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Alzheimer’s disease (AD) is a common neurodegenerative disease that primarily 

affects the elderly.  In the brains of Alzheimer’s patients, neurons progressively die and 

synapses withdraw.   Behaviorally, Alzheimer’s patients typically present with emotional 

instability and a marked depreciation in memory.  In the spaces in between the cells of 

AD patients, one finds large aggregates of proteins.  The amyloid beta (Aβ) peptide is 

the primary molecule within these aggregates and thus forms a hallmark pathology in 

AD.   Genetic data from a rare set of families and from those with Down syndrome 

indicate that producing more Aβ leads to AD.  However, the role of these aggregates in 

the majority of AD patients is largely unknown due to our lack of understanding of how 

the Aβ molecule is catabolized by the brain.  We examined microglia to shed light on 

one of the brain’s mechanisms for regulating Aβ.  We also explored mouse neuronal 

stem cells (NSCs) as a possible therapeutic intervention to treat Aβ pathology.  

Microglial cells are typically associated with the removal of extraneous materials from 

the brain.  We find that they do not degrade Aβ.  Instead, microglia appear to continually 

recycle Aβ, perhaps to minimize the pool of Aβ that can form aggregates.  Importantly, 

we find that this recycling of Aβ deteriorates significantly with age.  To truly determine 
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whether Aβ is causative of AD, previously existing Aβ must be removed and a clinical 

improvement observed.  Drug treatment regiments to remove Aβ have by and large 

failed.  This is partly because blood vessels block most drugs from entering the brain.  

Drugs that are directly injected into the brain are typically broken down rapidly.  One 

possible way to circumvent these issues is to transplant cells that continually produce 

drugs directly within the brain.  The neuronal stem cell can live outside the brain for 

months before being transplanted.  We demonstrate that transplants of neuronal stem 

cells typically settle in predefined regions within the hippocampus and are associated 

with reductions in Aβ aggregates.  We also find that neuronal stem cells can be 

genetically manipulated to overexpress MMP9, a molecule that may further reduce Aβ 

aggregates in the brain or protect cells from Aβ toxicity.  In mice modeling Alzheimer’s 

disease, neuronal stem cells formed larger transplants after we genetically manipulated 

them to express human MMP9.  Together, our findings further our understanding of 

Alzheimer’s disease by demonstrating that microglia are less able to process Aβ with 

age and that neuronal stem cells may prove useful for treating Aβ pathology in 

Alzheimer’s patients.   
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CHAPTER 1 
INTRODUCTION 

Alzheimer’s Disease and Aβ Pathology 

Alzheimer’s disease is a neurodegenerative disease that affects more people than 

all other neurodegenerative diseases (Association, 2007).  Half of all persons reaching 

the age of 85 will be diagnosed with AD (Association, 2007). Temporally, every 72 

seconds someone within the U.S is diagnosed with AD.  The mean life span of patients 

following diagnosis ranges from 3 years to 9 years (Brookmeyer, et al., 2002). The 150 

billion dollars spent annually in healthcare costs for these individuals will only grow as 

our population’s overall life expectancy increases (Association, 2007).  Patients with this 

disease have noticeably enlarged ventricles and severe memory deficits as a result of 

progressive neuronal cell death.  Patients inevitably deteriorate over a period of years to 

the point where they require constant assistance to manage even the most mundane of 

life’s activities.  Although currently available therapies can slow the progression of AD 

by as much as 5 years, they do not remedy the underlying cause of neurodegeneration 

(Auld, et al., 2002, Parsons, et al., 2007, Terry and Buccafusco, 2003, Zandi, et al., 

2004).   

The Amyloid Cascade Hypothesis 

In the aged and AD brain, levels of Aβ peptide have been shown to increase 

(Armstrong, et al., 1996).  It has been postulated that this increase in extracellular Aβ, 

ranging from 50x to 1500x above normal (Farris, et al., 2007), is neurotoxic and sets the 

stage for the neurodegeneration found in AD (Lewis, et al., 2001, Walsh, et al., 2002).  

This belief is based on the amyloid cascade theory.  The theory states that the presence 

of high amyloid burden (amyloidosis), in the form of extracellular Aβ plaques or 
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oligomers initiates a cascade that leads to the disruption of cytoskeletal tau protein 

(Tanzi and Bertram, 2005).  Aβ and tau are among a class of fibril forming proteins 

whose β-spines naturally interdigitate to form highly stable dry ‘steric zippers’ (Sawaya, 

et al., 2007).  Two other notable proteins that multimerize via a dry steric zipper 

mechanism are the prion protein of Bovine Spongiform Encephalitis (Mad Cow Disease) 

and α-synuclein of Parkinson’s disease (Sawaya, et al., 2007).  Family linked mutations 

that cause AD create more total Aβ or create more aggregation prone forms of Aβ 

(Goate, et al., 1991, Kumar-Singh, et al., 2006, Motte and Williams, 1989, Rovelet-

Lecrux, et al., 2006).  This supports the position of Aβ as the initiator of a neurotoxic 

cascade. Secondarily, murine models that are genetically engineered to overexpress Aβ 

have memory and learning impairments similar to that which occurs in humans (Higgins 

and Jacobsen, 2003, Hsiao, et al., 1996, Savonenko, et al., 2005, Westerman, et al., 

2002, Wong, et al., 2002).  

Mouse Models of Alzheimer’s Disease 

 Given the limitations associated with post-mortem studies on human brains, 

since the mid-nineties several transgenic mouse lines have been created to model 

Alzheimer’s disease. These mouse models emulate with great success the deposition of 

Aβ in the neocortex and the hippocampus, but not necessarily neurodegenerative 

changes, such as neurofibrillary tangles.  Transgenic mice typically overexpress the 

amyloid precursor protein (APP) with familial AD mutations under the control of various 

promoters, and although there are more than a dozen strains available, most studies 

are done on the PDAPP, Tg2576, APP23 and most recently, the mo/hu 

APPswe/PS1dE9 mice (Borchelt, et al., 2002, Games, et al., 1995, Hsiao, et al., 1996, 

Sturchler-Pierrat, et al., 1997). The mutations carried in the hAPP transgene introduced 
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into these mice originated from genetic studies done on families with early onset AD.  In 

general, the transcription of these genes causes dense Aß plaque to be deposited in the 

neocortex and the hippocampus usually between six and twelve months of age.  The 

hAPP transgene in the PDAPP model has the V717F mutation (Indiana family origin) 

(Games, et al., 1995).  The dual point mutations in Tg2576, APP23 mice are at 

K670N/M671L (Swedish family origin).  In addition to the Swedish mutation, mo/hu 

APPswe/PS1dE9 co-expresses Presenilin 1 with a familial AD mutation (accelerates 

Aß42 deposition) together with the humanized form of mouse APP.  Eponymous 

PDAPP mice have hAPP under the control of platelet derived growth factor promoter 

(PD).  In the Tg2576 and mo/hu APPswe/PS1dE9 models, the APP gene is driven by 

the prion protein promoter, while the APP23 model has hAPP driven by the neuron 

specific Thy-1 promoter.  These animals constitutively over express the APP transgene.  

Recently, a inducible Tet-off mo/huAPPswe/ind transgenic mouse model was generated 

using a tetracycline responsive promoter (Jankowsky, et al., 2005).   

 The various mouse models have demonstrable impairment in learning and 

memory that typically manifest at around the same time Aβ plaques deposits become 

prevalent in the limbic structures of these animals (Higgins and Jacobsen, 2003, Hsiao, 

et al., 1996, Westerman, et al., 2002). Mice exhibit loss of dendritic spines and loss of 

synapses in subcortical cholinergic projections, Aβ plaque associated gliosis, and 

cerebrovascular abnormalities (Beckmann, et al., 2003, German, et al., 2003, Moolman, 

et al., 2004, Stalder, et al., 1999, Wegiel, et al., 2004).  APP23 mice exhibit 

neurodegeneration (Sturchler-Pierrat, et al., 1997) while the Aβ plaques in Tet-

off/APPswe/ind mice persist for the lifetime the mouse even when APP transgene 
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production is halted early on (Jankowsky, et al., 2005).  However, the lifespan of the 

Tet-off/APPswe/ind mouse is not significantly shortened by the presence of these Aβ 

plaque deposits.  This highlights an inherent shortcoming of modeling AD in animals 

whose normal lifespan is less than 5% that of a normal human.  Mouse models also do 

not have hyperphosphorylated tau neurofibrillar tangles or the same level of 

complement system activation found in AD (Higgins and Jacobsen, 2003, Schwab, et 

al., 2004, Xu, et al., 2002).  Rat models of AD have not gained widespread popularity 

because rat brains are more resistant to the formation of dense Aß plaques and AD-like 

learning & memory deficits (Ruiz-Opazo, et al., 2004). 

 The transgenic mice listed above have been mated to other mice deficient or 

containing mutant proteins that are informative for AD studies.  For instance, hybrid 

mice were created by mating Tg2576 mice to mice deficient in expression of the 

immune cell chemotaxis receptor CCR2 (El Khoury, et al., 2007).  As described in the 

following, these mice proved instrumental in further understanding microglial 

contribution to the central nervous system (CNS) challenged with amyloidosis.   

Extracellular Trafficking and Internalization of Aß 

 Though not a complete replicate of Alzheimer’s disease, transgenic mouse 

models are nonetheless useful in understanding the genetics and biochemical cascades 

that lead to learning and memory deficits found in humans.  As mentioned, the amyloid 

Aβ plaques in these models attract glia (Stalder, et al., 1999).  As the brain’s 

endogenous immunocompetent cells microglia are among the first cells recruited to the 

Aβ plaques (El Khoury, et al., 2007, Frautschy, et al., 1998, Stalder, et al., 1999).  The 

Aβ-protein from these plaques has been found inside microglial lysosomes indicating 

that these cells actively phagocytose portions of Aβ plaques (Cole, et al., 1999, 
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Frautschy, et al., 1998).  The process of internalizing Aß is mediated by several cells 

surface receptors.  In the brain parenchyma, macrophage scavenger receptor Type A 

(MSR-A) is only expressed by microglia.  Studies by Chung and coworkers, and others 

have shown that MSR-A is responsible for uptake of up to 60% of internalized fibrillar 

Aß (non-opsonized) in the brain (Chung, et al., 2001, El Khoury, et al., 1996).   

Interestingly, MSR-A knock-out animals expressing hAPP with Indiana and Swedish 

mutations under PD control have similar amounts of Aβ plaque burden when compared 

to their littermates with normal MSR-A expression (Huang, et al., 1999).  Other 

receptors, such as MSR-B, and receptor for advanced glycation end products (RAGE) 

are capable of internalizing Aβ, and it is likely that these compensate for the loss of 

MSR-A (Huang, et al., 1999, Rogers, et al., 2002, Yan, et al., 1996).   

Another way in which Aβ can be internalized is as a non-covalent conjugate to 

complement factors or antibodies (opsonization).  Microglia have an assortment of 

receptors such as Cd11b and Fc gamma receptors which can mediate the phagocytosis 

of opsonized Aβ (Chung, et al., 2001, Lue and Walker, 2002).  A recent study showed 

that APP is transported to cholesterol rich lipid rafts in neurons by low density 

lipoprotein receptors like protein (LRP) (Yoon, et al., 2007), however, its Aβ cleavage 

product can be carried by high density lipoprotein like protein (HDL) in the extracellular 

space and then internalized by microglial LRP (Fagan, et al., 1996).  Apolipoproteins E 

(ApoE) and J (ApoJ) in complex with HDL-Aβ reduce the eventual degradation of Aβ in 

microglia (Cole, et al., 1999).  

 Allelic differences in ApoE, along with mutations in APP and PS1/2 are among 

the most well defined genetic risk factors for familial AD, and it is interesting that 
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microglia & astrocytes are the major contributors of extracellular ApoE in the brain (Xu, 

et al., 2000).  Release of ApoE into the extracellular space is dependent on protein 

prenylation and is sensitive to statin treatment (Naidu, et al., 2002). Micromolar 

concentrations of Aβ can induce the secretion of ApoE from microglia in vitro (Bales, et 

al., 2000). Conversely, the fibrillization of Aβ is thought to be promoted by ApoE since 

the ApoE can bind to Aβ (Carter, et al., 2001, Xu, et al., 2000) and mice with the Indiana 

or Swedish mutations that have ApoE knocked out no longer have dense Aβ plaques or 

have delayed deposition of Aβ plaques, respectively (Fryer, et al., 2005, Irizarry, et al., 

2000). 

Lysosomal and Non-lysosomal Degradation of Aβ 

 Frautschy et al. quantified up to five-fold increases in microglial density 

surrounding Aβ plaques in mice with the Swedish mutation under the prion promoter 

(Frautschy, et al., 1998).  El Khoury et al. demonstrated that elimination of CCR2 

dependent microglial chemotaxis results in earlier appearance of amyloidosis, twice as 

much Aβ42 and ~36% greater mortality in mice co-expressing the prion promoter 

Swedish mutation (El Khoury, et al., 2007). A plethora of reports have provided 

evidence of mouse and human microglial degradation of Aβ via the endosomal-

lysosomal pathway (Frautschy, et al., 1998, Qiu, et al., 1998, Rogers, et al., 2002).  

However the rate and quantity of this degradation is a subject of great concern as the 

kinetics of degradation (in relation to Aβ deposition) has direct physiological relevance 

to Alzheimer’s disease progression.  Several articles from Maxfield’s group have shown 

that microglial cells from neonatal mice degrade Aβ at much slower rates compared to 

blood macrophages (Majumdar, et al., 2007a, Paresce, et al., 1997).  In an elegant 

series of experiments, they showed that in the course of three days, neonatal microglia 
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in vitro degrade only 20% of the fibrillar Aβ they are exposed to while peritoneal 

macrophages degrade close to 80%. While microglia and macrophages are able to 

make similar cleavages at the N-terminus of the fibrillar Aβ, the macrophages were able 

to make far more thorough cuts along the Aβ molecule.  Neither cell type was able to 

cut the C-terminal portion of the molecule. Perhaps the localization of Aβ’s highly stable 

twisted beta pleated sheet at the C-terminus confers this resistance to degradation.  

This pleated sheet is the fundamental secondary structural element underlying 

multimers of Aβ (Sawaya, et al., 2007).  The authors proposed that microglia are 

hindered in their capacity to degrade Aβ, relative to their macrophage counterparts, due 

to an incomplete set of lysosomal enzymes (Majumdar, et al., 2007a).  This is indirectly 

supported by the observation that microglial degradation of Aβ in vitro is enhanced 

when global endocytosis of lysosomal enzymes is enhanced (Majumdar, et al., 2007a).  

It is worth mentioning that a recent study focusing on macrophages from the blood of 

AD patients concluded that these cells are impaired in their ability to phagocytose Aβ 

when compared to non-diseased subjects (Fiala, et al., 2005). 

 TGF-β1 is a cytokine that attracts and activates microglia. Bigenic mice 

overexpressing hAPP with Swedish and Indiana mutations under PD promoter in 

addition to TGF-β1 (cSJL x B6D2 background) have a 50% reduction in brain 

parenchymal Aβ plaque burden compared to their non- TGF-β1 overexpressing 

littermates (Wyss-Coray, et al., 2001). Since microglia exposed to TGF-β1 in vitro 

display enhanced degradation of Aβ, it is postulated that the marked in vivo reduction of 

Aβ plaque burden in these TGF-ß1 transgenic mice is due to microglial action. TGF-β1 

and similar factors that stimulate microglia most likely cause degradation of Aβ through 
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either intracellular lysosomal degradation at the N-terminus, as already described, or 

through extracellular degradation via cell surface enzymes.   

 Neprilysin, a zinc dependant endopeptidase and insulin degrading enzyme (IDE), 

a zinc dependant metalloproteinase, are two well defined brain proteases.  It is thought 

that microglia express these proteases on the cell surface and also release them into 

the extracellular space (Qiu, et al., 1998, Takaki, et al., 2000). A series of reports have a 

built a compelling case for neprilysin being the major soluble Aβ catabolic enzyme in AD 

animal models, in AD patients and in non-diseased humans (Iwata, et al., 2001, 

Leissring, et al., 2003).  Of note are reports quantifying 50% reductions in neprilysin 

mRNA in hippocampal regions classically susceptible to amyloidosis (Yasojima, et al., 

2001) and ~48% less mouse brain neprilysin mRNA in Tg2576 mice deficient in 

microglial recruitment to Aβ plaques due to CCR2 knockout (El Khoury, et al., 2007).  

As mentioned previously, these CCR2 knockout mice have twice as much Aβ42.  Even 

though neprilysin is found in neurons, its major degradative function in the brain 

parenchyma appears to be microglial based. On the other hand, recent studies show 

that neprilysin cannot degrade the fibrillar Aβ commonly found in dense plaques (Yan, 

et al., 2006) or especially neurotoxic oligomeric Aβ (El-Amouri, et al., 2007).  Thus, 

neprilysin activity can modulate normal Aβ catabolism in vivo (Marr, et al., 2003) and 

prevent the onset or progression of AD, however, its specificity for less multimeric forms 

of Aβ will likely prevent its use as a therapy for reversing the course of symptomatic AD. 

 The CCR2 knockout mice mentioned (El Khoury, et al., 2007) have normal IDE 

mRNA levels.  This suggests that neurons and astrocytes are able to supply basal 

levels of IDE when microglial function is perturbed (El Khoury, et al., 2007).  IDE is 
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present in the cytosol where it degrades the cytoplasmic portion of APP (Edbauer, et al., 

2002), however cell surface IDE and secreted IDE are more likely the species of this 

protein responsible for extracellular Aβ clearance (Qiu, et al., 1998).  In three month-old 

mice lacking IDE (and not expressing APP transgenes), a 64% increase in cerebral 

endogenous Aβ40 has been found (Farris, et al., 2003).  However in 16-month-old mice 

with the Swedish mutation under the prion promoter, astrocytes proximal to Aβ plaques 

display a two-fold increase in IDE immunoreactivity at the same time point diffuse Aβ 

condenses into plaques (Leal, et al., 2006).  Surprisingly, there was no reported 

reduction in Aβ plaque deposition (Leal, et al., 2006).  In these studies, microglia 

surrounding the Aβ plaques do not produce IDE at levels detectable by 

immunohistochemistry.   

