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Neurodegeneration and injury to the nervous system are characterized by a loss 

of neurons - and often supporting glia - at the afflicted site.  Neurons of the adult CNS are 

terminally differentiated, non-mitotic cells that are connected within specific circuits.  

These characteristics present a challenge to the development of treatments for 

degeneration or injury of the nervous system.  The limited spatial distribution, as well as 

limited migration and differentiation potentials of adult NSCs, severely restrict the ability 

of adult NSCs to contribute to repair or regeneration in the wake of injury or degenerative 

disease progression.  Adipose-derived adult stromal (ADAS) cells have been reported to 

give rise to cells of both mesodermal and ectodermal origin (e.g. osteocytes, 
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chondrocytes, cardiac myocytes, neurons, and glia) and are easily harvested and cultured 

in vitro.  Neural crest derived tissues have the extraordinary capacity to give rise to a 

wide range of tissue types: neurons and glia of the peripheral nervous system, adrenal 

glands, chondrocytes and osteocytes of the head and neck, smooth muscle cells of the 

cardiac outflow tract, and melanocytes among others.  Given the reported ability of 

neural crest-derived cells and ADAS cells to give rise to bone, cartilage, muscle, and 

nerve tissues, I hypothesized that ADAS cells might be neural crest-derived cells that had 

migrated to the periphery, had remained resident within the adipose tissue of adult 

mammals, and had maintained early developmental plasticity.  This hypothesis was not 

supported by lineage tracing experiments.  Additionally, I found that ADAS cells were 

not capable of differentiating into functional neurons in vitro or in an in vivo model of 

spinal cord injury.  However, ADAS cells altered the growth inhibitory environment of 

the lesioned cord and contributed to axon migration despite their inability to undergo 

neural differentiation.  Based on these results, further research is warranted into the 

mechanisms by which ADAS cells create a growth permissive environment in the 

lesioned spinal cord. 
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CHAPTER ONE 
Introduction 

 
 

 
Cell replacement therapy for neurological disease treatment 

Tremendous progress has been made in the treatment of human diseases over the 

last century.  Powerful tools such as antibiotics and vaccines drastically limit the 

morbidity and mortality of numerous infectious diseases that were once quite 

commonplace in the Western world.  Utilizing modern molecular biology, inborn errors 

of metabolism such as diabetes and dwarfism can be routinely managed.  Hundreds, if not 

thousands, of small molecules have been discovered or developed by medicinal chemists 

for the treatment of ailments as diverse as cancer, hypertension, and psychiatric disorders.  

However, while certain neurological conditions are rendered tractable by modern 

medicine, the set of diseases resulting from degeneration or injury within the central 

nervous system (CNS) have generally remained resistant to treatment. 

Neurodegeneration and injury to the nervous system are characterized by a loss 

of neurons - and often supporting glia - at the afflicted site.  Such losses range from a 

slow, progressive loss as is characteristic of neurodegeneration to a more rapid, 

immediate loss characteristic of stroke or traumatic spinal cord injury.  The difficulty 

presented by these neuronal losses stems from a lack of endogenous repair mechanisms 

capable of replacing neurons en masse.  Neurons of the adult CNS are terminally 

differentiated, non-mitotic cells that are connected within specific circuits.  These 

characteristics present a challenge to the development of treatments for degeneration or 

injury of the nervous system. 

1 
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While it was long thought that the central nervous system was endowed with a 

fixed number of neurons lacking the capability to divide and regenerate lost tissue, this 

notion has been revised by the discovery and description over the past several decades of 

limited neurogenesis within the mammalian CNS (Altman, 1963; Altman and Das, 1965, 

1966).  Neural stem cells (NSCs) have been documented within the subventricular zone 

(SVZ) and within the subgranular zone (SGZ) of the adult mammalian brain, including 

that of humans, and a stem cell population has also been reported to reside within the 

adult spinal cord (Eriksson et al., 1998; Gould et al., 1999b; Gould et al., 1999a; Pencea 

et al., 2001; Alvarez-Buylla and Garcia-Verdugo, 2002; Kozorovitskiy and Gould, 2003).  

New neurons formed within the SVZ migrate along the rostral migratory stream (RMS) 

toward the olfactory bulb, and eventually differentiate into interneurons within the 

olfactory bulb.  Neurogenesis in the SGZ contributes new neurons to the hippocampus, 

and these new neurons have been suggested to play a role in learning and memory (Gould 

et al., 1999c; Gould et al., 1999a; Leuner et al., 2006).  Environmental cues within the 

adult spinal cord preclude NSCs within this tissue from differentiating into neurons, and 

their fate is restricted to a glial lineage (Cao et al., 2001).  However, the limited spatial 

distribution, as well as limited migration and differentiation potentials of these adult 

NSCs, severely restrict the ability of adult NSCs to contribute to repair or regeneration in 

the wake of injury or degenerative disease progression. 

Recently, NSCs from the adult mammal have been isolated and cultured in vitro.  

Adult NSCs have the capability to generate both neurons and glia when exposed to the 

appropriate differentiation stimuli, and NSCs retain the capacity to differentiate following 

many passages in vitro (Gage et al., 1995).  Therefore, these cells fulfill the two major 
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requirements for categorizing any adult stem cell as a stem cell: multilineage potential 

and unlimited self-renewal.  While some neurodegenerative diseases specifically afflict a 

particular type of neuronal population (e.g. dopaminergic neurons in Parkinson’s 

disease), most injuries are not so specific.  Both neurons and supporting glia are lost as a 

result of injury, so the multilineage potential of NSCs appears to make them an attractive 

candidate for replacing the lost tissue.  And as the extent of neuronal loss is variable from 

one condition to another, the ability to expand NSCs in culture without losing 

differentiation capacity is another attractive feature of this cell type for use in 

therapeutics. 

However, the use of exogenous neural stem cells for treatment of 

neurodegeneration or neurotrauma is not without its drawbacks.  Utilizing exogenous 

tissue for transplantation is always subject to the risk of immunorejection of the 

transplanted tissue as a result of MHC incompatibilities.  Chronic immunosuppressive 

therapies are always concomitant with such tissue transplants and are not without risks 

themselves (Starzl et al., 1981; Scantlebury et al., 1991; Singh et al., 2000).  Therefore, 

ex vivo propagation of a patient’s own tissue for transplantation would be preferable to 

the use of exogenous tissue sources.  Unfortunately, the SVZ and SGZ are regions deep 

within the brain, and are not easily accessible.  Additionally, NSCs are numerically quite 

limited within these structures, and in animal studies of adult NSCs, the sacrifice of 

several animals is necessary to acquire sufficient cells to propagate in vitro (Gage et al., 

1995). 

The difficulties surrounding the use of NSCs serve to illustrate the many 

complications involved in developing a tissue source for cell replacement therapy (CRT).  
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Broadly speaking, CRT is distinct from whole organ transplantation and involves the 

replacement of dead or degenerating tissue with a cell source capable of functionally 

differentiating in vivo into the tissue or organ lost to disease or injury.  I therefore want to 

outline attractive qualities of any tissue sought for cell replacement therapy. 

1. The replacement cell type should be easily accessible (surgically). 

2. The replacement cell type should either be present in large quantities or be 

easily cultured and expanded in vitro. 

3. The replacement cell type should be non-immunogenic. 

4. The replacement cell type should be capable of differentiating into the 

appropriate functional phenotype of the cells to be replaced following 

propagation ex vivo. 

5. The replacement cell type should functionally integrate into the site of tissue 

loss. 

6. The replacement cell type should restore lost behavior to the injured 

recipient. 

7. The replacement cell type should do no harm to the recipient (i.e. should not 

be tumorigenic, should not promote neuropathic pain, etc.). 

I described the inability of NSCs to fulfill the first three criteria, and NSCs clearly meet 

the fourth criterion.  However, I did not discuss the latter three criteria as they relate to 

NSCs before.  Conflicting reports currently exist within the literature regarding the 

capacity of NSCs to functionally integrate into a model of neurodegeneration or 

neurotrauma.  Neural stem cells have been reported to reverse paraplegia resulting from 

spinal cord injury in rodents (Ogawa et al., 2002; Ourednik et al., 2002; Okano et al., 
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2003; Hofstetter et al., 2005).  However, it is not clear whether the behavioral recovery 

was due to regeneration of severed spinal cord circuits by NSCs or whether NSCs 

provided trophic support or remyelination capabilities to spare intact circuits.  Further 

work is necessary to fully elucidate the role of NSCs in modulating recovery in 

neurodegeneration or neurotrauma.  Quite a lot of work has been done investigating the 

connection between endogenous neural stem cells and their contribution to the formation 

of gliomas (Sanai et al., 2005; Jackson et al., 2006), but I am not aware of any 

investigations claiming the transformation of transplanted NSCs into gliomas.  Therefore, 

NSCs appear to be relatively safe for use as a cell source for CRT, but the limited supply 

of endogenous NSCs preclude their use in the absence of immunosuppression and 

necessitate a search for more abundant resources. 

 Embryonic stem (ES) cells represent alternative stem cell sources that have been 

proposed for use in CRT.  Embryonic stem cells are multipotent stem cells that have the 

capacity to differentiate along the neuroglial lineage among many others (Gottlieb and 

Huettner, 1999; Bjorklund et al., 2002; Doss et al., 2004; Nistor et al., 2005).  ES cells 

can be easily cultured and proliferated in vitro using standardized cell culture techniques 

(Axelrod, 1984).  However, it is impossible to derive embryonic stem cells from any 

adult in the human population.  Therefore, ES cells clearly do not fall into the category of 

“easily accessible.”  They also cannot be claimed to be non-immunogenic if endogenous 

sources are impossible to isolate.  Somatic cell nuclear transfer into established 

embryonic stem cell lines for the purpose of creating tailored embryonic stem cells is 

extremely inefficient, and the chance still remains that residual genetic material from the 

donor cell will contribute foreign antigens and induce immunogenicity following 
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transplantation of such engineered cells (Lengerke et al., 2007).  Additionally, most 

established human ES cell lines are currently cultured on a feeder layer of mouse 

fibroblasts, but new culture conditions are being developed to permit use in humans 

(Dravid et al., 2006; Richards and Bongso, 2006).  Use of human ES cells carries with it 

the additional risk of cross-species contamination and the immunogenicity thus derived.  

In all cases, immunosuppressive therapy must be provided.  Again, as with NSCs 

conflicting reports exist as to the competency of ES cells to functionally contribute to 

recovery in a number of neurodegeneration and neurotrauma models (Faulkner and 

Keirstead, 2005; Kimura et al., 2005; Lerou and Daley, 2005; Muotri et al., 2005; 

Brederlau et al., 2006; Cloutier et al., 2006; Deshpande et al., 2006; Soundararajan et al., 

2006).  Regardless of their functionality, though, ES cells have been demonstrated to be a 

quite risky source for cell replacement therapy due to their proclivity to form teratomas 

(Fujikawa et al., 2005; Teramoto et al., 2005; Brederlau et al., 2006; Dihne et al., 2006; 

Nussbaum et al., 2007).  Finally, while not listed as one of the criteria above for suitable 

sources of cell replacement, embryonic stem cells are still shrouded in a bit of 

controversy due to ethical concerns among some within the population at large and 

among the majority of those within political office (Lanza et al., 1999).  Such concerns 

are of practical importance as they severely limit funding for derivation of and 

experimentation on new ES cell lines. 

 Fetal tissues are yet another cell source considered for cell replacement therapy, 

and while they do not necessarily represent a homogeneous stem cell population, a great 

deal of plasticity remains within a number of these cells (Peterson et al., 2000; Zhang et 

al., 2001; Ogawa et al., 2002; Setoguchi et al., 2004; Revishchin et al., 2005).  Use of 
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fetal tissue for transplantation is encircled by the same shroud of ethical controversy that 

plagues ES cell transplantation (Swingler, 2005).  However, the use of fetal tissue 

transplants in humans has proceeded further than many other cell sources, and some 

neurodegenerative diseases have proven amenable to treatment by transplantation of fetal 

tissues (e.g. fetal dopaminergic neurons for treatment of Parkinson’s disease) (Freed et 

al., 2003).  While the reversal of parkinsonism has not been achieved, moderate success 

has come in ameliorating some motor deficits and preventing disease progression in this 

example, but many patients who have received transplants still require continued 

administration of L-Dopa, and the likelihood of developing dyskinesias in these patients 

is equal to the risk observed in patients receiving L-Dopa alone (Freed et al., 2003).  

Therefore, it appears that limited functional integration occurs following transplantation 

of fetal dopaminergic neurons in particular, but it is still unclear whether this is an 

isolated example of success.  Heterologous fetal transplants into human patients do not 

appear to provoke the same degree of immunogenicity as heterologous transplants of 

adult tissue, and immunosuppressive therapy can often be dispensed with in patients 

receiving fetal tissue grafts (Freed et al., 2003).  However, tissue from several fetuses are 

required for a single transplant, and as a result this tissue source is limited. 

 Claims have been made for the last decade that hematopoietic stem cells (HSCs) 

and mesenchymal stem cells (BMSCs) derived from the adult bone marrow are capable 

of multilineage differentiation (Ferrari et al., 1998; Pittenger et al., 1999; Mezey et al., 

2000; Sanchez-Ramos et al., 2000; Woodbury et al., 2000; Corti et al., 2002; Jiang et al., 

2002; Woodbury et al., 2002; Hermann et al., 2004).  Both cell types are reported to 

differentiate into a wide variety of mature cell types including but not limited to 
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osteocytes, chondrocytes, cardiac myocytes, leukocytes, adipocytes, as well as 

endothelial and neural cell types.  Not only can each cell type potentially give rise to 

multiple mature phenotypes, but each cell type is relatively accessible for harvest and can 

be easily cultured and expanded in vitro.  Harvest of HSCs is much simpler and less 

invasive than harvest of BMSCs, though.  HSCs and BMSCs represent a potential source 

of cells for autologous CRT, therefore circumventing problems with immune rejection.  

Focusing strictly on their proposed neurogenic potential, cell replacement therapy 

utilizing either BMSCs or HSCs has been investigated in several models of neurotrauma.  

Following ischemic brain injury, transplanted HSCs or BMSCs can be found within the 

lesion, and expression of neuron-specific markers has been attributed to both cell types in 

vivo (Eglitis et al., 1999; Chen et al., 2001a; Chen et al., 2001b; Li et al., 2001; Li et al., 

2002; Zhao et al., 2002).  BMSCs are also reported to migrate to and contribute to repair 

of transected rat spinal cords when transplanted by intravenous injection (Akiyama et al., 

2002; Deng et al., 2005; Kamada et al., 2005; Cizkova et al., 2006).  Some neuronal 

marker expression within the spinal cord lesion was attributed to transplanted BMSCs.  

Additionally, functional recovery was reported following HSC or BMSC transplantation 

in both models of neurotrauma mentioned above.  These lines of evidence suggest that 

HSCs and BMSCs can undergo neuronal differentiation and functionally integrate within 

lesions of the CNS, making them a very attractive tissue source for CRT. 

 More recently, a cell population has been described that is phenotypically very 

similar to BMSCs.  Interest in adipose-derived adherent stromal (ADAS) cells selected 

from the stromal vascular fraction (SVF) of adipose tissue has grown following the 

description by a number of groups of their multilineage differentiation potential 
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(Halvorsen et al., 2001; Zuk et al., 2001; Erickson et al., 2002; Huang et al., 2002; 

Safford et al., 2002; Zuk et al., 2002; Ashjian et al., 2003; Tholpady et al., 2003; Kang et 

al., 2004; Safford et al., 2004).  Similar to BMSCs, ADAS cells have been reported to 

give rise to cells of both mesodermal and ectodermal origin (e.g. osteocytes, 

chondrocytes, cardiac myocytes, neurons, and glia).  The neurogenic potential proposed 

for these cells in vitro was quite interesting to me, and seemed very attractive as a tissue 

source for cell replacement therapy in the damaged or degenerating central nervous 

system (CNS) where endogenous stem cells are limited in number, location, proliferation 

potential, and migration potential as mentioned previously.  Adipose tissue is quite 

abundant in the human population of the modern Western world, an additional factor 

making it an attractive source for CRT.  ADAS cells are easily harvested from adult 

mammals (e.g. mouse, rat, monkey, and human), and are reported to proliferate readily 

using standard tissue culture procedures.  Transplantation of autologous ADAS cells 

would eliminate both the potential for immune rejection and the need for 

immunosuppressive therapy in conjunction with CRT.  Experiments have been 

undertaken to investigate the potential use of ADAS cells in the treatment of ischemic 

brain injury (Kang et al., 2003; Planat-Benard et al., 2004; Rehman et al., 2004).  These 

experiments suggest that ADAS cells found within the lesion express neuron-specific 

markers by IHC and contribute to functional, behavioral recovery of the injured animals.  

In fact, experiments conducted in our own lab suggest that ADAS can prevent behavioral 

deficits normally experienced in a rat model of Parkinson’s disease (under review at 

Journal of Neuroscience).  Additional experiments have investigated the potential role of 

ADAS cells in neurorepair following rat spinal cord transection, and these authors 
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propose that ADAS cells contribute to behavioral and histological improvements by 

virtue of their differentiation in vivo into neurons and glia as assessed by IHC for neuron-

specific markers (Kang et al., 2006). 

 

Neural crest development 

 Unlike the central nervous system (CNS) the peripheral nervous system (PNS) 

has a quite remarkable capacity for regeneration following injury (Klapka and Muller, 

2006).  What distinguishes the regeneration capacity of the CNS from that of the PNS is 

not entirely known but one contributing factor may lie in their distinct developmental 

origins. 

 The cells of the peripheral nervous system are derived from the embryonic neural 

crest.  Neural crest derived tissues have the extraordinary capacity to give rise to a wide 

range of tissue types: neurons and glia of the peripheral nervous system, adrenal glands, 

chondrocytes and osteocytes of the head and neck, smooth muscle cells of the cardiac 

outflow tract, and melanocytes among others (Ziller et al., 1987; Kalcheim and Burstyn-

Cohen, 2005).  Cells of the neural crest originate within the neural folds in the developing 

embryo prior to neural tube closure (Figure 1.1).  These cells then undergo an epithelial 

to mesenchymal transition (EMT), delaminate, and migrate throughout the periphery to 

give rise to the tissues previously mentioned.  Wnt1, a member of the Wnt family of 

ligands, is essential to the development of the neural crest and is specifically expressed 

just prior to delamination (Burstyn-Cohen et al., 2004; de Melker et al., 2004; De Calisto 

et al., 2005; Kalcheim and Burstyn-Cohen, 2005; Schmidt and Patel, 2005).     
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An essential tool in the repertoire of neural crest biologists for studying the fate 

of neural crest cells has been the cre-recombinase/loxP system (Akagi et al., 1997; Sauer, 

1998).  The promoter region of Wnt1 has been well characterized (Dymecki and 

Tomasiewicz, 1998), and therefore cre-recombinase was placed under control of the 

Wnt1 promoter in order to drive the removal of a premature stop codon flanked by loxP 

recognition sites within a reporter gene (e.g. lacZ, eGFP) (Jiang et al., 2000).  Cre is 

expressed in only those cells that activate transcription from the Wnt1 promoter, and once 

cre is expressed it can remove the premature stop codon within the reporter gene, leading 

to a fully functional reporter transcript.  A major advantage of this reporter system is that 

once a cell has activated the reporter gene, it is permanently labeled, as are all of its 

progeny.  This system is also useful in deleting alleles and investigating the role of a 

particular gene in a given process.  Deletion can be confirmed by polymerase chain 

reaction (PCR). 

