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Abstract 

Currently, there are no effective treatments available for patients suffering from 

amyotrophic lateral sclerosis (ALS), a neurodegenerative disease characterized by the 

progressive loss of upper and lower motor neurons.  Experiments in rodents and 

humans with neurodegenerative diseases have shown that after bone marrow 

transplantation following irradiation-induced myeloablation, donor cells can be found in 

the central nervous system (CNS).  Previous work indicates that irradiation itself may be 

essential for bone marrow-derived cell (BMDC) entry into the CNS.  Here we attempted 

to determine whether myelosuppressive regimens other than irradiation will potentiate 

BMDC accumulation in the CNS.  Transgenic mice over-expressing human mutant 

superoxide dismutase-1 (mSOD) develop motor neuron loss resembling amyotrophic 

lateral sclerosis (ALS).  We treated control and mSOD mice with the chemotherapeutic 

agent, Busulfex (BU), and transplanted with GFP+ BM.  Sub-myeloablative doses of 60-

100 mg/kg BU induced ≥80% blood chimerism in these animals.  In addition, GFP+ cells 

were observed in the spinal cords of both control and mSOD mice.  Greater numbers of 

GFP+ cells were detected in mSOD spinal cords at disease end-stage compared to 

controls.  Histological analysis of BMDCs revealed that a large fraction of donor cells 

acquired the stellate morphology and immunophenotype characteristic of parenchymal 

microglia.  These data demonstrate that BU alone can be used to achieve high level BM 

chimerism in mice and lead to accumulation of BMDCs in the spinal cord.  These 

protocols could be adapted for use in humans with neurodegenerative diseases such as 

ALS. 

Keywords:  Amyotrophic Lateral Sclerosis, Bone Marrow Transplant, mSOD mouse, 
Lumbar Spinal Cord, Busulfan,  
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1. INTRODUCTION 

1.1. Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS) is a late-onset progressive 

neurodegenerative disease that primarily affects motor neurons and other motor 

pathways, leading to paralysis and death within 4-6 years (Boillee et al., 2006a).  

The cause of the disease is unknown, other than in some patients with familial 

disease.  Approximately 2% of ALS cases are associated with mutations in the 

superoxide dismutase 1 (SOD1) gene, which induces a non-cell autonomous, 

gain of function toxicity (Di Giorgio et al., 2007).  The non-cell autonomous 

aspect of ALS pathogenesis is based on observations that neuron-specific over-

expression of mutant SOD1 (mSOD) does not lead to disease over short time 

periods. However, if mSOD expression also includes non-neuronal cells, neuron 

death can ensue (Di Giorgio et al., 2007).  It is generally believed that as both 

familial (fALS) and sporadic cases of ALS (sALS) display indistinguishable 

pathological features, findings gleaned from animal models will provide further 

insight into the cause of sporadic ALS.  Recent studies have also reported the 

presence of hexanucleotide repeat intronic expansions in chromosome 9 and 

specifically in the open reading frame 72 (C9ORF72) gene, and these repeats 

may be involved in up to 30% of fALS, and 4% of sALS cases (DeJesus-
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Hernandez et al., 2011; Renton et al., 2011).  For many years, aberrant exonic 

expansions in coding DNA have been linked to other neurological disorders, such 

as Huntington’s disease (Snell et al., 1993).  The discovery of a locus that 

potentially accounts for a large portion of ALS cases would be very important for 

clinical testing and developing new treatment strategies.  

Several mechanisms have been proposed to explain the relatively 

selective destruction of motor neurons in ALS, such as excitotoxicity, oxidative 

damage, mitochondrial dysfunction, protein mis-folding, and defective axonal 

transport (Boillee et al., 2006a).  Damage to motor neurons may also be 

enhanced via damaged non-neuronal cells, through inflammation that 

accelerates disease progression.  This inflammation is characterized by activated 

microglia and infiltrating T lymphocytes in regions of spinal cord motor neuron 

injury (Appel et al., 2009).  These damaged areas contain increased levels of 

CCL2 (also known as MCP-1), which is known to enhance both monocyte and T 

cell tissue-directed homing (Henkel et al., 2006).  Indeed it has been shown that 

further activation of these cells using macrophage-colony stimulating factor (M-

CSF), results in increased inflammatory cytokine production and an exacerbation 

of disease symptoms (Gowing et al., 2009).  In light of these findings, it has been 

proposed that the replacement of these supporting immune cells with cells 

having anti-inflammatory properties (Banerjee et al., 2008; Chiu et al., 2008) or 

cells over-expressing neurotrophic growth factors (Gowing & Svendsen, 2011), 

may help to slow the progression of this devastating disease. 
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1.1.1. Current Animal Models 

SOD1 is a ubiquitously expressed enzyme that catalyses the reduction of 

superoxide anions into oxygen and hydrogen peroxide.  Mutations in SOD1 

account for approximately 20% of all familial cases of ALS.  Over 150 different 

mutant forms of SOD1 (mSOD) have been reported in ALS patients, with the vast 

majority being missense mutations spanning all coding regions of the protein 

(Andersen, 2006).  This has led to the development of several strains of 

transgenic mice, which express mSOD.  Although each strain of transgenic 

mSOD over-expressing mouse varies in its degree of expression of the human 

gene, as well as its disease progression rate, all transgenic mSOD mice exhibit 

neurodegenerative pathology similar to ALS in humans (Turner & Talbot, 2008).  