 IDE is one of the leading drug candidates for AD therapy.  A recent study 

suggested that chemical modifications in its active site for the purpose of keeping the 

enzyme in a constitutively open state should be pursued (Shen, et al., 2006).  This 

could result in a forty fold increase in catalytic activity and hence a therapeutic increase 

in Aß degradation.  One must be prudent however as insulin is a major substrate for 

IDE degradation.  Unlike other tissues, the brain does not maintain energy reserves so 

perturbations in sugar homeostasis caused by constitutively active IDE could result in 

severe side effects. This is less of an issue with neprilysin as a therapy since its other 

proteolytic substrates lie mostly outside the CNS compartment. 

Consequences of Aβ Immunization and Inflammation 

 The field of AD research has experienced a significant disappointment following 

the termination of the Aβ42 immunization (AN-1792) clinical trial due to life threatening 

inflammatory side effects (Patton, et al., 2006).  In contemplating the cause of 
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meningoencephalitis which afflicted 6% of the study’s subjects, one must consider the 

role of microglial interaction with Aβ as a possible activating agent (Floden, et al., 2005, 

Tan, et al., 1999).  This is thought to be mediated via the binding of complement factor 

C1 conjugated with Aβ to complement receptors CR3 & CR4 on the microglial cell 

surface (Heneka and O'Banion, 2007) inducing a highly cytotoxic complement cascade. 

It is worth noting that 20% of the subjects in the trial had the desired antibody response 

to Aβ immunization.  However, in this subgroup, 22% suffered from 

meningoencephalitis.  This suggests that the pathogenic inflammation that halted the 

study likely involved antibody-induced inflammation.  Perhaps the antibody response 

changed the Aβ to a species that is more inflammatory?   

In vitro studies have shown that Aβ can induce synthesis of inflammatory 

cytokines via a NfκB dependant pathway (Heneka and O'Banion, 2007).  Floden and 

colleagues reported that there are age related differences in the ability of different forms 

of Aβ to induce inflammatory responses (Floden and Combs, 2006).  Microglia isolated 

from neonatal and adult mice (C57BL/6 non-transgenics) are able to induce the 

secretion of TNFα when exposed to oligomeric Aβ while fibrillar Aβ can only induce 

TNFα production when exposed to neonatal microglia.  If this finding holds true in 

humans, it could perhaps lend greater understanding to the AN-1792 trial - in the gray 

and white matter of AD patients with an antibody response to the Aβ42 immunization, 

post-mortem analyses intriguingly found dramatic increases in soluble Aβ as a result of 

antibody-dependent plaque disassembly.  In fact, the quantity of soluble Aβ increased 

fifteen-fold in one subject.  This antibody-dependent disassembly of fibrillar Aβ into 

soluble Aβ caused an unintended increase in oligomeric species of Aβ.  The 



 

24 

investigators found Aβ plaque-derived dimers, trimers, tetramers and higher order 

oligomeric structures of up to 30kDa in the brains of these patients.  As described by 

Floden et al., oligomeric but not fibrillar species of Aβ can selectively induce adult 

microglial production of proinflammatory TNFα (Floden and Combs, 2006) and directly 

cause neuronal death (Floden, et al., 2005, Tan, et al., 1999). 

Novel Approaches for Study of Aβ Regulation and Therapy 

As described above, studies on the catabolism of Aβ have shed light on the brain’s 

mechanisms of regulating extracellular Aβ.  Studies from neuroimmunology labs have 

demonstrated that microglia, the primary immune cell of the CNS (Giulian, 1987), have 

a considerable role in Aβ regulation in the AD brain (Chung, et al., 2001, El Khoury, et 

al., 2007, Frautschy, et al., 1998, Rogers, et al., 2002).  However, clinical trials aimed at 

emulating microglial-like functions (anti-oxidant trials) or curtailing microglial functions 

(anti-inflammatory trials) have largely failed at treating AD.  Interestingly, these trials, 

which targeted a disease of the elderly, were conspicuously carried out on knowledge 

primarily from studies on in vitro neonatal mouse models.  Nevertheless, it is generally 

accepted that glia play a role in the regulation of the extracellular space including the 

metabolism of extracellular Aβ.   

The emerging field of stem cell research has demonstrated that the neuronal stem 

cell of the subependymal zone (SEZ) is a very glial-like immature cell that may provide 

a window for novel approaches to treat AD pathology (Kukekov, et al., 1997, Laywell, et 

al., 2000, Raponi, et al., 2007).  Our goal was to bring together the knowledge base of 

neuroimmunology and stem cell biology in order to answer two questions:1) is there a 

loss of microglial Aβ catabolic functionality in the aged brain and 2) can stem cells be 

used as a therapeutic approach to lessen Aβ burden in brains where Aβ homeostasis is 
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perturbed?  Our hypotheses was that 1) there is a depreciation of Aβ degradation in the 

aged and AD brain and 2) the biology of stem cells uniquely positions them as a 

platform to counter Aβ burden.  These hypotheses were founded on the following 

observations.  First, in both the aged and AD brain, there are greater levels of Aβ 

(Armstrong, et al., 1996).  This increase in Aβ cannot be fully explained by currently 

known genetic risk factors since these factors confer increased AD susceptibility by 

affecting Aβ anabolism.  Because most AD cases are ‘late onset’ without any known 

genetic causes, the possibility of dysregulation of Aβ catabolism in AD remains 

(Association, 2007).  Second, histological evidence from human and rodent autopsy 

brain sections show that microglia appear dystrophic with similar morphological features 

in both the aged and AD brains (Flanary, et al., 2007).  Thus, lose of microglial function 

could contribute to increased Aβ burden with age and AD.  Third, cell replacement 

therapy using stem cells is a promising approach because of the physiological flexibility 

inherent to stem cells.  These cells naturally undergo self renewal in vivo and in vitro 

and are capable of being transplanted after being expanded ex vivo (Marshall, et al., 

2006, Walton, et al., 2006a).  This unique property allows for genetic introduction of 

candidate anti-Aβ molecules in culture for delivery in vivo.   

In the following, I shall detail our experimental findings in quantifying glial aged-

related biology as well as determining the Aβ disrupting ability of 1) transplanted stem 

cells and 2) stem cells used to deliver the candidate anti-Aβ therapeutic, MMP9.  Our 

studies have implications in understanding catabolic pathways that contribute to 

Alzheimer’s disease pathology and clinical approaches to treating said pathology.   
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CHAPTER 2 
EX VIVO CULTURES OF MICROGLIA FROM YOUNG AND AGED RODENT BRAIN 

REVEAL AGE-RELATED CHANGES IN MICROGLIAL FUNCTION 

Introduction 

A multitude of studies have implicated microglia as important players in the 

etiology of a number of age-related neurodegenerative diseases, including Alzheimer’s 

disease, Parkinson’s disease and amyotrophic lateral sclerosis (Boillee, et al., 2006, 

Chung, et al., 2001, El Khoury, et al., 2007, Frautschy, et al., 1998, Rogers, et al., 

2002).  To understand how microglial cell function may change with aging, various 

protocols have been developed to isolate microglia from the young and aged central 

nervous system (CNS). While histological studies are essential in providing clues 

regarding the cells’ involvement, they are limited in terms of evaluating the functions of 

living cells.  In the past decade, protocols to isolate living microglia from postnatal 

animals have become available (Carson, et al., 1998, de Haas, et al., 2007, Frank, et 

al., 2006, Hickman, et al., 2008, Ponomarev, et al., 2005).  These protocols either trap 

microglia using antibodies to cell-specific antigens (Hickman, et al., 2008, Tham, et al., 

2003) or separate microglia using density centrifugation (de Haas, et al., 2007, Frank, et 

al., 2006).  In both cases, the rapid isolation of microglia enables ex vivo 

experimentation of endogenous microglia in a controlled setting largely devoid of 

neurons, oligodendrocytes and astrocytes. 

Protocols utilizing density centrifugation are advantageous to those utilizing 

antigen traps in terms of yield per brain (de Haas, et al., 2007).  They also avoid artificial 

cellular reactions caused by antigen cross linking, a risk carried with the use of 

antibodies in trapping protocols.  However, in our hands, significant amounts of non-

microglial, debris contaminate current density centrifugation derived cultures.   In the 
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present study, we sought to modify density centrifugation methodology to eliminate 

debris fields present in such cultures.  With these modifications, microglial yields were 

preserved or slightly increased.  

These improvements allowed us to study microglial function with regard to 

alterations during normal aging.  We found that microglia from aged mice constitutively 

secrete greater amounts of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) 

relative to microglia from younger mice and are less responsive to stimulation.  Also, 

microglia from aged mice have reduced glutathione levels and internalize less Aβ while 

microglia from mice of all ages do not retain the Aβ peptide for a significant length of 

time.  These studies offer further support for the idea that microglial cell function 

changes with aging.  They suggest that microglial Aβ phagocytosis results in Aβ 

redistribution rather than biophysical degradation in vivo and thereby provide 

mechanistic insight to the lack of amyloid burden elimination by parenchymal microglia 

in aged adults and those suffering from Alzheimer’s disease. 

Methods 

Solutions 

Dispase II (Roche, Mannheim, Germany) was reconstituted at 2U/mL in dispase 

buffer (0.9% HEPES, 50mM NaCl, pH 7.4) according to manufacturer’s instructions.  

Percoll (GE Healthcare, St. Giles, UK) was diluted 1:10 with 10x phosphate-buffered 

saline (PBS) to create an isotonic solution.  1x PBS was added to isotonic percoll to 

create working solutions ranging from 75% to 25% percoll.    

Animals 

Debris reduction experiments were performed with non-transgenic C57BL/6 mice 

and mice expressing GFP under the fractalkine-receptor promoter (Jung, et al., 2000).  
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Experiments were performed using young (1-2 month old) and aged (14-16 month old) 

male C57BL/6 mice.  The mice were housed at 22˚C in a controlled 12hr light/dark cycle 

and provided food and water ad libitum.  Animals were euthanized by exsanguination 

using transcardiac perfusion with PBS under deep anesthesia with sodium pentobarbital 

(50mg/kg body weight).  This method of euthanasia is consistent with the 

recommendations of the Panel of Euthanasia of the American Veterinary Medical 

Association.  After perfusion, the brain (telencephalon, cerebellum and midbrain) was 

rapidly removed.   

Reduction of Debris Produced by Brain Homogenization 

Each brain was washed in cold 1x PBS, then minced using a small scissors.  Brain 

tissue was gently dissociated by immersion into 10mLs (per brain) of dispase II solution 

(2U/mL), trypsin solution (0.05%) or by grinding within a tissue homogenizer (glass 

Potter, Braun, Melsungen, Germany).   Dissociated brain tissue was placed within a 

50mL conical tube and laid horizontally in an orbital shaker set to shake for 1hr, 37°C at 

150rpm.  Remnant tissue chunks were further homogenized by rapidly triturating with a 

10mL pipette (BD Biosciences, Boston, MA) with a wide bore to prevent cell shearing.  

This was carried out with a fully charged pipette aid (Drummond).   Enzyme activity was 

halted by diluting the resultant homogenate 1:1 with cold 10% FBS in 1x PBS.  

Meninges and clumped cells were removed with 70um filtration (BD Biosciences, 

Boston, MA) to obtain a suspension of single cells.    

Preparation of Discontinuous Percoll Gradients 

The homogenate was spun 1000 x g for 10min at 4°C.  The supernatant was 

discarded and the pellet of an individual brain was resuspended in 6mLs of 75% 

isotonic percoll (high percoll) (GE Healthcare, Buckinghamshire, U.K). Three mLs of this 
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mixture was then aliquoted into a 15mL polystyrene tube. Five mLs of 35% isotonic 

percoll (low percoll) was layered atop the high concentration percoll at a rate of 

150ul/sec to create a distinct interface between the percoll layers.  To replicate 

gradients described in the literature, 25% percoll was utilized for low percoll.  1x PBS 

was layered atop the low concentration percoll.  The resultant discontinuous gradient 

was then allowed to settle on ice for 15 minutes allowing most of the homogenate to 

naturally rise towards its isopycnic position.  The gradient was then centrifuged at 800 x 

g for 45min in a HS-4 swinging bucket rotor (Thermo Fisher Scientific, Waltham, MA) 

set to 4°C.  We did not notice changes in microglial yields with high acceleration or the 

application of the brake.  However, yields were significantly diminished if the gradients 

are not processed immediately following centrifugation.  To process the gradients, the 

volume of the PBS layer and the low concentration percoll layer were rapidly aspirated.  

A band of microglia (usually 0.5-1.5mL), captured between the low concentration and 

high concentration percoll layers was then collected and diluted in 50mL of 1x PBS.  

This was centrifuged at 1000 x g for 10min at full acceleration and brake.  The 

supernatant was quickly decanted and the cell pellet resuspended in DMEM culture 

media containing 10% FBS.  We also added 0.15ug/mL granulocyte monocyte colony 

stimulating factor (GM-CSF, R & D Systems, Minneapolis, MN), authouth this is not 

required for the culturing of microglia. 

 Immunochemistry 

Isolated cells were grown in culture media overnight.  Cells were then washed, 

fixed in 4% paraformaldehyde and processed for immunofluorescence of microglial 

antigen Iba1 (1:500, Wako, Richmond, VA), microglial antigen Cd11b (1:1000, Serotec, 

Raleigh, NC), astrocyte antigen GFAP (1:1000, Dako Corporation, Carpinteria, CA), and 
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neuronal antigen NeuN (1:500, Millipore, Bellirica, MA).  Cells were rinsed and 

incubated with goat anti-rabbit Alexa 488 (Invitrogen, Carlsbard, CA) and goat anti-

mouse Alexa 568 (Invitrogen, Carlsbard, CA).  Cells were photographed with an 

Olympus DP71 camera mounted on an Olympus BX60 microscope. 

Cell Viability 

Microglial mitochondrial respiratory activity, a measure of cell viability, was determined 

using a colorimetric MTT (methylthiazolyldiphenyl-tetrazolium bromide) assay (Bioassay 

Systems, Hayward, CA).  This was compared to a reference value of HEK-293 cells, a 

highly viable immortal cell line, and dying cultures treated with 1% Triton X-100, a toxic 

reagent.   

Microglial Stimulation 

In order to compare the inflammatory reaction of microglia in young and aged 

brains, cells were isolated from 2 and 14 months old mice, as described above, and 

seeded in 96-well tissue culture plates (Corning Incorporated, Corning, NY) at a density 

of 3 x 105 cells/well.  The cultures were incubated overnight at 37C with 5% CO2 and 

saturated humidity.  The next day, cells were stimulated by replacing the original culture 

media with media containing 2% FBS and inflammatory agents in different 

concentrations.  Two highly potent inflammatory stimuli were selected, i.e. 

lipopolysaccharide (LPS), (Escherichia coli 055:B5) (Sigma, St. Louis, MO), a toll-like 

receptor 4 (TLR4) agonist and PamCSK3 (Invitrogen, Carlsbard, CA), a TLR2 agonist.  

LPS and PamCSK3 were added at a concentration of 10-100ng/mL (LPS) or 0.1- 

1ug/mL (PamCSK3).  Control conditions were included, containing no stimuli.  After 

24hrs of incubation, the media of stimulated microglia were collected and centrifugated 
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for 10min at 20°C and 1200rpm. The supernatants were used for IL-6 and TNF- 

enzyme-linked immunosorbent assays (ELISA). For every condition, cytokine levels 

were calculated in three different wells, while each experiment was performed fourfold. 

 IL-6 ELISA 

Mouse IL-6 secreted protein levels were determined with a general sandwich 

ELISA protocol.  Briefly, an enhanced protein binding ELISA plate (Nunc, Rochester, 

NY) was incubated overnight at 4°C with the capture antibody, rat anti-mouse IL-6 (BD 

Bioscience Erembodegem, Belgium).  After blocking the non-specific binding for 2hrs, 

standards (BD Bioscience Erembodegem, Belgium) and samples were added for 2hrs 

at room temperature.  Subsequently, biotinylated rat anti-mouse IL-6 (BD Bioscience 

Erembodegem, Belgium) was used as a detection antibody.  Following incubation with a 

Streptavidin-Horseradish Peroxidase conjugate (Dako Cytomation, Heverlee, 

Belgium), a TMB substrate (BD Bioscience Erembodegem, Belgium) was applied to the 

plate. Finally, optical densities (OD) were read between 450-570nm, using a 

spectrophotometer (Powerwave X Select) and concentrations were calculated.  The 

detection limit of the assay was 10pg/mL. 

TNF- ELISA 

Mouse TNF- secreted protein levels were measured using a commercially 

available ELISA kit (eBioscience, San Diego, CA), according to the manufacturer’s 

instructions.  Concentrations were determined according to the OD values, measured 

using a spectrophotometer (Powerwave X Select) at a wavelength between 450-570nm. 

The detection limit of the assay was 8pg/mL. 
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Glutathione Measurements 

Total glutathione (reduced and oxidized) was measured in microglia using a 

glutathione reductase enzymatic recycling assay (Cayman Chemical, Ann Arbor, MI) 

that is based on the colorimetric conversion of nitrobenzoic acid to 5-thio-2-nitrobenzoic 

acid (Tietze, 1969).  Briefly, microglia from the brains of young or aged mice were lysed 

immediately following isolation and prepared for glutathione measurements according to 

manufacturer’s instructions.  Glutathione levels within the range of standards were 

attained by combining microglia from four brains.  Therefore to attain three repetitions, 

12 mice per age group were assayed.  All samples were normalized to total protein 

using bicinchonic acid (BCA) colorimetric assay (Pierce, Rockford, IL).   

