al., 2010) in AD brain. I found 

that the sphingomyelin 18:1, 16:0 levels increased (P=0.045) while the 18:1, 18:0 levels 

remained unchanged in the subgroup of AD patient brain cortices studied (Figure 1B). This 

suggests that the increased ceramide levels in these patients are from the de novo synthesis 

pathway. Accordingly, SPTLC1 (P=0.004) and SPTLC2 (P=0.007) protein expression were 

significantly elevated in the autopsy AD brain samples (Figure 1C and D). However, SPTLC1 

and SPTLC2 mRNA levels remained predominantly unchanged in the AD samples as measured 

by quantitative RT-PCR (qRT-PCR) (Figure 1E).  

Previously, our group found that palmitate (a saturated fatty acid) increased de novo 

ceramide synthesis in astrocytes through SPT (Patil et al., 2007). Thus I treated wild-type 
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primary rat astrocytes with palmitate for 24 hrs and found that the SPTLC1 (P=0.032) and 

SPTLC2 (P=0.015) protein levels (Figure 1F) increased without a concomitant change in their 

mRNA levels (Figure 1G), which is consistent with previous reports (Perry et al., 2000; Scarlatti 

et al., 2003). Overall, these results support that increased SPTLC1 and SPTLC2 expressions may 

be post-transcriptionally regulated in a subgroup of sporadic AD patients and in primary 

astrocytes cultured with palmitate. Thus, I proceeded to further elucidate the potential regulation 

of SPT by miRNAs. 

 

SPTLC1 and SPTLC2 are miRNA targeted genes 

Prediction algorithms miRbase (Griffiths-Jones et al., 2008), Targetscan (Lewis et al., 

2005), Pictar (Krek et al., 2005) and miRanda (Betel et al., 2008) were used to select potential 

miRNAs that bind the human 3’UTR of SPTLC1 or SPTLC2 with strongly conserved (in 

mammals) target sites. Likely miRNA candidates were filtered according to the following 

criteria, it must be 1) predicted by at least 2 algorithms, and 2) down-regulated in AD patients or 

enriched in the brain. Of the miRNAs predicted by 2 or more algorithms to bind the 3’UTR of 

SPTLC1, miR-15a and miR-181c (Hebert et al., 2008) are reported to be down regulated in 

sporadic AD patients, while miR-137 and miR-124 (Sempere et al., 2004) are reported to be 

enriched in the brain. Of the miRNAs predicted by 2 or more algorithms to bind the 3’UTR of 

SPTLC2, miR-29a, miR-29b-1 and miR-9 are reported to be down-regulated in sporadic AD 

patients while miR-9 is also reported to be enriched in the brain. 

Two luciferase reporter constructs were generated containing the 3’UTR of human 

SPTLC1 or SPTLC2. The miRNAs (sense) were co-transfected with the constructs and the 

luciferase expression was detected in wild-type primary rat astrocytes. While miR-137 
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(P=0.000016, student’s t test) and miR-181c (P=0.0003) significantly decreased the luciferase 

expression of the construct containing the 3’UTR of SPTLC1, miR-15a and miR-124 did not 

(Figure 2A). The luciferase expression of the construct containing the 3’UTR of SPTLC2 

decreased significantly upon co-transfection with miR-9 (P=1.023E-08), miR-29a (P=1.2E-07) 

or miR-29b-1(P=0.007) (Figure 2B). These results were confirmed by transfecting primary rat 

astrocytes with either the sense-miRs or anti-miRs (anti-sense) of their respective miRNAs 

following analysis of the endogenous miRNA expression levels in primary rat astrocytes (Figure 

2I). MiR-137 and miR-181c significantly suppressed the endogenous SPTLC1 expression and 

cellular ceramide levels while anti-miR-137 and anti-miR-181c significantly enhanced the 

endogenous SPTLC1 (Figure 2C and 2E) and cellular ceramide (Figure 2G) levels upon transient 

tranfection. Similarly, miR-9, miR-29a and miR-29b-1 significantly suppressed the endogenous 

SPTLC2 and cellular ceramide levels while anti-miR-9 and anti-miRs-29a/b-1 significantly 

enhanced the endogenous SPTLC2 (Figure 2D and 2F) and cellular ceramide (Figure 2H) levels 

upon transient transfection (see Appendix A, Figure 22-23 for sphingomyelin levels)  

 

Changes in miRNA correlate with SPT expression in AD  

The expression levels of miR-137 (P=0.006, student’s t test), miR-181c (P=0.006), miR-

9 (P=0.045), miR-29a (P=0.03) and miR-29b-1 (P=0.03) (Figure 3A-C), miR-15 (P=0.048) and 

miR-124 (P=0.002) (see Appendix A, Figure 24) were significantly down-regulated in the frontal 

cortices of the subgroup of sporadic AD patient.  

Statistically significant negative correlations were observed between SPTLC1 and miR-

137 (r=–0.807, P=0.0005, Spearman’s correlation) (Figure 3D), miR-181c (r=-0.569, P=0.034) 

(Figure 3E), miR-15a (r=–0.59, P=0.026) and miR-124 (r=–0.67, P=0.009) (see Appendix A, 
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Figure 22) in the subgroups of control and AD patients. Significant negative correlations were 

also observed between SPTLC2 and miR-9 (r=–0.675, P=0.008) (Figure 3F), miR-29a (r=–

0.603, P=0.023) (Figure 3G) and miR-29b-1 (r=–0.714, P=0.004) (Figure 3H) in the subgroup of 

AD patients. This negative correlation between the subunits of SPT and their corresponding 

miRNA expressions, coupled with the transient transfection results, suggest the possibility that 

changes in miR-137 or miR-181c, and miR-9, miR-29a or miR-29b-1 contribute, at least in part, 

to the overall protein expressions of SPTLC1 and SPTLC2, respectively, in AD. 

 

Developmental coregulation of miRNA and SPT in brain  

Given that AD is an age related disorder (Bachman et al., 1992) I assessed the 

expressions of SPTLC1 (Figure 4A and B), SPTLC2 (Figure 4A and C) and their corresponding 

miRNAs (Figure 4D-F) with development. The protein, mRNA and miRNA expressions were 

evaluated in wild-type mice brain cortices from post-natal day 0 (P0) up to 18 months. This 

provided an independent confirmation of the correlation between SPTLC1, SPTLC2 and their 

respective miRNAs under non-pathological settings. During development, the expression levels 

of miR-137, miR-181c (Figure 4D) and miR-124 (see Appendix A, Figure 25) increased while 

SPTLC1 expression levels decreased with age (Figure 4A and B). Consistent with previous 

reports (Hebert et al., 2008), expression levels of miR-29a and miR-29b-1 were found to increase 

(Figure 4E) with development, while the expression levels of SPTLC2 decreased with age 

(Figure 4A and 4C). The Sptlc1 and Sptlc2 mRNA expression levels remained unchanged 

(stable) over the period analyzed (Figure 4F), a signature of miRNA regulation. These results 

suggest that miR-137, miR-181c, miR-29a and miR-29b-1 are developmentally regulated, with 

the highest expressions in adult mice. Concomitantly, protein analyses indicate that SPTLC1 and 
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SPTLC2 have lower expression levels in adult mice, thereby further supporting a negative 

relationship between SPTLC1/2 and their corresponding miRNAs. 

 

High-fat diet increases SPT expression with decreased miRNA expression 

Increasing evidence in animal models suggest that a high-fat diet aggravates the Aβ 

burden and thereby the AD pathology (Julien et al., 2010). Indeed, high-fat/ high cholesterol 

diets have been found to increase plasma ceramide levels in rodents (Shah et al., 2008). 

Moreover, prior research in our lab demonstrated that palmitate, a saturated fatty acid, increases 

ceramide levels and induces AD-like pathology in primary neuronal cell culture mediated by 

astrocytes (Patil et al., 2007). Therefore, the expression levels of ceramide, SPTLC1 and 

SPTLC2 and their corresponding miRNAs were measured in brain cortices of wild-type male 

mice fed a 60% kcal high-fat diet for a period of 5 months (starting at 4 months of age). While 

ceramide (Figure 5A), SPTLC1 and SPTLC2 (Figure 5B) expression levels increased in mice fed 

a high-fat diet, Sptlc1 and Sptlc2 mRNA levels remained unchanged (Figure 5C), supporting our 

hypothesis that SPTLC1/2 may be post-transcriptiponally regulated by miRNAs. Indeed, miR-

137 (P=0.005, student’s t test) (Figure 5D), miR-181c (P=0.026) (Figure 5D), miR-15a (P=0.01) 

(see Appendix A, Figure 26) and miR-9 (P=0.0027) (Figure 5E) expression levels were down-

regulated in mice fed a high-fat diet. In agreement with our in vivo results miR-137 (P=5.6E-05) 

(Figure 5F), miR-181c (P=2.2E-06) (Figure 5F), and miR-9 (P=1.9E-05) (Figure 5G) expression 

levels were down-regulated in wild-type primary rat astrocytes treated with palmitate, whereas 

SPTLC1/2 protein expression levels were upregulated (Figure 1F). However, miR-29a and miR-

29b-1 expressions did not change with either a high-fat diet (in vivo) or palmitate treatment (in 

vitro). 
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SPT and miRNA are differentially expressed with respect to gender  

Evidence suggests that AD pathology may be more prevalent in females than in males 

(Bachman et al., 1992). Therefore, I evaluated the SPTLC1, SPTLC2 and miRNA expression 

levels in the brain cortices of female and male wild-type mice (9 months of age). Ceramide 

species, d18:1; 18:0 (P=0.0042, student’s t test), d18:1; 16:0 (P=0.0045, student’s t test) (Figure 

6A), SPTLC1 (P=0.018) and SPTLC2 (P=0.014) (Figure 6B and 6C) protein expression levels 

were higher in females as compared to males, while the Sptlc1 and Sptlc2 mRNA levels 

remained unchanged (Figure 6D), further indicating that SPTLC1/2 may be post-

transcriptionally regulated by miRNAs. Concomittantly, miR-137 (P=0.011), miR-181c 

(P=0.038) (Figure 6E), miR-124 (see Appendix A, Figure 27) miR-29a (P=0.031) and miR-29b-

1 (P=0.004) (Figure 6F) expression levels are downregulated, but not miR-9, in female mice, 

while SPTLC1/2 protein expression levels are increased, further supporting a negative 

relationship between SPTLC1/2 and their target miRNAs.  

 

miRNA modulates SPT and Aβ 

A casual relationship between miR-29a/b-1, BACE1 activity and Aβ has been established 

by (Hebert et al., 2008). Therefore, I assessed whether a relationship exists between miR-

137/181c and Aβ, mediated by SPTLC1. Statistically significant positive correlations were 

observed between SPTLC1 (western blot) and Aβ42 protein levels (from ELISA) (r=0.76, 

P=0.002, Spearman’s correlation) (Figure 7A), and SPTLC2 (western blot) and Aβ42 protein 

levels (r=0.67, P=0.007) (Figure 7B) in the subgroups of control and AD patients. Additionally, 

statistically significant negative correlations were observed between Aβ42 and miR-137 (r=-0.75, 
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P=0.003), miR-181c (r=–0.57, P=0.037), miR-9 (r=–0.7, P=0.007), miR-29a (r=–0.64, P=0.01) 

and miR-29b-1 (r=–0.569, P=0.037) in the subgroups of control and AD patients. Furthermore, I 

performed gain- and loss-of-function experiments in primary astrocytes derived from transgenic 

mice expressing the human APP Swedish mutation. In these cells, over-expressing miR-137 or 

miR-181c down-regulated the endogenous expression levels of SPTLC1 (P=0.001) and Aβ 

(P=0.01) (Figure 7D and F). The functional affects were reversed upon transfection with the 

complementary anti-miRs-137 and -181c (Figure 7C and E). Thus, the loss of the suppressing 

activity of miR-137 and miR-181c led to increased Aβ production in cell culture. Additionally, 

transient overexpression of SPTLC1 (P=0.033) restored/increased Aβ expression levels in cells 

co-transfected with miR-137/-181c (P=0.005) (Figure 7D and F). In order to assess the direct 

role of miR-137, miR-181c, and thus SPTLC1 on Aβ expression, “target protectors” were 

designed against the targeted site on SPTLC1 for miR-137 and miR-181c. Primary astrocytes 

expressing the human APP Swedish mutation were transiently transfected with miR-137 or miR-

181c along with their respective “target protectors” (Figure 7G, H, I and J). Both SPTLC1 and 

Aβ expression levels decreased significantly upon transfection with miR-137 (Figure 7G and I) 

or miR-181c (Figure 7H and J) along with a negative target protector. SPTLC1 and Aβ 

expression levels remained unchanged upon transfection with miR-137 (Figure 7G and I) or 

miR-181c (Figure 7H and J) along with their respective target protectors. Additionally, the 

transfection of anti-miR-137 (Figure 7G and I) or anti-miR-181c (Figure 7H and J) significantly 

increased Aβ and SPTLC1 expression levels.  
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2.4 DISCUSSION 
 

I found a subgroup of sporadic AD patients exhibited increased levels of ceramides (this 

study and refs. (Cutler et al., 2004; He et al., 2010)) suggesting that ceramide may be a potential 

target for the treatment of AD. Increased ceramide levels have been associated with increased 

neutral SMase (N-SMase) levels in AD where Aβ induced N-SMase (Jana and Pahan, 2010). In 

this study I observed that the Aβ levels increased with overexpression of SPTLC1. Therefore, 

ceramide rise through the de novo synthesis pathway upregulates Aβ levels, and the Aβ in turn 

may induce N-SMase activity to reinforce the production of ceramide, and thereby propagate a 

continual cycle of ceramide-Aβ generation.  

I identified that a subgroup of sporadic AD patients exhibit increased levels of ceramides 

with concomitant increase in SPTLC1 and SPTLC2 protein expression levels in their brain 

cortices. This coupled with our animal and cell culture studies suggests that SPT may be a novel 

target for the treatment of AD. Further, SPTLC1/2 mRNA levels in these AD patient samples did 

not differ significantly from the levels in the control samples. This in combination with the 

luciferase assays and primary cell culture data suggests SPTLC1/2 may be post-transcriptionally 

regulated through miRNAs. Along these lines, I found negative correlations/relationships 

between the expression levels of miR-137/-181c and SPTLC1, and between miR-9/-29a/b-1 and 

SPTLC2 protein expressions, in sporadic AD brains, and developing, diet and gender specific 

mouse brains.  

Apart from changes in miRNA expressions, binding sites for the transcription factor 

NFκB have been identified in the promoter region of Sptlc2 (Chang et al., 2011). However, this 

regulation may be tissue- and stimuli-specific as the tested experimental conditions did not 
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impact brain SPT activity (Memon et al., 2001). Further, a significant increase in SPTLC2 

protein levels was observed in human glioma tissue with only a slight increase in SPTLC2 

mRNA (An et al., 2009). Interestingly, miR-29b is downregulated in glioblastomas (Cortez et al., 

2010) suggesting miR-29b could be involved in elevating the SPTLC2 protein levels. In this 

present study I observed that SPTLC1 and SPTLC2 mRNA expression levels remained 

unchanged in the brain cortices of AD patients, as well as in primary astrocytes treated with 

palmitate and in mice fed a high-fat diet. This was also observed with development and in both 

genders of mice. Further, correlation analyses coupled with the transfection studies in cells 

suggest changes in the miRNA levels, miR-137, -181c, -9 and 29a/b-1, could contribute to 

altered SPTLC1 and SPTLC2 expression levels in this subgroup of sporadic AD patient samples. 