 

The role of Notch signaling in neural stem cells  

  Notch and its ligands (Delta and Jagged/Serrate) are single-pass, type I 

transmembrane proteins, and therefore Notch signaling requires cell-cell contact (Jarriault 

et al., 1995; Kopan and Turner, 1996; Artavanis-Tsakonas et al., 1999).  Upon ligand 

binding, Notch is subsequently cleaved by two proteases, the first causing the shedding of 

the extracellular domain of Notch and the second (γ-secretase) releasing the intracellular 

domain to translocate to the nucleus (De Strooper et al., 1999).  Within the nucleus, the 

Notch intracellular domain (NICD) binds the transcriptional repressor RBP-Jk/CBF-1, 

effectively turning it into a transcriptional activator, leading to the transcription of a 
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number of bHLH transcription factors (e.g. Hes1, Hes3, Hes5, etc.).  These bHLH 

transcription factors subsequently suppress proneural transcription factors such as 

MASH-1 (Jennings et al., 1994; Heitzler et al., 1996; Bray, 1997; Kageyama et al., 1997; 

Ma et al., 1997).  Members of the Notch receptor family (Notch1-4) are expressed on 

both embryonic as well as adult neural stem cells, and genetic deletion of Notch1 or 

RBP-Jk/CBF-1 during development leads to premature differentiation of early neuronal 

subtypes at the expense of those neuronal populations that develop at later time points in 

development (Ishibashi, 2004; Lasky and Wu, 2005; Yoon and Gaiano, 2005).  These 

observations have led to a model in which the Notch pathway prevents neuronal 

differentiation in neural stem cells and promotes self-renewal and maintenance of 

“stemness” in NSCs of the CNS. 

Notch signaling has a well established role in preventing neuronal differentiation 

(Figure 1.2 taken from Yoon and Gaiano, 2005).  Following inhibition of the Notch 

pathway in CNS NSCs and their subsequent fating toward neuroglial progenitors, re-

activation of Notch appears to prevent neuronal differentiation in favor of glial 

differentiation (Morrison et al., 2000; Ge et al., 2002; Wakamatsu, 2004; Taylor et al., 

2007).  Recent evidence points to a more active role for Notch signaling in glial fate 

specification (Gaiano and Fishell, 2002).  In neural crest stem cells, Notch signaling 

appears to suppress neurogenesis and promote Schwann cell development (Joseph et al., 

2004; Cornell and Eisen, 2005; Taylor et al., 2007).   
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Questions generated 

 Remarkably, both neural crest and ADAS cells appear to share the capability to 

form bone, cartilage, muscle, neurons, and glia.  Additional experiments done within our 

lab (McCoy et al., 2007 under review) suggested that some rat ADAS cells cultured in 

vitro and stimulated to undergo neuronal differentiation were capable of expressing 

tyrosine hydroxylase (TH), choline acetyltransferase (ChAT), and γ-aminobutyric acid 

(GABA), all neurotransmitters expressed by peripheral neurons derived from the neural 

crest (Mackey et al., 1988; Matsumoto, 1994).  I therefore hypothesized that ADAS cells 

might be neural crest-derived cells that had migrated to the periphery, remained resident 

within the adipose tissue of adult mammals, and maintained early developmental 

plasticity. 

 Because neural stem cell maintenance is dependent on Notch signaling, I also 

hypothesized that if ADAS cells are derived from the neural crest and are still capable of 

undergoing the neural differentiation program, then Notch signaling would regulate 

proliferation and differentiation of ADAS cells (Morrison et al., 2000; Joseph et al., 

2004; Cornell and Eisen, 2005). 

 Finally, I hypothesized that ADAS cells transplanted into a spinal cord contusion 

lesion might differentiate into neurons and glia, contributing to the rewiring of spinal 

pathways and the remyelination of spinal neurons, respectively.  I also hypothesized that 

ADAS cells might promote regeneration of lost neurons or sparing of surviving, damaged 

neurons.   

 



 

 

 

 

 

 

 

 

 

 

Figure 1.1.  Developmental origins of the neural crest.  Neural crest cell originate at the 

margins of the invaginating neural plate and subsequently migrate toward the periphery.  (A) 

Neural crest cells (NC; black) invaginate in toward the notochord (NTC) along with the neural 

plate (NP), forming the neural tube.  (B) Prior to neural tube closure (NP) in mammalian 

development, neural crest cells undergo an epithelial to mesenchymal transition and Wnt-1 

expression is stimulated by bone morphogenetic proteins (Bmp), inducing delamination and 

migration to the periphery.  Neural crest cells ultimately give rise to neurons and glia of the 

peripheral nervous system as well as bone, cartilage and muscle of the head and neck.  (Figure 

modified from LaBonne and Bronner-Fraser, 1999) 
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Figure 1-1.  Developmental origins of the neural 
crest.
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Figure 1.2.  Notch signaling regulates proliferation and cell fate acquisition in neural stem 

cells.  (A) Notch signaling requires cell-cell contact in order for the transmembrane receptor 

Notch to interact with its transmembrane receptors (Jagged, Delta).  Upon ligand binding, the 

extracellular domain of Notch is cleaved, allowing gamma-secretase to cleave the remaining 

fragment and release the intracellular domain (NICD).  NICD binds RBP-Jk/CBF1 in the nucleus 

and activates transcription of bHLH transcription factors that inhibit pro-neural gene 

transcription.  (B) The increasing complexity in Notch regulation of neuroglial differentiation in 

the CNS is modeled based partly on accumulating evidence and partly on speculation.  Notch 

inhibition of neurogenesis is well established, but evidence is mounting for an instructive role in 

gliogenesis.  (Figures from Yoon and Gaiano, 2005) 



 

 

Figure 1-2.  Notch signaling regulates proliferation and cell 
fate acquisition in neural stem cells.

A.

B.
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CHAPTER TWO 
Materials and Methods 

 
 

 

Tissue Harvesting 

All procedures involving rats and mice were approved by the Institutional 

Animal Care and Use Committee (IACUC) at The University of Texas Southwestern 

Medical Center. Animals were euthanized with halothane, followed by cervical 

dislocation.  Intrascapular, inguinal, and abdominal fat pads were removed into sterile 

phosphate-buffered saline (PBS, pH 7.4), rinsed, transferred to Dulbecco’s Modified 

Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and 

antibiotic/antimycotic (Gemini), and incubated at 37°C at 5% CO2 for 1 hour.  Fat pads 

were then transferred to sterile PBS, minced, and digested in serum-free DMEM 

containing 0.075% type-I collagenase (Invitrogen) at 37°C at 5% CO2 for 1 hour, 

vortexing every 10 minutes.  Collagenase was neutralized with an equal volume of 

DMEM/10% FBS and centrifuged at 1200rpm for 4 minutes at room temperature.  The 

supernatant containing mature adipocytes was aspirated, and the pellet containing the 

stromal-vascular fraction was resuspended in serum-free DMEM to rinse.  Cells were 

again centrifuged at 1200rpm for 4 minutes, resuspended in culture medium (DMEM/ 

10% FBS, NeuroCult, MesenCult, or A La Carte), and plated in 2mL into a 35mm cell 

culture dish.   
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NeuroCult and A La Carte ADAS Culture 

Adipose-derived stromal cells (ADAS cells) were cultured in NeuroCult® media 

[NeuroCult® NSC Basal Media (Stem Cell Technologies) supplemented with 

NeuroCult® NSC Proliferation Supplement (1:10; Stem Cell Technologies), EGF 

(10ng/mL; R&D Systems), and bFGF (20ng/mL; R&D Systems)] or in A La Carte media 

[DMEM/F12, 100U penicillin, 100 µg streptomycin, 2mM L-glutamine, 1X N2 

Supplement, EGF (10ng/mL; R&D Systems), bFGF (20ng/mL; R&D Systems), and 

mLIF (10ng/mL; R&D Systems)].  Cultures were incubated at 37°C at 5% CO2 and 

0.5mL of media was added every 3 days until cells were approximately 80% confluent.  

Cells were passaged by trypsin digestion for 5 minutes at room temperature followed by 

neutralization with an equal volume of culture media.  Cells were centrifuged at 1200rpm 

for 4 minutes at room temperature and resuspended in 2mL of culture media.  Cell 

number and viability were determined by trypan blue exclusion and counting with a 

hemacytometer. 

 

MesenCult ADAS Culture 

Adipose-derived stromal cells cells were cultured in MesenCult® media 

[MesenCult® Basal Media (Stem Cell Technologies) supplemented with MesenCult® 

Proliferation Supplement (1:5; Stem Cell Technologies), 100U penicillin, and 100 µg 

streptomycin]. Cultures were incubated at 37°C at 5% CO2 until cells were approximately 

80% confluent.  Cells were passaged by trypsin digestion for 5 minutes at room 

temperature followed by neutralization with an equal volume of culture media.  Cells 
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were centrifuged at 1200rpm for 4 minutes at room temperature and resuspended in 2mL 

of culture media.  Cell number and viability were determined by trypan blue exclusion 

and counting with a hemocytometer. 

  

Neural Induction Medium 

ADAS cells were proliferated in Mesencult® Proliferation Media and passaged 

when cultures reached 70-80% confluence. We used modifications of previously 

published methods (Hsieh et al., 2004; Safford et al., 2004) to induce neural 

differentiation of ADAS cells cultured in Mesencult® Proliferation Media (Stem Cell 

Technologies). ADAS cells were rinsed briefly with Dulbecco’s PBS and immediately 

treated with Neural Induction Media (NIM) composed of α-MEM (GIBCO) without 

serum, supplemented with butylated hydroxyanisole (200 μM), KCL (5 mM), valproic 

acid (2mM), forskolin (10μM), hydrocortisone (1μM), and insulin (5μg/ml).  All 

experiments on ADAS cells were performed between 4 and 48 hrs following exposure to 

NIM. 

 

Retinoic Acid/ Forskolin Neural Induction 

A previously published protocol shown to induce differentiation of adult neural 

stem cells with retinoic acid and forskolin (Hsieh et al., 2004) was also used to induce 

neuronal differentiation of ADAS cells. ADAS cells were rinsed briefly with Dulbecco’s 

PBS and immediately treated with DMEM/F12 serum-free media containing N2 
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supplement, Retinoic Acid (10μm), and Forskolin (10μm).  All experiments were 

performed within 4 to 48 hrs following exposure to retinoic acid and forskolin.  

 

 

Neural Stem Cell Harvest and Culture 

CD1 mouse pups (P2-P6) were euthanized, decapitated, and briefly disinfected 

with 70% ethanol.  The entire brain was dissected out and transferred to a 10cm plate 

containing ice cold DMEM/F12 supplemented with 10% FBS (DMEM/F12).  Frontal 

cortex was removed, mechanically dissociated with scissors or fine forceps, and 

transferred to a 15mL conical containing 1mL of ice cold DMEM/F12.  An equal volume 

of DDP [(DNAse I (1U/mL), Dispase II (1.2U/mL), Papain (20mg/mL)] were  added to 

the minced cortex, and this was incubated at 37°C for 30min., gently agitating every 5-

10min.  Following digestion with DDP, the tissue was passed through a loose filter into a 

50mL conical containing 2mL ice cold DMEM/F12.  Tubes were spun at 1000g for 

10min at 4°C, and the pellet was washed three times with ice cold DMEM/F12.  The 

pellet was resuspended in Neural Stem Cell Media [DMEM/F12 with N2 Supplement, 

2mM L-glutamine, 1mM sodium pyruvate, penicillin/streptomycin (10U/mL and 0.01 

mg/mL), 20ng/mL EGF (R&D Systems Inc.), 10ng/mL bFGF (recombinant human, R&D 

Systems Inc.)] or NeuroCult Stem Cell Media (Stem Cell Technologies, Inc.). Viable 

cells were counted with a hemacytometer, and 1x106 cells were plated in a 10cm dish in 

5-10mL of Neural Stem Cell Media or NeuroCult. 
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Rat ADAS Cell Cultures 

Intrascapular fat pads from Sprague-Dawley rats were harvested, treated with 

antibiotic/antimycotic, digested with collagenase, filtered through a nylon membrane, and 

plated in DMEM/10% FBS onto a 35mm culture dish (P0).  ADAS cells were grown to 

near-confluence, trypsinized, and passaged into a T25 (P1) and subsequently passaged 

into a T75 (P2).  All cells used for experiments were between P3 and P8.  ADAS cells 

were proliferated in EGF/bFGF for 48hrs prior to a 48hr differentiation induced by neural 

differentiation media (NDM: insulin, isobutyl-methyl-xanthine, indomethacin).  

Undifferentiated control cells were exposed to mitogens instead of NDM for an 

additional 48hrs.   

 

Inhibition of γ-secretase with DAPT  

Rat ADAS cells were treated with DAPT either during the initial proliferation 

step, or during the subsequent differentiation (or proliferation) step, or during both steps.  

Cells were then rinsed, fixed, and stained with bis-benzimide (Hoechst 33258) to 

visualize all nuclei of cells in the cultures.  Brightfield and bis-benzimide (DAPI) images 

were captured with a CoolSnap CCD camera and Metamorph image acquisition software.  

Adherent, phase-bright cells with processes were counted (phase bright), and total nuclei 

counter-stained with bis-benzimide were also counted (DAPI).  The percentage of 

differentiated cells was determined by calculating the ratio of phase-bright cells to total 

(DAPI) cells.   
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Fluo-4 AM Calcium Measurements 

ADAS cells were treated with Fluo-4 AM Calcium Indicator Dye (3μm) 

(Molecular Probes) and incubated at 37°C at 5% CO2 for 45 minutes.  After cells were 

briefly washed with DPBS, cells were incubated in phenol red free, serum free media for 

15-30 minutes at 37°C at 5% CO2 before imaging.  For depolarization, KCL (40mM) 

were added to cells and assessed for change in florescence intensity.  

 

Electrophysiological field recordings of ADAS Cultures 

Monolayers of ADAS cell cultures grown on dual-network (2X32 electrodes) 

multi-electrode arrays (MEAs) were placed in a stainless steel static bath recording 

chamber containing two 2 ml reservoirs, allowing physical isolation of the cultures. 

Electrophysiology data was acquired using a Plexon Inc. (Dallas) 64 channel recording 

system; electrical stimulation was with a Multichannel Systems (Reutlingen, Germany) 

MED-4 stimulator. To examine for electrically evoked activity each culture was 

electrically stimulated with voltage-controlled 0.75 V biphasic pulses (positive phase 

first) consisting of 5 pulses at 50 Hz repeated every 30 seconds for 150 seconds (total of 

30 pulses). Each channel was stimulated sequentially (64 stimulus trials per MEA, 1 trial 

per channel). Responses to drugs were examined with sequential bath application of 

glutamate (5 µM), followed by bicuculline (20 µM) 30 minutes later. Experiments were 

done at 37 C, with a 95%/air 5% CO2 atmosphere. 
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Immunocytochemistry 

Adipose-derived stromal cells were grown in either Neurocult, Mesencult, and A 

la carte were assessed for neuro-glial markers using immunohistochemistry.  At various 

time points after neuronal induction, cells were briefly washed with DPBS and fixed with 

4% paraformaldehyde for 15 minutes.  After a brief wash with PBS, Cells were then 

incubated in permeabilization buffer consisting of 3% gelatin from cold water fish skin 

(45%), 1% bovine serum albumin (BSA), and 0.5% Triton-X-100 for 15 minutes.  

Subsequently, cells were incubated in blocking buffer consisting of 3% gelatin from cold 

water fish skin (45%), 1% BSA and Tris Buffer Saline solution (TBS) for 15 minutes.  

After fixation and permeabilization, cells were incubated with murine specific 

monoclonal primary antibodies against makers of neuronal and glial cells overnight at 

4°C.  These include: β-tubulin III (Tuj1) (Chemicon), growth associate protein-43 (GAP-

43; Chemicon), glial fibrillary acidic protein (GFAP; Chemicon), Ki-67 (BD Pharmigen), 

MAP2 (Chemicon), nestin (BD Pharmigen), and neuronal specific enolase (NSE; 

Polysciences).  Cells were then washed with TBS supplemented with 0.2% Triton-X-100 

and incubated in secondary antibody-flurophores (Alexa) for one hour at room 

temperature in the Dark.  Again, cells were washed and stained with Hoechst 33258 stain 

for nuclear counter-staining.  Cells were then mounted with antifade (Biomeda Corp.).  

 

Quantitative Real-Time PCR (QPCR) 

Tissue and cells in culture were harvested for RNA with RNA STAT-60™ (Tel-

Test Inc.) according to the manufacturers protocol.  Sample tissue was homogenized in 
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1mL of RNA STAT-60™ and extracted in the aqueous phase following the addition of 

0.2mL chloroform and centrifugation at 12000xg for 10 minutes at 4°C.  RNA was 

precipitated with 0.5mL isopropanol and washed once with 75% ethanol.  RNA pellets 

were air-dried and resuspended in 50µL of DEPC treated distilled water.  Resuspended 

RNA concentration and purity was determined by 260/280 spectrophotometry and RNA 

was stored at -80°C until use.  2µg of RNA was treated with 0.02U amplification grade 

DNase I (Invitrogen) to eliminate contaminating genomic DNA and then subject to 

reverse transcription with random hexamers to generate cDNA templates.  50ng of 

template cDNA was serially diluted 1:5 down to 0.0032ng to validate primers, and once 

primers were validated, subsequent QPCR runs were conducted in triplicate using 50ng 

of template cDNA for each sample. Oligonucleotide primers were obtained from 

Integrated DNA Technologies (Coralville, IA). The following primers were used for Sox 

9: forward 5’-CAG TAC CCG CAT CTG CAC AA – 3’ and reverse 5’- CCT CCA CGA 

AGG GTC TCT TCT – 3’; for tyrosine hydroxylase (TH) forward 5’- TGT TGG CTG 

ACC GCA CAT T- 3’ and reverse 5’-GCC CCC AGA GAT GCA AGT C – 3’; for 

CRABP2 forward 5’- CCT CCT GGA GCC GAG AAC T- 3’ and reverse 5’- ACA CAA 

CGT CAT CTG CTG TCA TT – 3.’  

 

MitoTracker Red cell labeling and transplantation into normal spinal cord 

ADAS cells were labeled with still adherent with MitoTracker Red CMH2XRos 

dye (Molecular Probes, MTR 0.4uM, 1 hr, 37C while still adherent) then trypsinized, 

counted, and resuspended in sterile saline at a concentration of 10 million cells/mL. A 3 

microliter volume (3 x 104 cells) was delivered by stereotaxic injection into the spinal 
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cord of donor rats at the level of T8-T10. Animals were euthanized at 5 days post 

transplantation for intracardiac perfusion with 4% PFA. Cords were removed, post-fixed 

for 4-12 hrs in PFA, cryoprotected in 20% sucrose overnight, slow-frozen in OCT 

medium cooled by 2-methylbutane/dry ice mix, and stored at -80°C until cryosectioned. 