Aβ42 Fate Analysis 

Aβ42 lyophilized protein with and without a FITC conjugate (rPeptide, Bogard, GA) 

was resuspended to 1mg/mL in 1% NH4OH and stored at -20°C according to 

manufacturer’s directions.  To visualize internalized Aβ in living cells, Aβ42-FITC was 

diluted to 4ug/mL in DMEM and added to microglia for 3hrs.  The cells were then 

stained with DAPI nuclear counterstain (1:1000) for 5min. and then imaged.  For 

enhanced subcellular resolution of internalized Aβ, cells (exposed to non-conjugated 

Aβ42) were fixed as described above for  immunocytochemistry using antibodies 

against Aβ (6E10, 1:2000, Signet Laboratories, Dedham, MA) and the lysosomal 

associated protein, Lamp 1 (1:2, gift from Dr. Notterpek, University of Florida).  To 

determine the aggregation state of Aβ42 in stock solutions used in internalization and 

fate experiments, samples were diluted in Laemmli sample buffer containing 2% sodium 

dodecyl sulfate (SDS) and loaded in 4-20% TG-SDS gels (Invitrogen, Carlsbad, CA) for 

standard SDS-PAGE.  Immunoblots were probed with 6E10 at a dilution of 1:5000.  
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6E10 has affinity to individual Aβ42 peptides and therefore monomers, oligomers and 

higher order conformers of Aβ42 are distinguishable by size difference.  Gel blots were 

photographed using a Fugi imaging system (Fugifilm Life Science, Stamford, CT).  

RS chambers (Nunc, Roskilde, Denmark) that contain a hybrid of glass and 

polystyrene surfaces have reduced non-specific interaction with Aβ and were therefore 

chosen for fate analysis experimentation.  To further reduce non-specific Aβ42 

absorption, these chambers were blocked with 10% milk for 1hr.  Microglial cells were 

then isolated from 1 month old mice, 15 months old mice and mixed glial cultures 

(MGC) were seeded on RS chambers at approximately 3 x 105 cells/chamber.  The 

cultures were incubated overnight at 37C with 5% CO2 and saturated humidity.  The 

next day, cultures were rinsed and given Aβ42 diluted in DMEM at 4ug/mL.  The cells 

were allowed to internalize Aβ42 from the media for 3hrs in 37˚C.  The cells were then 

rinsed and incubated at 37˚C with 1.5mLs of culture media lacking Aβ42.  This media 

and that of cells lysed immediately following rinsing were collected, as were the 

conditioned media and lysate from wells incubated for 3hrs and 16hrs.  The lysis buffer 

consisted of NP40 (Invitrogen, Carlsbard, CA) supplemented with protease inhibitor 

cocktail (1x, Sigma, St. Louis, MO) and PMSF (1mM).  For each age group, lysate and 

media representing 3-6 adult mice or 14 neonatal pups (2 (MGCs) were collected.  To 

determine the fate of Aβ42, we employed a sandwich-style ELISA (Invitrogen, 

Carlsbard, CA), configured with two capture antibodies (recognizing epitopes on the N 

terminus and C terminus of human Aβ42) to first capture the N terminus of Aβ42 and 

then the C terminus (Schmidt, et al., 2005). Microglial degradative activity on Aβ42 

causes N terminal truncations (Majumdar, et al., 2007b), thus ELISA reactivity is limited 
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to non-degraded Aβ42.  We were therefore able to 1) follow the loss of Aβ42 and 2) the 

expulsion of Aβ42 from microglia.  The ELISA was processed with duplicates of each 

sample and absorbance read at 450nm using a spectrophotometer (Bio-Tek, Winooski, 

VT).  Data was normalized to mock treated wells that were treated as described above 

but contained no cells.  The detection limit of the assay was 10pg/mL. 

Statistical Analysis 

Average cytokine data are presented as mean ± SEM. Statistical analysis was 

carried out using SPSS ver. 14.0 for Windows (SPSS, Chicago, IL). To analyse 

differences between groups, we used unpaired, two-tailed Student’s t-test or ANOVA 

with a post hoc Bonferonni’s test when appropriate.  A p-value of <0.05 was considered 

statistically significant.  Average Aβ data are presented as mean ± SEM.  For statistical 

comparison of Aβ internalization between age groups, we used unpaired, two-tailed 

Student’s t-test. For statistical comparison of Aβ fate, paired, two-tailed Student’s t-test 

was used to compare Aβ levels immediately following internalization and 16hrs later.  A 

p-value of <0.05 was considered statistically significant.   

Results 

As reported previously (de Haas, et al., 2007, Frank, et al., 2006), centrifugation of 

dissociated whole brain within discontinuous percoll gradients can separate microglia 

from other brain cells.  In our hands, the techniques described in the literature yielded 

insufficiently pure cultures for the pulse-chase experiments we performed (Fig. 2-1B-C).  

Specifically, we observed that debris fields, which could possibly sequester Aβ peptide 

(Li, et al., 2005).  To address this, we utilized dispase II, an enzyme that has been 

described as particularly gentle, yet capable of tissue dissociation (Borchelt, et al., 

1992, Gao, et al., 2004, McDermott, et al., 2003).  Furthermore, we increased the 
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density of percoll by 16% from that described in the literature (de Haas, et al., 2007).  

We observed that brains treated with this methodology 1) had greater separation of 

dissociated microglia from tissue chunks (Fig. 2-1A-B), 2) yielded numerous adherent 

microglia and 3) were largely devoid of debris (Fig. 2-1C-D).   

Altogether, the combination of these techniques resulted in the extraction of up to 

3 x 106 microglia per brain.  On average, 8.5 x 105 microglia per brain were extracted 

from young and aged mice (Fig. 2-2B).  94% of DAPI counterstained cells were reactive 

to Iba1 (Fig. 2-2A) as determined by 3 observers. The cells had a characteristic 

amoeboid, phase bright morphology similar to previous reports of adult microglia 

isolated with different methodology (Tham, et al., 2003).  To further confirm that our 

isolated cells were indeed microglia, we isolated cells from transgenic mice where GFP 

expression is under the fractalkine receptor promoter.  These mice are reported to have 

microglia as the only brain cell type to express GFP (Jung, et al., 2000).  Upon isolation 

of cells, our cultures were reactive to antibodies specific to GFP (Fig. 2-3A).  Ex vivo 

cultures of adult microglia that were allowed to adhere overnight were comparable to 

the HEK 293 cell line in viability (Fig. 2-2C).  Recent studies have raised the possibility 

that GM-CSF could push cultured microglia towards a dendritic cell fate (Esen and 

Kielian, 2007).  In our cultures, microglia grown in 0.15ug/ml GM-CSF or in GM-CSF 

free conditions both maintained a rounded morphology (Fig. 2-3B) and had no 

immunoreactivity to the dendritic cell antigen, Cd11c (data not shown).  Interestingly, 

neonatal microglia derived from mixed glial cultures lacking GM-CSF exhibited a 

ramified phenotype when cultured overnight in GM-CSF containing media (Fig. 2-4).  

This morphology is similar to that observed in mixed glial cultures with prolonged 
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exposure to GM-CSF (Esen and Kielian, 2007).  It is possible that the conditions within 

mixed glial cultures prime microglia to adopt a dendritic-like morphological phenotype 

upon exposure to GM-CSF. 

 

Figure 2-1. Dispase II density centrifugation methodology. (A) Brain hemispheres that 
were homogenized with dispase II and loaded onto discontinuous gradients 
composed of 35% ‘low’ percoll and 75% ‘high’ percoll sequestered microglia 
to an isopynic density of 1.077mg/ul as determined by beads with known 
densities.  This configuration spatially separated unwanted brain matter to a 
density 50ug/ul more buoyant.  (B) Density centrifugation methodology as 
described in the literature involved mechanical homogenization and reduced 
percoll densities.  In our hands, such methodology failed to channel unwanted 
brain matter (tissue chunks, red arrowhead) to an isopynic position distal to 
the microglia enriched band.  (C) Phase contrast images of freshly prepared 
cells under a hemacytometer demonstrate viable phase-bright cells (resistant 
to trypan blue) as well as reduced particulate matter from dispase II 
homogenized brains.  Following 24hrs of culture, these cells remain adherent 
after multiple washes (D) and are thus compatible with experiments that 
involve media exchanges.  
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Previously, histological findings of dystrophic microglia in the aged and diseased 

brain have led our laboratory to suggest microglial function may deteriorate with normal 

aging.  Therefore, we sought to study elements of pathology that are mainly conferred 

by microglia in vivo and are known to change with aging and disease (Bolmont, et al., 

2008, El Khoury, et al., 2007, Meyer-Luehmann, et al., 2008, Streit, et al., 2004, Ye and 

Johnson, 1999).  Recent studies have shown that mRNA copies of inflammatory 

cytokines are increased in microglia from aged brains (Sierra, et al., 2007, Ye and 

Johnson, 1999).  However, mRNA transcripts may not necessarily translate to secreted 

protein levels (Munger, et al., 1995, Storm van's Gravesande, et al., 2002), a more 

ultimate measure of functional change.  To determine if microglia vary their secretion of 

cytokines with age, we obtained microglia from young and aged mice and measured 

their cytokine levels with and without exogenous immune stimulation.   

The most striking observation in this respect was the dramatic increase in IL-6 

release under basal conditions (young: 211.8±31.7 pg/ml vs. aged: 3735.9±1000.2 

pg/ml, p<0.001).  In both young and aged microglia, a significant dose-effect relation 

following either LPS or PAMCSK3 stimulation was observed (Fig. 2-5A). Moreover, 

maximal release of IL-6 was significantly enhanced in aged microglial cells following 

LPS (100ng/ml) or PAMCSK3 (1ug/ml) stimulation (Fig. 2-6). 

As with IL-6, the amount of TNF-

significantly higher under basal conditions when compared to young microglia. While 

microglia derived from young mice produced no TNF-

amount was significantly increased to 917.2 ± 91.9 pg/ml in supernatants of aged 

microglia cultured for 24h without any exogenous stimuli (p<0.001). This striking 
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difference confirms age-related higher basal levels of cytokine production previously 

observed with mRNA transcript analysis (Sierra, et al., 2007) and indicates that aged 

microglia are hyperactive when compared to microglia from young mice. This high 

release under basal conditions may explain the lack of a significant dose-effect relation 

in TNF- Fig. 2-5B). In 

contrast, in young microglia a significant dose-effect relation was observed. Moreover, 

although the maximal amount of TNF-

LPS were not different between aged or young microglia (Fig. 2-6B). 

 

Figure 2-2. Purity, yield and viability of microglia. (A) Microglia isolated with dispase II 
density centrifugation methodology express Iba1, a marker commonly used to 
identify in vivo microglia.  (B) Yields of microglia from 1 month and 15 month 
old mice typically obtained using dispase II based density centrifugation 
methodology show little variability with age. (C) Measurement of 
mitochondrial respiratory activity indicated that isolated microglia form 
cultures comparable in viability to HEK 293 cells, an immortal cell line. 
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In addition to quantifying microglial cytokine production as a function of age, we 

were interested in whether the ability of microglia to serve as an oxidative sink and to 

internalize Aβ changes with age.  Glutathione acts as antioxidant by neutralizing free 

radicals and peroxides and microglia are reported to be the primary glutathione 

containing cells in the brain (Hirrlinger, et al., 2000, Lindenau, et al., 1998).  We found a 

trend indicating that microglia in aged brains have 21% less total glutathione (oxidized 

and reduced) compared to microglia from young brains (Fig. 2-7).  This result suggests 

the reactive oxygen species (ROS) insult that can be caused by Aβ internalization 

(Milton, et al., 2008) maybe more injurious to microglia in aged brains.   

 

Figure 2-3. Adult microglial morphology. (A) GFP-Fractalkine-Receptor transgenic mice, 
where microglia are the only in vivo GFP expressing neuronal cells yielded 
cultures composed of GFP positive cells.  This provided independent 
confirmation that our isolation methodology extracted in vivo microglia.  (B) 
Adult microglial cells remained rounded and did not adopt a dendritic 
morphology when cultured for 24hrs with media containing GM-CSF (n=2 
mice).  

 



 

40 

Aβ accumulation is a well recognized feature of AD, however extensive amyloid 

deposits may be found in many aged, non-demented individuals (Bouras, et al., 1994).  

This pathology may result from AD-independent deterioration of clearance processes.  

Microglial scavenger activity on Aβ is proposed as a clearance process that contributes 

in maintaining Aβ at physiological levels by counterbalancing constitutive Aβ secretion 

by neurons.  Our laboratory and others have published accounts of microglial 

degeneration that is associated with age (Flanary, et al., 2007, Simmons, et al., 2007, 

Streit, et al., 2008, Streit, et al., 2004).  If microglia represent a major Aβ clearance 

mechanism, their degeneration would result in progressively increasing Aβ levels with 

age and therefore would have significant implications to the occurrence of amyloidosis 

in AD and some aged individuals.  We currently lack the means to isolate degenerating 

microglia for experimentation.  However ex vivo assessment of microglia acutely 

isolated from young and aged mice likely emulates in vivo processing of Aβ more so 

than neonatal and ‘microglial like’ cell lines and may give insight to the degeneration of 

microglia with age.  Ex vivo cultures of microglia were given media with 4ug/mL of 

Aβ42-FITC conjugate or non-conjugated Aβ42.  Western blot analysis indicated that 

non-conjugated Aβ42 preparations contained Aβ42 monomers, oligomers and SDS 

resistant species larger than 220kDa that are likely fibrils thus reflecting in vivo amyloid 

burden (Fig. 2-8A).  Internalization of Aβ42 by living microglia was visually confirmed 

with cell-associated FITC fluorescence (Fig. 2-8B).  Aβ42 observed in fixed cells was 

colocalized with lysosomes (Fig. 2-8C).  To quantify internalization, microglial lysates 

were measured using an Aβ42 sensitive ELISA.  Our results indicate that microglia from 

aged mice internalize 53% less Aβ42 relative to microglia from young mice (Fig. 2-9A).  
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We next wanted to determine if Aβ42 phagocytosis by neonatal microglia (derived from 

mixed glial cultures) is reflective of microglia from adult mice.  To our surprise, neonatal 

microglia internalized significantly more Aβ42 than microglia derived from young mice.  

This suggests that microglia from mixed glial cultures may not necessarily model 

microglial Aβ42 clearance activity in the postnatal brain.  Internalization of Aβ42 is a 

prerequisite step for intracellular clearance; however it is by no means a surrogate 

marker for biophysical Aβ42 degradation.  To more comprehensively determine the fate 

of phagocytosed Aβ42, we bathed cells in fresh media and measured the levels of Aβ42 

in this media and within cells over 16hrs.  We observed that internalized Aβ42 is 

invariably expelled by microglial cells in an age-independent manner within 3hrs (Fig. 2-

9B).  This result concurs with previous reports of lackluster microglial anti-Aβ activity in 

vivo (Simard, et al., 2006) that may stem from impaired lysosomal activity (Majumdar, et 

al., 2007b).   

Discussion 

Improvements on Microglial Isolation 

In this study, we aimed to reduce debris contamination which is a feature of 

microglial cultures derived from gradient centrifugation based methodology.  The brains 

of mice that are designated by the National Institute on Aging as an aging model were 

treated successively to steps that significantly increased the purity of ex vivo microglial 

cultures.  Analysis of such cultures, derived from mice of various aging categories, 

revealed that microglia from aged brains have markedly increased basal levels of IL-6 

and TNF-α secretion, have reduced glutathione levels and have a limited capacity to 

ingest Aβ42.  In contrast, microglia from younger mice are able to temporarily contain 
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Aβ42.  Together, these ex vivo findings provide evidence that microglia are subject to 

age-associated changes in biology. 

 

Figure 2-4. Neonatal microglial morphology. Neonatal microglia express Iba1 (A), 
however they are distinguished from adult microglia (young and aged) by 
ramified cytoplasmic processes visible under phase contrast microscopy and 
Cd11b immunoreactivity (B).  Purity of neonatal microglial cultures was 
confirmed by lack of GFAP immunoreactivity, a marker for astrocytes and 
immature neurons. 

Age-related Changes in Microglial Cytokine Release 

Prior reports from our laboratory have shown that microglia have IL-6 and TNF-α 

mRNA (Streit, et al., 2000) and more recently, others have found age-related changes 

in microglial IL-6 and TNF-α mRNA (Sierra, et al., 2007).  We extend on these results by 

measuring secreted IL-6 and TNF-α proteins (experiments performed by Ellen Boelen).  

Our results indicate significantly more pronounced changes in basal cytokine production 
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and responsiveness.  It is difficult to make direct comparisons of mRNA and secreted 

protein measurements.  However, it is of note that the margin of change we observe in 

the basal production of IL-6 between microglia from young and aged mice is 

approximately 4-fold higher than that observed by mRNA analysis (∆17.6x vs. ∆5x 

respectively).  We also did not observe detectable levels of basal TNF-α by microglia 

from young animals in our studies.  These differences can perhaps be explained by 

varying sensitivities of the employed detection methodologies or by post-transcriptional 

effects.  The half-life of mRNA can often be rate-limiting in translation (Ross, 1995).  

Secondarily, secretory pathway modulation of newly produced cytokines may also 

modulate the concentration of cytokines in the extracellular milieu independent of DNA 

transcription. As microRNAs are involved in regulation of gene expression at the post-

transcriptional level, possible changes in this machinery can also be mentioned to 

explain the discrepancy between protein and mRNA levels.  Our results, though in 

agreement with previous reports, indicate that microglia from brains of various aging 

groups have much greater differences in cytokine production, and responsiveness to 

immune stimulation than was previously thought. 