Of these models, the most commonly studied is that expressing G93A SOD1, 

which exhibits a short time to disease onset and a rapid disease course (Gurney 

et al., 1994).  These mice develop signs of hind-limb weakness after 12 weeks, 

and paralysis and premature death by 20 weeks of age. 

SOD1 mutations were initially thought to cause pathogenesis via a loss of 

function, until work by Reaume et al. (1996) demonstrated that knocking out wild 

type SOD1 does not produce neurodegenerative disease.  Mice lacking SOD 

appear healthy, however they show signs of distal neuropathy with advanced 

age.  Similar results were obtained using cre-lox systems, in which selective 

reduction of mutant SOD expression leads to an extension of animal survival 

(Boillee et al., 2006b) Conversely, neurological symptoms were observed in mice 
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overexpressing WT SOD1, albeit after two years of age (Jaarsma et al., 2000).  

Further investigations into neuron-specific mSOD expression revealed 

neurodegeneration but to a lesser degree than in mice that ubiquitously express 

mutant SOD1 (Jaarsma et al., 2008).  It was also found that the degenerative 

process is enhanced through additional mSOD expression in other CNS resident 

cells such as astrocytes and microglia (Di Giorgio et al., 2007), or ameliorated by 

transplanting WT SOD1 bone marrow into mSOD mice lacking endogenous 

microglial cells (Beers et al., 2006).  Together, these results highlight the non-cell 

autonomous nature of the disease, and emphasize the role of glial cells in the 

degenerative process. 

1.2. Microglia 

Microglia are the only myeloid-derived cells that normally reside within the 

CNS parenchyma (Prinz et al., 2011).  At rest, they have a branched phenotype, 

and through protruding processes, constantly monitor their surroundings.  They 

are part of the body’s innate immune system, and as such, perform several 

important functions including pathogen defence, clearance of cellular debris, and 

antigen presentation (Napoli & Neumann, 2009).   An increase in the number and 

reactivity of parenchymal microglia has become a hallmark of almost all CNS 

pathologies (Gonzales-Scarano & Baltuch, 1999), however the regulation of 

these cells is poorly understood.  Innate immune dysfunction is a feature of ALS, 

and microglial inflammatory processes contribute to disease progression and 
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motor neuron loss in both mSOD transgenic mice and in ALS patients (Boillee et 

al., 2006a).  There is a considerable body of evidence supporting the proliferation 

and activation of microglia throughout ALS pathogenesis (Moisse & Strong, 

2006).  Positron emission tomography has provided confirmation of the gradual 

increase in these cells throughout the disease course (Turner et al., 2004).  It has 

also been observed that microglia that express mutant SOD are more readily 

activated and capable of inducing more extensive neuronal death than WT 

microglia (Beers et al., 2006).  

Recent findings support the notion that microglia have multiple, distinct 

phenotypic states, similar to those described for T lymphocytes and other tissue 

macrophage populations (Henkel et al., 2009).  M1-like ‘classically activated’ 

microglia are cytotoxic and secrete ROS and inflammatory cytokines such as 

TNF-α and IL-12, while M2-like, or ‘alternatively activated’ microglia, produce 

high concentrations of anti-inflammatory cytokines and neurotrophic factors 

(Gordon & Martinez, 2010).  These M2-like microglia have, at present, been 

further divided into 3 different functional states based on their observed genetic 

profiles.  M2a microglia are induced by IL-4 and IL-13 secreted by CD4+ Th2 

cells, and can be characterized by increased arginase, FIZZ1 and YM1 

expression.  M2b microglia can be induced by binding immune complexes and 

through TLR stimulation, while the M2c or ‘immunosuppressive’ phenotype, is 

produced by TGF-β and IL-10; cytokines associated with Treg cells (Michelucci 

et al., 2009). 
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The origin and proliferative capacity of microglia is controversial.  There is 

little doubt that they are of haematopoietic origin, but some experiments would 

also suggest that they are capable of extensive peripheral renewal (Simard & 

Rivest, 2004).  Mice lacking the transcription factor PU.1 are deficient in 

microglia, and can be rescued at birth through the injection of WT bone marrow 

(Beers et al., 2006).  However, there is also considerable evidence supporting 

the notion that minimal cellular traffic occurs between the CNS parenchyma and 

the periphery under physiological conditions (Vallieres & Sawchenko 2003; 