Immunohistochemical analyses of 30 micron sections were performed to locate MTR-

positive ADAS cells. A Zeiss LSM 510 confocal microscope was used to locate 

MitoTracker Red-, CFSE- or GFP/bisbenzimide-labeled ADASs transplanted into spinal 

cord or midbrain on tissue sections and to survey for markers of neural differentiation co-

expressed in the same cells. 

 

Spinal cord contusion 

A laminectomy was performed at the level of vertebral T9 and the cord contused 

(250 kdynes) using a computer-controlled device (Infinite Horizons). Animals received 

antibiotics post-operatively and their bladders were expressed twice daily. 

 

Autologous transplantation of ADAS cells in SCI model 

ADAS cultures were passaged to P4 prior to autologous transplantation to donor 

rats. Two days prior to transplantation, cultures were treated with 10ng/ml EGF and 20 

ng/ml FGF-2. When specified, ADASs were treated with NDM for 2-3 days prior to 

transplantation. Spinal cord-contused animals were anesthetized and placed into a 

stereotaxic apparatus (Kopf) for spinal column stabilization. The cord contusion site was 

re-exposed and two injection sites, one rostral and one caudal to the contusion, were 

identified. Cells (3 x 104 in 3 μL sterile 0.9% saline) were injected at each site via a 30-
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gauge needle using a 10 μL Hamilton syringe over a period of three minutes. Sham-

transplanted animals received sterile saline injections of the same volume. Rats received 

undifferentiated (naïve) ADASs (n=5), differentiated (NDM-treated) ADASs (n=5), or 

saline only (n=3). 

 

Behavioral testing of spinal cord contused rats 

Following the contusion injury, animals were evaluated on post-operative day 1 

and weekly using the 21-point Basso, Beattie and Bresnahan (BBB) open field locomotor 

scale which characterizes locomotor recovery after spinal cord contusion in rats (Basso et 

al., 1995). Rats were randomized between all groups to ensure equal representation of 

BBB scores across groups.  

 

Tissue processing, stereology, and immunohistology of rat spinal cord 

At 6 wks post contusion (4 wks post transplant), rats were anesthetized and intra-

cardially perfused with 4% PFA. Rat spinal cords were harvested, post-fixed for 2 days, 

and cryoprotected in 20% sucrose in PBS prior to freezing for cryosectioning.  Thirty 

micron sections were cut on a cryostat and processed for Luxol/cresyl violet staining or 

immunohistochemical analyses.  Stereological measurements were done using Cavalieri 

point-counting grids to estimate volumes of cord (Vsc), cyst (Vcyst,), and filled-

in/regenerated/repaired cord (Vrep) regions in 10-11 systematic random sections 

(Gundersen, 1986; Gundersen and Jensen, 1987; West et al., 1991; Gundersen, 1992). 

Confocal microscopy of tissue sections was used to examine expression of specific neural 
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markers in MitoTracker-positive or GFP-expressing transplanted ADASs post-

transplantation. 

 

Statistical analysis of immunohistochemistry 

 Images for GAP43, NF200, and Tuj1 stained cords were ranked according to 

intensity by 3-4 independent, blinded investigators.  The composite rankings were then 

assigned a rank value from lowest (1) to highest (n) intensity with ties each receiving the 

average rank value for the group of images that tied.  The rankings were then tested 

according to the Kruskal-Wallace H-test to determine if there was a statistically 

significant difference in the ranking distribution of one of the groups (sham, SMP, 

irADAS, ADAS).  When significant differences were determined by Kruskal-Wallace H-

test, rankings were separated out in a pairwise fashion (e.g. sham vs. ADAS, sham vs. 

SMP, etc.) and assigned new ranks based on the smaller value of n.  Wilcoxon rank sum 

tests were then performed with these revised rankings to determine differences between 

paired groups.  In both tests, an α of 0.05 was used to determine statistical significance.  

Overall results were reported as significant if a consensus of statistically significant 

results were obtained between independent investigators. 
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Table 2-1.  Antibodies used for IHC of rat spinal cords. 
 
Antibody Vendor Catalog Number Dilution 
Tuj1 Covance MMS453P 1:500 
NF200 Chemicon MAB1623 1:500 
NG2 Chemicon AB5320 1:200 
CD45 Serotec MCA43R 1:600 
OX42 BD Pharmingen 550299 1:100 
GAP43 Chemicon AB5220 1:250 
Nestin BD Pharmingen 556309 1:500 
p75NTR Chemicon MAB365 1:200 
S100β Sigma S2532 1:500 
Ki67 BD Pharmingen 550609 1:200 
BrdU BD Pharmingen 

(Eisch lab) 
347580 1:100 

MMP9 Calbiochem IM37 1:100 
NSE Polyscience 17437 1:500 
Collagen IV Chemicon MAB1910 undetermined 
Decorin Santa Cruz sc22753 1:100 
GFAP Dako Cytomation Z0334 1:500 
5-HT Shuxin Li Lab  1:5000 
AIF-1 AbCam AB-5076-100 1:150 
CGRP Sigma (Romero lab) C8198 1:1500 
O4 Chemicon MAB345 1:150 
 
 

 



 

CHAPTER THREE 
Neural Crest and Notch 
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growth and differentiation characteristics are not regulated by Notch 1 
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Introduction 

Neurodegenerative diseases are difficult to treat because damaged neurons in the 

central nervous system (CNS) have a limited capacity for regeneration and repair 

compared to neurons in the peripheral nervous system (PNS) or to tissues in other organs 

(e.g. liver).  Therefore, efforts to identify suitable tissue sources to replace lost neuronal 

populations or aid in regeneration of CNS pathways has intensified. Use of embryonic 

stem cells is limited by the low efficiency with which these can be differentiate into 

functional neurons in vitro, the frequency with which they form teratomas after 

transplantation, and the need for immunosuppression of the host.  Institutions receiving 

federal funding are also limited in the number of embryonic stem cell lines available to 

them. In addition, many lines are contaminated with murine embryonic fibroblasts which 

are used as feeder layers, making them poor candidates for in vivo cell replacement 

strategies in humans.  Neural stem cells would theoretically be the ideal tissue source for 
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cell replacement, but they are limited in number, difficult to access, and immunogenic to 

the host. 

A number reports have concluded that the readily accessible adipose-derived 

adult stromal (ADAS) cells of mesenchymal origin represent a source of adult stem cells 

with neurogenic potential because they appear to capacity to express protein markers 

characteristic of neural stem cells in vitro (Safford et al., 2002; Padovan et al., 2003; 

Safford et al., 2004). Importantly, although ADAS cells have been shown to display the 

potential for multilineage specification, reports on the ability of ADAS cells to 

demonstrate clonogenic potential, undergo unlimited self-renewal, and become terminally 

differentiated into mature neurons are in conflict and must be critically re-examined in 

order to establish their future therapeutic usefulness. Second, given the well-documented 

role of Notch 1 in regulation of proliferative capacity, cell fate acquisition, and 

differentiation of neural stem cell populations, we investigated the effect of Notch 1 

deletion on mouse ADAS cell proliferation and expression of neural markers in vitro. 

Lastly, expression of late neuronal markers such as tyrosine hydroxylase (TH), choline 

acetyltransferase (ChAT), GABA, and serotonin (5-HT) is a characteristic of neural crest-

derived tissues and interestingly have been reported to be expressed in ADAS cell in 

culture (Safford et al., 2002; Padovan et al., 2003; Safford et al., 2004), raising the 

interesting possibility that ADAS cells may be neural crest-derived. Cells derived from 

the neural crest migrate from the neural crest throughout the periphery during 

development and give rise to a number of different tissues (peripheral nerves, proximal 

aorta, heart valves, melanocytes, cranio-facial bones and muscles, adrenal glands, etc.) 

(Ziller et al., 1987; Le Douarin and Dupin, 2003).  Neurogenic potential has been 
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reported for skin-derived precursors (SKPs), and lineage tracing suggests SKPs are 

neural-crest derived (Fernandes et al., 2006). Therefore, based on the migratory capacity 

of neural crest progenitors and the specific neuronal markers reported to be expressed by 

ADAS cells, we hypothesized that ADAS cells were a neural crest derived stem cell that 

has remained resident in the adipose tissue into adulthood. 

 

Results  

Proliferation of mouse ADAS cells in neural stem cell media formulations 

The ability of ADAS cells to express early neuronal markers led us to 

hypothesize that a sub-population of stromal cells might be responsible for the 

upregulation seen in these genes and that we might be able to enrich for this population 

by culturing in media specifically designed for the culture of neural stem cells.  ADAS 

cells were harvested as before, but following filtration the cells were pelleted and 

resuspended in a serum-free media optimized for neural stem cells (NSC) which we have 

termed Media A (DMEM/F12 supplemented with N2 (1x), EGF (10ng/ml), 

bFGF(20ng/ml), and mLIF(10ng/ml)).  The morphology of ADAS cells was identical to 

those cultured in the commercially available NeuroCult Basal Media for the culture of 

mouse neural stem cells.  Adherent cells grown in NeuroCult Basal Media with 

Proliferation supplement (Stem Cell Technologies) or in Media A (Figure 3.1A) plus 

addition of EGF and bFGF (10ng/ml and 20ng/ml, respectively) began to proliferate 

rapidly and their morphology became highly elongated (Figure 3.1B).  Highly 

proliferative ADAS cells formed clusters of cells, and at the centers of these clusters we 
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identified a sub-population of cells that resembled the originally plated cells in the 

absence of mitogens.  The small, spherical cells grew on a layer of elongated, flattened 

cells and began to cluster into spheres. Eventually, these spheres detached and continued 

to proliferate in suspension (Figure 3.1C) indistinguishable from neural stem cells which 

also grew in suspension as spheroid bodies (data not shown).  Upon exhaustion of the 

culture media, the supernatant was removed and the spheroid bodies pelleted.  Fresh 

media was added to the original cultures and the spheroid bodies were resuspended in 

fresh media and plated in new culture dishes.  In the original culture dish, additional 

spheroid bodies continued to form for at least two media changes.  Spheroid bodies 

transferred to a new culture dish often adhered to the plastic and cells around the 

perimeter migrated away from the main spheroid body.  Some spheroid bodies 

completely dissociated into adherent monolayer cultures, and a few gave rise to 

additional spheroid bodies.  Mechanical dissociation of the latter with fire-polished 

pipettes or light trypsinization enabled us to passage these cells.  Cultures seldom formed 

secondary and tertiary spheroid bodies from adherent monolayers.   

 

Clonogenic analysis of mouse ADAS cells in NeuroCult media 

To investigate whether mouse ADAS cell colonies could be derived from single 

cells, we performed clonogenic analyses. ADAS cells were harvested from mice and 

resuspended at 5x103 cells/ml in NeuroCult serum free media supplemented with 

NeuroCult Proliferation Supplements, collagen supplements, EGF (10ng/ml), and bFGF 

(20ng/ml).  A 1.5 ml volume of cells was plated in each of five 35mm cell culture dishes 

and cultured for three weeks with twice weekly feedings.  After the collagen polymerized 
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overnight, the cultures were examined and individual cells were identified within the 

matrix.  Over the next three weeks, cultures were periodically examined and some of the 

individual cells were observed to form colonies of cells (Figure 3.1D).  Most of these 

colonies resembled rings or discs, and none of them had a condensed, tightly packed, 

spherical architecture (Figure 3.1E, F). In summary, our results indicate ADAS possess 

limited clonogenic capacity and are in contrast with previously published reports 

(Rodriguez et al., 2006; Zaragosi et al., 2006; Rigotti et al., 2007).  

 

Expression of neural stem cell markers in ADAS cells grown in NeuroCult 

differentiation media 

To investigate whether mouse ADAS cells proliferated in NeuroCult could adopt 

molecular and cellular characteristics of neural stem cells, we performed 

immunocytochemical analyses of cells exposed to NeuroCult Differentiation Media 

(Stem Cell Technologies). ADAS cells proliferated either in NeuroCult Proliferation 

Media or Media A were trypsinized and plated at 1-2 x 104 cells per well in 4-well dishes.  

Spheroid bodies were generally completely dissociated into single cells by mechanical 

dissociation with a fire-polished pipette and limited trypsin exposure.  Half of the ADAS 

cells were cultured for up to one week in one of the two neural stem cell proliferation 

formulations in the 4-well dishes to establish a minimum 50% confluence, and the cells 

were subsequently fixed with in 4% paraformaldehyde in phosphate buffered saline (PFA 

in PBS).  The other half of the ADAS cells were proliferated, then treated for 48 hours 

with NeuroCult Differentiation Media and fixed with PFA.  Although 

immunocytochemical analyses with antibodies specific for neural stem cell markers 
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including nestin, glial fibrillary acidic protein (GFAP), neuron specific enolase (NSE), 

and β-tubulin III (Tuj1) indicated robust expression of several of these markers in these 

cells (Figure 3.1G-L and Supplemental Table 3.1), there was no significant outgrowth 

of processes or any other morphological differentiation into in neuron-like cells after 

exposure to NeuroCult Differentiation Media. When ADAS cells were treated with 

NeuroCult Differentiation Media, staining for nestin, NSE and Tuj1 declined and the 

occasional MAP2b-positive cell appeared, while staining intensity for GFAP remained 

the same as that observed in proliferated ADAS cells.  Nestin expression was only 

retained at high levels in undissociated clusters of ADAS cells exposed to NeuroCult 

Differentiation media.   

 

Proliferation of mouse ADAS cells in MesenCult 

Flow cytometric analyses of ADAS cells have demonstrated that these cells 

express cell surface markers similar to mesenchymal stem cells CD29, CD44, CD105, 

and CD166 (Safford et al., 2002; Fraser et al., 2006).  Additionally, ADAS cells have 

been shown to not express the hematopoietic stem cell marker CD45 (Fraser et al., 2006). 

Because the adipose-derived stromal cell (ADAS) cell surface marker expression profile 

was very similar to that of mesenchymal stem cells (MSC), we investigated the ability of 

ADAS cells to proliferate in media specifically formulated for the enrichment and culture 

of MSCs.  MesenCult® Basal Media (Stem Cell Technologies) was used and 

supplemented with MesenCult® Proliferation Supplement to establish mouse ADAS 

cultures at initial plating.  ADAS cells grown in MesenCult retained their viability and 
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ability to proliferate at least until passage 22 (Figure 3.2). These findings are consistent 

with the notion that ADAS cells represent a mesenchymal-derived progenitor population.  

 

Neural induction of MesenCult cultured ADAS cells  

Several formulations in published literature were found to be toxic to mouse ADAS 

because they induced loss of mitochondrial respiration (measured by MitoTracker Red 

fluorescence) and cell death within hours of treatment (data not shown). In the end, two 

previously published protocols were used after minor modifications to induce neural 

differentiation of ADAS cells. One of these was the use of Neural Induction Medium 

(NIM) (Safford et al., 2004) and the other was a combination of retinoid acid and 

forskolin used to induce differentiation of adult neural stem cells (Hsieh et al., 2004). 

ADAS morphology changed rapidly (within 1-4 hours) after exposure to either neural 

induction paradigm and consisted of retraction of cytoplasm, development of cytoplasmic 

extensions, and phase-bright cell bodies with a large nucleus-to-cytoplasm ratio. Within 4 

hours of treatment of exposure to NIM, ADAS cells displayed a morphological 

phenotype very similar to neuronal cultures (Figure 3.2B) which was stable up to 24 

hour after NIM exposure (Figure 3.2D).  However, treatment with NIM beyond 48 hrs 

resulted in significant loss of cell viability, frequent cell detachment, and eventual death 

of the cells (data not shown). Neural induction with RA/Forskolin yielded similar results 

(data not shown).  
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Expression of neural stem cell markers in ADAS cells grown in MesenCult 

When allowed to proliferate in MesenCult, undifferentiated ADAS cells did not 

express neural stem cell markers except for a very basal level of nestin expression (Table 

3.1), in agreement with other published reports (Croft and Przyborski, 2004; Safford et 

al., 2004). Following treatment with neural induction protocols, murine ADAS cells 

robustly increased expression of neuroglial markers   Within 4 hours of exposure to NIM, 

ADAS cells downregulated expression of nestin and upregulated expression of Tuj1, glial 

fibrillary acidic protein (GFAP), neuron specific enolase (NSE) (Figure 3.3 and Table 

3.1) as well as microtubule associated protein 2 (MAP2) and growth-cone associated 

protein 43 (GAP-43) (data not shown).  Expression of neural stem cell markers was still 

detectable at 24 hours following neural induction.   

 

Inhibition of γ-secretase promotes morphological differentiation of a subpopulation 

of mouse ADAS cells.   

Given the well-documented role of Notch 1 in regulation of proliferative 

capacity, cell fate acquisition, and differentiation of neural stem cell populations, we 

hypothesized Notch 1 may have an important role in regulating the proliferative capacity 

and/or differentiation potential of ADAS cells. Activation of the Notch signaling pathway 

leads to an initial cleavage of the extracellular domain followed by intramembranous 

cleavage of the truncated Notch receptor by γ-secretase, releasing the C-terminal domain 

of the Notch receptor to translocate to the nucleus.  Immunohistochemistry targeting the 

VLLS antigenic epitope generated by intramembranous cleavage of the Notch receptor 

suggested that Notch was activated in cells undergoing morphological differentiation 
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(data not shown). Therefore, we first tested whether inhibiting Notch cleavage could 

affect the proliferative or differentiation potential of rat ADAS cells using DAPT, a 

selective pharmacological inhibitor of γ-secretase (Geling et al., 2002; Lanz et al., 2003).   

Rat ADAS cells were proliferated with a mitogenic cocktail (10 ng/mL EGF/20 

ng/mL FGF-2) for 48 hr (Proliferation medium). Subsequently, during the next 48-hr 

period ADAS cells were either exposed to Neural Differentiation Medium (NDM, See 

Methods) or left in Proliferation medium.  In addition, ADAS cells were treated with 

DAPT (or DMSO vehicle) either during the initial Proliferation stage, or during the 

subsequent exposure to NDM (Differentiation stage), or during both steps 

(Supplemental Figure 3.1).  At the completion of the treatment regimens, cultures were 

rinsed, fixed, and stained with bis-benzimide (DAPI) to visualize all nuclei.  Phase-

contrast images were also taken to quantify the number of phase-bright ADAS cells with 

process outgrowth. Adherent, phase-bright differentiated cells with processes were 

counted (phase bright) as were total nuclei stained with bis-benzimide (DAPI).  The 

percentage of differentiated cells was determined by calculating the ratio of phase-bright 

cells to total (DAPI) cells.  Rat ADAS cells in these experiments were between passage 3 

and 8. We found that the number of phase-bright and differentiated ADAS cells doubled 

in cultures treated with DAPT during both proliferation and differentiation stages when 

compared to cultures treated with DMSO-vehicle at these stages (64.1% vs. 34%), 

implicating a role for a γ-secretase substrate in maintenance of the undifferentiated state 

in ADAS cells. Given that there are a number of γ-secretase substrates the cleavage of 

which may be involved in this process (including N-cadherin and ErbB receptors), these 

findings are consistent with a role for Notch proteins but do not directly implicate Notch 
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1 in premature ADAS cell differentiation. Therefore, we employed ADAS cells derived 

from mice with a floxed Notch1 allele to genetically delete Notch 1 in ADAS cell 

cultures with Cre recombinase.  