Implications of Age-related Changes in Microglial Cytokine Release 

What are the possible implications of age-related changes in microglial cytokine 

production?  A number of authors commonly describe IL-6 and TNF-α as neurotoxic 

molecules involved in AD pathogenesis (Bruunsgaard, et al., 1999, Collins, et al., 2000, 

Culpan, et al., 2003, He, et al., 2002, Li, et al., 2007, Licastro, et al., 2000, McGeer and 

McGeer, 2001).  However, experiments presenting alternative viewpoints have been 

published (Brunello, et al., 2000, Loddick, et al., 1998, Marz, et al., 1998, Streit, et al., 

2000, Tarkowski, et al., 1999, Thier, et al., 1999, Wei, et al., 1992).  IL-6 may have a 
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role in regeneration of injured tissue in the brain (Loddick, et al., 1998, Streit, et al., 

2000, Tarkowski, et al., 1999), has known anti-apoptotic properties (Wei, et al., 2001) 

and in mice that overexpress both IL-6 and its receptor, IL-6Rα, there is no evidence of 

neurotoxicity (Brunello, et al., 2000).  Inflammation is a component of wound healing in 

the CNS (Klein, et al., 1997, Streit, et al., 2000).   Recently, it has been reported that 

lesions typically ascribed to cause AD dementia, are present in 20-40% of non-

diseased, aged adults (Price, et al., 2009) and both TNF-α and IL-6 increase with age 

(Bruunsgaard, et al., 1999, Wei, et al., 1992).  Thus the aging brain appears to exist in a 

constant state of injury.  Inflammatory processes, such as microglial secretion of IL-6, 

maybe needed for persistent regeneration or neuroprotection.  The viewpoints that 

cytokine release is exclusively neurotoxic or neuroprotective could be equally 

considered speculative.  Further studies which consider region-specific and age-specific 

differences in cytokine response are needed, amongst others, to shed light onto the role 

of cytokines released by microglia on the nervous system.  

Age-related Changes in Microglial Glutathione Levels  

Microglial surveillance of the parenchyma involves scavenging of potentially 

hazardous materials.  Proteins such as LPS and Aβ induce ROS and it is thought that 

the increased levels of antioxidant molecules such as glutathione found in microglia 

relative to other brain cells (Hirrlinger, et al., 2000, Lindenau, et al., 1998) protect 

microglia from ROS burden associated with scavenging activity (Dringen, 2005, Milton, 

et al., 2008, Qin, et al., 2004, Tchaikovskaya, et al., 2005).  Our findings of reduced 

glutathione levels in microglia immediately analyzed after brain extraction maybe 

indicative of broader microglial loss of function with age. 
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Figure 2-5. Microglial reaction to immunostimulation. Dose dependent increases in 
either IL-6 (A) or TNF-  (B) release following different concentrations of LPS 
(10-100ng/ml) or PAMCSK3 (0.1 – 1ug/ml). Under all conditions, except for 
the TNF-  secretion by aged microglia following either LPS or PAMCSK3 
stimulation, a significant effect of concentration was observed. No significant 
age-dose interaction was observed under all conditions. Moreover, all figures 
show the marked increase in cytokine release by aged microglia under basal 
condition (Cytokine experiments performed by Ellen Boelen). 

Age-related Changes in Microglial Processing of Aβ 

Microglia are thought to participate in Aβ plaque burden regulation by sequestering 

and processing of A.  Our purpose in performing Aβ metabolism experiments with ex 

vivo cultures of microglia was to further understand the relationship between microglia 

and Aβ42 homeostasis.  Individual microglia surrounding Aβ plaques become enlarged 

as plaques become smaller with time (Bolmont, et al., 2008).  Despite this correlative 

evidence of microglial participation in Aβ plaque reduction, natural processes do not 

appear to reverse amyloidosis (Jankowsky, et al., 2005).  Previously, we have 

suggested that microglial function may deteriorate with time.  This was mainly inspired 
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by histological findings, demonstrating the appearance of a dystrophic microglia 

phenotype with normal aging and around Aβ plaque deposits in AD brains (Miller and 

Streit, 2007).  The finding that microglia from young brains internalize Aβ42 while 

microglia from aged brains do not, likely reflects a more global change in microglial 

functionality with age as we do not observe dystrophic microglia in aged mice.   

Interpretation of Aβ Expulsion by Younger Microglia 

In younger mice, the temporary sequestration of Aβ42 suggests that microglia are 

not directly involved in degradation.  However there is clear potential for microglia, 

which are highly motile (Bolmont, et al., 2008), to be involved in the movement of Aβ in 

the nervous system.  The cycling of Aβ42 through microglial endocytosis and exocytosis 

could result in redistribution that modulates peptide availability for amyloid formation.  

Our observations indicate that microglia remove Aβ peptide out of the extracellular miliu 

at ng/ml quantities, possibly creating a dynamic cellular compartment in vivo.  A 2 to 4-

fold age-related decrease in microglial Aβ internalization as observed in our 

experiments could result in less transfer of Aβ from the extracellular space --thereby 

making available more Aβ for plaque formation.  Amyloidosis occurs in a significant 

amount of non-diseased aged adults (Price, et al., 2009).  Therefore, it is plausible that 

the dynamic redistribution of Aβ, a protein that is particularly aggregation prone, is 

needed for homeostatic maintenance.  Perturbation of this process due to age-related 

changes of microglial function such as that described here could contribute to unhinged 

accumulation of Aβ to toxic concentrations in the extracellular space. 
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Figure 2-6. Cytokine secretion of young and aged microglia.  (A) Upon stimulation with 
the biological inflammatory reagent LPS (100ng/ml) or Pam3CSK4, a 
synthetic agonist of toll-like receptor 2 (1ug/ml), IL-6 production by aged 
microglia was markedly increased when compared to young microglia. (B) 
LPS (100ng/ml) stimulated similar TNF-  production between microglia 
derived from young and aged mice. Yet, TNF-  production was significantly 
increased in aged microglia following Pam3CSK4 (1ug/ml) exposure.  *, 
p<0.05; #, p<0.001.  

Concluding Comments 

Together, our ex vivo quantification of microglial functions of cytokine production, 

glutathione levels and Aβ42 scavenging activity paint a complex picture of endogenous 

activity.  Microglia from young mice produce less cytokines, while microglia derived from 

aged mice have higher basal levels of cytokine secretion than was previously thought 

and have reduced glutathione levels.  Microglia derived from aged mice lack 

comparable Aβ42 internalization capacity compared to less aged microglia while 

microglia from young mice and mixed glial neonatal cultures do not seem to retain 
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internalized Aβ42.  These direct assessments of microglial function in ex vivo 

experiments, free of confounding contributions of other brain cells and debris, 

demonstrate a nuanced view of microglial function and suggest that microglial biology 

may change with aging.   

 

Figure 2-7. Microglial glutathione content.  Microglia from aged mice have a 21% 
reduction of glutathione antioxidant.  Data is normalized to total protein and 
represents oxidized and reduced forms of glutathione detected in microglia 
analyzed immediately following brain extraction.  p=0.27. 
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Figure 2-8. Species of Aβ42 used for microglial experiments. (A) Western blot analysis 
using 6E10, an antibody specific to the first 16 amino acids of Aβ42, indicates 
monomeric (4kDa), oligomeric (16kDa, 20kDa) and higher-order 
conformations larger than 220kDa in stock preparations as well as 
preparations that have been exposed to microglia.  Higher-order 
conformations larger than 220kDa persist following the exposure of samples 
to buffer containing 2% SDS suggesting the presence of fibrillar species. 10% 
serum in media overloads gel at 60kDa and may block visibility of some Aβ42 
species.  75ng Aβ42/well.  (B) Internalization of Aβ42 by microglia from adult 
mice was directly observed in living microglia with FITC conjugated Aβ42 
peptide and with 6E10 immunocytochemistry.  In both cases, Aβ42 had a 
peri-nuclear localization.  Lamp1 colocalization with 6E10 immunoreactivity 
suggests that some Aβ42 reached microglial lysosomal compartments (C). 
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Figure 2-9. Fate of Aβ internalized by microglia. Microglia extracted from mice of various 
ages were exposed to Aβ42 preparations containing monomeric, oligomeric 
and SDS-resistant fibrillar species (reflecting in vivo amyloid diversity) in 
pulse-chase experiments.  (A) Neonatal and young microglia respectively 
internalized 74% and 53% more Aβ42 relative to aged microglia.  (B) 
Invariably, internalized Aβ42 was expelled by neonatal and young microglia 
within 3hrs of ingestion, suggesting disengagement from biophysical 
degradation following phagocytosis. Mock data (gray) represents experiments 
without the presence of cells to control for non-specific adherence of Aβ to 
culture wells.  Detection of Aβ42 requires the presence of both NH2 and 
COOH terminals of Aβ42, thus only intact Aβ42 peptides are quantified in the 
above experiments. *, p<0.05; **, p<0.01. 
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Figure 2-10. Overview of mixed glial culture (MGC) and density centrifugation 
methodologies utilized to obtain microglia.  MGC derived microglia were 
harvested after 1 to 4 weeks of growing atop a multi-cell feeder layer 
comprised mostly of astrocytes.  Homogenized brains of neonatal origin form 
MGCs while adult brains do not, thus MGC microglia are of neonatal origin.  
Density centrifugation based isolation offered the advantages of immediate 
culture creation from young and aged brains.  This was important because 
microglia from brains of aging models were accessible and ex vivo analysis 
utilized cells temporally proximate to in vivo microglia. 
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CHAPTER 3 
ENGRAFTMENT PATTERNS OF NSCS TRANSPLANTED INTO MOUSE MODELS 

OF ALZHEIMER’S DISEASE 

Introduction 

The brains of AD patients are characterized by Aβ pathology as well as neuronal 

cell death.  This has led to interest in the use of neuronal stem cells (NSCs) for cell 

replacement or delivery of therapeutic molecules such as proteases that reduce Aβ 

pathology.  Before such studies can be carried out on humans, several fundamental 

questions must first be addressed.  First, do NSCs survive in brains with the pathologies 

of AD?  Second, how does the complex architecture of the brain effect the engraftment 

of transplanted NSCs?  Third, does the region of engraftment affect integration and 

migration within the parenchyma?  And finally, does transgene expression in genetically 

modified NSCs effect engraftment? 

The question of NSC survival in AD or models of AD has been explored in in vitro 

and in in vivo (non-transplant) settings.  Unfortunately, these studies present 

contradictory data on how NSCs are affected by Aβ pathology.  Specifically, in vitro and 

post mortem studies yield data contradictory to studies performed on mouse models of 

AD.  Lopez et al., and Calafiore et al., report that Aβ oligomers induce isolated 

subependymal zone (SEZ) and subgranular zone (SGZ) mouse NSCs to differentiate 

into neurons.  They also report that Aβ concentrations that are toxic to neurons do not 

induce apoptosis in SGZ and SEZ stem cells or hinder their proliferation (Calafiore, et 

al., 2006, Lopez-Toledano and Shelanski, 2004). These observations are consistent 

with research which quantified increases in neurogenesis in humans with AD (Jin, et al., 

2004, Ziabreva, et al., 2006).  Conversely, multiple publications report evidence of 

decreased and abnormal neurogenesis in the hippocampus of several mouse models of 
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AD (Dong, et al., 2004, Donovan, et al., 2006, Wang, et al., 2004).  Our lab recently 

reported that the amount of Aβ deposition in AD mice reflects negatively on the survival 

of new born SGZ neurons as they reach functional maturity.   

Because the current literature fails to explicate how Aβ burden affects endogenous 

NSCs, how transplanted NSCs will behave in AD patients remains an open question.  

To shed light on this topic, we performed NSC transplant studies in mice modeling AD 

Aβ pathology.  Our specific aim was to define engraftment patterns in the hippocampus.  

The pathology in the hippocampus is linked to dementia (Braak and Braak, 1995, Braak, 

et al., 1996).  Therefore, the hippocampus is a region of great clinical interest for cell 

restoration and drug delivery therapies.  Our primary findings in this study demonstrate 

that physical forces relating to hippocampal anisotropic architecture dictate the 

distribution of NSCs more so than cell migration.  We also find that genetic 

overexpression of MMP9 is associated with significant enhancement of NSC graft size. 

Methods 

Isolation of NSCs 

The protocols for isolating NSCs are contained in the literature (Marshall, et al., 

2006, Zheng, et al., 2006).  In brief, a rectangular forebrain block containing the 

subependymal zone was isolated from neonatal (P4-P9) green fluorescence protein 

transgenic mice (003116, The Jackson Laboratory, Bar Harbor, MI) or from non 

transgenic B6 mice (bred in house).  This was done by removing the OB, cerebellum, 

hippocampus, lateral portions of the striatum, and lateral and dorsal cerebral cortex.  

This block was minced with a razor blade, incubated in 0.25% trypsin/EDTA (Atlanta 

Biologicals, Lawrenceville, GA) and dissociated into a single cell suspension by 

triturating through a diametrically descending series of glass pipettes.  Cells were then 
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pelleted and washed several times before plating in NSC media (DMEM/F12 with 5% 

FBS, penicillin (100U/ml), streptomycin (100ug/ml), Bovine Pituitary Extract (35ug/ml), 

Fungizone (250ng/ml).  NSC monolayer’s were kept in an immature state within tissue 

culture flasks by supplementing the media with 20ng EGF and 20ng FGF every two to 

three days (Walton, et al., 2006a, Zheng, et al., 2006).   

Transplantation into Amyloid Beta AD Mice 

The Line 85 and the Line 107xtTa mouse models, which constitutively overexpress 

and selectively express human Aβ, respectively, have been previously described to 

model the Aβ physiology that is a hallmark AD pathology.   Host and donor mice are 

immune-matched due to their shared B6 background.  Mice were induced to a state of 

deep anesthesia with 1-5% isoflurane.  The hair on their scalps was shaved and the 

surgical area sterilized with betadine antiseptic and 70% ethanol.  The mice were 

securely mounted with ear bars and a nose bar to a stereotaxic apparatus.  The 

anesthesia mixture was delivered through an inlet within the nose bar enclosure for the 

duration of the surgery.  A sterile scalpel was used to make a small incision into the skin 

above the skull.  The skin was reflected in order to expose Bregma.  A Hamilton 10ul 

syringe with a 33 gauge needle (Hamilton Company, Reno, NV) was then loaded with 

NSCs prepared at 1 x 105 cells/ul for lateral ventricle injections and ~5 x 104 cells/ul in 

1x dPBS for multi-deposit hippocampal injections.  The cells were derived from a 

trypsinized and pelleted monolayer of NSCs, washed with 200ul 1x dPBS and diluted to 

the appropriate volume using a reference cell count done on a hemacytometer.  The 

following coordinates relative to Bregma were used to target the lateral ventricle: 

anterior/posterior (AP): -0.2mm, medial/lateral (ML): +/-1.2mm, dorsal/ventral (DV):- 

2.5mm from the dura.  Occasionally, needle tracks using these coordinates were found 
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in the base of the hippocampus where it meets the thalamus.  This border region is not 

termed in modern atlases (Paxinos Atlas and Allen Online Atlas) and vaguely referred to 

in a study by Nagaraja and colleagues (Nagaraja, et al., 2005).  Cerebrospinal fluid 

research 2005).  There may be cerebrospinal fluid in this border in the posterior brain 

(midbrain).  However, this is not the case in the rest of the brain.  Therefore, we refer to 

this region here as the ‘hippothalamic’ fissure rather than the ‘hippothalamic’ cistern. To 

target the corpus callosum, we used: AP: +1.2mm, ML: +/-0.5mm, DV: - 2.5mm from the 

dura.  We used multiple depth coordinates in an attempt to maximally disperse cells in 

the hippocampus.  The regions targeted were the ventral hippocampus (dentate gyrus, 

SGZ region), the medial hippocampus (molecular cell layer, hippocampal fissure region) 

and the dorsal hippocampus (CA3).  The coordinates used were: AP: +2mm, ML: +/-

2mm’s, DV: -2.0mm, -2.3mm, -2.5mm from the skull surface.  1.25 x 105 cells were 

deposited at -2.0mm and -2.3mm, while 2.5 x 105 cells were deposited at -2.5mm.  In all 

injections, 4ul-8ul total volume was deposited at the rate of 0.25ul per 15 seconds 

(dependant on cell concentration).  Subsequently, the needle was left alone for 5 

minutes to allow for the diffusion of cells from the injection tract. It was then retracted 

slowly to minimize damage along the injection tract.  The incision was closed with a 

staple and the mouse placed in a warm, dark recovery area.  To avoid or minimize the 

discomfort, distress and pain associated with this procedure, 0.1mg/kg of buprenophine 

was administered as the animals recovered on the day of surgery and the subsequent 

day.  The mice were checked for signs of abnormal recovery during the survival periods.  

At the end of the survival periods, the mice were deeply anesthetized in an isoflurane 

induction chamber, euthanized by Beuthanasia administration and then perfused with 
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cold 1x PBS.   Whole brains were quickly dissected out and placed in cold 4% 

paraformaldyhyde fixative overnight.   The brains were immersed in 30% sucrose before 

sectioning within a cryostat.  20um sections were stored in anti-freeze media at -20C 

until further processing.  

Immunochemistry 

4% paraformaldehyde fixed cells or tissue sections processed for 

immunofluorescence in solutions containing 0.1% Triton-X, 10% goat serum in 1x PBS.  

Primary antibodies used in this study include copGFP (1:2000, Evrogen, Moscow, 

Russia), anti human MMP9 Clone 56-2A4 (Abcam, Cambridge, MA), anti-Aβ 6E10 

(1:2000, Signet, Dedham, MA), microglial antigen Iba1 (1:1000, Wako, Richmond, VA), 

astrocyte antigen GFAP (1:1000, Dako Corporation, Carpinteria, CA), and neuronal 

antigen NeuN (1:500, Millipore, Bellirica, MA), neuronal antigen BIII Tubulin (1:500, 

Covance, Princeston, NJ).  Cells were rinsed and incubated with goat secondary 

antibodies Alexa 488, 568 (Invitrogen, Carlsbard, CA).  Cells were photographed with 

an Olympus DP71 camera mounted on an Olympus BX60 microscope. 

Modeling Paths Of Least Resistance (PLR) 

To simulate PLR’s that may occur within the hippocampal formation, 3ml’s of 1% 

agarose (w/v) in PBS was allowed to solidify in a clear 15ml polystyrene tube.  Addition 

of 100ul of H2O atop this solidified block formed a layer ~1mm to 3mm in height.  3ml’s 

of warm 1% agarose was then added.  As the two layers of agarose fused, a region of 

weakness developed due to an abrupt decrease in agarose density at the H2O layer.  5-

10ul of crysyl violet solution was then injected at various regions in the agarose block. 
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Results 

NSCs robustly propagate in vitro (Reynolds and Weiss, 1992, Walton, et al., 

2006a).  In our hands, cells from the brains of two neonatal mice have been passaged 

>10x for a duration of six months producing a conservative estimate of approximately 

one hundred million cells.  NSCs formed monolayers of elongated cells (Fig. 3-1A, C) 

similar to that of human NSCs (Walton, et al., 2006a).  NSCs were also similar to 

human NSCs in their immunoreactivity for the neuronal progenitor markers GFAP and 

βIII Tub (Fig. 3-2A-B).  Iba1 reactivity was observed in some cells in NSC cultures (Fig. 