Chinnery et al., 2010).  These studies claim that microglial renewal throughout 

life occurs through resident cell expansion and not through the contribution of 

peripheral progenitors.  In vivo lineage tracing experiments by Ginhoux et al., 

(2010) reported that circulating haematopoietic progenitor cells do not contribute 

to homeostatic levels of microglia in the CNS.  Rather, these cells originate from 

primitive myeloid-lineage progenitors in the yolk sac during day 8 and 9 of 

embryonic development.  A limitation of this work is that only approximately one 

third of yolk sac progenitors exhibited successful genetic labelling, significantly 

less penetrance than is usual in these systems.  More recent work has supported 

these claims by utilizing parabiosis and an experimental autoimmune 

encephalitis (EAE) model.  These experiments showed that monocytes and T 

cells do enter the CNS, but vanish after resolution of CNS inflammation, and thus 

do not contribute to the static microglial pool (Ajami et al., 2011).   
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1.3. T Lymphocytes 

T lymphocytes are capable of recognizing a vast array of peptide antigens, 

owing to the incredible variation in the T cell receptor (TCR) imparted by V(D)J 

junctional diversity, somatic hypermutation and a large number of α and β chain 

genes.  The active signalling interface between T cells and antigen presenting 

cells (APCs), such as macrophages, is termed the immunological synapse, and 

collectively involves the TCR, specific peptide, major histocompatibility complex 

(MHC), secondary co-stimulatory molecules, and other cell adhesion molecules.  

This interaction allows for the maturation and clonal proliferation of the naive T 

cell into a particular effector subtype, depending on the cytokines present in the 

local milieu (Lewis et al., 2012).  Activated CD4+ T cells can become a variety of 

helper cells; Th1 cells, which secrete predominately inflammatory cytokines such 

as IFN-γ and IL-12, or Th2 cells which produce IL-4, IL-5 and IL-21 and induce B 

cell proliferation and maturation into antibody secreting cells.  More recently 

described are Th17 cells, which play a major role in autoimmunity through 

production of IL-17 and other pro-inflammatory cytokines, and also T regulatory 

cells that function to keep auto-reactive cells in check and dampen the immune 

response through the secretion of TGF-β and IL-10 (Locksley, 2009). 

The CNS parenchyma is protected from the fluctuating milieu of the blood 

circulation by the blood-brain barrier (BBB) and other related barrier structures 

such as the blood-CSF barrier.  These structures are composed of specialized 

endothelial cells that restrict the transmigration of most peripheral blood 
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mononuclear cells (PBMCs) (Engelhardt & Coisne, 2011).  Additionally, 

ubiquitously high levels of Fas ligand (Choi & Benveniste, 2004), and an inherent 

lack of MHC I and immune-stimulatory molecules (Galea et al., 2007), also 

render the CNS inhospitable to infiltrating cells.  However, many studies have 

addressed the ability of T cells to penetrate the CNS of ALS patients using 

immunohistochemical analysis of post-mortem tissue (Troost et al., 1990; 

Kawamata et al., 1992).  Indeed, activated T lymphocytes are capable of 

penetrating the healthy BBB and patrolling the CNS (Becher et al., 2006).  Most 

of the infiltrating lymphocytes reported in human ALS tissue are cytotoxic CD8+ 

cells that display TCRs suggesting oligoclonal expansion.  These cells seem 

localize predominately in the pre-central gyri, corticospinal tracts, and anterior 

horns of the spinal cord (Holmoy, 2007).  At post-mortem, CD4+ cells are 

observed, albeit in lower numbers that generally lie in proximity to damaged 

white matter tracts, as opposed to the predominantly grey-matter associated 

CD8+ cells (Engelhardt, 1993).  While T cells may play a limited or no role in 

disease initiation in familial ALS models, T cell infiltration of the CNS shows a 

strong correlation with the rate of disease progression.  In mSOD mice, 

predominantly CD4+ T cell infiltration is observed beginning at 10 weeks of age 

and becomes most prominent at 14 weeks, a time point associated with disease 

stability.  This stabilization phase appears to be associated with the induction of 

M2-like microglia and an increase in IGF-1 secretion (Chiu et al., 2008).  

However, as the disease progresses there is a large increase in the number of 

CD8+ T cells, which may attenuate the survival phase, and result in extensive 
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motor neuron death.  These CD8+ cells could potentially target neurons bearing 

up-regulated MHC I, and kill them through the release of cytotoxic granules 

and/or through Fas-ligand interactions (Melzer et al., 2009).  Although CD8+ cells 

seem to respond to a specific antigen, as evidenced by their oligoclonally 

expanded TCRs, no specific endogenous neuronal peptide capable of inducing a 

cytotoxic lymphocyte (CTL) response has been found in ALS (Holmoy, 2007).  