 

Notch 1 deletion has minimal effects on mouse ADAS proliferation and expression 

of neural stem cell markers 

The Cre-lox system has been effectively used to conditionally delete a wide 

variety of genes under different circumstances.  ADAS cell cultures from mice with 

floxed-Notch alleles allowed us to ask whether Notch 1 has an important role in 

regulating ADAS cell proliferation and differentiation responses.  ADAS cultures were 

established from fat pads isolated from mice harboring a floxed Notch 1 allele (kindly 

provided by Raphael Kopan at Washington University).  No significant difference in 

gross morphology or proliferation kinetics was observed between wild type and fN1 

mouse ADAS cells.  Upon confluence of the initial plating (P0), cells were passaged (P1) 

and cells floating in the supernatant or cells derived from the adherent stromal faction 

were transduced with lentivirus vectors driving expression of either wild-type Cre or a 

catalytically inactive mutant Cre (delta Cre).  Both expression constructs contained an 

internal ribosome entry site (IRES) upstream of an EGFP gene allowing for convenient 

identification of infected cells.  fN1 ADAS cells were infected with either lenti-Cre or 

lenti-mutant Cre and FACS-sorted based on GFP fluorescence.  GFP–negative cells were 

also retained following FACS sorting to serve as an uninfected cohort control.  Notch1 

deletion was confirmed by quantitative real-time polymerase chain reaction (QPCR). 

Cells were expanded to passage 2 and 3 following FACS sorting and plated into 
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Mesencult or Neurocult media for subsequent studies of proliferative capacity and neural 

marker expression. We found that deletion of Notch 1 in vitro did not significantly affect 

the proliferative capacity of ADAS cells (Figure 3.4), suggesting an unimportant role of 

Notch 1 in regulation of ADAS proliferation.  

Because Notch 1 signaling has been shown to be important in regulating 

commitment to neuron-glial fates, we also investigated the effect of Notch 1 deletion on 

expression of nestin, GFAP, NSE, O4 and NG2. Immunocytochemical analyses of mouse 

ADAS cells proliferated in NeuroCult Proliferation Media displayed high levels of nestin 

and Tuj 1 immunoreactivity prior to exposure to Differentiation Media and deletion of 

Notch 1 in vitro with lentiviral-derived Cre in floxed Notch 1ADAS cells had no effect 

on this expression (Supplemental Figure 3.2). In agreement with other experiments 

(Supplemental Table 3.1) exposure to NeuroCult Differentiation Media resulted in 

downregulation of nestin and Tuj1 (Supplemental Figure 3.2) and deletion of Notch 1 

had no further effect on this response. NG2 expression was not detectable under any 

condition.  Similarly, GFAP expression was low under basal conditions and slightly 

increased with exposure to NeuroCult Differentiation Medium but deletion of Notch 1 

had no effect on expression (data not shown).   

 

Neural crest lineage tracing of mouse ADAS cells 

Given that ADAS cells have been reported to express several molecular markers 

characteristic of neural crest-derived populations, we tested the hypothesis that mouse 

ADAS cells represented a neural crest-derived population in adult adipose. Wnt-1 lineage 

tracing analysis has been used by other groups to demonstrate neural crest lineage 

 



41 

(Joseph et al., 2004). We therefore established mouse ADAS cultures from adipose 

harvested from offspring of Wnt1-Cre transgenic mice crossed with floxed Rosa26R-lacZ 

reporter mice (Friedrich and Soriano, 1991; Zambrowicz et al., 1997). Using hair follicles 

derived from the whisker barrel of the same mice, efforts to demonstrate immunoreactive 

β galactosidase levels or X-gal enzymatic activity in ADAS cultures failed. Similarly, 

quantitative FACS analysis of YFP-positive cells in ADAS cultures derived from Wnt1-

Cre/Rosa26R-YFP transgenic mice indicated less than 2% of the ADAS cell population 

were YFP positive (Table 3.2). On the basis of these results, we concluded that ADAS 

cells are not likely to represent a neural crest-derived population residing in adult 

adipose.  

 

Depolarization-induced intracellular calcium mobilization in ADAS exposed to 

neural induction medium 

Given that ADAS cells cultured in MesenCult displayed morphological 

characteristics and cellular marker expression consistent with neurogenic potential, we 

investigated whether neural induction of ADAS cells induced differentiation into mature 

neuronal phenotypes by evaluating exit from cell cycle, depolarization-induced calcium 

transients, and neural network activity in ADAS cells exposed to NIM. 

Immunocytochemical analysis with an antibody specific for nuclear proliferation antigen 

Ki67 indicated that a large proportion of the cells growing in MesenCult Basal Medium 

were highly proliferative and exposure to NIM for up to 24 hrs which induced 

morphological differentiation and process outgrowth (Figures 3.2 and 3.3) did not 
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induce all of them to exit the cell cycle (Supplemental Figure 3.3). Next, we used the 

Ca2+ indicator dye Fluo-AM Fluo-4 AM to investigate if a depolarizing stimulus (high 

extracellular potassium) could induce increases in Fluo-4 fluorescence intensity to 

indicate increases in intracellular Ca2+ concentration in mouse ADAS grown in 

MesenCult and exposed to NIM. Within 30-45 seconds of addition of extracellular 

potassium to a final concentration of 40mM, a subset of ADAS cells displayed small but 

detectable Ca2+ transients (Figure 3.5), suggesting that a fraction of ADAS cells were 

excitable and capable of Ca2+ mobilization possibly through voltage-dependent N-type 

calcium channels after NIM exposure. We felt it was important to extend these 

observations with electrophysiological characterization of ADAS cells after NIM 

exposure. However, efforts to patch these cells were largely unsuccessful. Those that 

could be patched were found to have resting membrane potentials (-40 mV) 

uncharacteristic of most healthy neurons (Brad Pfeiffer, personal communication). 

Similarly, no resting or evoked neural network activity was observed in mouse ADAS 

cultures grown on Multi-Electrode Arrays (MEAs) for several weeks (Edward Keefer, 

personal communication). Taken together, these data suggest that although exposure to 

NIM induced morphological differentiation and membrane excitability in ADAS cells, no 

strong experimental evidence of terminal differentiation of ADAS cells into mature and 

functional neurons could be found.  
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Discussion 

Given the ease with which adipose-derived adult stromal (ADAS) could be 

expanded in vitro beyond 20 passages while retaining high levels of nestin expression, it 

is possible that ADAS cells represent a type of adult mesenchymal stem cell population 

residing in adipose but not a true neural stem cell. Specifically, our studies indicate that 

ADAS cells expanded and maintained in media formulations optimized for neural stem 

cells have limited capacity for self-renewal, formation of clonal colonies, and formation 

of three-dimensional neurosphere-like aggregates. Second, although our molecular and 

cellular analyses of early neural marker expression in ADAS cells after exposure to 

neural induction cocktails confirm previously published reports (Zuk et al., 2002; Kang et 

al., 2004), we find little physiological evidence to support the claim that the differentiated 

morphology displayed by ADAS after neural induction represents maturation of ADAS 

into functional neurons. True mesenchymal adult stem cell populations from adult human 

and mouse sources, including bone marrow stromal cells (BMSC) have been reported to 

have neuron-like characteristics (Croft and Przyborski, 2004), to express neuro-glial 

specific markers, and to display potential for neuro-glial differentiation both in vitro and 

in vivo (Kopen et al., 1999; Sanchez-Ramos et al., 2000; Woodbury et al., 2000; 

Bossolasco et al., 2005). Other reports of in vitro neuro-glial differentiation include a 

population of multipotent adult progenitor cells (MAPCs) that co-purify with 

mesenchymal stem cells isolated from bone marrow (Jiang et al., 2002).  

We find no evidence that Notch 1, a key gatekeeper of progenitor populations 

and regulator of glial and neural stem cell fates (Artavanis-Tsakonas et al., 1999; Gaiano 

and Fishell, 2002), regulates the proliferation, growth, or differentiation-induced 
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expression of neural or glial markers in mouse ADAS. Although surprising at first, this 

finding is consistent with the observation that Notch is dispensable for adipocyte 

specification and differentiation from either mesenchymal or epithelial progenitors 

(Nichols et al., 2004). Although constitutive Notch 1 activation followed by exposure to 

FGF-2, forskolin, and ciliary neurotrophic factor promoted neuronal induction of bone 

marrow stromal cells without glial differentiation (Dezawa et al., 2004), our findings on 

genetic ablation of Notch 1 indicate that physiological levels Notch 1 do not regulate 

proliferation or expression of neural markers in ADAS.  In parallel, because Notch 

signaling had been shown to be instructive of secondary fates in neural crest (Morrison et 

al., 2000; Cornell and Eisen, 2005), we pursued the possibility that ADAS cells 

represented a neural crest population residing in adult adipose. However, Wnt-1 lineage 

tracing analyses indicated that ADAS cells do not appear to be of neural crest origin, in 

contrast to what has been reported for skin-derived precursor cells (SKPs) which also 

display neurogenic potential in vitro (Fernandes et al., 2004). One key fact that could 

account for these differences is that SKPs reside in epidermis, an ectodermally-derived 

tissue.  

Taken together, these findings do not support the claim that the previously 

reported neurogenic potential of ADAS cells can be attributed to intrinsic, bona fide 

neural stem cell properties. Given that co-culture with astrocytes is critical for inducing 

robust neuronal fates in adult neural stem cells in vitro (Song et al., 2002), we cannot rule 

out the possibility that conditions not examined by our experimental paradigms may be 

capable of inducing terminal differentiation and maturation of ADAS cells. More 

importantly, in vivo studies will be needed to determine the extent to which tissue-
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specific growth and differentiation factors and cell-to-cell contacts between ADAS cells 

and endogenous progenitor or stem cell populations could promote ADAS cell 

engraftment at a lesion site, thereby enhancing the neuro-glial differentiation and 

maturation of ADAS cells in situ.  In support of this possibility, both mouse and human 

ADAS cell populations have been shown to secrete detectable levels of anti-apoptotic and 

pro-angiogenic factors such as vascular endothelial growth factor (VEGF) and to afford 

functional benefits in ischemia models (Kang et al., 2003; Rehman et al., 2004; 

Nakagami et al., 2005).  In brief, while it is unlikely that ADAS cells will ever be able to 

replace lost neuronal circuits and restore function through mechanisms that involve 

neuronal differentiation, ADAS cells may still represent attractive cell sources to 

ameliorate the effects of neurotrauma or neurodegeneration.  Future studies will 

determine whether autologous transplantation of ADAS at an injury site results in 

significant survival and engraftment of these cells to contribute to modifications of the 

surrounding extracellular environment to promote proliferation and differentiation of 

endogenous progenitor populations that can aid in neural repair. 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.1. Proliferation of mouse adipose-derived adult stromal (ADAS) cells in media 

formulations optimized for neural stem cells. Proliferation of adherent cells (A, B) and neurosphere-

like formation (C) in a serum-free media formulation (Media A); Colony formation in NeuroCult 

(Media B) (D-F); Neural stem cell marker expression in Media A (G-L). NSE, neuron specific enolase. 



Figure 3-1.  Proliferation of mouse adipose-derived adult stromal (ADAS) cells in 
media formulations optimized for neural stem cells.
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Figure 3.2. Proliferation and differentiation of mouse adipose-derived adult stromal cells (ADAS) 

in a media formulation optimized for mesenchymal stem cells. Phase-contrast image of 

undifferentiated mouse ADAS cells at passage 5 (A) and passage 22 (C); process outgrowth in the same 

cells after 4-hr exposure to Neural Induction Medium (NIM) (B and D, respectively).  



Figure 3-2.  Proliferation and differentiation of mouse adipose-derived adult 
stromal (ADAS) cells in a media formulation optimized for mesenchymal 
stem cells.
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Figure 3.3. Expression of neural stem cell and neuroblast markers in mouse ADAS cells grown in 

Mesencult (Media C). Expression of neural markers in Mesencult proliferation media (A, B) and after 

4-hr (C, D) or 24-hr (E, F) exposure to Neural Induction Medium (NIM). NSE, neuron specific enolase; 

GFAP, glial-fibrillary acidic protein; Tuj1, β-tubulin III.  
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Figure 3-3.  Expression of neural stem cell and neuroblast markers in mouse
ADAS cells grown in MesenCult (Media C).
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Figure 3.4. Notch 1 deletion has minimal effects on ADAS cell proliferation. High  efficiency of 

lenti-GFP transduction in mouse ADAS cells (A, B); Proliferation of ADAS cells isolated from floxed 

Notch1 mice and transduced with a lentivirus encoding Cre recombinase (C), mutant Cre (D), or no 

virus; Effect of Notch1 deletion in clonogenic potential of ADAS cells derived from neurospheres in 

the supernatant or stromal fraction (F). 



Figure 3-4.   Notch deletion has minimal effects on ADAS cell proliferation.
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Figure 3.5. Intracellular calcium imaging in mouse ADAS cells exposed to Neural Induction 

Medium (NIM). Mouse ADAS cells were loaded with Fluo-4AM prior to exposure to 4-hr (A, B) or 

24-hr exposure to NIM (C, D). Fluorescence intensity was monitored in live cells before (A, C) and 

after (B, D) addition of a high-K+ depolarizing stimulus. 
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Figure 3-5.  Intracellular calcium imaging in mouse ADAS cells exposed to neural
induction medium (NIM).
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Supplemental Figure 3.1. Inhibition of γ-secretase promotes morphological differentiation of a 

subpopulation of rat ADAS cells.  Rat ADAS cells were proliferated in10 ng/mL EGF/20 ng/mL 

FGF-2 for 48 hr (Proliferation medium). During the next 48-hr period they were either exposed to 

Neural Differentiation Medium (see Materials and Methods) or left in Proliferation medium for an 

additional 48hrs.  In addition, ADAS cells were treated with DAPT (or DMSO vehicle) either during 

the initial Proliferation stage, or during the subsequent exposure to NDM (Differentiation stage), or 

during both steps.  At the completion of the treatment regimens, cultures were rinsed, fixed, and stained 

with bis-benzimide (DAPI) to visualize all nuclei.  Phase-contrast images were also taken to quantify 

the number of phase-bright ADAS cells with process outgrowth. Adherent, phase-bright differentiated 

cells with processes were counted (=Phase bright) as were total nuclei stained with bis-benzimide 

(=DAPI).  The percentage of differentiated cells was determined by calculating the ratio of phase-bright 

cells to total (DAPI) cells.  Rat ADAS cells in these experiments were between passage 3 and 8. 
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Supplemental Figure 3-1.  Inhibition of gamma-secretase promotes
morphological differentiation of a subpopulation of rat ADAS cells.
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Supplemental Figure 3.2. Deletion of Notch1 does not influence expression of neural markers in 

mouse ADAS cells. ADAS cells from floxed Notch1 mice grown in MesenCult were mock transduced 

(A, B) or transduced with lentiviral-Cre (C, D), or lentiviral-mutant Cre (E, F) for 

immunocytochemical analysis of Tuj-1 expression before (A, C, E) or after (B, D, F) exposure to 

NeuroCult Differentiation Medium.   



Supplemental Figure 3-2.  Deletion of Notch1 does not influence expression of 
neural markers in mouse ADAS cells.
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Supplemental Figure 3.3. Neural Induction Medium (NIM) does not induce terminal 

differentiation of mouse ADAS cells.  (A) Immunocytochemical detection of nuclear proliferation 

antigen (Ki67, red) demonstrates high proliferative activity in mouse ADAS cells grown in Mesencult; 

(B) Persistent Ki67 staining in ADAS cells after 24-hr exposure to NIM. Nuclei were visualized by bis-

benzimide staining (blue). 
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Supplemental Figure 3-3.  Neural Induction Medium (NIM) does not induce
terminal differentiation of mouse ADAS cells.
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Table 3-1.  Expression of Protein Markers in Mouse ADAS grown in 
Mesencult then exposed to Neural Induction Medium (NIM).

NIM= Neural Induction Medium
NSC= Neural Stem Cell
NSE= Neuron Specific Enolase
GFAP= Glial fibrillary acidic protein
Tuj1= beta-tubulin III
 

 

 
Marker 

 
Baseline 

4 hr  
NIM 

24 hr 
NIM 

48 hr 
NIM 

72 hr 
NIM 

Nestin  
++ 

 
+++ 

 
++ 

 
+ 

 
+ 

NSE  
+/- 

 
++ 

 
+++ 

 
+++ 

 
+ 

GFAP  
+/- 

 
+++ 

 
+++ 

 
++ 

 
++ 

Tuj1  
+ 

 
++ 

 
+++ 

 
++ 

 
++ 

 

Source of Adipose 
Tissue 

YFP-positive ADAS 
cells 

YFP-negative ADAS 
cells 

% YFP positive 
cells in ADAS 

culture 
Female Wnt1-
Cre/R26RYFP  

642  75,000  0.85  

Male Wnt1-
Cre/R26RYFP  

1718  77,500  2.20  

Table 3-2.  FACS Analysis of ADAS Cells harvested from 
Wnt-1Cre/Rosa26R-YFP Mice.

YFP = Yellow fluorescent protein
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Supplemental Table 3-1.  Expression of neural stem cell markers in 
mouse ADAS grown under defined media conditions.