3-2C), indicating the presence of microglia.  However, these cells were much larger 

than adult ex vivo microglia (compare Fig. 3-1B-C & 3-2C) and had a morphology 

similar to neonatal microglia from mixed glial cultures (Fig. 2 .4, see Chapter 2).  It has 

been suggested that microglia derived soluble factors maintain the self-renewal capacity 

of NSCs in vitro (Walton, et al., 2006b). 

 

Figure 3-1. Morphology of in vitro NSCs.  NSCs form monolayers of elongated cells (A) 
and are significantly larger than microglia acutely isolated from adult mice (B). 
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We initially transplanted NSCs from GFP transgenic mice into the lateral ventricle 

(LV) in order to recapitulate previous reports of rostral migration into the olfactory bulb 

(Marshall, et al., 2006, Zheng, et al., 2006).  In our AD models, this is a region of high 

Aβ plaque burden and in humans, the loss of smell is purportedly amongst the first 

signs of AD (Fusetti, et al.).  Therefore, the migratory potential of NSCs suggests the 

possibility of wide-spread dispersion of candidate therapeutics to relevant regions of the 

brain.  We performed transplants of GFP cells on non transgenic mice and transgenic 

mice symptomatic for Aβ pathology using previously published stereotactic coordinates 

(Zheng, et al., 2006).  Similar to previous studies with SEZ NSCs (Walton, et al., 2006a, 

Zheng, et al., 2006), mice were sacrificed 4-8 weeks later.  In transplants where the 

needle track was confirmed to have entered the lateral ventricle, we did not observe 

ventricular wall colonization or extravasation towards the olfactory bulb (non transgenic; 

n=3, TG=4), (data not shown).  This result was not due to the inability of NSCs to form 

grafts as some surviving cells were observed alongside needle tracks that had entered 

the lateral ventricle.   

These results motivated us to modify stereotactic coordinates to directly target the 

hippocampus.  Our goal was to achieve maximal cell dispersion within the 

hippocampus.  We therefore chose 3-point depth coordinates for simultaneous injection 

into the dorsal hippocampus (proximal to CA3), the medial hippocampus (hippocampal 

fissure, molecular cell layer and lateral arm of the dentate gyrus) and the ventral 

hippocampus (subgranular zone of the dentate gyrus).  The accuracy of these 

coordinates was verified with injections of the tracer crysl violet (n=4/depth coordinate, 

data not shown) on freshly deceased mice.  A total of 5 x 105 cells were injected, a 
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value corresponding with previous animal work (Parl et al., Exp Neurol 2006) and 

proportional to human NSC clinical trials (Stem Cells Inc; American Association of 

Neurological Surgeons Annual Meeting 2010). 

 

 Figure 3-2. In vitro characteristics of NSCs.  NSC cultures were characterized by GFAP 
(A) and BIII Tubulin immunoreactivity (B).  Some cells were immunoreactive 
for the microglial marker, Iba1 (C). n=4 cultures per immunostain.  

We then injected NSCs with lentiviral directed expression of 1) MMP9 and GFP or 

2) GFP only.  The GFP used here is from the plankton copepod.  It is similar in size to 

EGFP (26kDA), but has more fluorescence output (Shagin, et al., 2004).  GFP NSCs 

and MMP9 NSCs had equal fluorescence output of A.U>103 as determined by 

fluorescence activated cell sorting (FACS) (see Chapter 4). 

  After a month of survival, brains were confirmed to have hippocampal needle 

track penetration in several mice.   MMP9 NSCs formed graft cores that were 82.4% 
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larger than GFP NSCs (n=4; GFP NSC, n=5; MMP9 NSC, Fig. 3-3A-C).  Interestingly, 

the effect of MMP9 on survival is diminished with increasing amounts of proximal Aβ 

plaques (R2=0.701), (Fig. 3-3D).  This data suggests that Aβ amyloidosis is toxic to 

NSCs and that MMP9 genetic modification partly rescues cell survival.  No other 

differences were observed between GFP NSCs and MMP9 NSCs.  The engraftment 

patterns described below apply to both cell types.  

 

Figure 3-3.  MMP9 associated changes in engraftment.  MMP9 NSC grafts (n=5) were 
82.4% larger than GFP NSC grafts (n=4) (A-C).  The fluorescence intensity of 
both cell types were matched with FACS analysis (A.U>103).  The size of 
MMP9 GFP grafts was negatively correlated with the amount of nearby Aβ 
plaques (R2=0.701) (D).  As seen here, the horizontal distribution of GFP 
NSCs and MMP9 NSCs appears similar. **, p<0.001 

Both GFP NSCs and MMP9 NSCs formed grafts in subcortical and corpus 

callosum white matter tracks despite injection within the interior of the hippocampus 

(Fig. 3-3A-B, Fig. 3-4A,C).  This distribution was observed in all mice (n=9).  NSCs 
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formed a smaller, secondary graft within the hippocampal fissure in 33% of mice (Fig. 3-

3-4B).  This distribution pattern was confirmed in a separate cohort of mice that survived 

two months following surgery (n=7), (Fig. 3-9A).  NSC engraftments in the white matter 

and the hippocampal fissure had a consistent disc-shaped morphology that extended 

horizontally; ~1mm on the anterior/posterior plane and ~1mm on the medial/lateral 

plane in needle track containing sections and adjacent sections.   

NSCs injected directly into the corpus callosum and allowed to graft for 3 days in 

non transgenic mice (n=2) resulted in engraftment that was strikingly similar to the 

distribution found in Aβ transgenic mice (compare Fig. 3-4A & D).  Furthermore, NSCs 

that were engrafted for 1 year in the fimbria white matter of non transgenic mice were 

similarly distributed horizontally at the hippothalamic fissure (n=3), Fig. 3-4E-F).    

Recently, several investigators have suggested directional migration of NSCs as 

an explanation of why cellular transplantation into the hippocampal gray matter 

paradoxically results in engraftment of cells in the white matter (Blurton-Jones, et al., 

2009, Pihlaja, et al., 2008, Radojevic and Kapfhammer, 2009, Raedt, et al., 2009, Tang, 

et al., 2008).   As described above, our transplant studies were characterized by 1) 

white matter grafts in Aβ transgenic mice receiving NSCs in the hippocampus and 2) 

white matter grafts in non transgenic mice receiving NSCs in the white matter of the 

fimbria and corpus callosum.  With the exception of NSCs closely associated with the 

hippocampal fissure, transplanted cells did not form graft cores in gray matter.   If cell 

migration were a major factor determining the distribution of transplanted NSCs, one 

would expect a range of hippocampal distribution reflecting NSCs in transit.  However, 

our long and short term survival studies resulted in a predictable distribution of NSCs 
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along horizontal fissures of the hippocampus and surrounding white matter.   

Consequently, we hypothesized that the distribution of transplanted cells was largely 

determined by PLR’s that exist between anisotropic regions of fissures, white matter 

and densely packed layers of neurons.   

To provide support for this hypothesis, we decided to simulate a region of 

horizontal weakness using 1% agarose.  We placed a thin layer of water (~1 to 3mm) on 

top of already solidified agarose.  This created a non-uniform (anisotropic) region of 

agarose density when a new layer of agarose was added.  Crysl violet tracer that was 

injected above or below this region resulted in a vertical distribution of tracer (n=5), (Fig. 

3-5A-B).  However, a horizontal distribution was observed upon injecting into the region 

of weakness (n=3), (Fig. 3-5C).  These results demonstrate a change in agarose density 

creates anisotropic forces that direct movement of infusate along a horizontal path.  

Such forces may occur in the hippocampus.  If this is the case, anisotropic forces that 

distribute NSCs during surgery may explain why transplantation of NSCs into 

hippocampal gray matter results in distal white matter engraftment.   

To gain insight on this question, we injected GFP NSCs proximal to the corpus 

callosum, hippocampal fissure, the dentate, the hippothalamic fissure and sacrificed 

mice immediately following surgery.   As a control, we also injected GFP NSCs into 

regions of the brain we suspected to have a more uniform (isotropic) distribution of 

tissue.  These included the cortex, the hippocampus and the striatum.  We found that 

injection of NSCs into the hippocampus at various dorsoventral depths resulted in 

immediate NSC distribution along the horizontal features of fissures and white matter 

(Fig. 3-6).  Specifically, NSCs that were injected into the dorsal aspect of the 
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hippocampus yielded distributions throughout the subcortical white matter tracks above 

the hippocampus (corpus callosum, cingulum bundle, alveus) and to a lesser extent, 

CA1 (n=8), (Fig. 3-6A).  NSCs targeted to the ventral aspect of the hippocampus 

distributed mediolaterally at the base of the hippocampus (i.e., hippothalamic fissure) 

(n=8), (Fig. 3-6B).  The horizontal distribution of the NSCs extended hundreds of 

micrometers; from the 3rd ventricle to lateral regions such as above the dorsal lateral 

geniculate nucleus.  NSCs targeted to the dorsoventral center of the hippocampus 

(hippocampal fissure coordinates) distributed within the corpus callosum, the 

hippocampal fissure and the base of the hippocampus (n=6), (Fig 3-6C).   

 

Figure 3-4. Survival and distribution of transplanted NSCs.  Deposition of NSCs into 
hippocampal gray matter of Aβ transgenic mice resulted in horizontal 
engraftments within subcortical and corpus callosum white matter (n=9) (A,C).  
In 33% of mice, secondary engraftments were observed in the hippocampal 
fissure (B, arrows).  Deposition of NSCs into the corpus callosum (n=2) or 
fimbria (n=3) of non transgenic animals resulted in PLR engraftments with 
similar horizontal distributions (D-E, arrows indicate needle track, arrowheads 
indicate hippocampal fissure). The separation of tissue observed in panel F 
(double arrows) provides evidence of a fissure with natural weakness into 
which NSCs selectively distributed into.  Aβ transgenic mice were sacrificed a 
month following NSC transplantation (D-F).  Non transgenic mice were 
sacrificed 3 days (A) and 1 year (B,C) following NSC transplantation. 
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This result agrees with previous studies investigating the influence of hippocampal 

structure on infusate distribution patterns (Astary, et al., 2010).  As noted in Astary et al, 

distribution profile and shape of our infusions were also dependent on neuroanatomical 

and cytoarchitectonic structure. Therefore, in contrast to NSCs injected into anisotropic 

white matter or cell-free CSF-filled regions, NSCs that were injected into the thalamus 

(n=6) (Fig. 3-6D), cortex (n=2, data not shown) or striatum (n=6), (Fig 3-6E) had circular 

or vertical distributions.  Notably, NSC striatal distribution bifurcated along the gray 

matter and radiating fibers of white matter (Fig. 3-6E).   

 

Figure 3-5. Modeling paths of least resistance.  A 1% agarose block, with structural 
weakness in the region denoted by arrows and crosses was injected with the 
tracer, crysl violet.  Deposition above (n=5) (A) or below (n=5) (B) the arrow 
resulted in a vertical distribution of the tracer.  Deposition at the area of 
structural weakness resulted in a horizontal distribution of the tracer (n=3) (C).   

This data together with our long term survival experiments suggests that the initial 

distribution of transplanted NSCs is the main determinant of engraftment pattern.  Our 

long term survival experiments also demonstrated that transplanted NSCs are not 

characterized by wide-spread penetration into the hippocampal parenchyma.  However 

we have encouraging results that suggest an alternate route may be used to attain such 

a result.  Extensive intra-hippocampal grafts occurred in transplants that deposited 

NSCs in the point of the hippothalamic fissure that is proximal to the dentate, (Fig. 3-7).  
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Similar to transplants that result in subcortical white matter engraftment, NSCs 

distributed horizontally at the hippothalamic fissure.  However, engraftment in this 

region uniquely resulted in significant representation of cells around and within the 

dentate.  In Aβ transgenic mice, these cells extended processes into the surrounding 

gray matter at two weeks (Fig 3-7A) and appear to be migratory at two months (Fig. 3-

7B).   In a non transgenic animal that survived five months, NSC grafts were found 

within the dentate of the ipsilateral hippocampus (Fig. 3-7C).  However, in the 

contralateral hippocampus, NSCs were found in the hippothalamic fissure (Fig 3-7C, 2nd 

and 3rd panels).  This suggests cells were deposited at this PLR.  In both hemispheres, 

cells appear to be migrating dorsally from the graft core (Fig. 3-7C). We did not find 

cells in the thalamus in these animals.  This suggests vertical directional migration away 

from the thalamus possibly due to factors associated with the endogenous NSC niche 

that exists in the SGZ.  The robustness of these engraftments prompted us to perform 

further transplants to repeat these results.  These studies are ongoing.   

Previous work from our lab has shown that the survival of newborn neurons (NSC 

progeny) is negatively correlated with the presence of Aβ pathology (Verret, et al., 

2007).  However, the survival of astrocytes, which were more than 50% of the newborn 

population, was not affected.  The differentiation of transplanted NSCs has been well 

characterized in multiple studies.  In general, 30-90% of endogeneous and transplanted 

NSCs express glial markers in multiple studies using various NSCs in different disease 

models (Hattiangady, et al., 2007, Lundberg, et al., 1997, Shetty, et al., 2008, 

Svendsen, et al., 1996, Tang, et al., 2008, Verret, et al., 2007).  A minority of 

transplanted NSCs become neurons (Shetty, et al., 2008).  However, a few studies 
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describe neurons as the major phenotype transplanted NSCs differentiate into (Bennett, 

et al., 2010, Lu, et al., 2007, Park, et al., 2002).  Due to this ambiguity, we were 

interested in determining the differentiation state of NSCs we transplanted in Aβ 

transgenic mice.  As mentioned above, these cells are immunoreactive for GFAP and 

βIII Tubulin (Tuj1) in vitro.  A subpopulation of cells in NSC cultures express Iba1.  We 

stained Aβ transgenic mice tissue sections containing NSC white matter engraftments 

with antibodies against these markers and NeuN, a marker for post-mitotic neurons.  

We did not observe βIII-Tubilin or NeuN immunoreactivity in any sections (n=2 mice, 

4x20um sections), (data not shown).  However, there was strong graft associated 

immunoreactivity for Iba1 and GFAP (n=3), (Fig. 3-8, 3-9).  The elongated morphology 

of Iba1 and GFAP positive NSCs in vitro matches that of transplanted cells in vivo 

(compare Fig. 3-2 to 3-8 & 3-9, arrows).  This morphology contrasts that of endogenous 

quiescent glia or glia reacting to nearby Aβ plaques (Fig. 3-8, 3-9, arrowheads).  

As described above, transplant cells largely remained within a graft core.  Amyloid 

beta plaques proximal to graft cores (<50um or ~3 cell lengths) did not attract NSCs 

(Fig. 3-4A, 3-8B, 3-9) thus confirming prior reports (Burton-Jones, PNAS 2009).  It is 

possible that white matter tracks support a unique NSC niche that is defined by a glial-

like phenotype.  However, transplanted cells in this niche do not respond to or do not 

have access to the cues that direct chemotaxis of endogenous glia towards Aβ plaques.   

Discussion  

Newly discovered properties of NSCs, namely long-term in vitro expansion and 

engraftment potential (Walton, et al., 2006a, Zheng, et al., 2006), have generated 

significant interest for application towards novel therapies such as cell replacement and 
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Figure 3-6. Immediate distribution of NSCs in paths of least resistance.  5 x 105 NSCs 
were injected into various regions and analyzed immediately following 
surgery.  Deposition of NSCs in the hippocampus which has variably dense 
layers of tissue resulted in horizontal distribution along anisotropic paths of 
least resistance (A-C).  These included the corpus callosum (n=8) (A), the 
hippothalamic fissure (n=8) (B), the dentate (n=6) (not shown) and the 
hippocampal fissure (n=6) (C).  Interestingly, NSCs whose target was the 
hippocampal fissure were found hundreds of microns away from the site of 
injection (C).  Because directional migration occurs in the order of hours to 
days, this distribution can only be explained by anisotropic forces directing 
cell distribution.  In contrast to anisotropic horizontal distribution observed in 
A-C, a vertical or circular distribution was observed with NSCs injected into 
isotropic regions such as the thalamus (n=6) (D), the cortex (n=2) (data not 
shown) and the striatum (n=6) (E).  In the striatum, NSCs distributed in a 
radial pattern that likely reflects white matter that is striated within gray matter. 

drug delivery.  However, a series of clinical questions regarding how NSC grafts behave 

in diseased brains motivated us to study transplanted NSCs in mouse models of AD.  In 

this study, we aimed to determine the engraftment patterns of NSCs in mouse brains 

with Aβ pathology.  Our studies indicate that NSCs can survive in an environment with 
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Aβ pathology, however these cells do not migrate towards Aβ plaques.  The localization 

of cell engraftment is largely dependent on previously uncharacterized paths of least 

resistance.  These paths distribute cells in a horizontal pattern along both lateral/medial 

and anterior/posterior planes.  Process extension and migration appear most robust in 

NSCs deposited proximal to the hippothalamic fissure and dentate.  Graft size is 

significantly enhanced by overexpression of MMP9.  Because MMP9 NSC graft size is 

inversely correlated to Aβ plaque number, MMP9 may be a novel factor for protecting 

NSCs in pathologic amyloid environments.    

Paths of Least Resistance versus migration 

Our observations of the pattern of NSC engraftment are also observed in studies 

that focuse on a myriad of pathologies including ischemia, epilepsy and Alzheimer’s 

disease (Blurton-Jones, et al., 2009, Olstorn, et al., 2007, Pihlaja, et al., 2008, 

Prajerova, et al., Radojevic and Kapfhammer, 2009, Raedt, et al., 2009, Tang, et al., 

2008, Watson, et al., 2006). In these studies, NSCs (including those from humans) 

(Olstorn, et al., 2007), formed graft cores at sites distal to where they were targeted.  To 

explain this paradox, several authors suggest transplanted cells directionally migrate 

(Blurton-Jones, et al., 2009, Pihlaja, et al., 2008, Raedt, et al., 2009, Tang, et al., 2008).  