Of the miRNAs identified to regulate SPT expression, increased expression levels of miR-137 

has been shown to induce neurogenesis in hippocampus (Szulwach et al., 2010) while miR-9 is 

involved in neurogenesis and differentiation (Gao; Coolen and Bally-Cuif, 2009). In addition, 

(Hebert et al., 2008) and (Cogswell et al., 2008) observed down-regulated miR-9 levels in AD 

patient brains, whereas (Lukiw, 2007) detected an up-regulation in AD. In contrast, miR-29a/b-1 

was observed to be consistently down-regulated by (Hebert et al., 2008), (Wang et al., 2008) and 

(Shioya et al., 2010) in AD brains. Similarly, (Hebert et al., 2008) also detected down-regulated 

miR-181c expression levels in these patients. Consistent with these reports I found miR-181c, -9 

and 29a/b-1 levels are down-regulated in the frontal cortex of the sub-group of AD patients in 

this study. In addition, I observed that miR-137 was also down-regulated in the frontal cortex of 

these 7 AD patients. In support of this, chromosome 1p13.3-q31.1 region which includes the map 

location of miR-137, chromosome 1p21, has been linked to late-onset-AD (Butler et al., 2009). 

The map location of miR-181c, chromosome 19p13.13, has also been linked to late-onset-AD 
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(Butler et al., 2009). I observed the suppression of SPTLC1 by miR-137 and miR-181c reduced 

Aβ expression levels in a target specific manner while over-expression of SPTLC1 and inhibition 

of miR-137 and miR-181c increased Aβ expression levels. This coupled with the fact that over-

expression of BACE1 did not increase Aβ levels even though it increased β-CTF levels (Hebert 

et al., 2008), leaves open a possible role of ceramide, mediated by SPT, in transporting BACE1 

and γ-secretase to the lipid rafts for amyloidogenic processing of APP. Inactive BACE1 and γ-

secretase resides outside of the lipid rafts under non-pathological settings allowing non-

amyloidogenic processing of APP, while under disease state the ceramides facilitate the 

trafficking of these pathogenic secretases to lipid rafts where they become active to produce Aβ 

(Cordy et al., 2003; Vetrivel et al., 2005; Ebina et al., 2009). Ceramide also increases Aβ 

production by stabilizing BACE1 (Puglielli et al., 2003; Costantini et al., 2007; Patil et al., 2007) 

through increased acetylation (Ko and Puglielli, 2009). MiR-9 and miR-29a/b previously have 

been identified as potential suppressors of BACE1 and thus associated with sporadic AD (Hebert 

et al., 2008). Given that SPT is also regulated by miR-9 and miR-29a/b-1, it further strengthens 

the contribution of SPT to the etiology of sporadic AD.  

Of the miRNAs identified to regulate SPTLC1 expression, miR-137 was shown to be 

negatively regulated in adult neural stem cells, epigenetically and transcriptionally by MeCP2 

and Sox2 through direct binding to the 5’ regulatory region (Szulwach et al., 2010). Research 

conducted to treat Rett syndrome, a disease caused by mutations in MeCP2, indicates that a high-

fat diet may increase MeCP2 levels (Haas et al., 1986; Liebhaber et al., 2003), providing a 

potential explanation for the reduced miR-137 levels in mice fed a high-fat diet. The other 

miRNA identified to regulate SPTLC1, miR-181c, is positively regulated by Akt1 at the 

transcriptional level (Androulidaki et al., 2009). Akt activity is reduced in response to high-fat 
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diet (Tremblay et al., 2001), providing a possible mechanism for our observations that miR-181c 

expression levels are reduced in mice fed a high-fat diet. Of the miRNAs identified to regulate 

SPTLC2 expression, miR-9 is negatively regulated by RE1-silencing transcription factor (REST) 

but positively regulated by cAMP-response element binding protein (CREB) (Laneve et al., 

2010). High-fat has been shown to suppresses CREB protein expression in the liver (Inoue et al., 

2005) providing a possible explanantion for the reduced miR-9 expression levels observed in 

high-fat diet fed mice. 

Many studies suggest that dysregulation of miRNA expression is aging-associated, and 

contributes to AD (Niwa et al., 2008). Additionally, increased DNA methylation have led to 

down-regulated expressions of miR-137 (Langevin et al., 2010) and miR-29 family (Koturbash 

et al., 2011) in females, indicative of differential expression of miRNA in a gender-specific 

manner and further supporting our observations in the mice study. Furthermore, maternal high-

fat diet has been shown to influence differential expression of mouse hepatic miRNAs in 

offsprings including down-regulation of miR-29a (Zhang et al., 2009). I observed a reduction of 

miR-137, -181 and -29a/b-1 expressions in females compared to males and a down-regulation of 

miR-137, -181c and -9 expression levels with high dietary fat intake. This raises an intriguing 

possibility that women consuming high-fat diets may be at higher risk for SPT dysregulation and 

thus AD. Therefore, our results lend support to epidemiological factors such as age, gender and 

diet epigenetically regulating miRNAs and contributing to loss-of-function of miR-137, -181c, -9 

and 29a/b-1, resulting in reduced suppression of SPT expression, and thereby increasing the 

ceramide levels and Aβ generation seen in sporadic AD. 
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Group Ref # Age Sex Braak  PMI MMSE Front NP  Front NFT ApoE 
        Stage   score  count  count allele 
                    

Control 1132 95 F 0 3.50 26 3 0 3/4 
Control 1159 86 F 0 3.50 28 0 0 3/3 
Control 1165 92 M 0 3.33 28 10 0 3/3 
Control 1187 85 F 0 2.50 28 0 0 3/3 
Control 5163 96 M 2 7.25 27 0 0 2/3 
Control 1206 94 F 2 2.25 27 0 0.4 3/3 
Control 1221 81 M 2 2.83 29 5.6 0 3/3 
AD 1013 80 M 5 2.50   5.8 1   
AD 1073 83 F 5 4.00 4 8.6 3.4 2/4 
AD 1098 81 F 5 2.75 15 6.2 2 3/3 
AD 1174 96 M 5 3.50 22 19.2 4 2/3 
AD 1194 99 F 5 2.10 16 15.4 3.4 3/4 
AD 1201 94 M 5 2.00 22 6 0.2 3/3 
AD 1215 91 F 5 3.00 13 15.2 7.2 3/3 

 
 
Table 1: Patient information. Patient information including reference number (Ref #) age, 

gender, braak stage, post mortem interval (PMI), MMSE score, neuritic plaque (NP) count, 

neurofibrillary tangle (NFT) count and ApoE genotype. This information was provided by the 

University of Kentucky (UK) Alzheimer's disease center tissue bank (ADC). 
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Figure 1: SPTLC1 and SPTLC2 are up-regulated in sporadic AD brain. (A) Ceramide 

levels, d18:1; 16:0 and d18:1; 18:0 were significantly increased in the subgroup of AD patients 
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Figure 1 (cont’d) 

  

(Figure 1 legend continues) (n=7). (B) Sphingomyelin d18:1; 16.0 were significantly increased 

while d18:1; 18:0 levels were unchanged in the subgroup of AD patients. The frontal brain 

cortices were analyzed via tandem mass spectrometry and the normalized concentrations are 
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Figure 1 (cont’d)                                                                                                                

(Figure 1 legend continues) shown as a percentage of the average control (n=7). The samples 

were normalized to internal standard (d18:1, 12:0) concentration and to brain total protein 

concentration. (C) Western blot of SPTLC1 (probed with LCB1 antibody), SPTLC2 and Aβ-

3kDa fragment (probed with 4G8 antibody), See Table 1 for neuritic plaque numbers in 

individual brains. (D) SPTLC1 and SPTLC2 protein levels of frontal cortices of control brains 

(n=7) vs. sporadic AD brains (n=7) were determined by western blotting and the expression 

levels were quantified by normalizing to GAPDH and is represented as a percentage of the 

control brain average expression. (E) qRT-PCR of SPTLC1 and SPTLC2 mRNA from control 

(n=7) and sporadic AD patients (n=7). Relative expressions shown are normalized to GAPDH 

and control brain average expressions. (F) SPTLC1 and SPTLC2 protein quantification of wild-

type primary rat astrocytes treated with palmitate for 24 hrs. Error bars represent standard error 

derived from three independent experiments and normalized to β-Actin and represented as a 

percentage of the control treatment (BSA) expression (*, p<0.05). (G) qRT-PCR of Sptlc1 and 

Sptlc2 mRNA from wild-type primary rat astrocytes treated with palmitate and BSA. Relative 

expressions shown are normalized to Gapdh and expressions in BSA control treatment. Error 

bars represent standard error derived from six or more independent experiments. The statistical 

significance between control and AD brains, and palmitate and BSA treatments, were determined 

by 2-tailed student t tests. 
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Figure 2: SPTLC1 and SPTLC2 are miRNA targeted genes. (A) Human SPTLC1 3’UTR 

luciferase and Renilla luciferase constructs were transfected into wild-type rat primary astrocytes 

with the indicated miRNA oligonucleotides at a final concentration of 100 nM. Normalized (to 

Renilla) sensor luciferase activity is shown as a percentage of the SPTLC1 3’UTR plasmid. Error  
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Figure 2 (cont’d) 

  

(Figure 2 legend continues) bars represent standard errors derived from three or more 

experiments (*, P<0.02). (B) Human SPTLC2 3’UTR luciferase and Renilla luciferase constructs 
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Figure 2 (cont’d) 

 

(Figure 2 legend continues) were transfected into wild-type rat primary astrocytes with the  
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Figure 2 (cont’d) 

 

(Figure 2 legend continues) indicated miRNA oligonucleotides at a final concentration of 100 

nM. Normalized (to Renilla) sensor luciferase activity is shown as a percentage of the SPTLC2 

3’UTR plasmid. Error bars represent standard errors derived from four or more experiments (*, 

P<0.007). (C) and (D) Representative western blot analysis of endogenous SPTLC1 (probed 

with LCB1) and SPTLC2 in wild-type primary astrocytes treated with 100nM (final 

concentration) of miRNA (oligonucleotides) or anti-miRs (anti-sense), with scrambled siRNA as 

controls. (E) and (F) Quantification of endogenous SPTLC1 and SPTLC2 protein levels by 

normalizing to β-actin or GAPDH. (G) and (H) Cellular ceramide levels of primary rat 

astrocytes transfected with miRs or anti-miRs. Cellular ceramide levels were analyzed via 

tandem mass spectrometry and the normalized concentrations are shown as a percentage of the 

scrambled siRNA. The samples were normalized to internal standard (d18:1, 12:0) concentration 

and to cellular total protein concentration. Error bars represent standard errors derived from three 

or more experiments conducted with 48-72 hr transient transfections. (I) Cellular wild-type rat  
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Figure 2 (cont’d) 

(Figure 2 legend continues) primary astrocytes, neurons, and 6 month old mouse brain cortical 

endogenous miRNAs expression levels were quantified by qRT-PCR. Relative expressions 

shown are normalized to RNU6B. Statistical significance between scrambled siRNA and 

candidate miRs treated primary astrocytes was determined by 2-tailed student t tests. 
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Figure 3: Misregulation of miR-137,-181c,-9 and -29a/b-1 in AD brain. (A) miR-137, -181c, 

(B) -9, and (C) -29a and -29b-1 levels were quantified by qRT-PCR in controls (n=7) and AD 

(n=7) frontal brain cortices. Relative expressions shown are normalized to RNU6B and average 

control brain expressions. The statistical significance between control and AD brains were 

determined by 2-tailed student t tests. (D-E) Spearman's correlation test demonstrates significant  
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Figure 3 (cont’d) 

  

(Figure 3 legend continues) negative correlation between miR-137, -181c and SPTLC1 

expression in the entire sample set (control and AD) (n=14). (F-H) Spearman's correlation test 

demonstrates significant negative correlation between miR-9, -29a, -29b-1 and SPTLC2 

expression in the entire sample set (control and AD) (n=14). The significance of the correlation 

was determined by two-tailed T distribution tests. 
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Figure 4: Developmental co-regulation of miR-137,-181c, -29a, 29b-1, SPTLC1 and 

SPTLC2. (A) Western blot analysis of SPTLC1 and SPTLC2 of postnatal day 0 (P0) to 18  
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Figure 4 (cont’d) 

  

(Figure 4 legend continues) month old mouse brain cortices (n=3 for each age group). Gapdh 

was used as the loading control. (B) Quantification of SPTLC1 expression from Western blots 

normalized to GAPDH and the average expressions represented as a percentage of average P0 

expression. (C) Quantification of SPTLC2 expression from Western blots normalized to GAPDH 

(n=3 for each age group) and the average expressions represented as a percentage of average P0 

expression. (D) Relative expression levels of miR-137, and -181c, (E) -9, -29a and -29b-1 were 

measured by qRT-PCR in mouse brain cortices with RNU6B used as the normalizing control. 

(F) Relative mRNA expression levels of Sptlc1 and Sptlc2 were measured by qRT-PCR with 

Gapdh as the normalizing control.  
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Figure 5: Regulation of miR-137,-181c, -9, SPTLC1 and SPTLC2 with diet. Male wild-type  
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Figure 5 (cont’d) 

 

(Figure 5 legend continues) mice were fed a 60%kcal diet for a period of 5 months starting at 4 

months of age. (A) Ceramide levels, d18:1; 16:0 and d18:1; 18:0 were significantly increased in 

mice fed a high-fat diet (n=3). The brain cortices were analyzed via tandem mass spectrometry 

and the normalized concentrations are shown as a percentage of the average control chow diet 

fed mice (n=3). The samples were normalized to internal standard (d18:1, 12:0) concentration 

and to brain total protein concentration. (B) Western blot analysis of SPTLC1 and SPTLC2 in 

brain cortices of mice fed a control diet (n=3) or high-fat diet (n=3). GAPDH was used as the 

loading control. (C) Sptlc1 and Sptlc2 mRNA expression levels were measured by qRT-PCR. 

Relative expressions shown are normalized to Gapdh and average expression levels in the chow 

control diet. (D and E) The expression levels of miR-137, -181c, -9, (*, P<0.04) -29a and -29b-1 

in high-fat diet fed mice cortices were measured by qRT-PCR. Relative expressions shown are 

normalized to RNU6B and average chow control diet expressions. (F and G) The expression 

levels of miR-137, -181c, -9, (*, P<6.0E-05) -29a and -29b-1 in palmitate-treated astrocytes were 

measured by qRT-PCR. Relative expressions shown are normalized to RNU6B and BSA control  
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Figure 5 (cont’d)  

(Figure 5 legend continues) treatment expressions. Error bars represent standard errors derived 

from 6 or more experiments. The statistical significance between control chow diet and high-fat 

diet, and palmitate and BSA treatments, were determined by 2-tailed student t tests. 
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Figure 6: Gender specific differential regulation of miR-137, -181c, -29a, 29b-1, SPTLC1 

and SPTLC2.  (A) Ceramide, d18:1; 18: and d18:1; 16:0 were measured in 9 month old male 

(n=7) and female (n=7) wild-type mice brain cortices by tandem mass spectrometry and the 

normalized concentrations are shown as a percentage of the males (n=7). The samples were 

normalized to internal standard (d18:1, 12:0) concentration and to brain total protein 

concentration (*, P<0.005). (B and C) SPTLC1 and SPTLC2 protein quantification from 

Western blots of the brain cortices of females normalized to GAPDH and the average expression 
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Figure 6 (cont’d) 

   

(Figure 6 legend continues) levels represented as a percentage of the average male expression 

levels (*, P<0.02). (D) Sptlc1 and Sptlc2 mRNA expression levels were measured by qRT-PCR. 