NSC= Neural Stem Cell
NSE= Neuron Specific Enolase
GFAP= Glial fibrillary acidic protein
Tuj1= beta-tubulin III

 
Treatment 

 
Nestin 

 
NSE 

 
GFAP 

 
Tuj1 

Media A: 
Serum-free NSC medium 

 
++ 

 
+++ 

 
+++ 

 
++ 

Media B: 
Neurocult medium 

 
++ 

 
+++ 

 
+++ 

 
++ 

Media C: 
Mesencult medium 

 
++ 

 
+/- 

 
+/- 

 
+ 

A or B 
Differentiation 
supplements 

 
+/- 

 
++ 

 
+++ 

 
+ 

C  Neural Induction 
Medium (NIM) 

 
+ 

 
+++ 

 
++ 

 
++ 
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CHAPTER FOUR 
Therapeutic Value of ADAS in Spinal Cord Injury (SCI) 
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Introduction 

 Spinal cord injury occurs with an incidence between 25 and 40 per million 

individuals, and fewer than 1% of patients suffering a spinal cord injury ever regain full 

function (Lim and Tow, 2007).  While the incidence of spinal cord injury is very rare, 

younger individuals are disproportionately affected as a result of risk taking and 

occupational hazards.  Fewer than 21.6% who were gainfully employed prior to injury 

return to work within 1 year following the injury (Lim and Tow, 2007).  The young age 

of onset and the very low chance of recovery combine to create a severe psychological 

and financial stress on not only the afflicted individual but also on caregivers, typically a 

spouse or other family member. 
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 Spinal cord injury is characterized by an acute phase followed by a chronic 

phase.  In the acute phase, spinal cord axons are crushed or severed during the traumatic 

injury, and within minutes, the region surrounding the injury is subjected to ischemic 

conditions as a result of damaged cord vasculature and inflammatory swelling (Garbossa 

et al., 2006; Klapka and Muller, 2006).  Local microglia are activated to clear the debris, 

but activated microglia soon die off within the site of injury and microglia peripheral to 

the site of injury later migrate toward the site of injury, surrounding it and forming a glial 

scar.  Within the first week following injury, a dense collagen matrix is deposited at the 

epicenter of the injury, and myriad additional extracellular matrix components are 

deposited on a basement membrane composed of collagen and laminin forming a 

collagenous scar (Klapka and Muller, 2006).  The dense collagenous scar is hypothesized 

to form a physical barrier to neurite extension through the injured spinal cord, and many 

of the extracellular matrix components deposited in the collagenous scar (e.g. Nogo-A, 

Sema3A, chondroitin sulfate proteoglycans) are signaling molecules or scaffolds that are 

either themselves inhibitory to neurite migration or bind additional factors that inhibit 

neurite migration, respectively (Hermanns et al., 2001; Klapka et al., 2005; Hermanns et 

al., 2006; Klapka and Muller, 2006).  It is hypothesized that contractile forces build 

within this collagenous scar, and subsequent contraction of scar tissue causes additional 

physical damage and cavity formation.  Indeed, one characteristic of contusive spinal 

cord injuries is the formation of a fluid filled syrinx.  Increased osmotic pressure results 

in poor perfusion within the injury, and local neurons and glia subsequently experience 

further ischemic stresses (Garbossa et al., 2006). 
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Very few therapeutic interventions exist to treat patients suffering from spinal 

cord injury.  In some cases, surgical intervention is employed to reduce acute pressure 

within the spinal cord following injury, but this is not a common practice and is typically 

used only in the most severe cases of swelling (Hess and Foo, 2001; Ohata et al., 2001; 

Reis, 2006).  Some improvement in motor function can be achieved by weight supported 

treadmill training, but it is thought that most of the plasticity involved in recovery of this 

sort occurs predominantly within the spinal cord circuitry below the lesion (Wernig, 

2006; Engesser-Cesar et al., 2007; Lim and Tow, 2007; Morrison and Backus, 2007).  

None of the available therapies currently in the clinic address limiting neuronal 

degeneration following injury or encouraging neurogenesis or axon re-growth to 

reestablish lost neuronal circuitry. 

  A number of studies in rodent models of spinal cord injury have employed 

different means to coax axon regrowth and neurogenesis within the lesion.  Osmotic 

pumps and genetically engineered fibroblasts have been used as vehicles to deliver 

neurotrophic factors such as BDNF, GDNF, NT-3, and NT-4/5 with some degree of 

success toward functional recovery (Lim and Tow, 2007).  Evidence of neurite growth 

exists within the lesions in these studies; however, neurites do not extend much beyond 

the lesion border.  This may be due to the presence of inhibitory factors or the absence of 

chemoattractants within the intact white matter.  It may also be due to a dissipating 

gradient of neurotrophic factors with a high local concentration at the site of injury which 

retains neurites within the lesion.  White matter sparing may also be a mechanism by 

which neurotrophic factor delivery promotes functional recovery.   
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Additionally, exogenous neural stem cells have been transplanted at the site of 

injury in an attempt to induce neurogenesis and the replacement of lost neurons within 

the lesion.  Few neurons derived from these transplanted cells are found within the 

injured cord.  Axon sparing is observed, but most of the tissue derived from transplanted 

neural stem cells is glial (Garbossa et al., 2006).  Transplantation of glial progenitors (e.g. 

olfactory ensheathing cells, OECs) or neural stem cells that have been treated to favor 

differentiation along glial lineages has been demonstrated to lead to neuronal sparing 

within the lesion, and the proposed mechanism involves an increased remyelination of 

endogenous axons that are demyelinated as a result of injury (Ramon-Cueto and Nieto-

Sampedro, 1994; Ramon-Cueto and Valverde, 1995; Ramon-Cueto, 2000; Ramon-Cueto 

et al., 2000).  

Stem cell (embryonic or adult) replacement therapy aimed at providing a 

functional replacement of lost neural tissue can be complicated by a number of factors.  

First, adult neural stem cells are present in distinct regions deep within the adult nervous 

system in relatively small numbers, making acquisition of adequate numbers of cells for 

transplantation almost impossible (Eriksson et al., 1998; Gould et al., 1999b; Gould et al., 

1999a; Pencea et al., 2001; Kozorovitskiy and Gould, 2003).  Second, embryonic stem 

cells and adult neural stem cells from cadavers represent an exogenous cell source likely 

to be rejected by the recipient’s immune system, and immunosuppression therapy would 

be required to prevent destruction of the transplanted tissue (Miedzybrodzki et al., 2006).  

Third, use of embryonic and fetal stem cells is surrounded in a heated ethical debate, and 

funding for such research continues to be quite restricted (Frankel, 2000; Lazic and 

Barker, 2003).  Finally, the use of stem cells of any source is potentially problematic if 
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the in vivo environment or in vitro differentiation stimulus is insufficient to induce 100% 

differentiation of stem cells, as any undifferentiated stem cell could potentially become 

transformed and develop tumors.  In fact, transplanted embryonic stem cells are 

notoriously prone to developing into benign teratomas (Fujikawa et al., 2005; Teramoto 

et al., 2005; Dihne et al., 2006; Nussbaum et al., 2007). 

The goal of transplanting neural stem cells and inducing neurogenesis requires 

differentiation of neural stem cells into appropriate neuronal subtypes, appropriate 

migration of axons within an adult spinal cord that may lack developmentally established 

directional cues, and appropriate integration into a complex preexisting motor and 

sensory circuitry to restore proper behavior.  Because the odds of failure are so high at 

each one of these steps, we favor an alternative cell-based therapy aimed at protecting 

endogenous neurons from death induced by secondary insults and at promoting branching 

of spared axons or regrowth of damaged axons as a means of improving motor and 

sensory functionality. 

Alternative cell sources may represent a safer and more convenient means of cell 

replacement therapy.  Promising cell sources should be relatively abundant and easily 

accessible.  Likewise, they would necessarily be easy to expand using in vitro tissue 

culture methods in order to obtain sufficient numbers of cells for transplantation.  

However, any acceptable tissue source for eventual transplantation into human patients 

must have limited proliferation potential in order to minimize the risk of tumor formation.  

Additionally, cells destined for use in humans would ideally be non-immunogenic, and 

would therefore necessarily be available from the patient himself.  Finally, cells intended 
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for use in cell replacement therapy may also serve as a source of trophic support for 

surrounding endogenous cells and therefore would ideally be transduced by viral vectors. 

Adipose-derived adult stromal (ADAS) cells have been reported by several 

groups to undergo neuronal differentiation, and these reports were what initially drew our 

attention to this field (Safford et al., 2002; Zuk et al., 2002; Safford et al., 2004).  Most of 

these reports have relied on demonstrating expression of so-called neuron-specific 

markers by immunohistochemistry (e.g. nestin, NSE, GFAP, Tuj1, etc.).  However, many 

of these markers have been found to be expressed in non-neuronal tissues, raising 

questions as to the reliability of using these markers to identify populations of cells fated 

to give rise to neuronal tissue.  Regarding the question of neuronal fate determination, 

these cells must ultimately be shown to be functionally equivalent to neurons (e.g. ability 

to fire action potentials), and if the goal is to use these cells to replace lost neural tissue, 

these cells must be demonstrated capable of giving rise to neural tissue in vivo.  However, 

a lack of neural fate specification in these cells does not preclude their beneficial use as a 

source of tissue for cell replacement therapy. 

ADAS cells are derived from adult adipose tissue, and represent an abundant and 

easily accessible tissue source.  Along with other groups (Safford et al., 2002; Zuk et al., 

2002; Safford et al., 2004) we have shown that ADAS cells can be easily cultured in vitro 

and can proliferate up to 20 passages (manuscript submitted).  While ADAS cells resist 

transfection by conventional methods (e.g. sodium phosphate, Lipofectamine, FuGene, 

and electroporation), we have cofirmed that they are efficiently transduced by lentivirus.  

Here we show in in vivo experiments that ADAS cells were tolerated well by the host 

immune system both in injured and in normal cord, and did not exhibit signs of excessive 
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proliferation.  While recovery of locomotor function did not differ between ADAS 

transplanted animals and sham controls, injured cords of animals receiving ADAS cell 

and muscle cell transplantation exhibited a filled syrinx and stained positive for several 

markers of both immature and more mature neurites by immunohistochemistry.  We did 

not find ADAS cells to express neural markers in vivo.  However, by quantitative real-

time polymerase chain reaction (QPCR) we detected expression of MMP9, IGF-1, and 

LIF, suggesting that ADAS cells may play a dual role in remodeling the extracellular 

matrix (ECM) at the injury epicenter and supporting the proliferation or survival of 

Schwann cells and other glia that may aid in remyelination of injured axons.  ADAS cells 

may themselves serve as a substrate conducive to axon migration as we found neurite 

staining in close apposition to ADAS cells.  

   

Results 

Cell transplantation within one week reduces syrinx 

Contusive spinal cord injury leads to the formation of an axial syrinx (Klapka 

and Muller, 2006).  While the exact mechanism of syrinx formation is not entirely 

known, several hypotheses have been proposed.  One model suggests that cavity 

formation is a result of degeneration of neurons and glia within the injured cord followed 

by clearance of cellular debris by infiltrating immune cells.  Immunomodulatory 

functions have been reported for human ADAS, so we found it reasonable to think that 

early suppression of the immune system might moderate neurodegeneration and 

subsequent cavity formation if this model is correct (Puissant et al., 2005; Cui et al., 

2007).  A second model suggests that extreme tensile forces build up within the dense 
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collagenous matrix that is deposited in the first week following injury and literally tear 

the tissue apart.  This model appears to be supported by the extensive cavitation observed 

within stab wounds of the mammalian CNS (Maxwell et al., 1984).  ADAS cells are 

derived from the stromal vascular fraction (SVF) and several groups have demonstrated 

the ability of cells from the SVF to express a wide array of matrix metalloproteinases 

(MMPs) (Bouloumie et al., 2001; Croissandeau et al., 2002a; Lijnen et al., 2002; Maquoi 

et al., 2002; Chavey et al., 2003).  We hypothesized that transplanted ADAS cells could 

fill or prevent the formation of the fluid-filled syrinx in a rodent model of spinal cord 

injury.  A schematic of the experimental design is given in Figure 4.1.  In order to test 

our hypothesis, we examined six groups of animals receiving spinal cord contusion: PBS 

injection 7 days post contusion and sacrificed 4 weeks post transplantation (short term 

sham); PBS injection 7 days post contusion and sacrificed 8 weeks post transplantation 

(long term sham); ADAS transplantation at 7 days post contusion and sacrificed 4 weeks 

post transplantation (short term ADAS); ADAS transplantation at 7 days post contusion 

and sacrificed 8 weeks post transplantation (long term ADAS); transplantation of 

irradiated ADAS at 7 days post contusion and sacrificed 4 weeks post transplantation 

(irADAS); skeletal muscle progenitor (SMP) transplantation at 7 days post contusion and 

sacrificed 4 weeks post transplantation (SMP).  Skeletal muscle progenitors were chosen 

as a mesoderm-derived tissue control that had not been reported to be capable of 

expressing neural specific proteins at the time it was selected.  However, skeletal muscle 

progenitors have since been reported capable of neural specific gene expression 

(Alessandri et al., 2004).   
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Female Long Evans (LE) rats were anesthetized, intrascapular fat or skeletal 

muscle was removed for culture in vitro, a laminectomy of thoracic vertebrae 8 through 

10 (T8-10) was performed, and the exposed spinal cord was contused by a computer 

controlled piston.  ADAS cells and skeletal muscle cells were cultured in vitro, and one 

week later, 30000 cells (ADAS, skeletal muscle, or equal volume PBS sham) suspended 

in 3ul of PBS were transplanted via Hamilton syringe above and below the contusive 

epicenter.  Animals were sacrificed four weeks (short-term) or eight weeks (long-term) 

later, and tissue was preserved by intracardial perfusion of 4% paraformaldehyde (PFA).  

Following cryopreservation with 20% sucrose, tissue was cryosectioned and stained with 

cresol violet and luxol fast blue. 

 Gross inspection of cords from all groups revealed varying degrees of reduction 

in cord volume at the site of contusion, giving the cord an hourglass shape.  Short term 

sham and long term sham cords formed a large syrinx at the epicenter of contusion (n=6; 

Fig 1b).  On the other hand, syrinx formation was significantly reduced or absent in short 

term ADAS (n=6), long term ADAS (n=4), irADAS (n=4), and skeletal muscle (n=4) 

transplantation groups (Figure 4.2). 

 Each group of cells used for transplantation had been labeled with MitoTracker 

Red (Figure 4.1B).  MitoTracker Red is sequestered by the mitochondria and covalently 

modified, preventing subsequent reuptake by adjacent cells if the labeled cell undergoes 

apoptosis.  MitoTracker Red requires an intact mitochondrial membrane potential to 

fluoresce, allowing us to visualize only living cells.  Sections adjacent to those stained 

with cresol violet/luxol fast blue were found to contain a mass of MitoTracker positive 
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staining within the epicenter, suggesting that both ADAS and skeletal muscle progenitors 

survived within the lesion core and contributed to filling the syrinx. 

 However, not all of the spared cord volume was occupied by MitoTracker 

positive cells.  These observations suggested that this MitoTracker negative cord volume 

resulted from diluted MitoTracker signal in proliferating transplant cells, from 

proliferation of endogenous cells types, from migration of endogenous cells to the lesion, 

from axonal migration into the lesion, or from reduced apoptosis and axon sparing within 

the lesion.   

 

Minimal proliferation of transplanted cells    

 Transformation and excessive proliferation are inherent risks to transplanting 

stem cells or undifferentiated progenitors in vivo. Embryonic stem (ES) cells have been 

reported to give rise to teratomas when transplanted in vivo (Fujikawa et al., 2005; 

Teramoto et al., 2005; Dihne et al., 2006; Nussbaum et al., 2007).  While not all results 

are consistent in finding ADAS cells to be mesenchymal stem cells (Gronthos et al., 

2001; Gimble and Guilak, 2003; Festy et al., 2005; Katz et al., 2005), we have found 

ADAS cells to proliferate rapidly in vitro (data not shown).  Therefore, despite the 

similarities in cord volume and MitoTracker staining between ADAS and irADAS groups 

we decided to investigate the proliferation potential of ADAS cells in vivo. 

 Bromo-deoxyuridine (BrdU) is a thymine analog that is used extensively for 

labeling proliferating cells in vivo.  Because BrdU can be incorporated during DNA 

repair, positive BrdU immunostaining does not necessarily label proliferating cells 

(Taupin, 2007).  We therefore combined Ki67 immunohistochemistry (IHC) with two 
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weeks of biweekly BrdU injections one week following transplantation to assess cell 

proliferation within the injured cord.  Ki67 immunostaining identifies all cells not in G0 

at the time of sacrifice (Lalor et al., 1987).  Not surprisingly, Ki67 and BrdU 

immunostaining were almost undetectable in irADAS controls. Ki67 and BrdU 

immunostaining in ADAS cords was found to be equivalent to that observed in irADAS 

controls (Supplemental Figure 4.1), suggesting that ADAS cells proliferate very little 

within the environment of the injured cord and may be safe for clinical applications.  

However, our results cannot rule out the possibility of ADAS cell proliferation during the 

first week following transplantation.  From these data we conclude that the MitoTracker 

negative cord tissue is not occupied by transplanted ADAS cells and must represent 

endogenous tissue.    

 

Neurite growth observed within the injured cord of transplanted animals 

 Axonal regeneration within the spinal cord lesion has been reported following 

transplantation with various cell types and/or treatment with neurotrophic factors 

(Garbossa et al., 2006; Lim and Tow, 2007).  We hypothesized that some of the spared 

cord volume at the epicenter of injury was occupied by new neurites growing through the 

injured cord.  In order to test this hypothesis we investigated the expression of nestin and 

growth-associated protein 43 (GAP43) within the injured spinal cord by 

immunohistochemistry (IHC).  Nestin is an intermediate filament protein expressed 

predominantly in neuroglial stem cells, and its expression is subsequently downregulated 

and replaced by neurofilaments as the neuroglial cells become more differentiated 

(Dahlstrand et al., 1992; Sakuma et al., 1997).  GAP43 is expressed in the growth cones 
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of migrating and genetic deletion experiments have demonstrated its necessity in 

neurodifferentiation and in regenerating axons (Mani et al., 2000; Mani et al., 2001; Shen 

et al., 2004).   

GAP43 staining was significantly greater in ADAS, irADAS, and SMP 

transplanted cords than in sham transplanted cords (Figure 4.3; Wilcoxon rank sum test, 

α=0.05).  GAP43 was virtually undetectable by IHC in the cords of sham transplanted 

animals (Figure 4.3).  These data support the hypothesis that some of the observed 

spared white matter is composed of regenerating axons, and suggests that several cell 

types may have the capability of supporting axon migration into the lesion interior. 

Interestingly, GAP43 staining in ADAS transplanted cords is consistently aligned 

in parallel, longitudinal to the cord axis (Figure 4.3).  However, in SMP transplanted 

cords, GAP43 staining is strong but appears randomly oriented (Figure 4.3).  GAP43 

staining in irADAS transplanted cords suggests some level of parallel organization.  

Tuj-1, or β-tubulin III, is expressed in neuroblast and in fibers of young neurons 

(Moody et al., 1996; Roskams et al., 1998; Fanarraga et al., 1999). Sham transplanted 

cords expressed Tuj1 within the small volume of remaining cord tissue but were 

completely negative for Tuj1 staining within the syrinx (Figure 4.4).  Tuj1 staining in 

ADAS, irADAS, and SMP transplanted cords was significantly greater than that obtained 

from sham transplanted cords (Figure 4.4; Wilcoxon rank sum test, α=0.05).  It is 

important to note, however, that the Tuj1 positive staining did not immediately co-

localize with MitoTracker staining, suggesting that the Tuj1 positive population within 

the injured cord is not derived from transplanted cells. Tuj1 staining is strongly aligned 

with the longitudinal axis of the cord in ADAS transplanted tissue and to a lesser extent 
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in irADAS transplanted cord within the transplant region (Figure 4.4).  However, 

alignment of Tuj1 staining appears more or less random within the SMP transplanted 

region of cords (Figure 4.4).  

We next wanted to test whether some of the regenerating axons within the spared 

white matter were phenotypically more mature.  To test this we investigated the 

expression of neurofilament 200 (NF200) (Schumacher et al., 1999).  NF200 staining was 

significantly greater in cords receiving ADAS or irADAS transplantation versus SMP 

transplantation when compared to sham transplanted cords (Figure 4.5; Wilcoxon rank 

sum test, α=0.05).  These data suggest that while all transplanted tissue types appear to 

enhance neurite growth through the injured spinal cord, further maturation of 

regenerating axons is enhanced by the presence of ADAS, regardless of their 

proliferation potential, while SMP cells do not appear to support maturation of neurites 

within the lesion.   