If migration is the primary force determining why transplanted NSCs are frequently 

found in white matter, one would expect a trail of in transit cells orienting away from the 

site of deposition.   We not observe NSCs in the hippocampal fissure migrating dorsally 

towards the white matter or ventrally towards the hippothalamic fissure.  Migration 

undoubtedly occurs in vivo, especially towards lesions.  However as observed in Olstorn 

et al., migration to a site of infarct is secondary to a PLR distribution (Olstorn, et al., 

2007).  In this study, transplant human NSCs in a non injured brain distributed hundreds 
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of micrometers in the corpus callosum white matter.  These NSCs then migrated tens of 

micrometers to the infarct zone in CA1.  Within the infarct zone, a PLR-like distribution 

was maintained.  This suggests a pre-existing PLR distribution was a significant factor 

in determining the final distribution of migrating cells. 

 

Figure 3-7.  Engraftment patterns of NSCs deposited at the ventral border of the 
hippocampus.  Needle tracks (A, arrow, left panel) which deposited NSCs 
proximal to the hippothalamic fissure resulted in NSC distribution along this 
horizontal border and the dentate (A-C).  Process extension and directional 
migration from the point of cell deposition was observed in Aβ transgenic 
animals (n=2) (A,B) and in a non transgenic animal (n=1) (C). Unilateral 
injection resulted in bilateral distribution of NSCs along the hippothalamic 
fissure (C, middle, right panels). No cells were found in the thalamus in these 
studies. 

Our experiments on mice sacrificed immediately after surgery provide definitive 

proof that NSCs distribute hundreds of micrometers along horizontal PLR’s.  Depending 

on which region of the hippocampus was targeted, NSCs distributed horizontally in 1) 
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the subcortical and corpus callosum white matter, 2) the hippocampal fissure or 3) the 

hippothalamic fissure or in all three.  Horizontal distribution along PLR’s was also seen 

in MRI studies of tracers infused into the hippocampus (Astary, et al.). Our observation 

of NSCs horizontally spread in graft cores hundreds of micrometers apart within minutes 

of being injected in the hippocampal parenchyma provides a mechanistic demonstration 

of engraftment patterns observed in multiple studies  (Blurton-Jones, et al., 2009, 

Olstorn, et al., 2007, Pihlaja, et al., 2008, Prajerova, et al., Radojevic and Kapfhammer, 

2009, Raedt, et al., 2009, Tang, et al., 2008).   

In studies were less than 1 x 105 NSCs were transplanted, PLR distribution is 

infrequently found (Hattiangady, et al., 2007, Ryu, et al., 2009).  PLR distribution is also 

not found in studies where NSCs are compacted into neurospheres (Shetty, et al., 

2008) or restricted in distribution by nature of being enclosed in a capsule (Imitola, et 

al., 2004, Park, et al., 2002).  An exception to this observation is a neurosphere study 

by Radojevic and colleagues (Radojevic and Kapfhammer, 2009).  The amount of NSCs 

injected in many rodent studies equals or exceeds 1 x 105 cells.  In our study, we chose 

to inject 5 x 105 NSCs because this amount is proportional by weight to the amount of 

NSCs injected in the first and currently only FDA-approved clinical trial for transplanting 

human stem cells into humans (Stem Cells Inc). In these studies, 1 to 2 billion NSCs 

were injected into children suffering from Batten’s disease.  This amount recently 

passed phase 1 safety trials (American Association of Neurological Surgeons 

Annual Meeting 2010).   Another reason to inject greater than 1 x 105 NSCs is that brain 

transplants in rodents and humans are generally characterized by 40-97% loss of 

transplanted cells (Bjorklund, et al., 2003, Lundberg, et al., 1997, Olstorn, et al., 2007, 
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Raedt, et al., 2009, Tang, et al., 2008).  Therefore, the amount of NSCs to be injected in 

future studies that explore stem cell potential in mice and humans will likely yield PLR 

distributions.  The importance of PLR’s in these future studies is further underscored by 

the persistence of PLR distributions in two month engraftments within mice modeling 

Alzheimer’s disease and in one year engraftments within non diseased mice. 

Research and Clinical Relevance of Paths of Least Resistance 

The PLR’s described here inherently restrict cell distribution.  This presents is a 

possible pitfall in the exploration of NSCs for use in cell replacement or drug delivery.  

For instance, studies by Prajerovaet et al., resulted in corpus colossal PLR distribution 

despite transplantation with cortical coordinates.  Alternatively, one can view PLR’s as 

an opportunity to attain consistent engraftment patterns in the course of multiple 

transplants.  The horizontal nature of hippocampal PLR’s favor precision by buffering 

against stereotaxic error.  In our experience, deposition across a range of hundreds of 

micrometers in the medial/lateral and anterior/posterior plane yielded similar 

hippocampal engraftments.   

We envision targeting of various PLR’s for unique research and clinical aims.  The 

PLR of the hippothalamic fissure appears to support dorsal directionality of cell 

migration.  The extensive process extension by cells in this region suggests integration 

into the dentate architecture.    

On the other hand, cells in the white matter PLR appear stationary for at least two 

months in AD mice.  Genetically modified NSCs stationed in this PLR have access to 

both the cortex and hippocampus for long-term infusion of therapeutic molecules.  

However the dense layer of CA1/CA3 neurons may restrict movement of infusate.  More 
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studies are needed to understand the effect of dense cell layers on the distribution of 

candidate therapeutic molecules.   

To further understand the movement of cells injected into the hippocampus, MRI 

technology may be used to visualize quantum dot labeled NSCs (T. Zheng, personal 

communication).  This technology can possibly reveal coordinates for bilateral 

engraftment with unilateral cell injection.  Our observation in one mouse provides 

evidence for a pathway, perhaps through the 3rd ventricle, for contralateral colonization.  

This pathway may allow for less invasive brain surgery on humans without sacrificing 

therapeutic distribution.  

MMP9 Associated Changes in Graft Size 

We find larger NSC graft sizes are associated with overexpression of MMP9.  This 

result demonstrates that ex vivo genetic modification of NSCs can result in changes in 

engraftment pattern.  To our knowledge, this finding is novel and may be an important 

observation to consider in future studies that aim to deliver other candidate therapeutics 

through NSC overexpression and transplantation.  It is possible that MMP9 is making 

the graft site more survivable by degrading toxic molecules such as Aβ.  The negative 

correlation of graft size to surrounding Aβ plaques suggests this.  However, it may be 

that MMP9 is modifying the ECM in a manner that enhances cell survival.  Studies of 

MMP9 have largely concentrated on its association with cancer (Chambers and 

Matrisian, 1997, Lubbe, et al., 2006, Moll, et al., 1990).  However, a growing body of 

work demonstrates the function of MMP9 in important biological functions.  Of particular 

relevance to this study is recent work demonstrating the need for MMP9 in the migration 

of endogenous NSCs in vitro (Wang, et al., 2006) and to sites of ischemia (Kang, et al., 
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2008).  It is likely that there exists a spectrum of MMP9 physiology.  At one end of this 

spectrum, MMP9 enables metastasis of cancer cells (Chambers and Matrisian, 1997, 

Lubbe, et al., 2006, Moll, et al., 1990).  At the other end, MMP9 facilitates endogenous 

NSC function in stroke (Kang, et al., 2008), modulates Aβ (Yin, et al., 2006), and is 

associated with larger NSC grafts in a pathological environment, as demonstrated here.  

As mentioned above, multiple laboratories report 40% to 97% loss of NSCs following 

transplantation in animals and humans (Bjorklund, et al., 2003, Lundberg, et al., 1997, 

Olstorn, et al., 2007, Raedt, et al., 2009, Tang, et al., 2008).   MMP9 overexpression 

may be a novel method to address cell loss.   

We aim to perform further studies to determine whether MMP9 associated 

changes in engraftment occur in non transgenic mice.  A positive result would mean that 

the effect of MMP9 on NSC survival is more associated with tissue remodeling than 

mitigating Aβ pathology.  

Concluding Comments 

In summary, the data presented here provides evidence for consistent NSC 

engraftment in three regions within the hippocampus.  These regions are characterized 

by a change in neural density and therefore provide paths of least resistance for the 

flow of cells at the moment of injection.  The tightly, bound and layered nature of the 

hippocampus is not unique within the brain; the olfactory bulb and cerebellum also 

share similar structural organization.  Therefore further studies aimed at characterizing 

putative PLR’s may yield more specific targeting of NSCs for cell restoration or drug 

delivery throughout the brain.  We find that MMP9 is associated with significant 

increases in the size of transplanted NSCs.  This data suggests that MMP9 may be 

used to enhance the robustness of grafts for cell restoration and drug delivery studies.  
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Figure 3-8. Iba1 expression and lack of Aβ migration by engrafted NSCs.  
Representative images of microglia on both hemispheres indicate increased 
Iba1 reactivity in the region of GFP NSC engraftment (n=3) (D, arrow).  Cells 
have an elongated phenotype that is similar to GFP immunostained cells (Fig 
3-3F).  This morphology is distinct from that of ramified, quiescent microglia 
dorsal to the graft site (B) or Aβ reactive glia (D, arrowheads, E, F).  We did 
not observe clustering of NSCs around Aβ plaques such as the one located 
less than 20um from this engraftment (D, arrowheads).  Control images of 
adjacent sections stained with only 2º antibody indicated that native GFP was 
not a source of significant green fluorescence background (data not shown).  
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Figure 3-9. GFAP expression by engrafted NSCs.  GFAP immunoreactivity is 
colocalized with NSC engraftment (n=3).  Cells have an elongated 
morphology similar to that seen with Iba1 immunoreactivity (Fig 3-8D).  NSCs 
did not migrate to nearby Aβ plaques.  Aβ transgenic mice shown here were 
sacrificed two months following NSC transplantation.  New Aβ production was 
genetically halted in these mice during the survival period.  Control images of 
adjacent sections stained with only 2º antibody indicated that native GFP was 
not a source of significant green fluorescence background (data not shown). 
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Figure 3-10. Paths of least resistance.  Cells injected into d were consistently found 
along a horizontal stretch defined by arrows: a, b, c (A). Cells here appear 
stationary.  This result is different from injections into a,’ b,’ c’ because 
deposition of cells here can result in engraftments in d’ (B).  Coordinates that 
target a, may yield bilateral engraftment through the 3rd ventricle.  Images 
modified from Paxinos Mouse Brain Atlas. 
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CHAPTER 4 
THE EFFECT OF NEURONAL STEM CELLS ON AΒ PATHOLOGY AND THEIR 
UTILITY AS A THERAPEUTIC DELIVERY VEHICLE FOR THE AΒ DEGRADING 

PROTEASE, MMP9 

Introduction 

The use of stem cells that are engineered to produce molecules of therapeutic 

value holds much promise for the treatment of AD.  The goal of this study was to 

explore their use for long-term delivery of candidate therapeutic molecules into mouse 

models of AD.  Our aim was essentially to establish a foundation for ex vivo modified 

stem cells in the emerging clinical field of cell replacement therapy for AD.   

We used SEZ derived NSCs because they are the only somatic cell that we know 

of that is endogenous to the brain, can be cultured for extended periods of time and 

may migrate millimeter distances when transplanted (Scheffler, et al., 2005, Walton, et 

al., 2006a, Zheng, et al., 2006).  Other CNS cells such as neurons and glia are not 

suitable for ex vivo manipulation because they can only be cultured for a few weeks. 

Notably, direct injection of isolated microglia does not result in long-term grafts (G. 

Marshall, personal communication).   

To show the feasibility of genetic manipulation of NSCs to overexpress Aβ 

disrupting factors, we transduced them with lentiviruses carrying transgenes for 

secreted Metalloprotease 9, membrane bound Heparanase and membrane bound 

Neprilysin.  Because cultured NSCs are mitotic cells, lentiviral transduction was 

particularly suitable for this study.  This is because these viruses integrate their genetic 

load into the host’s chromosome and thus obviate [episomal] gene dilution with each 

cell division.  The high efficiency of lentiviral transduction results in a transgene 
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expressing cells (Blits, et al., 2005).  These cells were further purified using fluorescent 

activated cell sorting (FACS).   

We focused most of our studies on MMP9 over other competing anti-Aβ candidate 

molecules because 1) it is naturally secreted, 2) it is overexpressed by astrocytes 

reactive to Aβ plaques, and 3) it has previously been demonstrated to degrade Aβ 

plaques in situ (Yan, et al., 2006, Yin, et al., 2006).   

Methods 

Lentivirus Construction 

3rd generation self-inactivating lentiviruses (Dull, et al., 1998, Englund, et al., 2000) 

containing cDNA’s for human MMP9, HPSE & Nep were created using the pCDH 

cloning and expression system (SBI, Mountain View, CA).  Briefly, MMP9 (2.54kB 

insert) and HPSE (1.8kB) cDNA’s contained within pCMV6-XL4 plasmid vectors (4.7kB 

empty vector) were purchased from Origene (Rockville, MD).  We already had 

Neprilysin cDNA within the pCDNA 3.1 vector.  All three constructs were amplified to 

provide enough material for removing and then transferring the cDNA insert’s into 3rd 

generation GFP containing lentiviral vectors.  The pCMV6 vector has Not1 restriction 

sites flanking the MMP9 and HPSE cDNA’s, so we isolated MMP9 and HPSE inserts 

using Not1 restriction enzyme digest (New England Biolabs, Ipswich, MA).  Nep cDNA 

was isolated from the pCDNA 3.1 vector using Nhe1 and Not1 restriction enzyme 

digests.  These inserts were ligated into the pCDH lentiviral vector (SBI, Mountain View, 

CA).  Viruses were packaged by transiently co-transfecting HEK293 cells with the pCDH 

construct (containing MMP9, HPSE, Nep inserts) along with plasmids for the creation of 

lentiviral structural and integration proteins, and VSV-G pseudotype (courtesy of S.S. 

Rowland).  The VSV-G envelope protein enables lentiviruses to transduce a broad 
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range of mammalian cells.  Viruses packaged by the 293 cells were concentrated to ~1 

x 1011 particles/ul by centrifugation and minimal dilution.   

Lentivirus Transduction 

1 x 105 trypsinized NSCs and 293FT cells from confluent cultures were 

resuspended in 100ul dPBS.  These cells were transduced by exposure to 6ul volume 

of virus concentrate for 1 hr in 37°C, with agitation every 10-15 min.  This ratio of virus 

to cells was found to most optimally and consistently yield NSCs expressing the GFP 

reporter. 

Fluorescence Activated Cell Sorting 

Transduced cells were grown to confluent cultures in T25 flasks.  Cells were 

trypsinized and resuspended in 5mls of PBS with 2% fetal bovine serum.  GFP intensity 

cut-off points of A.U. 103 and 104 were used to obtain cells varying in transgene 

expression. 

Isolation of NSCs 

The protocols for isolating NSCs are contained in the literature (Marshall, et al., 

2006, Zheng, et al., 2006).  NSCs were cultured as described in Chapter 3.   

Transplantation into Amyloid Beta AD Mice 

The Line 85, which constitutively overexpress human Aβ, have been previously 

described to model the Aβ physiology that is a hallmark AD pathology.  Surgeries were 

performed as described in Chapter 3.  Briefly, a Hamilton 33 gauge needle (Hamilton 

Company, Reno, NV) was then loaded with NSCs prepared at ~5 x 104 cells/ul in 1x 

dPBS.  The cells were derived from a trypsinized and pelleted monolayer of NSCs, 

washed twice with 200ul 1x dPBS and diluted to the appropriate volume using a 

reference cell count done on a hemacytometer.  Cells were deposited at -2.0mm, -
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2.3mm and -2.5mm into the hippocampus.  1.25 x 105 cells were deposited at -2.0mm 

and -2.3mm, while 2.5 x 105 cells were deposited at -2.5mm.  Typically, 4-8ul total 

volume was deposited at the rate of 0.25ul per 15 seconds (dependant on cell 

concentration).  20um coronal sections were processed from whole brains and stored in 

anti-freeze media at -20C until further processing.  

Immunochemistry 

4% paraformaldehyde fixed cells or tissue sections processed for 

immunofluorescence in solutions containing 0.1% Triton-X, 10% goat serum in 1x PBS.  

Primary antibodies used in this study include copGFP (1:2000, Evrogen, Moscow, 

Russia), anti human MMP9 Clone 56-2A4 (Abcam, Cambridge, MA), anti human MMP9 

Clone 6-6B (EMD, Gibbstown, NJ), anti human MMP9 Clone 7-11c (Santa Cruz 

Biotech, Santa Cruz, CA), anti mouse MMP9 (courtesy of R. Senior, Washington 

University, St. Louis, MO), anti-Aβ 6E10 (1:2000, Signet, Dedham, MA), microglial 

antigen Iba1 (1:1000, Wako, Richmond, VA), astrocyte antigen GFAP (1:1000, Dako 

Corporation, Carpinteria, CA).  Cells were rinsed and incubated with goat secondary 

antibodies Alexa 488, 568 (Invitrogen, Carlsbard, CA).  Cells were photographed with 

an Olympus DP71 camera mounted on an Olympus BX60 microscope.  For western 

blot analysis, samples were diluted in Laemmli sample buffer containing 2% sodium 

dodecyl sulfate and loaded in 4-20% TG-SDS gels (Invitrogen, Carlsbad, CA) for 

standard SDS-PAGE.  Immunoblots were probed with anti mouse/human MMP9 Clone 

38898 (1:5000 Abcam) and Abcam anti human MMP9 Clone 56-2A4 (1:500 (Abcam).  