Relative expressions shown are normalized to Gapdh and average male expressions. (E) The 

expression levels of miR-137 and -181c (*, P<0.04) and (F) miR-29a/b-1 (*, P<0.04) and -9 

were measured by qRT-PCR. Relative expressions shown are normalized to RNU6B and average 

male expressions. The statistical significance between male and female expressions was 

determined by 2-tailed student t tests. 
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Figure 7: Modulation of SPTLC1 and Aβ by miR-137 and -181c. Spearman's correlation test 

demonstrates significant positive correlation between (A) SPTLC1 protein (western blot) and 

Aβ42 protein (ELISA) expressions, and (B) SPTLC2 protein (western blot) and Aβ42 protein 

(ELISA) expressions in the brain cortices of the subgroup of samples (control and AD) (n=14).  
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Figure 7 (cont’d) 

  

(Figure 7 legend continues) The significance of the correlation was determined by two-tailed T  
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Figure 7 (cont’d) 

(Figure 7 legend continues) distribution tests. (C and E) Western blot analysis of SPTLC1 

(probed with LCB1 antibody) and cellular Aβ (3kD-probed with Aβ antibody) levels in primary 

astrocytes expressing APP Swedish mutation following transfection with miRs alone or in 

combination with anti-miRs. (D and F) Western blot analysis of SPTLC1 (probed with LCB1 

antibody) and cellular Aβ (3kD-probed with Aβ antibody) levels in primary astrocytes 

expressing APP Swedish mutation following transfection with miRNA alone or in combination 

with human SPTLC1 cDNA. (G and I) miR-137 along with either negative or positive “target 

protectors” or anti-miR-137, and (H and J) miR-181c along with either negative or positive 

“target protectors” or anti-miR-181c were transfected into primary astrocytes expressing APP 

Swedish mutation. β-actin or GAPDH was used as the loading controls. Error bars represent 

standard errors derived from three or more experiments conducted with 48 hr transfections (final  
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Figure 7 (cont’d) 

(Figure 7 legend continues) concentration of 100 nM). Statistical significance between 

scrambled siRNA and candidate miRs treated primary astrocytes were determined by 2-tailed 

student t tests. 
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CHAPTER 3: BLOOD SERUM MIRNA: NON-INVASIVE BIOMARKERS FOR 

ALZHEIMER’S DISEASE 

Publication: Geekiyanage, H., Jicha, G. A., Nelson, P. T., Chan, C., 2012. Blood serum miRNA: 

Non-invasive biomarkers for Alzheimer's disease. Experimental Neurology 235(2): 491-6 

 

ABSTRACT 

 

There is an urgent need to identify non-invasive biomarkers for the detection of sporadic 

Alzheimer’s disease. I previously studied miRNAs in AD autopsy brain samples and reported a 

connection between miR-137, -181c, -9, -29a/b and AD, through the regulation of ceramides. In 

this study, the potential role of these miRNAs as diagnostic markers for AD was investigated. I 

identified that these miRNAs were down-regulated in the blood serum of probable AD patients. 

The levels of these miRNAs were also reduced in the serum of AD risk factor models. Although 

the ability of these miRNAs to conclusively diagnose for AD is currently unknown, our findings 

suggest a potential use for circulating miRNAs, along with other markers, as non-invasive and 

relatively inexpensive biomarkers for the early diagnosis of AD, however, with further research 

and validation. 

 
Keywords: Alzheimer’s disease, microRNA, blood serum 
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3.1 Introduction 
 

Alzheimer’s disease is the most common cause of dementia with a worldwide population 

of over 24 million, a number expected to double in the next 15 years (Ferri et al., 2005). Early 

and accurate diagnosis of AD is crucial, enabling early treatments to slow or delay the 

progression of the disease and provide prognostic information. Current methods of neuro-

imaging biomarkers include magnetic resonance imaging (MRI) structural analyses (Barber; 

Mungas et al., 2002). However, the sensitivity of these imaging techniques does not afford 

sufficient demarcations in the medical temporal atrophy between AD and non-AD dementia to 

provide clear and decisive diagnosis (Wahlund et al., 2000; Scheltens et al., 2002). Functional 

neuro-imaging techniques have been developed for probable diagnosis (Ballard et al., 2011), but 

again with insufficient accuracy in discriminating between AD and control individuals (Dougall 

et al., 2004). Even though positron emission tomography (PET) (PiB) imaging has been able to 

distinguish cases with probable AD from normal and non-AD cases, wide variations in 

sensitivity and specificity have been reported (Patwardhan et al., 2004). Aβ (Sjogren et al., 2002) 

and hyperphosphorylated tau (de Souza et al., 2011) levels in the cerebrospinal fluid (CSF) have 

also been suggested as diagnostic markers for AD and show great promise. However, the ability 

to identify biomarkers through less invasive procedures, such as in a blood test, would be 

significant. Attempts to measure Aβ levels in blood, thus far, have led to inconsistent results 

(Irizarry, 2004; Blennow et al., 2010; Hampel et al., 2010; Ballard et al., 2011; Hansson et al., 

2011).  

In addition to proteins, blood serum contains circulating miRNAs, endogenous small 

RNAs of 21–25-nucleotides that post-transcriptionally regulate gene expressions (Lagos-

Quintana et al., 2001). MiRNAs have been reported to be transported in blood in liposomes 
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(Kosaka et al., 2010), high density lipoproteins (Vickers et al., 2011), Argonaute2 (Arroyo et al., 

2011; Turchinovich et al., 2011), and other proteins (Wang et al., 2010a), protecting them from 

being degraded. Recently, circulating miRNA levels have been proposed as potential diagnostic 

tools for a number of diseases (Gilad et al., 2008; Wang et al., 2010a; Zeng et al., 2011). 

MiRNAs have been shown to be differentially expressed in AD patients (Lukiw, 2007; Cogswell 

et al., 2008; Hebert et al., 2008; Wang et al., 2008) and altered in response to Aβ (Schonrock et 

al., 2010). In the previous study I showed that miR-137, -181c, -9 and -29a/b are involved in AD 

by modulating ceramide levels (Geekiyanage and Chan, 2011). I showed that ceramides, a 

sphingolipid, are increased in the brain cortices of a subgroup of sporadic AD patients along with 

SPT levels, the rate limiting enzyme in the de novo synthesis of ceramide. I demonstrated that 

SPTLC1 and SPTLC2, two subunits of SPT, are post-transcriptionally regulated by miR-137/-

181c; and miR-9-29a/b, respectively. I observed significant correlations between SPT, their 

corresponding miRNAs (miR-137, -181c, -9 and -29a/b), and Aβ in the autopsy AD brain 

samples, as well as a direct involvement of SPT and miR-137/-181c in Aβ production through 

transfection studies. Hebert et al. (Hebert et al., 2008) had previously demonstrated the 

involvement of miR-29a/b in Aβ production. In addition, I showed negative relationships 

between SPT and their respective miRNAs in AD risk factor models, where miRNA levels were 

observed to decrease in mice fed a high-fat diet and in female mice, thereby suggesting a 

potential therapeutic value (Geekiyanage and Chan, 2011). Here, I investigated the expression 

levels of these miRNAs in the blood sera of a subgroup of mild and severe sporadic AD patients 

and mouse risk factor models to assess the potential of using these miRNAs as early diagnostic 

markers. 
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3.2 Material and Methods 
 

Patient information. AD (n=7), MCI (n=7) and control (n=7) blood serum samples were 

from the University of Kentucky (UK) Alzheimer's disease center tissue bank (ADC). The 

samples have been clinically diagnosed by neurologists, neuropsychologists, and other staff 

members in the ADC clinic.  A complete description of the samples including age of the patient, 

gender, MMSE scores and the clinical diagnoses is provided in Table 2. The standard MMSE 

test in the UDS battery was used with no correction factors. The discrimination of AD, MCI and 

control cases were performed using current consensus-based methodologies which are previously 

well-described in a clinical-pathological consensus conference (Jicha et al., 2011). Based on this 

study, I placed individuals with MMSE scores of 29 and 30 (n=7) in the “control” group and 

individuals with MMSE scores of 10-20 (n=6) and 1 subject with MMSE score of 8 in the 

“probable AD” group. Finally, based on Jicha, et al. 2011, I placed subjects with MMSE scores 

of 23-28 in the “MCI/probable Early AD” group. The MCI subjects included in this study only 

contains patients exhibiting amnestic MCI (indicative of prodromal AD) and not indicative of 

other type of MCI (e.g., vascular changes on MRI, or Parkinsonism). The patient dietary 

information is not available. Blood samples were obtained from living research subjects with 

appropriate IRB approval. Blood sera were separated by centrifugation at 3000 rpm for 5 min. 

 

Mice blood serum collection. Wild type C57/BL on a hybrid background, C3H/He 

(Charles River) x C57BL/6 (Jackson laboratories) were used in the diet and gender specific 

studies. Blood was collected from mice under anesthesia through puncturing of the aorta into 

venous collection tubes coated with clot activator and silicone. Blood serum was separated by 

centrifugation at 1600 g for 15 min following 30 min of clotting at room temperature. All 
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procedures conducted were approved by the Institutional Animal Care and Use Committee at 

Michigan State University. 

 

Quantitative RT-PCR (qRT-PCR). Total miRNAs were extracted using miRNeasy 

Mini Kit (Qiagen) and RNeasy MinElute Cleanup Kit (Qiagen) and total RNA was quantified 

using ND-1000 nanodrop spectrophotometer. Quality control was performed by assessing the 

OD ratio of 260/280 nm. In addition the PCR products were run on agarose gels. qRT-PCR was 

conducted using miScript SYBR Green PCR Kit (Qiagen) and MyiQ real time PCR detection 

system following reverse transcription using miScript Reverse Transcription Kit (Qiagen) 

according to manufacturer’s instructions. All miRNA primers were purchased from Qiagen and 

the relative expressions were calculated using the comparative CT method with spiked cel-miR-

39 (Kroh et al., 2010), internal miR-22, internal miR-191 and internal miR-126 as the 

normalizing controls for human sera and internal miR-22 as the normalizing control for mouse 

sera. Quantitave RT-PCR was conducted in triplicates (technical replicates). 

 

Statistical analysis. Statistical significances were determined using both 2 tailed t tests 

and Mann-Whitney tests for the human sera samples and 2 tailed t tests were used on mice sera 

samples. 

 

3.3 Results 
 

MiRNAs are down-regulated in blood serum of probable AD patients 

The expression levels of the miRNAs, that were previously shown to regulate SPT and 

Aβ, and were down-regulated in the brain cortices of a subgroup of sporadic AD patients 
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(Geekiyanage and Chan, 2011), were quantified in blood sera of 7 control (MMSE scores 29 and 

30), 7 amnestic MCI/ probable early AD (MMSE scores 23-28) and 7 probable sporadic AD 

(MMSE scores 8-19) subjects (see Table 2 for patient information). Currently there is no 

generally agreed upon normalizing RNA with respect to blood serum or plasma. The generally 

used normalizing ribosomal RNA (RNU6B etc.) in miRNA analysis is typically not present in 

the blood. Therefore, the human blood sera from patients were spiked with C-elegance miRNA-

39, cel-miR-39 (Kroh et al., 2010), prior to miRNA extraction. Cel-miR-39 was selected as it 

demonstrates no sequence homology to any known human, mouse, or rat miRNA. In addition 

miR-22 and miR-191 are abundantly expressed in the blood serum (Qiagen, 2011) and have not 

shown to be differentially expressed in the literature with respect to AD and therefore were also 

used for normalization. Further, I have observed that miR-126 expression levels remained 

unchanged in the brains of AD patients. Therefore, the expressions of the respective miRNAs in 

the blood serum were also normalized to miR-126. The expression levels of miR-137, miR-181c, 

miR-9, miR-29a and miR-29b (Figure 8) were significantly (both P<0.05, student’s t test and 

Mann-Whitney test) down-regulated in the blood serum of probable AD patients when 

normalized to spiked cel-miR-39 (Figure 8A), internal miR-22 (Figure 8B), internal miR-

191(Figure 8C) or internal mir-126 (Figure 8D). The expression levels of the respective miRNAs 

(Figure 8) were significantly (both P<0.05, student’s t test and Mann-Whitney test) down-

regulated in the blood serum of amnestic MCI/ probable early AD patients when normalized to 

spiked cel-miR-39 (Figure 8A), internal miR-22 (Figure 8B), internal miR-191(Figure 8C) or 

internal mir-126 (Figure 8D) with the exception of miR-137, where the down regulation was not 

statistically significant when normalized to spiked cel-miR-39 and internal miR-191. However, a 
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statistical significance may be achieved with the exclusion of the case exhibiting an MMSE score 

of 28, from the amnestic MCI/ probable early AD group.  

 

Decreased miRNA expression levels in the blood serum of high-fat diet fed mice  

High dietary fat intake is identified as a potential risk factor for AD (Refolo et al., 2000; 

Oksman et al., 2006; Julien et al., 2010; Baker et al., 2011; Bayer-Carter et al., 2011). I 

previously showed that the expression levels of miR-137, miR-181c and miR-9 were down-

regulated in the brain cortices of high-fat diet fed mice (Geekiyanage and Chan, 2011). The 

miRNA expression levels were measured in the blood serum of male wild-type mice fed a 60% 

kcal high-fat diet for a period of 5 months (starting at 4 months of age). In accordance with the 

expression levels in the brain, the expression levels of miR-137 (P=0.045, student’s t test), miR-

181c (P=0.046) and miR-9 (P=0.03) (Figure 9) expression levels were down-regulated in the 

blood serum of mice fed a high diet (see Appendix B, Figure 28 for correlations). As the 

expression levels of miR-22 were stable across the human sera samples, miR-22 was used for 

normalization of miRNA expressions in the sera of mice fed a high-fat diet.  

 

miRNA are differentially expressed in blood serum according to gender 

Research suggests that AD pathology may be more prevalent in females than in males 

(Bachman et al., 1992; Henderson and Buckwalter, 1994; Ripich et al., 1995; Brookmeyer et al., 

1998; McPherson et al., 1999; Alberca et al., 2002; Burns and Zaudig, 2002). I previously 

reported that the miR-137, miR-181c and miR-29a/b-1 expression levels are down-regulated in 

the cerebral cortices of female wild-type mice compared to males (Geekiyanage and Chan, 

2011). Here I demonstrate that the expression levels of miR-137 (P=0.01), miR-181c (P=0.02) 
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and miR-29b-1 (P=0.046) expression levels are down-regulated (Figure 10) in the blood serum 

of female mice (9 months of age) vs. male mice. However, the expression levels of miR-29a did 

not differ between the groups. As the expression levels of miR-22 were stable across the human 

sera samples, miR-22 was used for normalization of miRNA expressions in female vs. male mice 

sera. 

 

3.4 Discussion 
 

MiRNA levels were down-regulated in the sera of patients with probable AD (MMSE 

scores 8-19) and amnestic MCI/probable early AD (MMSE scores 23-28) compared to normal 

patients (MMSE scores 29 and 30). This suggests a potential role for these miRNAs as early 

diagnostic markers. Moreover, screening for miRNAs in the sera as biomarkers, that i) directly 

affect a fundamental feature of AD neuropathology, ii) are diagnostically sensitive enough to 

detect, iii) can detect AD early in the course of the disease progression, and iv) are non-invasive, 

simple to perform and inexpensive, make them potentially good diagnostic biomarkers in 

accordance with the criteria described by the National Institute on Aging (1998).  

In the previous study (Geekiyanage and Chan, 2011) I identified that a subgroup of AD 

patients display increased levels of ceramide along with increased SPTLC1/2 protein levels in 

neocortices. However, the SPTLC1/2 mRNA levels did not differ from their control 

counterparts. I observed negative correlations between the expression levels of miR-137/-181c 

and SPTLC1, and between miR-9/-29a/b and SPTLC2 protein expressions, in these autopsy 

brain samples. These results in combination with cell culture studies suggested that SPTLC1/2 

are post-transcriptionally regulated by their respective miRNAs. Similar negative relationships 

were identified between SPTLC1/2 and the corresponding miRNAs in AD risk factor models, i.e. 
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high-fat diet and gender specific. In addition, positive correlations between SPTLC1/2 and Aβ, 

and negative correlations between the respective miRNAs and Aβ were observed in these brain 

samples. Cell culture studies with “target protectors” and over-expression assays showed a direct 

effect of miRNAs on SPT and in turn on Aβ protein expression. These results together suggested 

that these miRNAs and SPT are involved in AD and represents a potential therapeutic target. In 

this current study, I suggest a prospective use for the circulating miRNAs as diagnostic markers. 