Consistent with our observations of Tuj1 and GAP43 staining, NF200 staining 

was aligned with the longitudinal axis of cord tissue in ADAS and irADAS 

transplantation groups, while such alignment was absent from sham and SMP groups 

(Figure 4.5).  Taken together, these data suggest either that ADAS cells align within the 

lesion themselves to provide a directional substrate for migrating axons or that ADAS 

cells rearrange the extracellular matrix within the lesion’s collagenous scar. 

 

Inflammatory markers at the lesion site did not prevent syrinx closure 

 Immunohistological detection of inflammation marker CD45, a phosphatase and 

late-activation marker characteristic of macrophages and microglia, MitoTracker Red-
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positive labeled cells, and total nuclei (blue) indicated detectable expression of CD45 in 

sham-transplanted animals which was partly attenuated by ADAS cell transplantation 

(Figure 4.6).  In contrast, expression of another inflammation marker CD11b (OX-42), a 

component of the MAC-1 phagocytosis complex, was detectable in all groups but not 

always localized to the filled-in syrinx.  Nevertheless, it is clear that syrinx closure and 

new neurite outgrowth was not impeded by the presence of inflammatory mediators. 

 

Chondroitin sulfate proteoglycan expression at the lesion site 

 Immunohistological detection of the chondroitin sulphated proteoglycan NG2, 

MitoTracker Red-positive labeled cells and total nuclei (blue) demonstrated detectable 

expression in sham-transplanted animals (Figure 4.7) which was partly attenuated by 

ADAS cell transplantation and intermediate in skeletal muscle cell transplanted cords. 

 

Presence of GFAP-positive astrocytes at the lesion site 

Immunohistological detection of an astrocyte marker Glial Fibrillary Acidic 

Protein (GFAP), MitoTracker Red-positive labeled cells and total nuclei (blue) 

demonstrated detectable expression of GFAP in sham-transplanted cords as well as all 

animals receiving cell transplants although the patterns of expression appeared localized 

to regions not populated by MitoTracker-Red positive cells (Figure 4.8).   

 

ADAS cells express MMP9 in vitro 

 We hypothesized that ADAS cells must secrete agents involved in reorganization 

of the extracellular matrix (ECM).  In order to test that hypothesis, we evaluated the 
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expression of MMP9 in ADAS cells cultured in vitro by quantitative real-time 

polymerase chain reaction (QPCR).  As shown in Figure 4.10, MMP9 mRNA in cultured 

ADAS cells was significantly higher than that observed in brain.  Consistent with our 

findings, the stromal vascular fraction (SVF) of adipose tissue has previously been 

reported to express quite a few MMPs, including both MMP9 and MMP2, two MMPs 

shown to be coincident with the few migrating axons that penetrate the lesion core of 

untreated, injured animals (Bouloumie et al., 2001; Maquoi et al., 2002; Chavey et al., 

2003; Klapka and Muller, 2006).  This finding supports the hypothesis that ADAS cells 

transplanted into the injured spinal cord could contribute to the reorganization of the 

extracellular matrix within the lesion and possibly promote the migration of axons 

through the collagenous scar. 

 

ADAS cells express LIF and IGF-I in vitro 

 Survival of migrating or injured axons requires the preservation or reconstitution 

of the myelin sheath surrounding the axons (Paino et al., 1994; Xu et al., 1995; 

McDonald et al., 1999; McDonald and Sadowsky, 2002; Takami et al., 2002).  While 

conflicting reports suggest that ADAS may have the capacity to differentiate into 

oligodendrocytes (Kang et al., 2006), we find no evidence of S100β, p75 NTR, or O4 

expression and must conclude that they do not adopt oligodendrocyte fates in vitro or in 

vivo within the injured spinal cord (data not shown).  Due to the extent of spared white 

matter and neurite outgrowth within the ADAS transplanted spinal cord, we hypothesized 

that ADAS cells must contribute to the survival or differentiation from endogenous 

neural stem cells (NSCs) via the secretion of growth factors or neurotrophic factors. 
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Discussion 

The discovery that a non-immunogenic stromal cell population residing in 

adipose can be expanded in vitro and used in autologous transplantation for the 

management of neurotrauma has broad scientific and clinical implications. To our 

knowledge, this is the first in-depth neurohistological characterization of the lesioned 

environment following autologous transplantation of ADAS cells. Our findings that 

autologous transplants of ADAS cells (or skeletal muscle cells) into the contused spinal 

cord reduced the size of the open cyst or ‘syrinx’ cavity from 20% of the total cord 

volume to 5% and promoted new fiber outgrowth indicate that these cells have a 

tremendous capacity to modify the growth-inhibitory environment of the injured cord. 

More importantly, although promotion of new neurite outgrowth and expression of 

nestin, growth cone associated protein GAP43, and Tuj-1, into and around the area 

surrounding the syrinx cavity was not unique to ADAS cell transplants (i.e., skeletal 

muscle cells had a similar effect), proper fiber alignment and maturation of new fiber 

growth into neurofilament 200-positive fibers was only detectable in ADAS cell-

transplanted cords. Taken together, these findings raise the possibility that clinical 

application of autologous ADAS cell transplants may have therapeutic benefits in 

preventing syringomyelia in spinal cord injured patients.  

In contrast to what is often reported after transplantation of neurally-induced 

embryonic stem (ES) cell grafts into the CNS (Bjorklund et al., 2002), 

immunohistochemical analyses of Ki67 and BrdU confirmed that transplanted ADAS 

cells did not become highly proliferative in the cord environment. Moreover, it is clear 

that syrinx closure by ADAS or skeletal muscle cells was not achieved due to the 

 



80 

differentiation of transplanted cells into neuronal or glial fates in vivo, as evidenced by 

the lack of detectable expression of neural or glial markers in MitoTracker Red-positive 

ADAS after transplantation. Importantly, both γ-irradiated and non-irradiated ADAS 

cells contributed to closure of the syrinx.  Therefore, we conclude that proliferation of 

these cells was not a critical factor to achieve syrinx closure either. 

Although identification of the mechanisms by which this therapeutic benefit was 

achieved will require additional studies, our detailed immunohistochemical analyses 

coupled with in vitro studies of ADAS gene expression strongly suggest that secretion of 

matrix metalloproteases (MMP9) and enhanced production of trophic factors (IGF-1, 

LIF, NGF, BDNF) are two mechanisms likely to be involved in remodeling the lesion site 

and aiding in tissue repair by endogenous neuro-glial progenitor populations, 

respectively. First, increased expression of certain extracellular matrix (ECM) molecules 

after spinal cord injury is believed to restrict axonal regeneration (Jones et al., 2003).  

One class of ECM molecules that inhibits neurite outgrowth in vitro and is upregulated 

after SCI is the group of chondroitin sulfate proteoglycans (CSPGs), including NG2, 

brevican, neurocan, versican, and phosphacan.  Our findings suggest ADAS cell 

transplants may have modified this response to injury. Specifically, NG2 

immunoreactivity was attenuated in cords transplanted with ADAS and skeletal muscle 

cells suggest that new fiber outgrowth into the syrinx may have been achieved through 

reduction of CSPGs at the lesion site. Studies to investigate collagen IV and decorin 

expression or localization around the filled syrinx are underway and will shed additional 

light onto the potential mechanisms of neurorestoration provided by ADAS cell 

transplants.  Moreover, consistent with the idea that ADAS cells modified the ECM 
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environment through in vivo production of matrix metalloproteases, adipose tissue has the 

capacity to secrete MMP-2 and MMP-9 (Chavey et al., 2003; Bourlier et al., 2005), 

antiapoptotic and proangiogenic factors such as VEGF, hepatocyte growth factor and 

TGF-β (Rehman et al., 2004). Second, in addition to the data presented here, ADAS cells 

have been shown by other groups to express BDNF and NGF in vitro (Kang et al., 2006) 

and other stromal cell populations of mesenchymal origin such as bone marrow stromal 

cells (BMSCs) have been shown to produce NGF, BDNF, GDNF, and NT-2  (Garcia et 

al., 2004; Chen et al., 2005). Trophic factor delivery has been well-documented to 

promote survival and induce new axonal growth in the lesioned cord (Tuszynski et al., 

1994; Blesch et al., 1999; Blesch and Tuszynski, 2001; Lu et al., 2001; Blesch and 

Tuszynski, 2003). Taken together, these data lend support to the idea that syrinx closure 

and promotion of new fiber growth into the syrinx may have been achieved in part 

through ADAS-mediated modification of the extracellular matrix environment and 

enhanced trophic production at the lesion site.   

One other major impediment to the outgrowth of severed axons is the scar tissue 

that forms at the lesion site which is often comprised of connective tissue and fluid-filled 

cysts surrounded by a dense astroglial scar. Given that GFAP-immunoreactivity at the 

lesion site and surrounding the syrinx was detectably reduced overall and in particular in 

regions of the cord adjacent to MitoTracker Red-positive ADAS cells, it is possible that 

ADAS cells may have produced secreted factors that augmented the protective function 

of reactive astrocytes (Faulkner et al., 2004) while minimizing glial scar formation. 

Interestingly, inflammation and the cytotoxic effects of pro-inflammatory cytokines like 

tumor necrosis factor (TNF) have been demonstrated to significantly compromise 
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survival of new neurons and transplanted grafts (Piccini et al., 2005; Bonde et al., 2006). 

Yet the survival and engraftment of ADAS cells into the lesioned cord despite the 

presence of inflammatory mediators and activated microglia and macrophages at the 

lesion sites indicated that ADAS cells are robust and may in fact modulate or contribute 

to a beneficial inflammatory response given the detectable expression of CD45 and OX-

42 in vivo after transplantation, consistent with published reports.    

In contrast to the locomotor improvement (BBB scores from 3 to 14) reported in 

rats with transected spinal cords one month after injection of ADAS cells into the 

peripheral circulation (Kang et al., 2006), the spontaneous recovery (BBB of 13) 

displayed by the sham-transplanted animals in our study masked our ability to determine 

whether ADAS cell transplants contributed to locomotor recovery (Figure 4.9). 

Nevertheless, it is clear that ADAS cell transplants did not interfere with this spontaneous 

recovery and more importantly were able to consistently fill the open cyst and promote 

new fiber outgrowth into the area. In addition, immunohistological analyses of cord 

sections are in progress to establish whether any these new fibers represent ascending 

CGRP-positive fibers or descending serotonergic (5-HT-positive) fibers.  Longer-term 

survival and in vivo labeling studies are planned to investigate the extent to which ADAS 

cell transplants contribute to reconnection of ascending and descending inputs.  

Pre-clinical studies strongly suggest that cell replacement strategies may have the 

capacity to provide therapeutic benefit to spinal cord injured patients through a number of 

different mechanisms, including circuit reconstruction (Maier and Schwab, 2006), 

remyelination (Keirstead, 2005; Keirstead et al., 2005), delivery of neurotrophic factors 

through ex vivo gene therapy (Tuszynski et al., 1994; Blesch et al., 1999; Blesch and 
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Tuszynski, 2001; Lu et al., 2001; Blesch and Tuszynski, 2003; Taylor et al., 2006; Lu et 

al., 2007), or closure of the post-traumatic syrinx (Thompson et al., 2001; Wirth et al., 

2001). Functional recovery of paraplegic rats and motor axon regeneration in their spinal 

cords has been achieved by transplantation of olfactory ensheathing glia (Ramon-Cueto 

et al., 2000), human embryonic stem cell-derived oligodendrocyte progenitors (Keirstead 

et al., 2005), and BMSCs (Zurita and Vaquero, 2004; Swanger et al., 2005; Himes et al., 

2006; Zurita and Vaquero, 2006) and in the case of the latter without any signs of 

neuronal differentiation (Swanger et al., 2005). Interestingly, reports from recent studies 

indicate that although NSCs are able to proliferate as undifferentiated spheroids and 

differentiate into neurons, astrocytes and oligodendrocytes in vitro, transplantation of 

NSCs alone may not be sufficient for spinal cord repair because the majority of the NSCs 

engrafted into the spinal cord tend to differentiate towards astrocytic lineages (Pallini et 

al., 2005; Ricci-Vitiani et al., 2006), raising the possibility that they may contribute to 

enhanced glial scaring.  

In summary, the ideal tissue source for cell replacement strategies should be easy to 

harvest in large numbers, non-immunogenic, display directable and stable differentiation 

toward neural and/or glial fates, and limited proliferation potential to avoid tumor 

formation. Given that two of the serious technical limitations for the clinical use of ES 

cell grafts is both the need for immunosuppression and their potential tumorigenicity, the 

ease with which ADAS cells can be harvested from peripheral subcutaneous adipose and 

expanded efficiently in vitro for autologous transplantation provide compelling rationale 

for further investigations into the therapeutic potential of this alternative cell source for 

clinical applications. In addition to the growth-permissive environment provided by 
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autologous ADAS cell transplants, further therapeutic benefits may be derived for 

neurotrauma or neurodegenerative disease management from ex vivo gene transfer were 

these cells to be engineered to deliver trophic factors known to enhance repair of the 

injured spinal cord. 

 



 

 

 

 

 

 

 

 

 

 

Figure 4.1.  Schematic of experimental design for autologous ADAS cell transplantation into 

spinal cord injured rats. (A) Adipose and skeletal muscle were harvested from the intrascapular 

region of young adult female Long-Evans rats, expanded in vitro (See Methods), and labeled with 

MitoTracker Red CM-X-Ros prior to transplantation at one week (t = 1wk) after spinal cord contusion. 

Locomotor testing using the BBB scale was conducted as indicated; BrdU injections were performed to 

investigate the extent to which ADAS cells divided in vivo; (B) MitoTracker Red-positive mitochondria 

within ADAS cells in the spinal cord 2 wks post-transplantation; cell nuclei were counterstained with 

bis-benzimide.   



Figure 4-1.  Schematic of experimental design for autologous ADAS cell
transplantation into spinal cord injured rats.
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Figure 4.2.  Spinal cord injury cyst volume reduced by autologous cell transplantation. (A) Bis-

benzimide counterstained spinal cord sections from sham animals and animals transplanted with ADAS 

cells, gamma-irradiated ADAS cells, or skeletal muscle cells demonstrate the size of the cyst after 

spinal cord contusion; (B) Quantitative estimates of open and filled cyst volumes were performed using 

the Cavalieri probe of the StereoInvestigator analysis software (MicroBrightField, Inc.).  



%
 T

ot
al

 C
or

d 
Vo

lu
m

e
%

 T
ot

al
 C

or
d 

Vo
lu

m
e

Sham ASCI 39 Sham ASCI 58 Sham ASCI 60 Sham ASCI 61 
4x 4x 4x 4x4x 4x 4x 4x4x 4x 4x 4x

A

B

Spinal Cord Injury Cyst Volumes following Transplantation

0

10

20

30

40

50

60

70

80

90

100

Open  Cyst Open & Filled Cyst

%
 T

ot
al

 C
or

d 
Vo

lu
m

e

ADAS
iADAS
Muscle
Sham

ADAS transplant-ASCI 16 irADAS transplant-ASCI 23 SMP transplant-ASCI 28

4x4x 4x4x

Figure 4-2.  Spinal cord injury cyst volume reduced by autologous cell
transplantation.
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Figure 4.3. GAP43-positive neurite outgrowth into syrinx of transplanted cords. 

Immunohistological detection of growth cone associated protein-43 (green), MitoTracker Red-positive 

labeled cells, and total nuclei (blue) demonstrated insignificant expression of new axonal growth in 

sham-transplanted animals. (B) Skeletal muscle-transplanted animals consistently displayed robust and 

disordered GAP43-positive fibers; (C) non-irradiated ADAS cells promoted expression of properly 

aligned fibers; and (D) irradiated ADAS cells promoted expression but not proper alignment.  
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Figure 4-3.  GAP43-positive neurite outgrowth into syrinx of transplanted cords.
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Figure 4.4. Tuj1-positive neurite outgrowth into syrinx of transplanted cords. Immunohistological 

detection of  the neuroblast commitment marker Tuj-1 (β-tubulin III) (green), MitoTracker Red-positive 

labeled cells, and total nuclei (blue) demonstrated low but detectable expression of new fiber growth in 

sham-transplanted animals (A). (B) Skeletal muscle-transplanted animals consistently displayed 

disordered Tuj-1-positive fibers; (C) non-irradiated ADAS cells promoted expression of properly 

aligned fibers; and (D) irradiated ADAS cells promoted expression but not proper alignment. 
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Figure 4-4.  Tuj1-positive neurite outgrowth into syrinx of transplanted cords.
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Figure 4.5. Neurofilament 200-positive neurite outgrowth into syrinx of transplanted cords. 

Immunohistological detection of the mature neuronal marker neurofilament 200 (green), MitoTracker 

Red-positive labeled cells, and total nuclei (blue) demonstrated detectable expression of mature fibers 

in animals transplanted with ADAS and irradiated ADAS (C, D) cells but not sham or skeletal muscle 

cell-transplanted animals (A, B).  
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Figure 4-5.  Neurofilament 200-positive neurite outgrowth into the syrinx of 
transplanted cords.
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Figure 4.6. ADAS cells appear to regulate inflammatory cell activation without impacting 

migration to contusion site. (A) Immunohistological detection of inflammation marker CD45, a 

phosphatase and late-activation marker characteristic of macrophages and microglia, MitoTracker Red-

positive labeled cells, and total nuclei (blue). Sham-transplanted animals displayed detectable 

expression of CD45 which was partly attenuated by ADAS cell transplantation; (B) expression of 

another inflammation marker CD11b (OX-42), a component of the MAC-1 phagocytosis complex, was 

detectable in all groups but not always localized to the filled-in syrinx.   



ADAS ASCI 16
10x

40x

10x

ADAS ASCI 16ADAS transplant-ASCI 16
10x

40x

10x

10x 10x

Sham transplant-ASCI 60ADAS transplant-ASCI 15

10x 10x10x 10x

Sham transplant-ASCI 61 

A.

B.

Figure 4-6.  ADAS cells appear to regulate inflammatory cell activation without 
impacting migration to contusion site.
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Figure 4.7. NG2 expression is attenuated in ADAS cell-transplanted cords. Immunohistological 

detection of the chondroitin sulphate proteoglycan NG2, MitoTracker Red-positive labeled cells, and 

total nuclei (blue) demonstrated detectable expression in sham-transplanted animals (A) which was 

partly attenuated by ADAS cell transplantation (C, D) and intermediate in skeletal muscle cell 

transplanted cords (B).  
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Figure 4-7.  NG2 expression is attenuated in ADAS cell-transplanted cords.
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Figure 4.8. ADAS transplants may promote formation of GFAP-positive astrocyte tissue 

boundaries. Immunohistological detection of an astrocyte marker glial fibrillary acidic protein 

(GFAP), MitoTracker Red-positive labeled cells, and total nuclei (blue) demonstrated detectable 

expression of GFAP in sham-transplanted cords (A, B) as well as all animals receiving ADAS (C, D) 

and irADAS (E, F) cell transplants, although the patterns of expression appeared localized to regions 

not populated by MitoTracker-Red positive cells.  Transplanted cells may exclude the migration of 

astrocytes into the syrinx and attenuate glial scar formation. 
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Figure 4-8.  ADAS cell transplants may promote formation of GFAP-positive
astrocyte tissue boundaries.
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Figure 4.9. Effect of autologous transplants on spontaneous recovery of locomotor activity. 