Gel blots were photographed using a Fugi imaging system (Fugifilm Life Science, 

Stamford, CT). 
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Analysis of Aβ Plaque Number 

Image Pro Plus software (MediaCybernetics, Bethesda, MD) was used to quantify 

intensity over background for images of plaques in coronal sections (Dolev and 

Michaelson, 2004, Podoly, et al., 2008). Because transplanted cells largely settled in the 

subcortical and corpus callosum white matter tracks, we focused on a region of interest 

(ROI A) that included the dorsal hippocampus below the site of engraftment and the 

cortex above the site of engraftment (1.25mm x 2mm.  To be consistent across mice, 

the vertical boundary for ROI A was the meeting of the dentate arms.  The lateral blade 

of the dentate gyrus was the horizontal boundary.  Only sections containing needle 

tracks were analyzed.  Comparison was done on the equivalent region on the 

contralateral side.  For statistical comparison, contralateral areas were analyzed using 

paired, two-tailed Student’s t-test using Microsoft Excel.  An unpaired, two-tailed 

Student’s t-test was used for comparison between transplants of GFP NSC and MMP9 

NSC transplants.  A p-value of <0.05 was considered statistically significant.   

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) of Human MMP9  

Human immortalized 293FT cells, mouse immortalized 3T3 cells and NSCs were 

transduced in simultaneous 100ul reactions that contained 1 x 105 cells and 6ul of 

MMP9 virus concentrate as described above.  Cells were allowed to grow for 6 days 

before being lysed with Trizol (Invitrogen, Carlsbard, CA).  Because there were cell-type 

specific differences in growth rate, lysates were normalized for total protein using a 

bicinchoninic acid assay (BCA) (Peierce, Rockford, IL).  RT-PCR reactions utilized 

primers specific to β-actin (400bp) and human MMP9 (600bp).  Reagents from a 

Superscript One-Step RT-PCR System were used according to manufacturer 
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instructions (Invitrogen, Carlsbard, CA). Because of limited supplies of virus, we could 

not repeat transduction of cells.  However, RT-PCR reactions were repeated 3x. 

In Vitro MMP Gelatinase Activity 

Conditioned media (C.M.) was collected from transduced and mock transduced 

NSCs 6 days after transduction (~75% confluent).  To eliminate contamination by 

floating cells in our experiments, C.M. was centrifuged at 1000 x g for 10 min before 

being applied to 50ug/ml DQ gelatin (Invitrogen, Carlsbard, CA) at a 1:4 dilution.  

Reactions were incubated overnight at room temperature.  Fluorescence increases 

upon degradation of DQ gelatin due to release of quenched fluorescein.  To show 

gelatin degradation is due to MMP activity, the general MMP inhibitor 1, 10, 

phenanthroline (1, 10 PNTL) was applied at a 0.8mM concentration.  Collagenase 

activity was used as a positive control.   Triplicate reactions of each sample were 

measured with the excitation/emission spectra of 495nm/515nm using a 

spectrophotometer (Bio-Tek, Winooski, VT).   

In Situ MMP Gelatinase Activity 

Fixed brain sections were treated with a protocol modified from Yan et al. (Yan, et 

al., 2006).  Briefly, a PBS solution with 0.1% Triton-X100 and 1% agarose (w/v) was 

made homogeneous by 2 to 4 rounds of short 10 sec microwave pulses and brief 

vortexing.  The following additions were made to this solution in order to visualize or 

inhibit MMP activity: DQ gelatin (100ug/ml, warmed to 37°C), DAPI nuclear counterstain 

(1:1000), 1,10 PNTL (0.8mM), and EDTA (20mM).  300ul of DQ gelatin mixture was 

quickly added per section.  After an overnight incubation in room temperature, green 

fluorescence of sections was captured with an Olympus DP71 camera mounted on an 

Olympus BX60 microscope. 



 

83 

Chemical Activation of secreted MMP9 

Organomercurial compounds such as p-aminophenylmercuric acetate (AMPA) 

induce autoactivation of MMPs including MMP9 (Ramos-DeSimone, et al., 1999, Yan, 

et al., 2006).  A 1mM concentration of AMPA was added to conditioned media from 

transduced and mock transduced NSCs.  Commercially available MMP9 proenzyme 

(Perkin Elmer, Waltham, MA) was similarly treated as a positive control.  The reaction 

volume was incubated overnight at 37°C before Western blot analysis with antibodies 

specific to human MMP9. 

Results 

GFP NSCs were transplanted into the hippocampus of four mice symptomatic for 

Aβ pathology using coordinates that resulted in primary corpus callosum engraftment 

and in some mice, secondary hippocampal fissure engraftment.  This pattern of 

engraftment allowed us to ask whether NSCs have effects in the hippocampus and the 

cortex.  After a month survival period, mice were harvested and their brains processed 

with antibodies reactive to Aβ and GFP.  Needle track containing sections contained the 

largest engraftments.  We analyzed five to seven such sections per animal for amyloid 

burden (Aβ plaque number) with Image Pro Plus software previously used in a similar 

capacity (Dolev and Michaelson, 2004, Podoly, et al., 2008).  A region of interest (ROI 

A) proximal to white matter engrafted cells was studied (see Chapter 3).  This area 

included the cortex above the white matter tracks and the dorsal hippocampus below 

(Fig. 4-1A). Compared to the equivalent contralateral region, we observed a 26.4% 

(p=0.04, paired t-test) reduction in Aβ plaque number in this ROI.  Though there was 

variability in the number of Aβ plaques found per section (Fig. 4-1C), all mice had 

reduced Aβ plaque numbers (Fig. 4-1D).  
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Figure 4-1.  Transplantation of NSCs is associated with reduced amyloid burden.  
Example of Aβ immunostained section shows reduced Aβ plaque numbers in 
the region of engraftment of 103 GFP NSCs a month post-transplantation (A).  
Representative image demonstrating the sensitivity of software used to count 
Aβ plaques in sections (B).  Plot of results where each dot indicates the 
number of Aβ plaques on a section.  Compared to the contralateral side, the 
number of Aβ plaques was reduced in ROI A by 26.4% (p=0.03, paired t-test) 
(C).  All mice had reduced Aβ plaque numbers (n=4) (D). *, p<0.05 

To understand this result, we have performed preliminary experiments to 

determine whether 1) NSCs were directly clearing Aβ, 2) NSCs were producing 

diffusible factors that cleared Aβ or 3) NSCs were interacting with host cells to clear Aβ.  

Pulse-chase experiments similar to those described in Chapter 2 determined that NSCs 

were capable of internalizing 0.52ng/ml of Aβ42 in a period of 3 hours (n=4), (Fig. 4-2A). 

In comparison, neonatal mouse microglia internalized about twice as much Aβ42 
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(1.1ng/ml), but then expelled most of what was internalized (see Chapter 2) (Njie, et al., 

2010).  Interestingly, NSCs appear to process Aβ differently as internalization of Aβ was 

not followed by expulsion (Fig. 4-2B). This suggests that NSCs biophysically degrade 

Aβ in vitro and possibly in vivo. 

 

Figure 4-2.  Fate of Aβ internalized by NSCs. GFP NSCs were exposed to Aβ42 in 
pulse-chase experiments (n=4).  GFP NSCs internalized 0.52ng/ml within 
3hrs (A).  In contrast to microglia (Fig. 2-9), GFP NSCs did not expel 
internalized Aβ42 (B).  This suggests NSCs engage in biophysical 
degradation of Aβ42 following phagocytosis.  The ability of GFP NSCs to 
degrade Aβ42 provides a possible mechanism for reductions in in vivo Aβ 
plaques following transplantation (see Fig. 4-1).  Mock data (gray) represents 
experiments without the presence of cells to control for non-specific 
adherence of Aβ to culture wells.  Detection of Aβ42 requires the presence of 
both NH2 and COOH terminals of Aβ42, thus only intact Aβ42 peptides are 
quantified in the above experiments. *, p<0.05; **, p<0.01. 
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We found that NSC monolayers are reactive to an antibody against mouse MMP9 

(n=3), (Fig. 4-3A). In vivo, astrocytes reacting to Aβ plaques overexpress mouse MMP9 

as part of a general glial reaction to Aβ pathology (Fig. 4-3B).  It may be that MMP9 and 

other NSC derived diffusible factors contribute to the clearance of Aβ.  The lack of 

MMP9 specific chemical inhibitors makes this difficult to confirm in vivo.  However, 

infusion of antibodies known to stop MMP9 gelatinase activity is a possible alternate 

approach that we may explore in the future. 

Previously, degradation of DQ gelatin has been used to show MMP activity around 

Aβ plaques (Yan, et al., 2006).  We verified this finding in mice that have continuous 

overexpression of Aβ (Fig. 4-4).  This result suggests endogenous pathways to regulate 

Aβ plaques are active.  However, recent work from our lab has shown that once formed, 

Aβ plaques are not removed by endogenous processes (Jankowsky, et al., 2005) -

which include MMPs.  We therefore wondered whether this is due to an overwhelming 

rate of amyloid formation.  To shed light on this question, we stopped new Aβ 

production in mice with amyloid precursor protein under a tetracycline regulatory 

element.  Following a month, we found similar levels of MMP activity around Aβ plaques 

(n=3), (Fig. 4-4B, C).  This result suggests that endogenous processes continue to 

regulate actively Aβ plaque burden in the absence of new deposition. Since this activity 

does not result in eventual Aβ plaque clearance, it is perhaps the level of MMP anti-Aβ 

activity rather than the rate of new amyloid deposition that may be responsible for the 

permanence of Aβ plaques. 
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We decided to genetically modify NSCs to increase the amount of MMP9 in mice 

expressing Aβ pathology.  To do so, we transduced NSCs with VSV-G serotype 

lentiviruses carrying the human MMP9 transgene.  These lentiviruses, which carry GFP 

under a separate promoter (Fig. 4-5A) and are able to transduce mammalian cells, 

conferred GFP fluorescence to NSCs ~3 days post-transduction and 293FTs within 2 

days post-transduction.  No remnant virus genome was detected in NSC cultures 

following 2 washes (Fig. 4-5C).  Enrichment of NSCs (described below), yielded 

cultures reactive to two antibodies specific to human MMP9 (Fig 4-5D).  293FT cells 

produced noticeably more GFP compared to NSCs (Fig. 4-6A, B).  This result occurred 

in 3 independent transductions with independent lots of virus.  Several possibilities were 

considered to explain this observation.  These included a species effect, an immortal 

cell line effect, NSC quiescence, transcription versus translation and lack of uniformity in 

transduction conditions.  To shed light on some of these possibilities, human [immortal] 

293FT cells, mouse NSCs as well as mouse [immortal] 3T3 cells were transduced in 

parallel and analyzed for mRNA transcript production.   We were unable to include 

human NSCs in this experiment due to the limited availability of these cells.  This 

experiment was performed once due to a limited supply of virus, however RT-PCR 

reactions were repeated three times to reveal variability in analysis.   Our results 

indicate that mouse 3T3 immortal cells had similar levels of transgene mRNA as NSCs 

(Fig. 4-6C, D).  This result suggests that our observations in (A) are not unique to 

NSCs.  Perhaps translational properties unique to 293FT’s or human cells in general, 

may account for enhanced transgene overexpression in 293FT cells. 
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Though transduced NSCs do not match 293FT cells in transgene production, they 

nonetheless express human MMP9 which complements the endogenous mouse MMP9 

they produce.  These cells therefore overexpress total MMP9.  Similar to previous 

reports (Ramos-DeSimone, et al., 1999), transgene directed MMP9 mRNA is translated 

to a secreted 92kDa zymogen (proenzyme). Mock treated NSCs have intrinsic MMP 

activity on gelatin that is chemically inhibited by 1,10 phenanthroline (Fig. 4-7A). The 

secretion of MMP9 zymogen by transduced NSCs is associated with a 3.5x increase in 

gelatinase activity (Fig. 4-7A).  We did not observe degradation of Aβ42 in conditioned 

media from 103 MMP9 NSCs (103 cells, data not shown).  However, the 39kDa catalytic 

subunit of MMP9 (ctMMP9) reduced Aβ detectable by Western blot by approximately 

75% in overnight reactions (Fig. 4-7B).  The amount of ctMMP9 needed to achieve this 

degradation was less than ideal: ~20:1 ratio of enzyme to substrate.  However the 

observation that truncated MMP9 is the isoform capable of degrading Aβ is consistent 

with previous reports (Yan, et al., 2006).  This suggests in vivo autoactivation of NSC 

produced MMP9 is required for anti-Aβ activity.   

To determine if NSC produced MMP9 is capable of undergoing such 

autoactivation, conditioned media was treated to p-aminophenylmercuric acetate 

(AMPA).  This organomercurial compound disrupts the interaction of an unpaired, N-

terminal cysteine with the zinc ion of the MMP9 catalytic center.  Such disruption 

initiates autoproteolytic N-terminal shedding that generates the MMP9 isoform shown to 

degrade Aβ in the literature (Yan, et al., 2006).  We applied a 1mM concentration of 

AMPA to conditioned media and detected only the truncated (active) form of MMP9 

following 24hrs (100% conversion) (Fig. 4-7C).  We therefore concluded that transgene 
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directed MMP9 secreted by NSCs is capable of undergoing autoactivation.  There are a 

number of proteases thought to mimic the action of AMPA in vivo (Ramos-DeSimone, et 

al., 1999).  On the other hand, tissue inhibitors of metalloproteases (TIMP1-4) inhibit 

MMP9 but are limited by stoichiometric binding (Ramos-DeSimone, et al., 1999).  TIMP 

levels have been shown to increase in AD (Lorenzl, et al., 2003, Peress, et al., 1995) 

and in one mouse model of AD (Hoe, et al., 2007).  However, the concentration of 

TIMPs in mice with Aβ pathology has not been quantified.  We therefore aimed to 

introduce as much MMP9 into the brain as possible in order to saturate endogenous 

activators of MMP9 and overcome inhibitors of MMP9.  

 

 Figure 4-3. NSCs express endogenous mouse MMP9.  NSCs were reactive to 
antibodies against mouse MMP9 (n=3) (A).  It is possible that transplant 
derived mouse MMP9 adds to the concentration of MMP9 secreted by 
endogenous astrocytes reacting to Aβ plaques (n=2) (B, arrows). 

Cultures of transduced NSCs had a non-uniform distribution of GFP.  This 

suggested that in our population of transduced cells, transgene copies were varied from 

cell to cell.  Peripheral drug treatment paradigms typically tailor dosage to optimally 

balance between desired effects and side effects.  To emulate this preclinically, we 
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used FACS technology to take advantage of the differential transduction of NSCs by 

selecting for cells whose GFP intensity was A.U>103 or 104 (Fig. 4-8).  The conditioned 

media from the resulting cultures was analyzed with Western blot using an antibody that 

detects commercially available human proMMP9 and verified with an antibody cross-

reactive to both human and mouse MMP9.  In vitro, a confluent layer of 103 cells 

secreted 0.51ug/ml of human MMP9 in a T25 flask with 5mls of media over 3 weeks. 

104 cells treated similarity, secreted 0.66ug/ml over only 1 week (Fig. 4-9A).  Non-

transduced and non FACS sorted cells had no detectable secretion of human MMP9. 

We project that over 4 weeks, 103 and 104 cells will secrete 0.7ug/ml and 2.7ug/ml of 

MMP9, respectively (Fig. 4-9B). This demonstrates that we can create NSC cultures 

with low and high doses of MMP9 with FACS technology.   

This result, though promising, is limited by yield.  A confluent T25 flask holds a 

monolayer of ~5 x 106 NSCs.  The average yield of 103 NSCs is 8.9 x 105 cells/flask.  

This is reduced 6-fold, or 1.4 x 105 cells/flask for 104 cells (n=7) (Fig. 4-8E).  104 cells 

are only 4.5% +/-0.8% (n=8) of the original population of transduced cells (Fig. 4-8D).  

Further selection exponentially diminishes yield.  Therefore, we are confident that our 

enrichment protocol approached theoretical limits of selection. We reasoned that these 

highly enriched MMP9 expressing NSCs stand the best chance of overcoming 

endogenous MMP9 repressors and acting against Aβ.  However, MMP9 expression can 

lead to negative consequences (Chambers and Matrisian, 1997, Lubbe, et al., 2006, 

Moll, et al., 1990).  Therefore, we first worked with 103 cells in transplant studies in 

hopes of establishing safety as well as efficacy.  
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MMP9 expressing 103 NSCs were injected into five Aβ transgenic mice.  We 

confirmed that NSCs continued MMP9 overexpression a month post-surgery (Fig. 4-10).  

Graft derived MMP9 had N-terminal shedding that is associated with activation (Fig. 4-

10E).  We have ongoing studies to determine the endogenous proteins that activated 

graft derived-MMP9.  Analyses of in vivo MMP9 overexpression utilized antibodies 

specific to human MMP9 for immunocytochemistry (n=3), 1um z-plane confocal 

histology (n=2), and western blot (n=3).   

 

Figure 4-4. Endogenous MMP activity in mice with Aβ plaque burden.  Sections 
incubated overnight with DQ gelatin demonstrate persistent MMP activity on 
Aβ plaques 4 weeks after cessation of Aβ production (n=3) (A-B).  Controls 
show DQ gelatin fluorescence is specific to Aβ plaques (C), does not occur in 
non transgenic mice (D), and is dependent on MMP activity (E, F). 

Mice receiving MMP9 NSC transplants were examined for Aβ plaque burden with 

methodology described above for GFP NSCs.  A sham injection on the contralateral 
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side was performed in order to control for the effect of needle injury on the cell injected 

side.  Compared to the needle injury on the contralateral side, we did not notice 

additional death of neuronal cells or otherwise abnormal cytoarchitecture in the side of 

the brain containing MMP9 NSCs.  We observed a 28.6% (p=0.03, paired t-test) 

reduction in Aβ plaque number within ROI A (Fig. 4-11A, B).    

MMP9 NSC and GFP NSC transplants had comparatively similar percent 

reductions in Aβ plaque number (Fig. 4-11C).  Since Aβ plaque number reductions were 

statistically significant in both groups, we asked whether there was change in the 

amount of Aβ plaques cleared in mice receiving GFP NSCs and MMP9 NSCs.  We 

subtracted the averaged contralateral Aβ plaque number in each animal from the 

averaged ipsilateral Aβ plaque number and then compared across the two transplant 

groups.  MMP9 NSC transplants were associated with clearance of 31% more Aβ 

plaques compared to GFP NSC transplants (p=0.47, unpaired t-test), (Fig 4-11E).  This 

trend, though non-statistically significant, is promising.  It should be noted that mice 

hosting MMP9 NSC transplants were a month older and consequently had 25% greater 

Aβ plaque numbers (Fig. 4-11D).  The lack of a uniform baseline of Aβ plaque number 

due to age-related changes is confounding. The increased engraftment of MMP9 NSCs 

relative to GFP NSCs further complicates interpretation.  Though our data indicates a 

trend of more Aβ plaque clearance in 103 MMP9 NSCs, further experimentation with 104 

cells that more robustly express MMP9 is needed with special attention to address the 

confounding variables described above.   