I also observed that the same miRNAs were down-regulated in the blood serum of high-

fat diet and gender specific models. Expression of miR-137 is negatively regulated, 

epigenetically and transcriptionally by MeCP2 and Sox2 (Szulwach et al., 2010). Additionally, 

Sox2 genetic polymorphisms are associated with diabetic neuropathy in female patients but not 

in males (Gu et al., 2009), providing a possible explanation for the dysregulation of miR-137 in 

female mice. Research performed on the treatment for Rett syndrome, a disease caused by 

mutations in MeCP2, suggests an increase in MeCP2 levels with the consumption of a high-fat 

diet (Haas et al., 1986; Liebhaber et al., 2003). This may provide a potential explanation for the 

down-regulated miR-137 levels observed in mice fed a high-fat diet. Further, miR-181c is 

positively and transcriptionally regulated by Akt1 (Androulidaki et al., 2009). Akt activity has 

been observed to be decreased in response to high-fat diet (Tremblay et al., 2001), providing a 

possible explanation for the reduced miR-181c levels observed in mice fed a high-fat diet. 

Interestingly, Akt1 expression levels have been shown to decrease considerably with age in the 

myocardial tissue of women (Camper-Kirby et al., 2001) while MeCP2 expression levels 

increases with age in frontal cortices of males and females (Samaco et al., 2004). The reduction 

in Akt expression in these elderly women may provide an explanation for the gender specific 

reduction of miR-181c observed with the mice in this study. However, further analysis is needed 
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including age matched male samples to conclude the gender specific regulation of miR-181c by 

Akt. MiR-9 is negatively regulated by RE1-silensing transcription factor (REST) while it is  

positively regulated by cAMP-response element binding protein (CREB) (Laneve et al., 2010). 

In contrast, NFκB, c-Myc and hedgehog signaling transcriptionally repress miR-29a/b (Mott et 

al., 2010). High dietary fat intake has been shown to activate cortical NFκB in rats (Zhang et al., 

2005); however I did not observe miR-29a/b-1 to be down-regulated in mice fed a high-fat diet. 

Differential expression patterns of hepatic miR-29 family have been observed between different 

mouse strains fed with methyl-deficient diets (Pogribny et al., 2010), suggesting species and 

strain variations may contribute to the unchanged miR-29a/b expression level observed in this 

study. In support of the gender difference observed in the miRNA expressions in this study, 

estrogen is known to protect neurons against inflammation by suppressing the activation of 

NFκB (Wen et al., 2004). However, this protection may be reduced in post-menopausal elderly 

women making them more vulnerable to NFκB mediated suppression of miR-29a/b. 

It must be noted that the blood serum samples used in this study were only clinically 

diagnosed and further studies are necessary to assess their ability to discriminate them from other 

forms of dementia. In addition, independent validation of these miRNAs as biomarkers will also 

be required. I note that the circulating miR-137, -181c, -9 and 29a/b levels are low in the blood 

serum. Nevertheless, the qRT-PCR are able to distinguish specifically between normal and AD 

patients. 

The discrimination of the AD patients was performed using a current consensus-based 

methodology described in  (Jicha et al., 2011). Nevertheless, it is acknowledged that comorbid 

pathologies can contribute to the development of cognitive impairment, and thereby confound 

the application of the Preclinical Alzheimer's disease Workgroup recommendations (Jicha et al., 
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2011). Therefore, I recognize the possibility that some subjects included in this study may 

contain non-AD pathologies. Consequently, all clinical diagnosis may not necessarily coincide 

directly with AD neuropathological features, i.e. some amnestic MCI/probable early AD and 

probable AD subjects included in this study may not develop AD neuropathologies and some 

normal subjects may develop AD. Finally, as with any biomarker, other diseases with similar 

risk factors, cerebovascular disease, cardiovascular disease and diabetes (Beeri et al., 2009; 

Slevin and Krupinski, 2009; Ewers et al., 2010; McClean et al., 2011), may have similar blood 

miRNA profiles. Although, these diseases play a significant role in AD as major risk factors 

(Carlsson, 2010; Caselli et al., 2011; Ettorre et al., 2011), and thus would provide insight into the 

possible risk of developing AD, further studies are needed to determine whether these miRNAs 

can be used to distinguish AD from these other diseases. Therefore, whether these miRNA 

profiles could provide conclusive diagnosis is currently unknown, nonetheless, miRNA profiles 

along with other biomarkers and cognitive tests could potentially provide a more comprehensive 

and early diagnosis and prognosis of AD. 
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MMSE Clinical  Group Age Gender 
  diagnosis based on       
  Jicha et al. 2011       
          

30 Normal Normal 90 Female 
30 Normal Normal 91 Male 
29 Normal Normal 84 Male 
29 Normal Normal 88 Male 
30 Normal Normal 82 Female 
29 Normal Normal 88 Female 
30 Normal Normal 85 Male 
          

25 Early AD Amnestic MCI/Probable Early AD 94 Female 
25 MCI Amnestic MCI/Probable Early AD 85 Female 
28 MCI Amnestic MCI/Probable Early AD 87 Male 
27 MCI Amnestic MCI/Probable Early AD 86 Female 
23 Early AD Amnestic MCI/Probable Early AD 87 Female 
24 Early AD Amnestic MCI/Probable Early AD 88 Female 
25 Early MCI Amnestic MCI/Probable Early AD 89 Female 

          
17 AD Probable AD 89 Female 
16 AD Probable AD 84 Female 
19 AD Probable AD 96 Female 
17 AD Probable AD 90 Male 
8 AD Probable AD 86 Female 
15 AD Probable AD 92 Female 
13 AD Probable AD 80 Male 

     
 
 
Table 2: Patient information. Patient information includes MMSE scores, clinical diagnosis, 

age and gender. This information was provided by the University of Kentucky (UK) Alzheimer's 

disease center tissue bank (ADC). The discrimination of AD and control cases were performed 

using current consensus-based methodologies which are previously well-described in a clinical-

pathological consensus conference (Jicha et al., 2011).  
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Figure 8: Down-regulated miRNA expression levels in probable AD patients. The expression 

levels of miR-137, -181c, -9, -29a and -29b in blood serum of probable AD (n=7), amnestic 

MCI/Probable Early AD (n=7) and control (n=7) patients measured by qRT-PCR. Relative 

expressions shown are normalized to spiked cel-miR-39 (A) internal miR-22 (B) internal miR- 
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Figure 8 (cont’d) 

 

(Figure 8 legend continues) 191 (C) and internal miR-126 (D) and average control patient   
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Figure 8 (cont’d)  

(Figure 8 legend continues) expressions. The statistical significance between control and AD 

sera were determined by 2-tailed student t tests and Mann-Whitney tests (*, P<0.05). 
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Figure 9: Reduced miRNA expression in high-fat diet fed mice. The expression levels of 

blood serum miR-137 (*, P<0.05), -181c (*, P<0.05), -9, (*, P<0.04) -29a and -29b in mice fed a 

high-fat diet were measured by qRT-PCR. The expression of miR-126 is shown as a control. 

Relative expressions shown are normalized to miR-22 and average chow control diet 

expressions. The statistical significance between control and AD sera were determined by 2-

tailed student t tests. 
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Figure 10: Gender specific down-regulation of miRNA. The expression levels of blood serum 

miR-137 (*, P<0.02), -181c (*, P<0.02), -29a, -29b (*, P<0.05), and -9 in male and female mice 

(n=6) were measured by qRT-PCR. The expression of miR-126 is shown as a control. Relative 

expressions shown are normalized to miR-22 and average male (n=6) expressions. The statistical 

significance between control and AD sera were determined by 2-tailed student t tests. 
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CHAPTER 4: INHIBITION OF SPT REDUCES AΒ AND TAU 

HYPERPHOSPHORYLATION IN A MOUSE MODEL, A POTENTIALLY SAFE 

THERAPEUTIC STRATEGY FOR ALZHEIMER’S DISEASE 

Publication: Geekiyanage, H., Upadhye, A., and Chan, C., 2012. Inhibition of SPT reduces Aβ 

and tau hyperphosphorylation in a mouse model, a potentially safe therapeutic strategy for 

Alzheimer’s disease. (In review) 

 

ABSTRACT 

 

The contribution of autosomal dominant mutations to the etiology of familial 

Alzheimer’s disease is well characterized. However, the molecular mechanisms contributing to 

sporadic AD are less understood. Increased ceramide levels have been evident in AD patients. I 

previously reported (Geekiyanage and Chan, 2011) that increased ceramide levels, regulated by 

increased SPT, directly mediate Aβ levels. Therefore, I inhibited SPT in an AD mouse model 

(TgCRND8) through subcutaneous administration of L-cylcoserine (LCS). The cortical Aβ42 

and hyperphosphorylated tau levels were down regulated with the inhibition of SPT/ceramide. 

Positive correlations were observed between cortical SPT, ceramide and Aβ42 levels. With no 

evident toxic effects observed, inhibition of SPT could be a potentially safe therapeutic strategy 

to ameliorate the AD pathology. I previously observed that miR-137, -181c, -9 and 29a/b post-

transcriptionally regulate SPT levels (Geekiyanage and Chan, 2011), and the corresponding 

miRNA levels in the blood sera are potential diagnostic biomarkers for AD (Geekiyanage et al., 

2012). Here, I observe a negative correlation between cortical Aβ42 and sera Aβ42, and a 
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positive correlation between cortical miRNA levels and sera miRNA levels suggesting their 

potential as non-invasive diagnostic biomarkers.  

 

Keywords: Alzheimer’s disease, serine palmitoyltransferase, inhibition, amyloid beta, tau 

hyperphosphorylation, microRNA 
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4.1 Introduction 
 

There is consistent evidence suggesting ceramide, a sphingolipid, is increased in 

Alzheimer’s disease patients (Han et al., 2002; Cutler et al., 2004; Satoi et al., 2005; He et al., 

2010). Several in vitro and in vivo studies indicate associations between ceramides and Aβ, and 

signifying elevated ceramide levels as a possible risk factor for AD (Cutler et al., 2002; Gulbins 

and Kolesnick, 2003; Puglielli et al., 2003; Kalvodova et al., 2005; Mattson et al., 2005). 

Membrane ceramides, the major component of lipid rafts, in addition to stabilizing BACE1 

(Puglielli et al., 2003; Costantini et al., 2007), facilitates Aβ production by translocating the 

pathogenic secretases to the primary location of amyloidogenesis (Lee et al., 1998; Vetrivel et 

al., 2004; Vetrivel et al., 2005; Hur et al., 2008; Haughey et al., 2010), the lipid rafts (Sisodia, 

1992; Cordy et al., 2003; Ehehalt et al., 2003; Wada et al., 2003; Won et al., 2008). In a previous 

study I demonstrated that SPT, the first rate limiting enzyme in the de novo ceramide synthesis 

pathway (Merrill et al., 1985; Hanada et al., 1997; Hannun and Obeid, 2008), regulates ceramide 

levels through elevated SPTLC1 and SPTLC2 levels in AD (Geekiyanage and Chan, 2011). I 

found that SPT, post-transcriptionally regulated by miRNAs, directly regulates Aβ levels in AD 

(Geekiyanage and Chan, 2011). 

Activation of SPT raises ceramide levels (Perry et al., 2000) while inhibition of SPT 

decreases ceramide levels, both in vitro and in vivo (Hojjati et al., 2005b; Holland et al., 2007; 

Patil et al., 2007; Strettoi et al., 2010). L-cylcloserine has been established to be a potent 

inhibitor of SPT (Sundaram and Lev, 1984a, b; Williams et al., 1987). Long-term subcutaneous 

administration of LCS on alternate days for 2 months exclusively reduced brain cerebroside 

levels (Sundaram and Lev, 1989), which essentially consist of ceramides. The route of LCS 
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administration, subcutaneous or intraperitoneal, not only determined the class of glycolipids 

inhibited, but also influenced the extent of the side effects, with minimal toxic effects observed 

with prolonged subcutaneous (as oppose to intraperitoneal) administration (Sundaram and Lev, 

1985). In contrast, oral administration has demonstrated little reduction in brain cerebroside 

levels (Sundaram and Lev, 1989). 

Given that research demonstrate inhibition of SPT decreases neuronal cell death by Aβ 

(Cutler et al., 2004) and induces non-amyloidogenic processing of amyloid beta precursor 

protein (APP) (Sawamura et al., 2004), and our findings that show SPT directly regulates Aβ 

levels (Geekiyanage and Chan, 2011), here I investigated the inhibition of SPT as a potential 

therapeutic strategy for AD.  Concomitantly, our observations show that high-fat diet increases 

cortical ceramide and SPT levels (Geekiyanage and Chan, 2011), and other research suggest high 

dietary fat intake is a potential risk factor for AD (Julien et al., 2010). Therefore, I sought to 

incorporate the dietary risk component into our study, with emphasis on the inhibition of SPT as 

a potential therapeutic strategy for AD. 

 

4.2 Material and Methods 
 

Mice. TgCRND8 mice, an early-onset transgenic mouse model, encoding the double 

mutant form of the amyloid precursor protein 695 (KM670/671NL1V717F) under the control of 

the PrP gene promoter was used for this study (Chishti et al., 2001). DNA was extracted for 

genotyping using QIAamp DNA mini kit (Qiagen) following PCR and gel electrophoresis from 

tail tips from mice ear-tagged for identification. The primers used were APP: 5’-

AACAGAAGGACAGACAGCAC-3’ and 5’-GTTTCCGTAACTGATCCTTG-3’ 
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12 TgCRND8 mice (7 males and 5 females) were fed a control chow diet and 13 

TgCRND8 mice (5 males and 8 females) were fed a 60% kcal high-fat diet (D12492, Research 

Diets) starting at 4 weeks of age and continuing up to 4 months of age, while 13 other TgCRND8 

mice (5 males and 8 females) were administered 10 mg/kg of LCS subcutaneously via surgically 

implanted osmotic pumps (ALZET, 2004) at 3 months of age, that delivered LCS at a constant 

rate of 0.25 uL/hour for a period of 28 days, while being fed the 60% kcal high-fat diet stating 

from 4 weeks to 4 months of age. Mice were selected into the 3 treatment groups based on the 

availability. A computerized randomized selection method was incorporated due to the high 

mortality rate observed in the colony. Mice were randomly assigned to the 3 treatment groups at 

the outset of the experiment (i.e. there was no strategy incorporated to exclusively include or 

exclude mice to a treatment group). Due the high mortality rate, mice were supplemented to each 

treatment group as they became available in order to make the sample sizes relatively equivalent. 

78 mice were fed a control chow diet or a high-fat diet with only 12 mice fed a control chow diet 

and 13 mice (1 eliminated due to infection) fed a high-fat diet surviving to term (4 months of 

age) and 14 mice survived until surgery (3 months of age) (survival rate ~50% (38 out of 78 

survived)). 14 mice were administered with LCS and 13 mice survived to term while 1 mouse 

died of the Pasteurella pneumotropica infection in the colony (survival rate of ~90% from the 

time of surgery (28 days)) (see Appendix C, Figure 29 for random assignment to treatment and 

survival information). All mice were euthanized (12 controls, 13 high-fat diet and 13 LCS 

administered) at 4 months of age and their brains were sectioned for histopathology, and the 

brain cortices and blood sera were extracted for ceramide, protein and RNA analyses.  