Locomotor function was assessed at the indicated post-operative day (POD) using the Basso Beattie 

Bresnahan (BBB) 21-point scale (See Methods).  Spontaneous recovery was observed in the sham 

animals in short-term (A), long-term (B), and severe injury (C) groups.  The spontaneous recovery of 

function observed in the sham group was not exceeded by the cell transplanted groups, and the 

observed functional recovery following injury is likely due to plasticity within neural circuits below the 

level of contusion.  If any functional benefits were derived from the observed neurohistological 

improvements, these benefits are below the threshold of detection for this test.  Values plotted represent 

group means.  



Long Term Means

0

3

6

9

12

15

18

21

1 6 10 13 20 27 34 41 48 55 62

POD

B
B

B
 S

co
re

ADAS
Sham

Severe Means

0

3

6

9

12

15

18

21

1 6 10 13 20 27 34

POD

B
B

B
 s

co
re

ADAS
Sham

Short Term Means

0

3

6

9

12

15

18

21

1 6 10 13 20 27 34

POD

B
B

B
 s

co
re ADAS

irADAS
SMP
Sham

A.

B.

C.

Figure 4-9.  Effect of autologous transplants on 
spontaneous recovery of locomotor activity.
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Figure 4.10. Expression of IGF-1, LIF, and MMP-9 by ADAS cells may have contributed to 

neurohistological repair of injured cord by creating a more permissive environment for neurite 

outgrowth. Quantitative real-time PCR was performed on ADAS cells grown in vitro to investigate 

expression levels of the indicated genes relative to levels in rat brain. CNTF, ciliary neurotrophic factor; 

IGF-1, insulin-like growth factor-1; NT-3, neurotrophin-3; VEGFa, vascular  endothelial growth factor 

a; VEGFc, vascular endothelial growth factor c; LIF, leukemia inhibitory factor; MMP-9, matrix 

metalloprotease-9; NGFb, nerve growth factor b; PSP, persephin; TNF, tumor necrosis factor alpha. 

Values plotted represent mean + S.E.M. 
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Figure 4-10.  Expression of IGF-I, LIF, and MMP9 by ADAS cells may have 
contributed to neurohistological repair of injured cords by creating a more
permissive environment for neurite outgrowth.
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Supplemental Figure 4.1. Autologously transplanted ADAS cells are not highly proliferative. 

Immunohistological localization of bromo-deoxyuridine (BrdU)-positive cells (green) in cords of 

animals transplanted with MitoTracker-Red labeled ADAS cells revealed that transplanted cells (or 

other cells in the cord environment which can be visualized with the DNA-specific dye bis-benzimide; 

blue) did not incorporate significant amounts of BrdU, indicating they did not divide to a significant 

extent in vivo post-transplantation.  Red circles, co-localization of MTR, BrdU, and bis-benzimide 

positive staining. 

 

 



Supplemental Figure 4-1.  Autologously transplanted ADAS cells are not highly 
proliferative.
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CHAPTER FIVE 
Conclusions and Future Directions 

 
 
 

ADAS cells do not represent a peripheral pool of neural stem cells 

Investigation into the capacity of ADAS to functionally behave as neurons 

has been very limited.  Some groups have reported the ability of ADAS cells 

cultured in vitro and treated with various differentiation agents to express certain 

neurotransmitters (Safford et al., 2002; Padovan et al., 2003), to respond to 

exogenous neurotransmitters (Safford et al., 2004), and to express delayed 

rectifying potassium channels and L-type calcium channels (Gaur et al., 1998; 

Ashjian et al., 2003; Ramirez-Ponce et al., 2003; Safford et al., 2004; Bai et al., 

2007).  These reports are quite rare, and so far as I know, none of them have been 

independently confirmed.  Our studies suggested a moderate ability of ADAS 

cells to mobilize calcium in response to elevated K+ in the culture media as 

assayed by Fluo-4 fluorescence intensity, but the response was not robust and was 

limited to a small percentage of total cells in culture.  Compared with the large 

proportion of ADAS cells that alter their morphology in response to 

differentiating stimuli in vitro, this weak calcium response did not support the 

contention that ADAS cells are capable of differentiating into neurons, but it did 

not rule out the possibility either.   

Calcium mobilization in response to depolarizing stimuli is not restricted 

to neuronal cells but is also found among other secretory cell types.  Adipose 
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tissue has recently come to be regarded as an endocrine organ and is capable of 

secreting a number of adipose specific chemokines termed adipocytokines (Tilg 

and Moschen, 2006), so it was not surprising to find some weak calcium 

mobilization in response to depolarization.  The inability of ADAS cells to fire 

action potentials during patch clamp experiments or following plating on 

multielectrode arrays (MEAs) provided much stronger evidence to rule out the 

ability of ADAS cells to functionally behave as neurons.  Interestingly, those cells 

described as morphologically “differentiated” within the ADAS research 

community were very difficult to patch and were described as “unhealthy” (Brad 

Pfeiffer, personal communication).  Following these comments, “differentiated” 

ADAS cells were assayed and found negative for several apoptotic markers (data 

not shown).  These tests only assay cells that remain adherent during culture and 

“differentiation” and do not rule out the possibility of necrotic cell death or 

senescence, though.  Additional studies in the lab investigating the phenotypic 

stability of ADAS cells following treatment with differentiation stimulus and 

subsequent transfer to proliferation media do seem to confirm results obtained 

with apoptosis assays, but again another possibility still remains that adherent 

cells present after media transfer are morphologically undifferentiated cells that 

survive and proliferate following the death of morphologically “differentiated” 

cells.  It must be made clear, though, that these data alone do not prove that 

ADAS cells are not capable of differentiating into functional neurons.  In fact, 
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neural stem cells derived from the CNS are not capable of firing action potentials 

during patch clamp experiments in the absence of glial support.  A more 

conclusive experiment would be to co-culture “differentiated” ADAS with glial 

cells and determine the electrical properties of ADAS cells. 

During development, neural crest cells undergo EMT and delaminate to 

migrate throughout the periphery.  Prior to delamination, Wnt1 is specifically 

expressed by neural crest cells (Burstyn-Cohen et al., 2004; De Calisto et al., 

2005; Schmidt and Patel, 2005).  Transgenic mice containing the cre-recombinase 

gene driven by the Wnt1 promoter have been created and bred to ROSA26R-LacZ 

(or -YFP) reporter mice containing a floxed stop codon within the lacZ (or YFP) 

gene to permanently label neural crest-derived cells during development 

(Dymecki and Tomasiewicz, 1998; Jiang et al., 2000).  Such Wnt1/R26R mice 

have been used, for example, to determine the role neural crest cells play in the 

development of aortic endothelia and to determine the origin of endoneurial 

fibroblasts (Jiang et al., 2000; Joseph et al., 2004).  Freda Miller and her group 

have used such reporter mice to determine that skin-derived precursors (SKPs) – 

also reported to have neurogenic differentiation potential – are derived from the 

neural crest (Fernandes et al., 2006).  Due to their widespread acceptance within 

the field of neural crest biology, I decided to use adipose tissue from these 

reporter mice to determine if ADAS are derived from neural crest.  By three 

measures (XGal staining of Wnt1/R26R-LacZ-derived ADAS, IHC for lacZ in 
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Wnt1/R26R-LacZ-derived ADAS, and FACS sorting of Wnt1/R26R-YFP ADAS 

cells) I found that ADAS cells do not express the reporter genes assayed (LacZ or 

YFP).  From these results I concluded that ADAS cells are not derived from the 

neural crest.  In all fairness, though, the possibility exists that not all neural crest-

derived tissue are genetically labeled in this transgenic mouse.  Additional mice 

have been developed for examination of neural crest cell fate, and while 

correspondence exists between the Wnt1 promoter driven transgene expression 

and other mouse models, some differences may exist. 

 The role of Notch signaling in neural fate specification is conserved from 

D. melanogaster to mammals (Campos-Ortega, 1993; Lewis, 1996; Beatus and 

Lendahl, 1998; Lewis, 1998).  I therefore decided to examine the role of Notch 

signaling in proliferation and differentiation of ADAS cells.  Notch signal 

propagation is well known to require cleavage of the Notch receptor by γ-

secretase, permitting the release and nuclear translocation of the NICD fragment.  

Hypothesizing that Notch activation would prevent neuronal differentiation of 

ADAS cells, I therefore began my examination by nucleofection of rat ADAS 

with a plasmid encoding only the NICD and therefore expressing a protein that 

rendered the Notch signaling pathway constitutively active.  Nucleofection is 

essentially an electroporation protocol and was necessary when working with 

ADAS because they resist transfection by chemical agents such as FuGene and 

Lipofectamine.  However, even electroporation was not well tolerated by rat 
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ADAS, and though the transfected cells expressed NICD or GFP in one set of 

controls, none of the electroporated ADAS cells (NICD, GFP controls, or no 

vector controls) were coaxed into “differentiating” morphologically via neural 

differentiation media (NDM).  In some unknown way, just the electroporation 

protocol alone altered the response of ADAS cells to NDM.  These initial results 

were therefore uninterpretable.  Activation of the Notch signaling pathway 

otherwise requires cell contact between cells expressing Notch and cells 

expressing one of the Notch ligands.  Additional means of activating the Notch 

signaling pathway have been developed by fusing the Fc region of IgG with the 

extracellular domain of Notch ligands (Small et al., 2001).  However, this latter 

means of activating the Notch pathway is controversial(Shimizu et al., 2002; 

Osborne and Minter, 2007), and results using this approach have led to results 

seemingly in contradiction to previously established findings about Notch 

signaling.  I therefore chose not to utilize this latter approach to investigate the 

effects of Notch activation on ADAS proliferation and differentiation.  Another 

student in the lab (Khai To) did investigate the effects of co-culturing rat ADAS 

with Jagged-expressing 3T3 fibroblasts and parental fibroblasts and found no 

difference between the two treatment groups.  Interestingly, he found that both 

cell lines altered the morphology of rat ADAS cells grown in co-culture.  While 

this clearly suggests no discernable effect of Notch activation on ADAS 
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differentiation, it does raise the question of what agents are produced by 3T3 

fibroblasts that alter the morphological differentiation of ADAS cells. 

I chose to determine the effects of inhibiting the Notch signaling pathway 

pharmacologically in rat ADAS using DAPT.  Because very little NICD is 

required to initiate transcriptional activation and due to the relatively long half-

life of Notch, it was not clear when the most appropriate time would be to inhibit 

Notch signaling.  I therefore treated ADAS cells with DAPT during a two day 

period of cell proliferation with mitogens (EGF/bFGF), or during a subsequent 

two day period of induction with NDM, or during the four days of proliferation 

and induction.  I found that treatment with DAPT during the differentiation 

protocol let to a slight increase in the percent of morphologically “differentiated” 

rat ADAS cells and that treatment with DAPT during both the proliferation and 

differentiation protocols led to a doubling in the percent of cells that had 

undergone morphological “differentiation.”  These results suggested that Notch 

might indeed play a role in the differentiation of ADAS cells and were consistent 

with a role for Notch activation in preventing neural differentiation.  However, 

these data were not consistent with those obtained from co-culture of ADAS cells 

with Jagged-expressing fibroblasts which suggested that Notch signaling was 

dispensable for ADAS “differentiation”, nor were they consistent with early IHC 

data demonstrating the presence of NICD within the nucleus of morphologically 

“differentiated” rat ADAS cells which suggested that Notch activation promoted 

 



113 

differentiation rather than inhibiting it (Melissa McCoy).  An important caveat to 

using DAPT to inhibit Notch signaling is that DAPT specifically inhibits γ-

secretase which has numerous other substrates within the cell (e.g. p75, ErbB4, 

APP, N-cadherin, etc.).  Other signaling pathways influenced by γ-secretase 

activity may be responsible for the effects seen in rat ADAS, and subsequent 

results obtained following genetic deletion of Notch1 suggest that the effects of 

DAPT in rat ADAS cells are not due to Notch signaling inhibition. 

Pharmacological approaches may be nonspecific and subject to off target 

effects as mentioned above, so I decided to investigate the effects of genetic 

deletion of Notch1 on mouse ADAS proliferation and differentiation.  Floxed-

Notch1 transgenic mouse ADAS cells infected with lentivirus expressing cre and 

eGFP or delta-cre and eGFP sorted by FACS on the basis of eGFP expression 

yielded homogeneous populations of lentivirus infected cells or uninfected 

controls (Radtke et al., 1999).  No evidence was found for altered proliferation 

between the two groups over six passages.  Additionally, no differences in neural 

gene expression were found between the two groups.  Specifically, the glial 

marker GFAP was not increased in ADAS cells with deleted Notch1 alleles 

relative to controls, and the neuronal marker Tuj1 was not decreased in these cells 

relative to controls either.  I would have expected the exact opposite of these 

results if Notch was responsible for preventing neuronal differentiation and 

possibly instructing glial differentiation in ADAS as it does in neural stem cells.  
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However, these results are consistent with others who have determined Notch 

signaling to be “dispensable” in adipocyte differentiation (Nichols et al., 2004).  

Based on these data I concluded that Notch1 does not play a role in either the 

proliferation or neural “differentiation” of ADAS cells.   

Finally, I determined that ADAS cells can be cultured in media 

specifically formulated to support the culture of neural stem cells.  This in and of 

itself is not supportive of the hypothesis that ADAS cells are neural crest-derived 

stem cells because the formulation of a media to support or enhance the culture of 

one particular cell type does not necessarily select against other cell types.  I 

therefore tested the ability of ADAS cells cultured in neural stem cell media to 

give rise to populations derived from a single cell (clonally derived population) in 

a colony forming assay.  Very few colonies were derived from SVF harvests, and 

those that were observed were small, non-uniform, and contained few cells.  On 

the other hand, CNS neural stem cells form compact, spherical colonies 

containing many cells that can reach over 2mm in diameter (Singec et al., 2006).  

Additionally, colonies derived from neural stem cells can be excised and 

dissociated, and subsequent culture of these cells in the colony forming assay 

gives rise to secondary and tertiary clonally-derived colonies with properties 

identical to the primary colony from which they were derived.  Such self-renewal 

is necessary for the classification of a cell type as a stem cell.  These data, 

combined with the observation that ADAS cells cultured in neural stem cell media 

 



115 

typically do not proliferate beyond three passages, demonstrate a lack of self-

renewal in ADAS cells cultured in neural stem cell media. 

While none of these results alone is sufficient to conclude that ADAS cells 

are not neural crest-derived stem cells, I believe that taken together as a complete 

body of evidence, these data are consistent with the conclusion that ADAS cells 

are not neural crest-derived stem cells – or neural stem cells of any type, for that 

matter.  However, these results do not speak to the possibility that ADAS cells – 

or a subpopulation thereof – are mesenchymal stem cells or another type of stem 

cell.   The fact that ADAS cells are highly proliferative in mesenchymal stem cell 

media and share many characteristics with bone marrow mesenchymal stem cells 

(BMSCs) suggests that they are likely to be mesenchymal stem cells, and the 

published literature appears to bear this out (Kuznetsov et al., 1997; Barry et al., 

1999; Pittenger et al., 1999; Gronthos et al., 2001).   

It may seem odd that I decided to pursue the question of neural crest origin 

for ADAS given their similarities with BMSCs.  My reasoning stemmed from 

skepticism of the claim for transdifferentiation of a mesodermally derived tissue 

into an ectodermally derived tissue.  The only strong case that I had seen for 

transdifferentiation came from limb regeneration in amphibians (e.g. newts and 

salamanders) (Tsonis et al., 1995; Stocum, 2002).  Other cases have been made 

for transdifferentiation of hematopoietic stems cells (mesodermal) into neural 

cells (ectodermal) and of neural stem cells into blood vessel endothelium 
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(endoderm) within the brain, but not all of these results are independently 

supported (Vescovi et al., 2001; Shih et al., 2002; Vescovi et al., 2002; Hao et al., 

2003; Ono et al., 2003; Tao and Ma, 2003; Roybon et al., 2006).  However, 

additional evidence in amphibians has not supported a large role for 

transdifferentiation from cell types of one of the three primary germ layers to cell 

types normally derived from another primary germ layer.  Instead, 

dedifferentiation of individual cells (from each of the three germ layers) at the 

interface to the lesion and their subsequent proliferation and re-differentiation 

appear to constitute what was previously thought to be transdifferentiation 

(Brockes and Kumar, 2002; Straube et al., 2004).  Granted, muscle myotubes do 

dedifferentiate into individual myoblasts that have the potential to give rise to 

chondrocytes and osteocytes (as well as new myotubes), but each of these tissues 

is mesodermally derived (McGann et al., 2001; Velloso et al., 2001; Straube et al., 

2004).  I was therefore not convinced that mesoderm-derived adipose tissue could 

give rise to ectoderm-derived nervous tissue. 

I am still not convinced that transdifferentiation from one germ layer to 

another germ layer has been documented.  In the particular case that I was 

investigating, I believe it has been demonstrated that these ADAS cells do not 

functionally differentiate into neurons in vitro.  My work with ADAS cells 

regarding spinal cord injury and that of Melissa McCoy in the lab regarding 

Parkinson’s disease also demonstrates that these cells do not differentiate into 
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neurons in vivo, either.  However, in both instances ADAS cells appear to provide 

some level of benefit within the lesion, regardless of whether or not that yet 

translates into a behavioral benefit. 

 

Therapeutic value of ADAS in spinal cord injury 

 I find it rather remarkable that cells derived from the adult adipose tissue 

not only did no further harm to the injured spinal cord, but were also capable of 

producing a histological benefit even if they didn’t stimulate behavioral recovery.  

I am not entirely surprised that no functional recovery was observed, though.  

Rats spontaneously recover an amazing degree of locomotor function without any 

intervention following contusive spinal cord injury, so a large signal to noise 

would have been necessary to observe behavioral changes using the BBB scale 

(Basso et al., 1995).  Additionally, results regarding behavioral recovery 

following spinal cord injury are inconsistent and often vary depending on the 

strain and injury model.  However, such inconsistent results have not prevented 

human trials from going forward in another cell transplantation model 

(Miedzybrodzki et al., 2006). 

 While functional recovery was not restored following transplantation of 

ADAS cells into lesioned spinal cords, the fluid filled syrinx that normally 

develops following injury in rats was populated by ADAS cells.  A similar 

condition of cyst formation in the spinal cord is found in humans called 
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syringomyelia, and this condition is currently treated once it becomes severe 

enough by surgically draining the cerebrospinal fluid (CSF) (Hess and Foo, 2001; 

Ohata et al., 2001; Reis, 2006).  However, this treatment is often not successful in 

remedying the problem.  If nothing else, ADAS cell transplantation might serve as 

a relatively simple solution for treating syringomyelia with the patient’s own 

tissue. 

 Stereological analyses of cords receiving transplants did not reveal any 

significant sparing of white matter relative to controls.  This is perhaps not 

surprising considering that much of the cell death occurs rapidly following the 

initial traumatic injury and subsequent ischemic conditions that result from 

vascular damage.  That is not to say that these results were not a little 

disappointing, though.  Preventing neuronal loss would be a much simpler 

solution to traumatic injury than attempting to regenerate axons and re-establish 

appropriate connections over large distances.  One possibly simple solution would 

be to transplant ADAS cells at an earlier time.  ADAS cells are rather robust in 

vitro and may tolerate transplantation prior to one week following injury. 