Discussion  

In this study, we aimed to determine whether NSCs could be used to reduce Aβ 

pathology either without modification or as a vehicle to deliver molecules that have  
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Figure 4-5. Genetic modification of NSCs for MMP9 overexpression.  Vector diagram of 
MMP9 transgene illustrates subcloning of human MMP9 cDNA from a pCMV 
vector (4.7kB) to a pCDH vector (7.5kB). The pCDH vector contains plankton 
derived GFP reporter gene and components necessary for the packaging of 
self-inactivating lentiviruses.  The dual promoter design of pCDH meant 
MMP9 was independently driven by the CMV promoter while copGFP was 
driven by the EF1 promoter (A). Restriction enzyme digests yielded MMP9 
transgene of correct size (2.5kB) at the end of the cloning process (B, Lanes 
3 & 4).  Real-time PCR showed no evidence of viral genome in media in 
transduced cultures washed with dPBS (C).  Transduction resulted in GFP 
reporter gene expression (D, E middle panels).  GFP NSCs (D) and MMP9 
NSCs (E) differed only in MMP9 expression.  GFP and MMP9 
immunoreactivity did not always colocalize (D, compare left and middle 
panels). 

promising anti-Aβ qualities.  Unlike our results with microglia (see Chapter 2), NSCs in 

vitro biophysically degrade Aβ.  Transplantation of NSCs is associated with close to a 

one-third reduction in Aβ plaque numbers in the cortex and hippocampus.  Genetically 



 

94 

modifying NSCs to overexpress MMP9 is associated with a trend of more clearance of 

Aβ plaques; however a statistically significant difference was not found.  It is possible 

that greater overexpression of MMP9 may yield more robust reductions in Aβ plaque 

numbers.  We developed a method to enrich for MMP9 production in NSCs cultures by 

utilizing FACS selection to take advantage of the plurality of gene dosage associated 

with lentiviral transduction.  This positive selection scheme approaches the theoretical 

limit of enrichment and has resulted in improvement from initially undetectable levels of 

MMP9 in NSC conditioned media to detection of ug/ml amounts of MMP9.  We were 

also able to demonstrate enrichment of heparanase overexpressing NSCs.  Therefore, 

this method of enrichment is generally applicable to emerging therapies using NSCs.  

Our future studies will concentrate on NSCs four-fold more enriched that those utilized 

for the transplant studies described in this report. 

Endogenous MMP Activity 

Our current findings show that the brain continues to use MMPs to regulate pre-

existing Aβ plaques suggesting that endogenous processes do not cease actively 

mitigating Aβ plaque burden.  These processes appear insufficient as Aβ plaques 

persist six months after genetic cessation of new Aβ production (Jankowsky, et al., 

2005).  However, once formed, Aβ plaques resist biophysical removal despite 

persistence of these endogenous efforts.  This underscores the need for exogenous 

intervention to clear Aβ plaques in mice and perhaps in humans.   

Aβ plaque Burden is Lowered Following NSC Transplantation 

We introduced GFP NSCs and MMP9 NSCs into the brain and found both cell 

types reduced Aβ plaque numbers.  This result suggests that transplanted NSCs or 

uncharacterized biology associated with their engraftment, reduces the prevalence of 
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otherwise permanent Aβ plaque burden.  Our findings contradict recent work by Blurton-

Jones and colleagues (Blurton-Jones, et al., 2009).  In their observations, Aβ content 

was not reduced in hippocampal injections of NSCs.  The discrepancy with our findings 

may perhaps be explained by unknown factors unique to their model --a triple-

transgenic mouse with tauopathy, versus our models which strictly model amyloidosis 

(Oddo, et al., 2003).  Secondly, the cells used by Blurton-Jones et al., were created 

without region-specificity; they were derived from neurospheres obtained from whole 

brain homogenates.  It is possible that the SEZ origin of our NSCs enabled unique anti-

Aβ effects.  If true, our finding may mean that some but not all populations of NSCs 

exhibit anti-Aβ activity.  

NSCs as a Platform to Deliver MMP9 and Other Candidate Therapeutics In Vivo 

 We hypothesized that constitutive MMP9 secretion by NSCs proteolytically will act 

on fibrillar Aβ and confer further decreases in Aβ plaque burden.  Since ex vivo 

manipulation of NSCs for use as delivery vehicles of therapeutics is a field still in its 

infancy, our work sheds light on several important questions regarding NSCs in this 

paradigm.  These questions include: do NSCs retain stem cell qualities if genetically 

manipulated in vitro?  Do NSCs express active, transgene directed proteins of interest?  

Are such proteins produced in sufficient amounts?  Can NSCs be genetically modified 

with a repertoire of candidate molecules?  New molecules with interesting anti-Aβ 

effects continue to be published.  For instance MT1-MMP has recently been shown to 

degrade Aβ in vitro (Liao and Van Nostrand, 2010). Our observations on genetically 

manipulating and purifying NSCs and the in vivo effects of MMP9 NSCs demonstrate 

potential positive effects as well as pitfalls that may apply to emerging candidate 

molecules. 
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Figure 4-6. Cell type differences in transduction efficiency.  293FT cells produced 
significantly more GFP protein relative to equivalently treated NSCs (n=2) (A, 
B). Semi-quantitative RT-PCR analysis of transduced cells indicated mouse 
3T3 immortal cells had comparable amounts of MMP9 mRNA as NSCs, 
suggesting low levels of transgene expression is not NSC specific (C).  This 
comparative transduction experiment was not investigated further due to the 
limited supply of lentiviral stocks.  Error bars reflective RT-PCR analyses (D).     

Characteristics of NSCs overexpressing transgenes 

Regarding the maintenance of ‘stemness’ following genetic manipulation, our 

transgene receiving NSCs continued expression of BIII-Tubulin (data not shown), a 

immunological marker commonly associated with precursor cells (Walton, et al., 2006a).  

Interestingly, transplanted NSCs in white matter tracks do not stain for BIII-Tubulin (see 

Chapter 3).  Studies have shown that microglia are associated with the maintenance of 
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the self-renewal capacity of NSC cultures (Walton, et al., 2006b).  We do not see 

obvious changes in the microglial subpopulation following MMP9 genetic modification.   

 

Figure 4-7.  Secreted MMP9 has zymogen activity and can undergo autoactivation.  
Conditioned media (C.M.) from transduced NSCs has 3-fold more gelatinase 
activity compared to media from mock treated NSCs (A). MMP9 NSC 
conditioned media was not associated with degradation of Aβ (data not 
shown).  Commercially available catalytic subunit of MMP9 (39kDa) was able 
to degrade Aβ (B).  Application of p-aminophenylmercuric acetate (AMPA) to 
conditioned media results in conversion (autoactivation) of transgene derived 
92kDa MMP9 zymogen to ~84kDa isoform that is associated with Aβ 
degradation (C).  Mouse MMP9 (105kDa) not detected here.  Human specific 
MMP9 antibody used. 

In vivo, NSCs transition between states of quiescence and proliferation (Chambers 

and Matrisian, 1997, Lubbe, et al., 2006, Moll, et al., 1990).  In a quiescent state, it is 

likely that the metabolic rate of NSCs is reduced.  This may effect NSC drug delivery as 

transgene transcription or translation may be affected negatively.  In our experience, 

NSC consistently secreted appropriately folded MMP9 that is capable of N-terminal 

shedding and gelatinase activity.  Following transduction, we found an assortment of 
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GFP expression in a population of cells that did not yield detectable levels of MMP9 

(cell associated antibody reactivity).  We attribute this variability in reporter gene 

expression to the randomness of lentiviral infection, regions of transgene integration 

and unknown promoter effects.  However, NSC quiescence may contribute to the 

assorted expression of GFP.  Nonetheless, we were able to select for the brightest cells 

and improve our yields of transgene protein to ug/ml quantities.  The success of our 

selection suggests that in a clinical setting, similar methodology may be used to obtain 

populations of cells that yield appropriate doses of candidate drugs.   

Whether transgene expression changes once NSCs are transplanted remains 

unanswered.  Further exploration of temporal changes in transgene expression as well 

as studies to understand endogenous activators and inhibitors are needed.  MMP9 

NSCs form significantly larger grafts than GFP NSCs (see Chapter 3).  Yet, both cell 

types are associated with similar reductions in amyloid burden. It is possible that 

subpopulations of NSCs that are responsible for anti-Aβ activity are also prone to Aβ 

toxicity.  Previous studies have shown Aβ to be selectively toxic to certain populations of 

the hippocampal stem cell niche (Verret, et al., 2007).  If a similar scenario applies to 

transplanted NSCs, it may be that a subpopulation within MMP9 NSC grafts was 

ablated after a bolus of anti-Aβ activity commensurate with that of GFP NSCs.  

Remaining MMP9 NSCs lacking anti-Aβ activity may then have continued surviving due 

to MMP9 overexpression.  Determining whether this hypothesis is true is complicated by 

the fact that large numbers of transplanted NSCs do not display common immunological 

markers (T. Zheng, personal communication), (Verret, et al., 2007) and what 

researchers know about transplanted NSCs is largely based on snapshots (histology, 
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etc) of dynamic graft environments.  Temporal studies of graft survival and better 

markers of NSCs would facilitate more granular understanding of NSC grafts.   

NSCs showed reporter gene expression when transduced with neprilysin and 

heparanase.  We discontinued our work with neprilysin because NSC cultures 

repeatedly died days after transduction.   However, heparanase NSCs have been 

passaged multiple times.  These cells are reactive to an antibody against heparanase 

(data not shown), suggesting transgene expression.  MMP9 and heparanase NSCs 

both display two populations of GFP intensity when analyzed with FACS.  

Consequently, we have been able to isolate 103 and 104 heparanase NSCs.  This data 

suggests that neprilysin expression may be uniquely toxic to NSC cultures.  However 

our experience with MMP9 and heparanase expression indicates that NSCs are 

capable of producing a diverse pallet of anti-Aβ molecules.   

Concluding Comments 

In this preclinical study, we took advantage of interesting stem cell properties in a 

disease setting.  Our experiments demonstrate that NSCs can be genetically 

manipulated ex vivo and yield robust grafts when transplanted into the hippocampus of 

diseased mice.  Such grafts are associated with reductions of Aβ plaques in a mouse 

model of AD.  This result provides evidence of a novel attribute of transplanted NSCs.  

We attempted to further enhance NSC anti-Aβ activity by inducing MMP9 

overexpression.  However, only a trend towards further reductions in Aβ plaques was 

observed.  It is possible that enriched NSCs will produce enough MMP9 to overcome 

endogenous tissue inhibitors of MMP9.  We describe an enrichment method that has 

yielded NSCs cultures able to produce ug/ml concentrations of MMP9.  This method 

has been generalized to NSCs expressing other candidate molecules.  Our future 
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studies aim to find the right dose of MMP9 or alternatively, the right drug to maximally 

reduce Aβ pathology.  Together, data presented here demonstrates that NSCs can be 

used as a platform for testing novel therapeutic molecules in vivo.   

 

Figure 4-8. Enrichment of NSC cultures.  FACS analysis demonstrated two populations 
of cells in transduced cultures that vary in reporter gene expression (A, C).  
Within the population of brightest cells (B), we selected for intensity greater 
than103 or 104 (C, GFP low, GFP high).  The resultant cells represent 16% 
and 4.5% of the overall transduced population, respectively (n=8) (D).  These 
cells are referred to as 103 NSCs and 104 NSCs. Yields of103 NSCs and 104 
NSCs attained per T25 flask holding ~5 x 106 NSCs (n=7) (E).  The 
methodology used here resulted in highly enriched cultures (compare G, I, 
equally exposed images of similarly confluent cultures) and can be used for 
NSCs expressing other transgenes: Chromatogram in (C) is from heparanase 
overexpressing NSCs.  Characteristic double hump is also exhibited by GFP 
NSCs and MMP9 NSCs (data not shown). 
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Figure 4-9. NSC enrichment is associated with rate of MMP9 secretion.  MMP9 from 103 

NSCs is detectable at 3 weeks while MMP9 from similarly confluent 104 NSCs 
is detectable at 1 week (n=3) (A).  Projected concentration of MMP9 that a 
confluent layer of NSCs will secrete in a 5ml volume during the course of a 
month (B) is derived from densitometric analysis of data in (A).  
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Figure 4-10.  NSC overexpression and activation of MMP9 in vivo.  1um z-plane depth 
confocal images indicate NSCs overexpressed huMMP9 a month following 
transplantation (A-B).  MMP9 was observed in cell bodies (arrowheads) as 
well as processes (arrows) extended by NSCs within the white matter of Aβ 
transgenic mice (n=3) and not in the contralateral [non-injected] hemisphere 
(not shown) (A).  To gain insight on the distribution of MMP9 secreted by 
NSCs, the brains of non transgenic mice with one month MMP9 NSC 
engraftments were sectioned at 1mm intervals (C).  Cortical and hippocampal 
regions were then dissected (D) and analyzed with western blot using 
antibodies against human MMP9.  Immunoreactivity was strongest in the 
hippocampus of the hemisphere where NSCs were injected into (n=2). NSCs 
in vitro secrete proMMP9 (Fig. 4-9A).  However, MMP9 in vivo is of a lower 
molecular weight indicating activation by endogenous factors.  Mouse MMP9 
is >100kDa and not detected by antibodies used here. 

 

 

 



 

103 

 

Figure 4-11. Transplantation of MMP9 NSCs and GFP NSCs results in similar 
reductions in amyloid burden. Compared to the contralateral side, the number 
of Aβ plaques in Aβ transgenic mice with one month 103 MMP9 NSC 
engraftments was reduced by 28.5% (p=0.04, paired t-test) (A).  All mice 
receiving MMP9 NSCs had reduced Aβ plaque numbers (n=5) (B).  GFP NSC 
and MMP9 NSCs had similar reductions of Aβ plaque numbers (C), (see Fig. 
4-1).  Due to age-related effects, contralateral Aβ plaque burden was 25% 
greater in mice receiving MMP9 NSCs (D).  Therefore, percentage reduction 
is not indicative of total Aβ plaques cleared between the two groups of mice.  
To determine if MMP9 overexpression is associated with greater clearance of 
Aβ plaques, we compared the absolute number of Aβ plaques cleared across 
groups.  The results indicate MMP9 overexpression by NSCs is associated 
with a non-statistically significant trend of 31% more Aβ plaques cleared 
(p=0.47, unpaired t-test) (E).  *, p<0.05 
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CHAPTER 5 
CONCLUSIONS 

Beyond the treatment of Alzheimer’s disease, our studies may hold relevance to 

other brain diseases that feature protein aggregation.  For instance, Amyloid Lateral 

Sclerosis (ALS) and Parkinson’s disease have aggregates of superoxide dismutase 

(SOD1) and α-synuclein, respectively.   Recently, elegant studies by Don Cleveland and 

others show that microglia expressing mutated SOD1 play an important role in the end 

stage of ALS.  This evidence fits with our findings: the perturbation of microglial 

functionality with age may contribute to neurodegeneration in mouse models and 

perhaps in diseased humans.  However, therapeutic manipulation of endogenous 

microglia is difficult.  This is evidenced by the lack of robust outcomes in clinical trials 

that aimed to reduce glial activity (ex. non steroidal anti-inflammatory drug trials) 

(Sabbagh, 2009) or enhance glial activity (Aβ immunization trials) (Patton, et al., 2006).   

Stem cell transplants present an alternative avenue to directly target amyloid 

burden.  In work presented in here, we were unable to modify NSCs to reduce Aβ.  It is 

likely that we haven’t found the right dose or the right drug to elicit a change in 

pathology.  However, this negative result shouldn’t detract from other relevant 

observations.  First, transplantation of NSCs is associated with reduced Aβ burden.  

Second, injection of NSCs into the hippocampus results consistently in engraftment in 

defined regions of the hippocampus and surrounding white matter. Finally, transgene 

overexpression modified NSC engraftment patterns.  These findings have significant 

implications for proposals for the use of stem cells to restore dying cells or to deliver 

drugs to sites of injury. 
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In our studies, we focus on the Aβ pathology of AD.  Currently, there is intense 

debate regarding the importance of Aβ in AD.  The different schools of thought have 

noteworthy evidence to cite.  For instance, a recent drug trial with an anti-tau compound 

has yielded perhaps the most promising clinical outcomes in AD drug trials history 

(TauRx, Rember trials).  This suggests a causative role for tau in AD etiology.  On the 

other hand, research published this month shows fibrillar Aβ in non demented 

individuals who have parents with late-onset (sporadic) AD (Mosconi, et al.).  This 

buttresses already strong genetic data from Down’s syndrome cases and mutations in 

the amyloid precursor protein and presenilin loci.  The ubiquity of data to support the 

different schools of thought of how AD arises is remarkable and unique amongst 

neurodegenerative diseases.   This ubiquity also highlights the fact that success has not 

been had with removal of any of the pathologies found in AD.  Until this occurs, and 

clinical outcome is observed, arguments on the role of Aβ versus tau are inherently 

academic.  They are based on correlation, not causation. 

Removing the pathologies of AD has proven difficult partly because of difficulties 

with delivering drugs into the brain.  The use of NSCs, as demonstrated here, presents 

a novel approach to overcome this difficulty.  The scope of this approach is not limited 

to AD, as research on treatments for most diseases of the brain is hindered by the 

inability to deliver drugs into the brain.   

In the course of human history, medical practice on the brain has typically involved 

the removal of tissue.  At this junction in history, NSCs transplants represent a 

bifurcation point.  What happens after the introduction of new tissue into the brain is 

largely unknown.  The work presented here adds to our understanding of the behavior 
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of implanted brain tissue and the manipulation of said tissue to counter disease 

pathology. 
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