The colony had a severe Pasteurella pneumotropica infection which was lethal in 

addition to the 40% mortality rate observed in TgCRND8 mice (Chishti et al., 2001). Infected 
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mice from the control chow diet and high-fat diet categories were treated with Baytril (Bayer) 

subcutaneously or orally (dissolved in their daily water consumption). However, all animals, but 

1 in the high-fat diet category, in the control chow and high-fat diet categories that were treated 

with Baytril died from the infection. All mice that underwent surgical implantation were 

administered a single dose of the analgesic meloxicam (1-2 mg/kg) subcutaneously at the time of 

surgery while Baytril (0.003%) was dissolved in their daily water consumption (250 mL) from 2 

days prior to surgery until the time of euthanasia (see Appendix C, Table 3 for information on 

nutrient and drug treatment on the 3 categories). The 1 animal that survived in the high-fat diet 

category treated with Baytril was eliminated from this study to maintain homogeneity in the 

group. This mouse showed increased brain cortical ceramide levels by ~21% (d18:1; 16:0) - 

~37% (d18:1; 18:0) compared with the average ceramide levels in the mice fed a control chow 

diet, possibly suggesting that the reduced ceramide and Aβ42 observed in this study is due to 

inhibition of SPT and not the oral administration of Baytril. It must be noted that a placebo 

control treatment for LCS (i.e. saline) was not incorporated in this study due to the limited 

number of animals available with the increased deaths and slow breeding rates. All procedures 

conducted were approved by the Institutional Animal Care and Use Committee at Michigan State 

University. 

 

Special staining. Tissue samples previously fixed in 10% neutral buffered formalin were 

processed and vacuum infiltrated with paraffin on the ThermoFisher Excelsior tissue processor 

followed by embedding with the Thermo Fisher Histo-Centre III embedding station. Once the 

blocks were cooled, excess paraffin was removed from the edges and placed on a Reichert Jung 

2030 rotary microtome faced to expose the tissue sample. Once the blocks were faced they were 
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cooled and finely sectioned at 8µM. Sections were dried overnight at room temperature followed 

by incubation at 56°C to ensure adherence to the slides for 2 – 24 hours. Slides were removed 

from the incubator and de-paraffinized with 2 changes of xylene for 5 minutes each, 2 changes of 

absolute ethanol for 2 minutes each, 2 changes of 95% ethanol for 2 minutes each, and under 

running tap water for 2 minutes followed by a distilled water rinse. 

 Thioflavin-S staining was conducted according to (Klatt, 1994-2012) with 5 minutes in 

1% aqueous Thioflavin-S followed by 5 minutes in 70% ethanol with several distilled water 

rinses and mounting with aqueous media. 

 Bielschowsky staining was conducted according to (Sheehan, 1980) with modifications. 

A preliminary 20% aqueous silver nitrate impregnation at 37°C for 10 minutes is followed by an 

ammonical silver treatment at 37°C for 8 minutes. 1% ammonium hydroxide stops the fiber 

development and silver is deposited on the neurofibrils and axons, and reduce to a visible 

metallic silver (black) by the actions of the formaldehyde reducing agent in a water bath at 70°C 

for 2-3 minutes followed by 1% ammonium hydroxide and 5% sodium thiosulfate incubations to 

remove any unreduced silver from the tissue. No counter-stain was employed. Dehydration and 

clearing was performed using 1 change of 95% ethanol for 2 minutes, 4 changes of 100% ethanol 

for 2 minutes each, 4 changes of xylene for 2 minutes each, followed by cover-slipping with 

synthetic mounting media for permanent retention and visualization. All staining were conducted 

double-blinded manner. 

 

Immunohistochemistry. Formalin fixed specimens were processed, embedded in 

paraffin and sectioned on a rotary microtome at 4µm. Sections were placed on adhesive slides 

and dried at room temperature followed by 56 ° C overnight drying. The slides were 
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subsequently de-paraffinized in xylene and hydrated through descending concentrations of 

ethanol to distilled water. Slides were placed in Tris buffered saline pH 7.5 for 5 minutes for pH 

adjustment. Heat induced (in a rice steamer for 30 minutes followed by 10 minutes at room 

temperature) or enzyme induced epitope retrieval (10 minutes at 37 °C) was conducted followed 

by subsequent rinses and blocking for endogenous peroxidase using 3% hydrogen 

peroxide/methanol bath (1:4 ratio) for 30 minutes at room temperature followed by running tap 

and distilled water rinses. Following pretreatments, standard avidin – biotin complex staining 

steps were performed at room temperature on the Dako Autostainer by rinsing with Tris buffered 

saline + Tween 20 between staining steps. Slides were blocked for non-specific protein with 

normal goat serum (Vector Labs) for 30 minutes. Endogenous biotin was blocked by incubation 

in avidin D (Vector Labs) and d-biotin (Sigma) for 15 minutes. Rabbit polyclonal antibodies 

were diluted in normal antibody diluent (NAD) (Scytek – Logan) and incubated for 1 hour at 

room temperature. Biotinylated goat anti-Rabbit and IgG H+L (Vector Labs) were diluted to 11 

µg/ml and incubated for 30 minutes followed by a 30 minute incubation with R.T.U. VectaStain 

Elite ABC Reagent (Vector Labs). The reaction was developed with Nova Red (Vector Labs) for 

15 minutes followed by counterstaining in Gill 2 hematoxylin (Richard-Allan Scientific Co) for 

10 seconds and differentiated in 1% aqueous glacial acetic acid and rinsed under running tap 

water. Slides were then dehydrated through ascending grades of ethanol; cleared through several 

changes of xylene and cover-slipped using Flotex permanent mounting media. The sections were 

pretreated with 0.03% Pronase E in TBS at 37°C for 10 minutes for β-amyloid (1:400 dilution) 

(Cell Signalling Technology) and NF200 (1:100 dilution) (Sigma), and Scytek citrate Plus at pH 

6.0 in a steamer (30 minute), and on the bench top (10 minute) for SPTLC2 (1:100 dilution) 



84 
 

(Abcam), with no pretreatment for SPTLC1 (1:100 dilution) (Proteintech group). All staining 

were conducted double-blind. 

 

Quantification of plaques. For Thioflavin-S (fluorescence) and Aβ (transmitted light) 

antibody, whole-brain sections were imaged with an Olympus FluoView FV1000 Confocal Laser 

Scanning Microscope (Olympus America, Inc, Center Vally, PA) configured with the 4x 

UPlanFLN (NA 0.13). Identical imaging parameters were used for all sections. Individual 

images across the brain section were collected using the Multi Area Time Lapse Controller 

within the Olympus FluoView Advanced Software (version 3.1). The individual images were 

then stitched together to generate a single image of the entire brain slice using the Multi Area 

Time Lapse Viewer within the Olympus FluoView Advanced Software. The default threshold 

adjusting parameter with adjusted brightness in the NIH-imageJ particle analyses was used to 

determine plaque area and integrated densities with the same thresholding parameters for all the 

sections while the plaque numbers were counted manually. Imaging quantification and counting 

were conducted in a double-blinded manner. 

 

Bright-field image generation with camera. The Olympus DP72 camera and DP2-

BSW software (version 2.2) were used to generate images under bright-field. The area imaged 

was the right or left cortex area above the hippocampus, configured with either 10x UPlanSApo 

(NA 0.40), 20x UPlanSApo (NA 0.50) or 40x UPlanSApo (NA 1.00) oil immersion objective. 

 

Protein extraction and western blot analysis. Mouse brain cortices, homogenized in 

5M guanidine HCl/ 50mM Tris HCl, were lysed followed by protein extraction and western blot 
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analyses using NuPAGE® Novex 12% Bis-Tris Gels, as described previously (Geekiyanage and 

Chan, 2011). Protein quantifications were conducted by normalizing to β-Actin. Western blots 

were quantified using Quantity One (BioRad) version 4.5. 

 

Enzyme-linked immunosorbent assay (ELISA). Proteins were extracted with 5M 

guanidine HCl/ 50mM Tris HCl from mouse cortices and blood sera. ELISA was performed for 

human-Aβ42 using KHB3441 (Invitrogen) according to the manufacturer’s instruction. The 

cortical Aβ42 levels were calculated by normalizing to the total protein levels measured by 

Bradford’s assay. The experiment was conducted in duplicates (technical replicates). 

 

Quantitative RT-PCR (qRT-PCR). Total miRNAs were extracted from brain cortices 

and blood sera using miRNeasy Mini Kit (Qiagen) and RNeasy MinElute Cleanup Kit (Qiagen), 

total RNA was quantified using ND-1000 nanodrop spectrophotometer as described previously 

(Geekiyanage and Chan, 2011; Geekiyanage et al., 2012). RNU6B was used as the normalizing 

control for cortical samples (Geekiyanage and Chan, 2011) while miR-22, which was found to be 

abundant and stable in blood sera of AD patients, was used as the normalizing control for sera 

samples as described previously (Geekiyanage et al., 2012). The experiment was conducted in 

triplicates (technical replicates). 

 

Ceramide quantification. Lipids were extracted from homogenized mouse brain cortices 

and blood sera according to Bligh and Dyer (Bligh and Dyer, 1959) following tandem mass 

spectrometry (MS/MS) using Quattro Premier XE (Waters), Acquity ultra performance liquid 

chromatography (Waters) (LC-MS/MS) and Mass Lynx 4.1 software. External ceramide 
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standards and C12:0 internal standards were purchased from Avanti, Polar Lipid Inc. The 

experiment was conducted in duplicates (technical replicates). 

 

Lactate Dehydrogenase (LDH) Enzyme Assay. LDH assay kit specific for measuring 

sera LDH levels, IDTox™ LDH color endpoint assay kit was purchased from ID Labs 

Biotechnology Inc. The assay was conducted according manufacturer’s instructions.  

 

Antibodies. The antibodies used were, LCB1 (BD Transduction Laboratories™), 

SPTLC1 (proteintech group), SPTLC2 (Abcam), β-Actin (Sigma), β-Amyloid (cell signaling), 

Phospho-PHF-tau pSer202/Thr205 Monoclonal Antibody (AT8) (Thermo scientific). 

 

Statistical analysis. Statistical significances were determined by Mann-Whitney U tests 

and Spearman’s correlation (2 tailed-T distribution test). 

 

4.3 Results  

 
In order to investigate the inhibition of SPT as a therapeutic strategy for AD, I used an 

early onset transgenic model, TgCRND8, encoding a double mutant form of APP 695 

(KM670/671NL1V717F) under the control of the PrP gene promoter (Chishti et al., 2001). 

TgCRND8 mice were fed a control chow diet (n=12) or a 60% kcal high-fat diet (n=13, referred 

to as “fed a high-fat diet”) starting from 4 weeks to 4 months of age. Another group of mice 

(n=13, referred to as “administered with LCS”) were administered 10 mg/kg of a SPT inhibitor, 

LCS, via subcutaneous surgical implantation of an osmotic pump at 3 months of age, that 

delivered LCS at a constant rate of 0.25 uL/hour for a period of 28 days, while being fed the 60% 
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kcal high-fat diet (stating from 4 weeks to 4 months of age). The mice were euthanized at 4 

months of age and their brains were sectioned for histopathology while their brain cortices and 

blood sera were extracted for ceramide, protein and RNA analyses. 

 

Inhibition of SPT/ceramide decreases cortical Aβ levels  

Mice administered with LCS showed decreased ceramide levels, d18:1;16:0 (P < 0.001, 

Mann-Whitney U test) and d18:1;18:0 (P < 0.01) (Figure 11A), in comparison with mice fed a 

control chow or a high-fat diet. In addition, mice administered with LCS showed decreased Aβ42 

levels (Figure 11B) in comparison with mice fed a control chow (P < 0.001) or a high-fat diet (P 

< 0.01). Furthermore, statistically significant positive correlations were observed between Aβ42 

and ceramide d18:1;16:0 (r= 0.656, p= 7.79E-06, Spearman’s correlation) (Figure 11C), 

d18:1;18:0 (r= 0.56, p= 2.43E-04) (Figure 11D) levels in all treatment groups. Mice fed a high-

fat diet did not demonstrate a statistically significant change in ceramide and Aβ42 levels as 

compared to their control chow diet counterparts. 

The brain sections were stained with thioflavin-S (Figure 12A and B) and antibody (Fig. 

12C) for Aβ plaques. The plaque areas and integrated densities were determined using NIH-

imageJ for thioflavin-S stained sections, while the plaque numbers were manually counted in 

both thioflavin-S (Figure 12A) and antibody (Figure 12C) stained sections. The staining, 

imaging, NIH-imageJ data generation and counting of the plaques were all conducted in a 

double-blinded manner. Statistically significant differences in the plaque numbers (Figure 12D 

and 2E), total plaque area (Figure 12F), average area per plaque (Figure 12G) and integrated 

density (Figure 12H) levels were not observed in the control chow diet (Figure 12I-L), high-fat 
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diet (Figure 12M-P) and LCS administered (Figure 12Q-T) groups. TgCRND8 is an aggressive 

Aβ plaque model thus making them relatively insensitive to modulators of plaque levels (Pedrini 

et al., 2009). This provides a possible explanation for the nominal effect on the Aβ plaque levels 

observed in this research. In addition, the relatively small sample size in each category may also 

have hindered possibilities of any observable significant changes due to insufficient statistical 

power. 

 

High-fat diet increases blood sera ceramide and Aβ42 levels  

Mice fed a high-fat diet showed increased blood sera ceramide levels (Figure 13A), 

d18:1;16:0 (P < 0.01) and d18:1;18:0 (P < 0.01), and Aβ42 levels (P <= 0.01) (Figure 13B), and 

mice administered with LCS also showed statistically significant increase in ceramide levels, 

d18:1;16:0 (P < 0.05), with the exception of d18:1;18:0 where the difference was not statistically 

significant, (Figure 13A); and Aβ42 levels (P < 0.05) (Figure 13B) compared with their control 

chow diet counterparts. Mice administered with LCS did not show statistically significant 

differences in their sera ceramide and Aβ42 levels, as compared to mice fed a high-fat diet. 

However, a statistically significant negative correlation (r= -0.34, p= 0.034) (Figure 13C) was 

observed between cortical Aβ42 and sera Aβ42 levels. Additionally, a stronger negative 

correlation (r= -0.63, p= 6.63E-05) (Figure 13D), was observed between cortical Aβ42 and sera 

Aβ42 levels with the elimination of 4 subjects (Figure 13C, circled) as “outliers". 
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SPT expression levels are decreased with LCS administration 

Decreased SPTLC1 (Figure 14A, 14B) protein expression levels were observed in the 

brain cortices of mice administered LCS in comparison with their high-fat diet fed (Figure 14G-

J) counterparts (P < 0.05). Decreased levels of SPTLC2 (Figure 14A, 14B) were observed in 

mice administered LCS (Figure 14W-Z) in comparison with their high-fat (P < 0.01) (Figure 

14S-V) and control chow (P < 0.001) (Figure 14O-R) diets fed counterparts. SPT consists of 

SPTLC1 and SPTLC2 at a 1:1 ratio (Hanada et al., 2000) and SPTLC1/SPTLC2 complex can be 

modulated through the regulation of SPTLC2, even without parallel regulation of SPTLC1 

(Gable et al., 2000; Yasuda et al., 2003), thus reflecting the similar reductions observed in 

ceramide (Figure 11A) and SPTLC2 (Figure 14B) levels in the brain cortices of mice 

administered with LCS. Nevertheless, I observed statistically significant positive correlations 

between SPTLC1 and ceramide d18:1;16:0 (r= 0.44, p= 0.006) (data not shown), and d18:1;18:0 

(r= 0.43, p= 0.007) (data not shown), however, with no statistically significant correlation with  

Aβ42 (r= 0.12, p= 0.47) (data not shown), levels in all treatment groups. Concomitantly, I 

observed statistically significant positive correlations between SPTLC2 and ceramide d18:1;16:0 

(r= 0.57, p= 1.91E-04) (Figure 15A), and d18:1;18:0 (r= 0.56, p= 2.75E-04) (Figure 15C) levels 

in all treatment groups. Additionally, a statistically significant positive correlation was observed 

between SPTLC2 and Aβ42 (r= 0.43, p= 7.33E-03) (Figure 15E) levels in all treatment groups. 