 In fact, earlier transplantation may also be beneficial to the role of ADAS 

in promoting axonal migration through the lesion.  As it stands, ADAS cells 

promote axonal migration within the lesion as visualized by IHC for Tuj1, 

GAP43, and NF200.  In other studies of axonal migration following spinal cord 

injury, faster axonal migration translates into better lesion penetration (Klapka 
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and Muller, 2006).  In these studies, rapid axonal migration is achieved either by 

infusion of NT3 or by investigating younger animals.  One reason postulated for 

the improved outcome in these cases is that rapid axonal migration into the lesion 

core precedes chondroitin sulfate proteoglycan (CSPG) deposition onto the 

collagen IV/laminin basement membrane assembled during the first week 

following injury.  CSPGs such as versican, phosphacan, and NG2 are first 

detected to be upregulated one week following spinal cord injury and are 

inhibitory to axon migration (Klapka and Muller, 2006).  Therefore, this first 

week following injury may be the ideal window in which to attempt to stimulate 

axon migration through the lesion.  However, it must be noted with great 

optimism that ADAS cell transplantation at either one week or two weeks post-

injury permits axonal migration through the lesion.  This is significant because 

basement membrane formation and CSPG deposition have reached growth 

inhibitory levels by these time points.  Clearly, ADAS cells are altering the lesion 

environment in favor of axonal migration.  The fibrous lesion scar is rich with 

ECM proteins, and most migrating axons are found to stop at the border.  

However, on rare occasions axons can be found within the lesion of untreated 

cords.  These few migrating axons co-localize with activity of matrix 

metalloproteinases (MMP) -2 and -9 (Duchossoy et al., 2001; Pastrana et al., 

2006).  I have found that ADAS cells cultured in vitro express MMP-9 at average 

levels nine times greater than that found normally in the brain.  These results are 
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consistent with findings that many MMPs, including MMP-2 and MMP-9, are 

highly expressed in the SVF from adipose tissue (Bouloumie et al., 2001).  MMP-

2 and MMP-9 are both upregulated following spinal cord injury, but MMPs 

decrease at the scar center within two weeks of injury, though (Klapka and 

Muller, 2006).  In the regenerating sciatic nerve, MMP-9 is also co-localized with 

GAP43 staining (Klapka and Muller, 2006).  In vitro, MMPs can inactivate the 

CSPGs that inhibit axon growth (Zuo et al., 1998; Ferguson and Muir, 2000).  

While it is not clear from in vitro expression data whether ADAS cells continue to 

express MMPs once transplanted in vivo, I am eagerly anticipating the results 

from IHC staining for MMP-9 in the injured cords.  I expect that these in vivo 

data will be consistent with the expression data obtained in vitro. 

IHC staining for Tuj1 and GAP43 reveals additional information about 

spinal cords receiving ADAS cell transplantation.  Fibers identified by both of 

these markers stain parallel with the length of the cord in animals receiving 

ADAS cells, but not in animals receiving muscle cells.  This data suggests that 

there may be some realignment of the extracellular matrix by ADAS cells.  One 

clue to the explanation may come from the peripheral nervous system.  In normal 

sciatic nerve, the collagen matrix is aligned in thin, flat, parallel sheets.  

Following sciatic nerve crush, the collagen matrix becomes disorganized, but 

within a few weeks the normal, parallel alignment is re-established (Klapka and 

Muller, 2006).  Staining for collagen IV is currently underway, and I expect to 
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find a similar alignment of collagen IV staining to that found for Tuj1 and 

GAP43.  In species capable of regeneration, collagen IV deposition is limited, so 

decreased collagen IV staining in ADAS cell transplanted cords might also be 

expected (Klapka and Muller, 2006). 

TGFβ signaling is an important pathway activated following spinal cord 

injury that influences both glial and fibrous scar formation.  TGFβ2 activates the 

secretion of connective tissue growth factor (CTGF) which promotes fibroblast 

proliferation.  Decorin is a dermatan sulfate proteoglycan that neutralizes TGFβ 

signaling, and infusion of decorin into spinal cord lesions results in reduced 

fibrous scarring (Abdel-Wahab et al., 2002; Davies et al., 2004; Boche et al., 

2006; Davies et al., 2006).  The significance of this lies in the findings that levels 

of fibrous scarring are correlated with degree of functional recovery and that most 

sprouting axons are halted at the border to the fibrous scar (Klapka and Muller, 

2006).  While ADAS cell transplantation did not lead to additional locomotor 

recovery over sham transplantation, I still think this is an important avenue to 

pursue.  Investigating decorin staining in the injured spinal cord and TGFβ 

message in ADAS cells cultured in vitro will address the possibility that 

modulation of TGFβ signaling by ADAS cells may have contributed to a more 

permissive growth environment for axon sprouting and migration. 

Further manipulations that modulate ECM formation by inhibiting key 

enzymes in the collagen synthesis pathway promote axon migration and reduce 
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levels of NG2, an inhibitory CSPG.  These manipulations are also reported to 

promote functional recovery (Klapka and Muller, 2006).  These results have led 

me to speculate that ADAS cell transplantation may lead to a decrease in the 

levels of NG2 within the injured spinal cord.  IHC for NG2 will help to either 

confirm or reject this hypothesis.  However, the situation may not be as simple as 

this.  NG2 is also reported to be expressed by oligodendrocyte precursors, and its 

presence may not necessarily be undesirable (Hubbard et al., 2002; Baracskay et 

al., 2007; Nishiyama, 2007).  Because NG2 can either be expressed within cells or 

deposited within the extracellular matrix, localization of staining will be 

important to interpreting IHC data.  Following preliminary examination of the 

data, I have found evidence that NG2 staining is fibrous and non-cellular in sham 

transplanted animals whereas NG2 in ADAS transplanted cords appears to be 

reduced and predominantly localized to discrete cells.  If this trend holds between 

the two groups, it would be consistent with other reports of reduced NG2 staining 

found in conjunction with improved axon regeneration.  To further obscure the 

interpretation of these results, though, is the finding that NG2 is also expressed in 

some macrophages (Jones et al., 2002; Matsumoto et al., 2007). 

GFAP staining appears to be excluded from regions positive for 

MitoTracker, demonstrating that ADAS do not express GFAP in vivo.  However, 

GFAP staining does not demonstrate a complete lack of activated microglia or 

gliosis in an ADAS transplanted animal. 
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Inflammation and the immune response play a complicated and as yet 

unresolved role in spinal cord injury and repair, and I am therefore interested in 

determining if ADAS cell transplantation in some way modulates the endogenous 

immune response to injury.  The immune response following spinal cord injury 

differs to a degree between species, and perhaps even between strains within a 

species (Mills et al., 2001; Sroga et al., 2003).  Inflammation within the spinal 

cord lesion increases the permeability of the blood-brain barrier and is responsible 

for the secondary round of cell death (Noble et al., 2002).  Some evidence has 

suggested that the immune response plays a beneficial role in the acute response 

to injury, while persistent, sustained activation of inflammatory pathways is 

responsible for the progressive degeneration extending both rostral and caudal to 

the original injury (Garbossa et al., 2006).  Animals that are deficient in one of 

several immunomodulatory cytokines exhibit greater degeneration and diminished 

locomotor behavior relative to wild-type animals (Cafferty et al., 2004; 

Hashimoto et al., 2007).  In addition, transplantation of activated macrophages or 

activated T cells has been reported to improve both histological as well as 

behavioral outcomes over no treatment controls (Reier, 2004; Ziv et al., 2006).  

However, one of the early immune responses to spinal cord injury is the 

overexpression of MMP9, which serves to increase the permeability of the blood 

brain barrier.  Early inhibition of MMP9 in the lesioned spinal cord is reported to 

improve histological and behavioral outcomes over no treatment controls by 

 



124 

preventing breakdown of the blood-brain barrier and thus limiting immune cell 

infiltration (Noble et al., 2002; Goussev et al., 2003).  As mentioned previously, 

endogenous MMPs are subsequently downregulated and reduced within the 

fibrous scar at the lesion core, and later exogenous MMP treatment appears to 

contribute to repair (Duchossoy et al., 2001; Larsen et al., 2003; Hsu et al., 2006; 

Pizzi and Crowe, 2006).  If true, earlier transplantation of ADAS cells may not 

contribute to repair after all.  However, a significant proportion of cells derived, 

as ADAS cells are, from the SVF of adipose tissue have been reported to express 

CD11b, a marker of macrophages (Mazzone and Ricevuti, 1995).  Two factors 

lead me to believe that earlier ADAS cell transplantation may in fact be beneficial 

despite their expression of MMP9 and its reported negative role: transplantation 

of activated macrophages improve outcome in spinal cord lesion; and our protocol 

for ADAS cell culture does not differ from that of the group reporting a 

subpopulation of CD11b positive cells from the SVF. 

Ox-42 is a marker of activated macrophages and is part of the CD11b/c 

complex (Popovich et al., 1997).  Preliminary analysis of Ox-42 IHC reveals little 

difference between ADAS cell and sham transplanted cords.  It is unclear from 

these data whether or not ADAS cells modulate the immune response, and at first 

glance it appears that ADAS cells do not have any effect.  However, it is 

interesting to note that many of the Ox-42 positive cells in ADAS cell 

transplanted cords co-label with MitoTracker, suggesting that ADAS cells are 
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expressing Ox-42 and might in fact be activated macrophages themselves.  If this 

were true, the equivalent IHC results between sham and ADAS cell transplanted 

cords may suggest that ADAS cells somehow excluded a significant population of 

endogenous activated macrophages from the lesion. 

Further analysis of IHC for CD45 seems to confirm an 

immunomodulatory role for ADAS cells.  Expression of CD45, a transmembrane 

phosphatase and a late activation marker of macrophages and microglia is reduced 

in ADAS cell relative to sham transplanted cords (Sroga et al., 2003).   It appears 

that ADAS cell transplantation resembles activated macrophage transplantation in 

some ways. 

 

Additional therapeutic potential for ADAS cells 

 The above discussion of the therapeutic benefits that may be conferred by 

ADAS cell transplantation into the lesioned spinal cord is not exhaustive.  It 

primarily seeks to address possibilities for which I have data, either direct or 

indirect.  However, many other mechanisms are possibly in play. 

 ADAS cells quite possibly serve no more glamorous role than scaffold on 

which sprouting axons might migrate.  A fluid filled syrinx is an insufficient 

substrate, and the presence of growth inhibitory CSPGs deposited into the 

endogenous ECM has already been discussed.  The idea that a growth permissive 

substrate is all that is required appears supported by successful axon migration 
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through a gelatinous collagen IV substrate provided to the injured cord (Klapka 

and Muller, 2006).  The similarities between ADAS cell and muscle cell 

transplantation in promoting axon migration and GAP43 expression at first glance 

support the notion that any permissive substrate might do.  They at least do not 

contradict this hypothesis.  However, the differential effects of ADAS cell and 

muscle cell transplantation on mature marker expression and inflammation speak 

to a role more complex than merely scaffold.  However, it seems difficult to 

dispute the importance of ADAS cells as scaffold in the injured cord.   

 I do not currently know how MMP and growth factor gene expression 

differs between muscle cells and ADAS cells because I have yet to examine 

muscle cells by QPCR.  I would expect some degree of overlap between ADAS 

cell and muscle cell gene expression to account for similarities in neurite 

outgrowth when each is transplanted into the injured cord.  While at first I was a 

little surprised to see that muscle cells provided some benefits histologically, it 

soon occurred to me that muscle cells likely naturally secrete growth factors or 

neurotrophic factors in order to stimulate innervation and neuromuscular junction 

formation (Campagna, 2006).  This is perhaps the explanation for the wildly 

disorganized Tuj1 and GAP43 staining in cords receiving muscle cell 

transplantation.  I speculate that axonal migration out of the lesion may be 

impaired by muscle cell transplantation due to a high local concentration of 

chemoattractive factors secreted by muscle cells.  However, it is also possible that 
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ADAS cells provide additional cues for migration and differentiation that are not 

provided by muscle cells.  They might also be responsible for releasing latent 

neurotrophic factors present within the cord itself. 

 One recent study has demonstrated that BMSCs have the capability of 

expressing proprotein convertase, an enzyme responsible for cleaving the pro-

form of neurotrophic and growth factors into a bioactive polypeptide (Marandi et 

al., 2007).  The existence of proprotein convertase has also been demonstrated in 

adipose tissue where it is responsible for activation of IGF-I, among other 

molecules (Croissandeau et al., 2002b).  Due to the similarities between ADAS 

cells and BMSCs, I speculate that proprotein convertase activity is present in 

ADAS cells and that this activity is responsible for some of the beneficial effects 

provided by ADAS cell transplantation.  Numerous growth factors and 

neurotrophic factors are bound to the ECM and remain latent within the adult 

spinal cord.  Release of these endogenous factors may provide an indirect source 

of neurotrophic support to sprouting and migrating axons. 

 I have found that ADAS cell express IGF-I in vitro.  IGF-I supports 

oligodendrocyte survival and differentiation as well as promotes axon elongation 

from corticalspinal tract (CST) spinal motor neurons (McMorris and Dubois-

Dalcq, 1988; Mason et al., 2000; Ozdinler and Macklis, 2006).  I, along with 

others in the lab, have found additional growth and neurotrophic factors expressed 

in ADAS cells.  Those that I have reported on here were selected due to their 

 



128 

increased expression over endogenous levels found in brain, and I am following 

up these analyses with comparisons to expression in spinal cord.  It could be 

argued that normal expression is decreased with spinal cord injury, and this is 

likely the case for a number of neurotrophic factors.  Thus, expression by ADAS 

cells at levels equal to or above that of brain or spinal cord may be sufficient to 

restore their role in the injured cord.  Among these neurotrophic factors expressed 

by ADAS cells are BDNF and GDNF, two neurotrophic factors that have been 

infused into lesioned spinal cords with some successful results (Storer et al., 

2003).  However, I have also demonstrated that ADAS cells are easily transduced 

with lentivirus, and I have also found a report of ADAS cell transduction with an 

HSV viral vector (Fradette et al., 2005).  Therefore, the therapeutic potential of 

ADAS cells does not have to be limited to their intrinsic abilities to express a 

certain set of neurotrophic factors.  ADAS cells can be engineered to express a 

wide array of growth and neurotrophic factors.  This approach is superior to 

infusion of neurotrophic factors via osmotic pump for many reasons.  Osmotic 

pumps are limited to a particular volume, and once that volume of neurotrophic 

factor is exhausted, it must be refilled or replaced.  Engineered ADAS cells will 

express as long as they are alive, and as I have shown, ADAS cells survive the 

environment of the injured cord up to 8 weeks, the longest time point examined.  I 

don’t think it unreasonable that they will persist much longer as another group has 

reported survival of BMSCs up to one year post-transplant (Zurita and Vaquero, 
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2006).  In a point related to the first, ADAS cell transplantation would be less 

surgically invasive than having to replace pumps on a regular schedule.  Vectors 

used to transduce ADAS cells may be engineered with inducible promoters, 

providing additional temporal control over neurotrophic factor secretion.  One 

hurdle in all strategies attempting to stimulate regeneration through a spinal cord 

lesion involves promoting axon migration out of the lesion core once encouraged 

to enter.  This perhaps relates to my comments about muscle cell transplantation: 

all previous strategies create a local maximum of neurotrophic support that 

essentially traps migrating axons at the peak of the gradient.  ADAS cells may 

also be engineered to express multiple neurotrophic factors at once, or mixtures of 

cells expressing an individual neurotrophic factor might be transplanted to 

achieve the same end.  Combining several neurotrophic factors in a single osmotic 

pump may be complicated by differing stabilities in different suspension 

solutions.  Stability of proteins in osmotic pumps may also be compromised by 

the duration they must be kept at non-physiological conditions.  In contrast, 

engineered ADAS cells could constantly create and secrete growth factors, 

continually replacing degraded factors and maintaining a consistent concentration 

within the lesion.  ADAS are also more likely to create a more uniform 

distribution of growth factors within the lesion core as osmotic pumps are limited 

by diffusion.  On the other hand, ADAS cells appear to have the ability to migrate 

to a limited degree within the lesion core.  Finally, ADAS cell migration within 
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the lesion core provides additional benefits over osmotic pumps.  Migrating 

ADAS cells potentially remodel the ECM in a fashion more favorable to axon 

migration and may physically or chemically exclude invading fibroblasts or other 

cell types that promote fibrous scar formation or promote a growth inhibitory 

environment. 

 Finally, an additional hurdle in neurodegeneration and neurotrauma is the 

death of post-synaptic neurons that have lost functional inputs.  The “use it or lose 

it” phenomenon is well documented in the nervous system (Wong, 1995).  Even if 

research efforts achieve axonal migration to endogenous targets, it is likely that 

these targets will themselves have degenerated long before.  ADAS cell 

transplantation into major sites of post-synaptic connectivity may alleviate this 

problem somewhat.  However, the difficulties to this approach would not be 

trivial.  Some nuclei (e.g. red nucleus) may be easy to target, while other sites of 

post-synaptic connectivity may be too distributed to be efficiently targeted by this 

approach.  I know of no research efforts attempting such a strategy, but I think 

this could be a fruitful area of investigation. 
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ADAS cell are unlikely to substitute for ES cells or neural stem cells 

 Earlier I mentioned the main properties characteristic of an attractive 

tissue source for cell replacement therapy.  The results presented here for ADAS 

cells clearly demonstrate that they lack most of these characteristics as they 

pertain to the nervous system.  Strictly defining cell replacement as the 

transplantation of cell types that functionally substitute for lost tissue does not 

qualify ADAS cell transplantation as cell replacement therapy.  However, I do not 

believe that this makes them unsuitable for therapeutic applications in the nervous 

system.  I have outlined several of their potential uses and advantages above.  

However, despite satisfying criteria for ease of culture and non-immunogenicity, I 

am very skeptical of the ability of ADAS cells to ever functionally replace 

neurons.  Therefore, continued attention must be given to ES cells and NSCs as 

the best candidates for cell replacement strategies. 

 I believe the major hurdle to utilization of ES cells and NSCs for cell 

replacement therapy is the immunogenicity of heterologous cell transplantation.  

Foregoing attempts to derive autologous cultures eliminates the difficulties in 

generating a sufficient number of cells for transplantation.  The need for local 

immunosuppression should then become the major focus for research.  

Pharmacological agents currently exist to globally suppress the immune system 

following organ transplantation, but they have numerous side-effects, and a large 

number of transplants are ultimately rejected (Scantlebury et al., 1991; Singh et 
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al., 2000).  However, the data I have presented here suggest that ADAS cells may 

play a local immunomodulatory role in spinal cord injury.  Additional data from 

other labs suggests that BMSCs may also be immunosuppressive (Uccelli et al., 

2006; Uccelli et al., 2007).  Therefore, I think additional research should focus on 

the potential beneficial effects of transplanting a mixture of ES cells or NSCs and 

ADAS cells.  I speculate that combined therapy may limit the immune response to 

heterologous stem cell transplantation and permit the differentiation and 

functional integration of stem cells into the injured or degenerating CNS. 
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