Moreover, stronger positive correlations were observed between SPTLC2 and ceramide 

d18:1;16:0 (r= 0.76, p= 9.80E-06) (Figure 15B), d18:1;18:0 (r= 0.73, p= 3.86E-05) (Figure 

15D), and Aβ42 (r= 0.71, p= 5.99E-05) (Figure 15F) levels in control chow diet and LCS 

administered groups, indicative of high variability in biomarker expression levels with high-fat 
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diet possibly due to individual aberrations in food consumption and metabolic rates. Similarly, 

stronger positive correlations were observed between SPTLC1 and ceramide d18:1;16:0 (r= 

0.53, p= 0.007) (data not shown), and d18:1;18:0 (r= 0.60, p= 0.001) (data not shown) levels in 

control chow diet and LCS administered groups. Furthermore, I observed that SPTLC1 protein is 

expressed in the core and the surroundings of the senile plaques in both mouse (Figure 14i) and 

human (Figure 14ii) brains, while SPTLC2 is present in the core of the senile plaques in the 

mouse (Figure 14iii) and human (Figure 14iv) brains alike.  

 Ceramide expression has been observed in neurons (Becker et al., 2008) and astrocytes 

(Wang et al., 2012). In addition ceramide synthase 5 (CerS5), a palmitoyl-Co-A specific 

ceramide synthase, is ubiquitously expressed in most cell types within the gray and white matters 

of the brain (Becker et al., 2008). This suggests the ubiquitous expression of palmitoyl-Co-A in 

these brain regions. Similarly, I observed that SPTLC1 (Figure 14C-F) and SPTLC2 (Figure 

14O-R) are expressed in gray and white matters of the brain. In addition, ceramide has been 

observed to co-localize with Aβ plaques (Wang et al., 2012). Concomitantly, I observed that SPT 

(Figure 14i-iv) is co-localized with Aβ plaques, further strengthening the involvement of SPT in 

ceramide and Aβ production. 

 

Hyperphosphorylated tau expressions are reduced with LCS administration 

A decrease in mouse cortical hyperphosphorylated tau protein expression levels was 

observed with the administration of LCS (Figure 16A and 16B) in comparison with their high-fat 

(P < 0.05) and control chow (P < 0.01) diet counterparts. Bielschowsky’s silver staining revealed 

filamentous silver-positive inclusions in control chow (Figure 16C-E), high-fat (Figure 16F-H) 

diets and LCS administered (Figure 16I-K) mice brains, indicative of the presence of senile 
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plaques and dystrophic neurites. In addition, anti-neurofilament antibody (NF200) staining 

showed the neuritic aggregations surrounding the senile plaques in control chow (Figure 16L-O), 

high-fat (Figure 14P-S) diets and LCS administrated (Figure 16T-W) mice brains. 

 

Changes in cortical miRNA correlate with sera miRNA levels 

The expression levels of miR-137 (P < 0.05) (Figure 17A), miR-9 (P < 0.01) (Figure 17 

C), miR-29a (P < 0.01) (Figure 17D) and miR-29b (P < 0.05) (Figure 17E) were down-regulated 

in the brain cortices of animals fed a high-fat diet in comparison with their control chow diet 

counterparts. Similarly, the expression levels of miR-9 (P < 0.01) (Figure 17C), miR-29a (P < 

0.01) (Figure 17D) and miR-29b (P < 0.05) (Figure 17E) were down-regulated in the blood sera 

of animals fed a high-fat diet in comparison with their control chow diet counterparts. Significant 

differences in the expressions of cortical miR-181c (Figure 17B), and sera miR-137 (Figure 17A) 

and miR-181c (Figure 17B) levels were not observed.  

Statistically significant positive correlations were observed between cortical and sera 

miR-137 (r= 0.87, p= 3.00E-08) (Figure 17F), miR-181c (r= 0656, p= 4.60E-04) (Figure 17G), 

miR-9 (r= 0.78, p= 5.56E-06) (Figure 17H), miR-29a (r= 0.72, p= 6.09E-05) (Figure 17I), and 

miR-29b (r= 0.78, p= 3.69E-05) (Figure 17J), in mice fed a control chow and a high-fat diet. 

 

Inhibition of SPT does not cause observable toxic-effects 

The total body weight (Figure 18A) of the animals fed a high-fat diet (P < 0.001) and 

animals administered with LCS (P < 0.001) were elevated at the time of euthanasia in 

comparison with their chow control diet counterparts, with no differences in their total brain 

weights (Figure 18B), thus decreasing the encephalization quotient (EQ) levels (Figure 18C) in 
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mice fed a high-fat diet (P < 0.001) and administered LCS (P < 0.001). No differences were 

observed in body and brain weights of mice administered LCS in comparison to mice fed a high-

fat diet. In addition, a statistically significant increase (P < 0.05) in body weight was observed 

from the time of surgery to euthanasia in LCS administered mice (Figure 18D), suggesting the 

absence of toxic effects that may exhibit alterations in growth, hormonal changes, changes in 

neurotransmitters that affect food consumption, or nonspecific systemic toxicity (Bailey et al., 

2004). 

The LDH levels remained unchanged in the blood sera between the 3 treatment groups 

(Figure 18E) suggesting that LCS administration imposes no toxicity effects on the animals. 

Further, all but 1 animal administered with LCS, via the surgically implanted osmotic pump, 

survived to term (28 days). The mouse that did not survive to term was found dead, with vaginal 

discharge, a classical symptom of the aggressive Pasteurella pneumotropica infection in the 

colony, 6 days shy of the scheduled euthanasia date. In addition, no visual side effects were 

observed in the mice administered LCS with the exception of 1 mouse demonstrating convulsion 

on the 2nd day of administration which subsided the next day. The LDH data and physical 

observations indicate that a daily, 10 mg/kg dose of LCS for a period of 28 days is potentially 

“safe”, with no observed toxic side-effects related to LCS or target in this limited exposure 

paradigm. 

 According to FDA drug development and review definitions, effort needs to be taken to 

use few animals as possible and ensure their humane and proper care. In general, 2 or more 

species which include rodent and non-rodent models are tested as a drug may affect differently 

depending on the species. Animal testing is conducted to measure the quantity of the drug 

absorbed into the blood, how it is broken down chemically in the body, the toxicity of its 
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metabolites and how fast the drug and its metabolites are secreted from the body. Cycloserine 

crosses the blood-brain-barrier and has been reported to have a drug half-life of 8-10 hours in 

humans with 50% of parenteral dose is excreted unchanged in urine in the first 12 hours and a 

total of 65% is recoverable in the active form over a period of 72 hours. 70%-90% of cylcoserine 

is rapidly absorbed when it is administered orally and peak plasma concentrations have been 

achieved in 3-4 hours after a single dose of 20-35 µg/mL in children who have received 20 

mg/kg with only small quantities observed after 12 hours (PubChem compound-CID 449215). 

Cycloserine is currently approved for the treatment of Mycobacterium avium complex (MAC) 

and tuberculosis. In this context, pharmacodynamically cycloserine is used as a broad-spectrum 

antibiotic (bactericidal or bacteriostatic) and it functions by blocking the formation of 

peptidoglycans via competitive inhibition of alanine recemase to destroy the bacteria. The oral 

LD50 is 5290 mg/kg in mice. Symptoms of cycloserine overdose include drowsiness, confusion, 

headache, dizziness, irritability, numbness and tingling, difficulty speaking, paralysis, abnormal 

behavior, seizures and unconsciousness. Cycloserine is currently available under the brand name 

Seromycin (250 mg) in the forms of capsules and pulvules (DrugBank, 2012). In addition, blood 

cytokine/chemokine levels and the drug affect on other tissues (histopathology data) may also 

provide useful toxicology information. 

 

4.4 Discussion 
 

Previously, I found increased SPT levels in AD directly regulate ceramide and Aβ levels 

(Geekiyanage and Chan, 2011). In this study, I observed that an AD mouse model administered 

with a SPT inhibitor, express reduced levels of cortical ceramide and Aβ42 oligomer levels not 
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only in comparison with their high-fat diet counterparts, but also in comparison with mice fed a 

control chow diet, suggesting that SPT/ceramide could be a potential therapeutic target for AD. 

Furthermore, post-hoc statistical power analysis conducted on the 13 animals (sample size) 

administered with 10 mg/kg of the SPT inhibitor demonstrates that the reduction of Aβ42 levels 

(~30% reduction) observed has a power of 97% to yield a significant effect with an effect size 

(Cohen’s d) of 2.4 (see Appendix C, Figure 30).  

I previously observed that SPT positively correlates with Aβ in human autopsy brain 

cortices and directly regulates Aβ levels (Geekiyanage and Chan, 2011). In this study I observed 

that the SPT inhibitor reduced cortical SPT protein levels which in turn decreased ceramide and 

Aβ levels in the brains of an AD mouse model. In addition, I observed that SPT levels show a 

significant positive correlation with ceramide and Aβ levels in all groups. Interestingly, I found 

that SPT encircles and resides in the core of the senile plaques in TgCRND8 mice and humans, 

further supporting the direct involvement of SPT in Aβ generation. Inhibition of SPT enables the 

assessment of target engagement, facilitating the early proof of concept and thus increasing the 

efficiency of early clinical development. Reduced SPT/ceramide levels observed with LCS 

administration provide information on physical and biological interaction with the molecular 

target of the drug making them potentially good target engagement biomarkers. The decrease in 

SPT/ceramide levels along with the decrease in Aβ levels observed with LCS administration 

shows the combination of target engagement and disease-related biomarkers, validating the proof 

of concept. This combination of target engagement and disease-related biomarkers is useful in 

drug development (Wagner, 2008). 

The dimeric SPT enzyme contains an essential pyridoxal-5’-phosphate (PLP) cofactor 

bound to each of the subunits (Lowther et al., 2010). Cycloserine inhibits many PLP-dependent 
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enzymes (alanine racemace (Fenn et al., 2003; Wu et al., 2008), ArnB aminotransferase (Noland 

et al., 2002), dialkylglycine decarboxylase (Malashkevich et al., 1999)) by disabling the essential 

PLP cofactor. Research suggest that LCS is an irreversible inhibitor of SPT. LCS inhibit the 

PLP-dependent SPT by transamination to form a free pyridoxamine-5’-phosphate (PMP) and β-

aminoxyacetaldehyde that remains bound at the active site. LCS binds to the SPT active site and 

forms a PLP-LCS external aldimine complex. It has been proposed that this occurs via ring 

opening of the LCS ring followed by decarboxylation. Kinetic studies shows that the half life of 

the SPT:LCS complex is approximately 15 minutes (Lowther et al., 2010). Bruce W. Craigs 

group have observed a reduction in SPT protein levels with the treatment of LCS (Choi, 2006). 

Similarly, in this study I observed a reduction of SPT levels with LCS administration suggesting 

a possible degradation of the PLP deficient SPT complex.  

In my previous study, I observed that high-fat diet increased cortical ceramide levels in 

wild-type mice (n=3). However, the TgCRND8 mice fed a high-fat diet (n=13) failed to 

demonstrate a statistically significant increase of ceramide levels in comparison with mice fed a 

control chow diet. Nevertheless, 9 out of 13 mice demonstrated a statistically significant (P > 

0.01) (data not shown) elevation of ceramide levels in high-fat diet fed mice in comparison with 

mice fed a control chow diet. The TgCRND8 mice fed a high-fat diet (n=13) failed to show a 

statistically significant difference in Aβ42 levels in comparison to mice fed a control chow diet. 

In support of this, APP/PS1 mice showed no change in cumulative Aβ40 and Aβ42 levels with a 

typical western diet (essentially a high-fat diet) (Oksman et al., 2006). In contrast, increased 

levels of cumulative Aβ40 and Aβ42 have been observed in TgCRND8 (Pedrini et al., 2009) and 

3xTg (Julien et al., 2010) mice fed a high-fat diet. In our study, 5 out of 13 mice fed a high-fat 
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diet showed statistically significant increase in Aβ42 levels (P > 0.05) (data not shown) when 

compared with the control chow diet counterparts. In agreement with other research conducted 

with TgCRND8 (Pedrini et al., 2009) and APP/PS1 (Oksman et al., 2006) mice, I did not observe 

differences in Aβ plaque burden with the high-fat diet (n=13). As stated previously (Pedrini et 

al., 2009), TgCRND8 mice are relatively insensitive to modulators of amyloidosis due to its 

aggressive amyloid pathology, thus providing a possible explanation for the nominal effects. 

Nevertheless, a statistically significant positive correlation was observed between cortical 

ceramide and Aβ42 levels in mice fed a control chow diet, high-fat diet and mice administered 

with the SPT inhibitor, further supporting the involvement of ceramide in Aβ production. 

In addition to the reduction in Aβ levels, I observed reductions in hyperphosphorylated 

tau levels with the inhibition of SPT. Ceramides contribute to Aβ pathology by facilitating the 

mislocation of BACE1 and γ-secretase to lipid rafts. Under non-pathological conditions the 

inactive BACE1 and γ-secretase reside outside of lipid rafts while under pathological settings the 

ceramides facilitate the trafficking of the secretases to lipid rafts where they become active to 

produce Aβ (Ebina et al., 2009). In addition to stabilizing BACE1, the membrane lipid raft 

topography affects the efficiency of γ-secretase activity (Fassbender et al., 2001; Wahrle et al., 

2002; Zha et al., 2004). This coupled with the fact that over-expression of BACE1 fails to restore 

suppressed Aβ levels (Hebert et al., 2008), and over-expression of SPT restores Aβ levels 

(Geekiyanage and Chan, 2011), suggest a potential role of SPT/ceramide in the regulation of γ-

secretase activity. Along the same lines, treatments with modulators of γ-secretase reduced Aβ 

burden, attenuated memory deficits (Schilling et al., 2008; Imbimbo et al., 2009), and reduced 

hyperphosphorylated tau levels (Lanzillotta et al.) in AD mouse models. Our results suggest that 



97 
 

LCS, a SPT inhibitor, could indirectly function as a possible γ-secretase inhibitor to reduce Aβ 

production. 

Several studies demonstrate increased plasma ceramide levels in rodents fed a high-fat 

diet (Ichi et al., 2007; Shah et al., 2008). Similarly, I observed an increase in blood sera ceramide 

levels in mice fed a high-fat diet. Increased ceramide levels have been reported in muscle, 

adipose tissue and livers of obese rodents and humans (Turinsky et al., 1990; Unger and Orci, 

2001; Adams et al., 2004; Samad et al., 2006; Zendzian-Piotrowska et al., 2006). In this study, 

mice fed an obesity inducing high-fat diet show increased weight at the time of euthanasia, 

regardless of administration of the inhibitor, due to their continuous consumption. Therefore, the 

increased ceramide levels observed in the blood sera is possibly due to contributions from 

muscle, adipose and liver tissues.  

Plasma Aβ42 levels have been observed to increase before the onset of AD, followed by a 

decline with disease progression (Schupf et al., 2008; Henry et al., 2012). In addition, other 

reports have associated low levels of plasma Aβ42 with increased dementia (van Oijen et al., 

2006; Graff-Radford et al., 2007). Although it is unclear whether abnormal Aβ42 metabolism in 

the brain is precisely emulated by the plasma/sera Aβ42 levels (Henry et al., 2012), I nevertheless 

observed a statistically significant negative correlation between cortical and blood sera Aβ42 

levels, providing possible connotations for the search of blood Aβ biomarkers.  

Previously I observed that miR-137, miR-181c, miR-9 and miR-29a/b are down-

regulated in brain cortices of AD patients, and wild-type mice fed a high-fat diet (Geekiyanage 

and Chan, 2011). In another study I observed that the respective miRNAs were down-regulated 

in blood sera of AD patients and in wild-type mice fed a high-fat diet suggesting a possible role 

for these miRNAs as non-invasive diagnostic biomarkers (Geekiyanage et al., 2012). In this 
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current study I show a positive correlation between the corresponding cortical and sera miRNA, 

further indicating that sera miRNAs may reflect upon the brain miRNA expression patterns. It is 

noteworthy that the miRNAs that demonstrate the highest degrees of statistically significant 

correlations, miR-137 and miR-9, are brain enriched miRNAs. This further strengthens the use of 

these miRNAs, miR-137 and miR-9, as potential sera biomarkers, i.e. directly reflecting on the 

brain fraction with minimal interference from other organs. Our prior results show that 

SPTLC1/2 are post-transcriptionally regulated by miR-137/-181c and miR-9,-29a/b respectively. 

In our previous study I observed decreased cortical miR-137,-181c,-9 expressions along with 

increased SPTLC1/2 levels in a small number (n=3) of wild-type mice, fed a high-fat diet for 5 

months starting at 4 months of age (Geekiyanage and Chan, 2011). Here I observed a reduction 

in the cortical miR-137 with no change in miR-181c levels in the AD mouse model fed a high-fat 

diet for 3 months, providing possible explanations for the predominantly unchanged SPTLC1 

levels. Research demonstrates that unless attached to SPTLC1, SPTLC2 is unstable (Gable et al., 

2000; Yasuda et al., 2003). Thus due to the 1:1 ratio between SPTLC1 and SPTLC2, unattached 

SPTLC2 could be degraded providing a possible explanation for the unchanged SPTLC2 levels 

even with reduced miR-9 and -29a/b levels. It must be noted that the strain differences, age and 

duration of diet consumption, and the sample size in the previous study could have contributed to 

the divergences in ceramide, SPT and miRNA levels observed in the 2 studies. Nevertheless both 

studies found strong correlations between ceramide, SPT and miRNA levels.   

Finally, administration of LCS did not show toxic effects as determined by sera LDH 

levels, brain and body weight. Administering large doses (100 mg/kg) of LCS has shown 

immediate reduction of brain SPT with significant weight loss (Sundaram and Lev, 1984b) 

whereas extended administration of lower doses (25 mg/kg) imposed nominal side effects, with 
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no changes in weight. In addition, chronic LCS administration was found not to affect brain 

histology, morphology, myelination or memory retention in healthy mice (Sundaram and Lev, 

1989). These observations together suggest SPT inhibition could be essentially a “safe” 

therapeutic target and LCS a possible “drug candidate”. In contrast inhibition of ceramide 

synthase, another enzyme in the ceramide synthesis pathway, by Fumonisin B1 leads to growth 

inhibition and cytotoxicity (Schmelz et al., 1998). Further, consumption of Fumonisin B1 causes 

veterinary diseases and contributes to esophageal cancer in humans (Chu and Li, 1994; 

Yoshizawa et al., 1994). Other inhibitors of SPT, such as ISP-1 are difficult to solubilize and 

inflict gastrointestinal toxicity when incorporated into the diet (Hojjati et al., 2005b). 

Additionally, in agreement with previous studies conducted in dogs (Kluepfel et al., 1972) I 

observed (unpublished observation) that ISP-1 is lethal to mice when administered 

subcutaneously. Therefore, this study suggests that inhibition of SPT and thus ceramide, through 

a less-invasive route, can potentially ameliorate the Aβ burden and tau hyperphosphorylation 

observed in AD with nominal toxicity. 
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Figure 11: Aβ42 is down-regulated with LCS administration. (A) Ceramide levels, d18:1; 

16:0 and d18:1; 18:0, were significantly decreased in LCS administered mice (n=13). The brain  
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Figure 11 (cont'd) 

(Figure 11 legend continues) cortices were analyzed via tandem mass spectrometry and the 

normalized concentrations are shown as a percentage of the average control (n=12). The samples 

were normalized to internal standard (d18:1, 12:0) concentration and to brain total protein 

concentrations. (B) Aβ42 levels were significantly decreased in LCS administered mice (n=13) 

compared with the control chow and high-fat diet fed mice. The brain cortices were analyzed 

with ELISA and the normalized concentrations are shown as a percentage of the average control 

(n=12). The samples were normalized to brain total protein concentrations. The statistical 

significances were determined by Mann-Whitney U tests. Spearman's correlation tests 

demonstrate significant positive correlations between cortical ceramides, (C) d18:1; 16:0, (D) 

d18:1; 18:0, and Aβ42 levels in the entire sample set (control chow, high-fat, diets and LCS 

administration) (n=38). The statistical significance of the correlation was determined by two-

tailed T distribution tests. For interpretation of the references to color in this and all other figures, 

the reader is referred to the electronic version of this dissertation. 
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Figure 12: Aβ plaque levels in chow control, high-fat diets and LCS administered mice. The 
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Figure 12 (cont’d) 

             

(Figure 12 legend continues) brain sections were stained with (A) thioflavin-S and imaged with 

the fluorescence laser (4X). (B) Overlay of a thioflavin-S section with its bright-field image. (C) 

The brain sections were stained with Aβ antibody and imaged with the transmitted laser (4X). 

All images were stitched together to generate a single image of the entire brain slice. The plaque 

numbers were manually counted for (D) antibody and (E) thioflavin-S stained entire sections and 

the normalized values are shown as a percentage of the average control (n=12). NIH-imageJ 

particle analysis was used to calculate the (F) amyloid plaque area, (G) average plaque area and  
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Figure 12 (cont’d) 

(Figure 12 legend continues) (H) integrated density per brain section for thioflavin-S stained 

entire sections and the (Figure 12 continues) normalized values are shown as a percentage of the 

average control (n=12). The antibody stained sections were captured with the camera on bright-

field at 10X at the location denoted in red in Fig. 2C for (I-L) control chow, (M-P) high-fat and 

(Q-T) LCS administration. The statistical analyses were conducted with Mann-Whitney U tests. 
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Figure 13: Sera Aβ correlates with cortical Aβ levels. (A) Sera ceramide levels, d18:1; 16:0 

and d18:1; 18:0, were statistically increased in high-fat (n=13) and, LCS administered mice 

(n=13) with the exception of d18:1; 18:0. The blood sera were analyzed via tandem mass 

spectrometry and the normalized concentrations are shown as a percentage of the average control  
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Figure 13 (cont’d) 

(Figure 13 legend continues) (n=12). The samples were normalized to internal standard (d18:1, 

12:0) concentration. (B) Aβ42 levels were significantly increased in high-fat (n=13) and LCS 

administered mice (n=13). The blood sera were analyzed with ELISA and the normalized 

concentrations are shown as a percentage of the average control (n=12). The statistical 

significances were determined by Mann-Whitney U tests. Spearman's correlation tests 

demonstrate a negative correlation between sera Aβ42 and cortical Aβ42 levels in the (C) entire 

sample set (n=38) and a statistically stronger significant negative correlation with the (D) 

elimination of 4 subjects as outliers (n=34). The statistical significance of the correlation was 

determined by two-tailed T distribution tests.  
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Figure 14: SPT is decreased with the inhibitor. (A) Representative and (B) quantification of 
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Figure 14 (cont’d) 

                                                             

(Figure 14 legend continues) western blots for SPTLC1 (probed with LCB1) and SPTLC2 

proteins in control chow (n=12), high-fat (n=13) and LCS administered (n=13) mice. The 

expression levels were quantified by normalizing to β-actin and represented as a percentage of 

the control chow mice average expression. The statistical significances were determined by 

Mann-Whitney U tests. The brain sections were stained with SPTLC1 antibody and were 

captured with the camera on bright-field at 10X at the location denoted in red in Fig. 2C for (C-

F) control chow, (G-J) high-fat and (K-N) LCS administration. The brain sections were stained 

with SPTLC2 antibody and were captured with the camera on bright-field at 10X at the location 

denominated in red in Fig. 2C for (O-R) control chow, (S-V) high-fat and (W-Z) LCS 

administration. Representation of SPTLC1 protein (40X-oil) surrounding the senile plaques and 

present in the core of the plaques (arrow) in (i) mice (13 month old) and (ii) humans. 

Representation of SPTLC2 (40X-oil) protein being present in the core of senile plaques (arrow) 

in (iii) mice (13 month old) and (iv) a humans. 
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Figure 15: SPT expression correlates with ceramide and Aβ levels. Spearman's correlation 

tests demonstrate significant positive correlation between cortical SPTLC2 protein levels and (A) 

cortical d18:1; 16:0, (C) d18:1; 18:0, and (E) Aβ42 levels in the entire sample set (control chow, 

high-fat, diets and LCS administration) (n=38). Stronger positive correlations are observed 

between cortical SPTLC2 protein levels and (B) cortical d18:1; 16:0, (D) d18:1; 18:0, and (F)  
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Figure 15 (cont’d) 

 

(Figure 15 legend continues) Aβ42 levels in control chow diet and LCS administered mice 

(n=35). The statistical significance of the correlation was determined by two-tailed T distribution 

tests.  
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Figure 16: Tau hyperphosphorylation is down-regulated with LCS administration. (A) 

Quantification and (B) representation of western blot for tau hyperphosphorylation (probed with  
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Figure 16 (cont’d) 

(Figure 16 legend continues) AT8) in control chow (n=12), high-fat (n=13) and LCS 

administered (n=13) mice. The expression levels were quantified by normalizing to β-actin and 

represented as a percentage of the control chow mice average expression. The statistical 

significances were determined by Mann-Whitney U tests. The brain sections were stained for 

Beilschowsky’s silver staining and captured with the camera on bright-field at 10X at the 

location denoted in red in Fig. 2C for (C-E) control chow, (F-H) high-fat and (I-K) LCS 

administration. The brain sections were stained with NF200 antibody and were captured with the 

camera on bright-field at 20X at the location denominated in red in Fig. 2C for (L-O) control 

chow, (P-S) high-fat and (T-W) LCS administration.  
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Figure 17: Misregulation of cortical miR-137,-181c,-9 and -29a/b correlate with sera 

miRNA levels. (A) miR-137, (B) -181c, (C) -9, (D) -29a and (E) -29b levels were quantified by  
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Figure 17 (cont’d) 

  

(Figure 17 legend continues) qRT-PCR in the cortices and blood sera of control chow (n=11) 

and high-fat (n=13) diets. Relative expressions shown are normalized to RNU6B for cortical  
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Figure 17 (cont’d) 

  

(Figure 17 legend continues) expressions and miR-22 average for sera expressions, and average 

control chow diet expressions. The statistical significances between control and high-fat diets 

were determined by Mann-Whitney U tests. Spearman's correlation test demonstrated significant 

positive correlations between cortical and sera (F) miR-137, (G) -181c, (H) -9, (I) -29a and (J) -

29b in control chow (n=11) and high-fat diet (n=13) fed mice. Note that sufficient serum was not 

available from 1 control chow diet subject. Therefore, 11 out of 12 control chow diet samples 

were used for analysis. The significance of the correlation was determined by two-tailed T 

distribution tests.  
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Figure 18: Inhibition of SPT shows no evidence of toxicity. (A) Total body weight, (B) total 

brain weight, and (C) EQ at the time of euthanasia, in control chow (n=12), high-fat (n=13) diets 

and LCS administered (n=13) mice. (D) Statistically significant increase in total body weights 



117 
 

Figure 18 (cont’d)           

(Figure 18 legend continues) in high-fat fed mice administered with LCS from the time of 

surgery to euthanasia. (E) Blood sera LDH levels at the time of euthanasia in control chow 

(n=12), high-fat diet (n=13) and LCS administered (n=12) mice. Note that 1 LCS administered 

subject is unavailable for analysis. Therefore, 12 out of 13 LCS administered samples were used 

for analysis. The normalized values are shown as a percentage of the average control chow diet 

samples (n=12). The statistical significances were determined by Mann-Whitney U tests. 
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CHAPTER 5: CONCLUDING REMARKS AND FUTURE DIRECTIONS 
 

This research suggests that differential expression of ceramide/SPT and miRNAs in AD 

are potential therapeutic targets for AD. While increased SPTLC1 and SPTLC2 are post-

transcriptionally regulated by miR-137, -181c and miR-9, -29a/b respectively, SPTLC1 directly 

modulates Aβ levels in AD. Differential expressions of SPTLC1/2 and the respective miRNAs 

were observed in risk factor models of AD indicating that a combination of miRNAs may 

contribute to regulate SPT and Aβ levels depending on the developmental stage, diet and gender 

(Geekiyanage and Chan, 2011). 

miRNA modulating therapy have been initiated in many disease models and clinical trials 

(Santaris Pharma, Clinical trials.gov) (Lanford et al., 2010) with the use of chemically modified 

miRNA, 2’-O-methyl-group-modified oligonucleotides and locked nucleic acid (Elmen et al., 

2008b; Elmen et al., 2008a) or lipid-based mimics (Wang et al., 2010b; Wiggins et al., 2010). 

However, over-expressions of miRNAs need to be conducted intricately with multiple in vitro 

screenings to minimize off-target effects. Thus, it is important to understand the expression 

patterns of the miRNA of interest and the targeted mRNA/protein. Therefore, on the basis of this 

research (Chapter 2), understanding the expression patterns of SPTLC1/2 and the respective 

miRNAs may provide additional information necessary to progress in to therapeutic strategies. 

This may be achieved through immunohistochemistry and in situ hybridizations using E11.5 

whole embryos.  

This study (Chapter 2) shows that SPTLC1 directly regulates Aβ levels through the post-

transcriptional regulation of miR-137 and -181c (Geekiyanage and Chan, 2011). A different 

study (Hebert et al., 2008) has shown that BACE1 is post-transcriptionally regulated by miR-
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29a/b with a causal relationship between miR-29a/b, BACE1 and Aβ levels, where the inhibition 

of miR-29a/b suppressed Aβ levels. However, the over-expression of BACE1 failed to restore 

repressed Aβ levels. This study (Chapter 2) demonstrated that miR-29a/b post-transcriptionally 

regulates the expression of SPTLC2. Additionally I observed a statistically significant positive 

correlation between SPTLC2 and Aβ levels and a statistically negative correlation between miR-

29a/b and Aβ. These observations together suggest a direct role of SPTLC2 in modulating Aβ 

levels under the regulation of miR-29/b. This hypothesis can be tested by comparing the effects 

of individual and simultaneous over-expression of SPTLC2, BACE1 and miR-29a/b on Aβ levels 

in cell culture. In a preliminary study, I observed that transfection of miR-29a/b suppressed Aβ 

levels in primary astrocytes derived from TgCRND8 mice (Figure 19). As observed by Hebert et 

al (Hebert et al., 2008), over-expression of BACE1 failed to restore the suppress Aβ levels. 

However, over-expression of SPTLC2 restored the suppressed Aβ levels suggesting a direct role 

for SPTLC2 in Aβ modulation through the post-transcriptional regulation of miR-29a/b. Further, 

the direct role of miR-29a/b and thus SPTLC2 on Aβ production can be assessed through the use 

of “target protectors” designed against the target sites on SPTLC2 for miR-29a/b. 

In addition to differential expressions of miRNA, increasing research suggest that genetic 

variations in the 3’UTRs that either inhibit the existing miRNA binding sites or generate illicit 

sites may play a significant role in disease pathogenesis (Borel and Antonarakis, 2008; Mishra et 

al., 2008; Sethupathy and Collins, 2008). In neuroscience, a single nucleotide polymorphism 

(SNP) in the 3’UTR of the fibroblast growth factor 20 (FGF20), through the loss of miR-433 

presents risk for the development of Parkinson’s disease (de Mena et al., 2010). Increase risk for 

TDP43-positive frontotemporal dementia has been observed with increased binding of miR-656 

to the 3’UTR of progranulin (Rademakers et al., 2008). In AD, polymorphisms in miRNA target 



120 
 

sites (PolymiRTS) have been identified in the 3’UTR of APP and BACE1 suggesting that these 

PolymiRTS may inflict a risk for AD pathogenesis (Delay et al., 2011). Therefore, additional 

research in the 3’UTRs of SPTLC1/2 may further elucidate their role in AD.  

On a side note, estrogen therapy has been reported to improve cognitive function in post-

menopausal women with AD (Fillit et al., 1986; Ohkura et al., 1994; Asthana et al., 1999). 

However, randomized double blinded control trials derived from these studies report that the 

improvements in verbal episodic memory and MMSE scores improve at 2 months of estrogen 

therapy the effects do not manifest at 3 months of treatment and beyond (Wang et al., 2000). 

Studies suggests that even though estrogen therapy prescribed to older women (>60 years) may 

have a neutral or a negative effect (Wolf et al., 1999; Binder et al., 2001; Grady et al., 2002; 

Almeida et al., 2006; Resnick et al., 2006), estrogen therapy prescribed at an identified “critical 

period”, the time of menopause (<49 yeas), could reduce the risk of AD later in life (Maki and 

Sundermann, 2009; Craig and Murphy, 2010). Currently there are 2 large ongoing randomized 

controlled trials that have been designed to analyze differences in verbal memory performance in 

women post-natural-menopause up to 5 years with randomization to either receive placebo or 

estrogen therapy with or without progesterone (http://clinicaltrials.gov/ct2/show/NCT00114517). 

Whether estrogen therapy has an effect on ceramide levels remains open for investigation.  

Research described in this dissertation not only suggests that the respective miRNAs may 

be potential therapeutic targets (Chapter 2) but also suggests their role as poteintial diagnostic 

biomarkers (Chapter 3) (Geekiyanage et al., 2012). I observed that miR-137, -181c, -9 and -

29a/b are down-regulated in the blood sera of probable AD and amnestic MCI patients. In 

addition, the AD mouse model used (TgCRND8) showed statistically significant positive 

correlations between the cortical and sera miRNA levels, suggesting that the sera miRNA levels 
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may mirror the brain miRNA expression patterns (Chapter 4). Moreover, the brain enriched/ 

specific miRNAs, miR-137 and miR-9, showed the strongest correlations, suggesting a minimal 

influence by other tissues on the sera miRNA levels and thus further strengthening the role of 

miRNAs, particularly miR-137 and miR-9, as diagnostic biomarkers. Nevertheless, further 

research is necessary to identify whether these miRNAs can distinguish AD from other forms of 

dementia and other miRNA modifying diseases, indeed with larger cohorts.  

Research in chapter 2 suggested that increased ceramide levels, mediated by increased 

SPT, increases Aβ levels in AD patients suggesting SPT/ceramide are potential therapeutic 

targets for AD (Geekiyanage and Chan, 2011). The potential therapeutic application of SPT 

inhibition was explored in an aggressive mouse model of AD (Chapter 4) (in review). Inhibition 

of SPT and thus ceramide decreased the Aβ burden and tau hyperphosphorylation with nominal 

toxic effects at the preclinical stage. Thus, suggesting that inhibition of SPT, through LCS, is 

essentially a “safe” potential therapeutic strategy to ameliorate the pathological delinquents of 

AD, at least for the limited exposure paradigm tested. Given the mechanism by which ceramide 

contributes to AD, through providing a location in lipid rafts for amyloidogenesis and facilitating 

the trafficking of the pathological secretases to the lipid rafts; inhibition of ceramide via the 

inhibition of SPT although minimizes Aβ production may not clear the existing plaques. 

Therefore, inhibition of SPT early in the course of the disease may have increased beneficial 

therapeutic values.  

The use of mouse models in preclinical trials have raised concerns, with some disease 

modifying treatments that show promise in preclinical mouse studies becoming unsuccessful in 

clinical trials (Mangialasche et al., 2010). The use of familial AD mouse models to depict 

sporadic AD, due to their pathophysiological differences, although raises concerns for treatments 
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focusing on mutations, may possibly be effective for treatments that focus on reducing Aβ levels. 

AD mice are better models of the early preclinical stages than the later dementia stages (Zahs 

and Ashe, 2010) suggesting that treatments that are successful in mouse models may have 

increased benefits in clinical trials if they were administered pre-symtomatically.  Although the 

focal point of the research in chapter 4 was inhibition of SPT and not the inhibitor LCS, this 

study nonetheless suggests that subcutaneous administration of LCS is essentially a “safe” 

potential “drug candidate”. However, the differences in drug metabolism, pharmacokinetics and 

the route of administration need to be compared for the effective use of LCS across species. 

Nevertheless, oral administration of cycloserine is used clinically under the brand name 

Seromycin (The Chao Center, IN) for the treatment of pulmonary and extrapulmonary 

tuberculosis and urinary tract infections validating its clinical safety.  

It is important to note that placebo effects and functional effectiveness of SPT inhibition 

were not evaluated in this study (Chapter 4). Therefore, the effect on cognitive impairments 

including behavioral and electrophysiology studies need to be conducted with LCS 

administration, along with placebo administration in order to further support the use of SPT 

inhibition as a therapeutic strategy for AD. Additional validation in other mouse models with 

increased sample numbers may also provide further information for future possible clinical trials 

derived from this study (Chapter 4).  

Collectively, this research suggests that miR-137, -181c, -9 and -29a/b are potential 

therapeutic targets and diagnostic biomarkers for AD, and targeting SPT as a therapeutic target is 

essentially a “safe” potential strategy to modulate the principle hallmarks of AD, Aβ and tau 

hyperphosphorylation (see schematics, Figure 20).  
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Figure 19: Regulation of Aβ by SPTLC2. Western blot analysis of cellular Aβ (3 kDa-probed 

with Aβ antibody) levels in primary astrocytes expressing Swedish and Indiana mutations, 

following transfection with miR-29a/b alone or in combination with human SPTLC2 cDNA or 

human BACE1 cDNA. 
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Figure 20: Schematics summarizing the cascade of events described in the dissertation. 

High-fat diet, age, gender could impose increase risk on the pathogenesis of AD by reducing 

miR-137, -181c, and miR-9, 29a/b which in turn reduces ceramide levels by post- (Figure 20 
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Figure 20 (cont’d)              

legend  continues) transcriptionally regulating SPTLC1 and SPTLC2 levels respectively. This 

suggests that the corresponding miRNAs and SPT are potential therapeutic targets for the 

treatment of AD. Inhibition of SPT reduces AD pathology, further suggesting its therapeutic use. 

Reduced miRNA levels in the blood sera could be used as potential non-invasive diagnostic 

marker for AD. 
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APPENDIX A 

 

 

 
 

Figure 21: Ceramide levels according to gender. (A) d18:1; 16:0 and (B) d18:1; 18:0 in male 

(n=3) and females (n=4) of control and AD autopsy subgroups. The frontal brain cortices were 

analyzed via tandem mass spectrometry and the normalized concentrations are shown as a 

percentage of the average control (n=7). The samples were normalized to internal standard 

(d18:1, 12:0) concentration and to brain total protein concentration.  

 

 

 

 



128 
 

 

 
Figure 22: Differential sphingomyelin expression in response to miR-137 and -181c 

transfections. Cellular sphingomyelin levels of primary rat astrocytes transfected with miRs or 

anti-miRs (100 nM). Cellular Spingomyelin levels were analyzed via tandem mass spectrometry 

and the normalized concentrations are shown as a percentage of the scrambled siRNA. The 

samples were normalized to internal standard (d18:1, 12:0) concentration and to cellular total 

protein concentration. Error bars represent standard errors derived from three or more 

experiments conducted with 48-72 hr transfections. 
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Figure 23: Differential sphingomyelin expression in response to miR-9 and -29a/b 

transfections. Cellular sphingomyelin levels of primary rat astrocytes transfected with miRs or 

anti-miRs (100 nM). Cellular Spingomyelin levels were analyzed via tandem mass spectrometry 

and the normalized concentrations are shown as a percentage of the scrambled siRNA. The 

samples were normalized to internal standard (d18:1, 12:0) concentration and to cellular total 

protein concentration. Error bars represent standard errors derived from three or more 

experiments conducted with 48-72 hr transfections. 
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Figure 24: Misregulation of miR-15a and -124 in AD brain. (A) miR-15a and miR-124 

expression levels were quantified by qRT-PCR in controls (n=7) and AD (n=7) frontal brain 

cortices. Relative expressions shown are normalized to RNU6B and average control brain 

expressions. The statistical significance between control and AD brains were determined by 2- 

tailed student t tests. (B and C) Spearman's correlation test demonstrates significant negative 

correlation between miR-15a,-124c and SPTLC1 expression in the entire sample set (control and 
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Figure 24 (cont’d)                     

(Figure 24 legend continues) AD) (n=14). The significance of the correlation was determined by 

two-tailed T distribution tests. 
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Figure 25: Developmental regulation of miR-124.  Relative expression levels of miR-124 were 

measured by qRT-PCR in mouse brain cortices with RNU6B being used as the normalizing 

control. 
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Figure 26: Regulation of miR-15a with diet. Wild-type mice were fed a 60%kcal diet for a 

period of 5 months starting at 4 months of age. The expression levels of miR-15a (*, P=0.01) in 

high-fat diet fed mice cortices were measured by qRT-PCR.  Relative expressions shown are 

normalized to RNU6B and chow control diet expressions. The statistical significance between 

control chow diet and high-fat diet was determined by 2-tailed student t tests. 
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Figure 27: Gender specific differential regulation of miR-124. The expression levels of miR-

124 (*, P=0.01) were measured by qRT-PCR. Relative expressions shown are normalized to 

RNU6B and average male expressions. The statistical significance between male and female 

expressions was determined by 2-tailed student t tests. 

 
 



135 
 

APPENDIX B 
 

 

 
Figure 28: Misregulation of cortical miRNA levels correlate with sera miRNA levels. 

Spearman's correlation test demonstrated significant positive correlations between cortical and 

sera (A) miR-137, (B) miR-9 in control chow (n=3) and high-fat diet (n=3) fed mice. (C) 

Spearman's correlation test demonstrated positive correlations between cortical and sera miR-
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Figure 28 (cont’d)                       

(Figure 28 legend continues) 181c in control chow (n=3) and high-fat diet (n=3) fed mice. The 

significance of the correlation was determined by two-tailed T distribution tests.  

 
 
 



137 
 

APPENDIX C 
 

    Male Female 

Control 
chow 
diet 

High-
fat 
diet 

LCS Meloxicam 
at surgery 

(1-2 mg/kg) 

Baytril 
(0.003% in 250 

mL of H2O) 
        

  
 

  Control chow 
diet   7 5 X   

 
  

 

 
High-fat diet   5 8 

 
X 

 
  

 

HFD + LCS 5 8   X 
 

X X X 

     
 

   
 

    

 

  Table 3: Mouse nutrient information. Control chow diet category mice (7 males and 5 

females) were fed control chow diet starting at 4 weeks of age and continued up to 4 months of 

age. High-fat diet category (5 males and 8 females) were fed a 60% kcal high-fat diet starting at 

4 weeks of age and continued up to 4 months of age. HFD+LCS category (5 males and 8 

females) were fed a 60% kcal high-fat diet starting at 4 weeks of age and continued up to 4 

months of age. In addition, the HFD+LCS category was administered with LCS via a surgically 

implanted osmotic pump at 3 months of age that delivered LCS at a constant rate of 0.25 uL/hour 

for a period of 28 days, while being fed the 60% kcal high-fat diet stating at 4 weeks of age and 

continuing up to 4 months of age. The HFD+LCS category was administered a single dose of 

meloxicam (1-2 mg/kg) at surgery. The HFD+LCS category was administered Baytril 

(antibiotic) orally (0.003% dissolved in 250 mL of daily water consumption) starting from 2 days 

prior to surgery and continuing until euthanasia.  



138 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29: Random assignment to treatment. 78 mice, at 4 weeks of age, were incorporated in 

to the study and fed a control chow diet or a high-fat diet. At 3 months of age, 14 mice fed a 

      78 TgCRND8 mice received a 
control chow diet 
           or 
high-fat diet  
at 4 weeks of age 

      12  mice that 
received a 
control diet 
survived until 4 
months of age 

      14 mice that 
received a high-
fat diet survived 
until 4 months 
of age  

      14  mice that received a 
high fat diet received 
LCS (10 mg/kg, via 
surgically implanted 
osmotic pump) + 
Meloxicam (1-2 
mg/kg, 1 dose at 

   
    

    

40 died 

12 included 

1 died  

       13 mice that 
received LCS 
survived until 
4 months of 
age 

13 included 13 included 

        1  mouse infected/ 
received Baytril 
eliminated  

38 included 
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Figure 29 (cont’d)                     

(Figure 29 legend continues) high- fat diet, categorized in to LCS administered group, were 

administered 10 mg/kg of LCS subcutaneously via surgically implanted osmotic pumps that 

delivered LCS at a constant rate of 0.25 uL/hour for a period of 28 days. Out of the 14 mice 

administered with LCS, 13 mice survived to term (4 months of age) while 1 mouse died of the 

Pasteurella pneumotropica infection in the colony (survival rate of ~90% (13 out of 14) from the 

time of surgery to euthenasia (28 days)). 12 mice fed a control chow diet, categorized in to 

control chow diet group, and 14 mice fed a high-fat diet, categorized into the high-fat diet group, 

survived to term (4 months of age) (50% survival rate  (39 out of 78 survived)). Out of the 14 

mice that survided to term in the high-fat diet group, 1 mouse was administered Baytril to treat 

for an infection. This mouse was eliminated from the study to maintain homogeneity in the high-

fat diet group (This mouse showed increased brain cortical ceramide levels by ~21% (d18:1; 

16:0) - ~37% (d18:1; 18:0) compared with the average ceramide levels in the mice fed a control 

chow diet, possibly suggesting that the reduced ceramide and Aβ42 observed in this study is due 

to inhibition of SPT and not the oral administration of Baytril).  
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Figure 30: Post-hoc power analysis. Post-hoc statistical power analysis conducted on the 13 

animals (sample size) administered with 10 mg/kg of the SPT inhibitor demonstrates that the 

reduction of Aβ42 levels (~30% reduction) observed has a power of 97% to yield a significant 

effect with an effect size (Cohen’s d) of 2.4. Post-hoc statistical power analysis conducted on the 

13 animals (sample size) administered with 10 mg/kg of the SPT inhibitor demonstrates that the 

reduction of ceramide levels, d18:1; 16:0 (~38% reduction) and d18:1; 18:0 (~26% reduction) 

observed has a power of 94% and 54% respectively to yield a significant effect with an effect 

size (Cohen’s d) of 2.3 and 1.32 respectively. A statistical power of 80% could be achieved for 

the reduction of d18:1; 18:0 (~26% reduction) levels with the use of 20 animals to yield a 

significant effect with an effect size (Cohen’s d) of 1.32. Post-hoc statistical power analysis 

conducted on the 13 animals (sample size) administered with 10 mg/kg of the SPT inhibitor 

demonstrates that the reduction of hyperphosphorylated tau levels (~43% reduction) observed 

has a power of 60% to yield a significant effect with an effect size (Cohen’s d) of 1.42. A 

statistical power of 85% could be achieved for the reduction of hyperphosphorylated tau (~43%  
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Figure 30 (cont’d)                      

(Figure 30 continues) reduction) levels with the use of 18 animals to yield a significant effect 

with an effect size (Cohen’s d) of 1.42. 
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