In order to home to and enter the CNS, T lymphocytes must first be locally 

activated in the secondary lymphatic tissues draining the cerebrospinal fluid 

(such as the cervical lymph nodes) by professional APCs (Seder and Ahmed, 

2003).  A plausible scenario of events likely involves initial CD4+ T cell mediated 

activity, as this subset makes up more than 80% of cerebrospinal fluid (CSF) 

mononuclear cells under physiological conditions (Ransohoff et al., 2003).  Cells 

of the CD4+ subset recognize their specific antigens as presented on 

macrophages in the perivascular and subarachnoid spaces; this induces their re-

activation and extravasation into the CNS parenchyma (Becher et al., 2006).  In 

the parenchyma, activated M1-like microglia expressing MHC II-dependent 

antigen, could induce the differentiation and/or re-activation of Th1 and Th17 

cells, through a local inflammatory microenvironment.  Both neurons and 

astrocytes are capable of transforming effector CD4+ cells into Tregs in vivo, as a 

means of maintaining CNS immune privilege (Liu et al., 2006; Trajkovic et al., 

2004).  Therefore the pro-inflammatory state of these cells is likely initially held in 

check by existing or induced Treg and/or Th2 cells patrolling the CNS, until the 
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inflammatory response has developed enough to produce a predominance of 

activated M1-like microglia (Mott et al., 2004).  This neuroinflammation activates 

BBB endothelial cells to up-regulate MHC I, cell adhesion molecules, and 

chemokines, which promote further lymphocytic and monocytic traffic across the 

BBB (Engelhardt et al., 2008).  If enough damage is induced, CD4+ T cells 

become capable of ‘licensing’ microglial and perivascular macrophages to cross-

present exogenous antigen on MHC I, allowing activation of CD8+ cells in the 

cervical lymph nodes, leading to their homing and entry into the CNS (Calzascia 

et al., 2005).  MHC I displayed peptide on endothelial cells, as well as continued 

stimulation by licensed APCs, are required for CD8+ cells to maintain their 

migration and cell-specific killing capabilities in the tonically immune-inhibitory 

environment of the CNS (Mrass et al., 2006).  However, no specific neuronal or 

myelin-associated antigen has been identified for ALS.  Therefore although it is 

possible that CD8+ cells may directly attack neurons, it is more likely that they 

exert their effects through bystander-mediated damage (i.e. via cytokines) while 

targeting other glial cells.  Intravital microscopy has provided evidence that 

antigen-specific T cells may make antigen-independent contact with neurons, as 

well as induce indirect damage (Nitsch et al., 2004).  Indeed, a single antigen-

dependent CD8+ T cell, exclusive to an oligodendrocyte-expressed peptide, was 

observed to kill up to 10 neurons through non-specific perforin and granzyme 

spill over (Göbel et al., 2010).  This suggests that bystander-mediated neuronal 

damage could be a mechanism of neuronal death in ALS and other 

neurodegenerative diseases.  Recent findings have also implicated Th17 cells in 
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forming these non-TCR/MHC I-specific contacts with neurons (which do not 

express MHC II), since they readily induce neuron death in vitro, and calcium-

dependent axonal destruction in vivo (Siffrin et al., 2010). 

1.4. Blood-Brain Barrier 

There are numerous cellular interfaces between the blood, CSF, and CNS 

parenchyma.  Blood–brain interfaces comprise both the BBB located at the 

endothelium of the cerebral microvessels and the blood–CSF barrier located at 

the epithelium of the choroid plexuses.  All microvessels of the gray and white 

matter structures including those of the hypothalamus display a barrier 

phenotype characteristic of the BBB, while the four CSF-secreting ventricles of 

the brain possess blood-CSF junctions with greater surface area and blood flow 

(Keep & Jones, 1990).  In addition to these regions, the capillaries of 

circumventricular organs such as the area postrema or the median eminence are 

highly permeable, which is unusual among brain structures (Johnson & Gross, 

1993).  CNS microvessels acquire their barrier phenotype during cerebral 

vasculogenesis under the influence of the Wnt/β-catenin pathway, whereas the 

tight choroid plexus epithelium develops even earlier during embryogenesis 

under the influence of Sonic hedgehog protein (Strazielle & Ghersi-Egea, 2013).   

Neuronal activity within the CNS depends upon strict homeostatic 

conditions, and does not tolerate the uncontrolled perturbations brought on by 

components of the peripheral blood compartment.  As such, the CNS possesses 
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a selective barrier that limits cellular and large molecular traffic into the 

parenchyma.  Indeed, it was traditionally believed that the CNS is an 

immunologically privileged site, as allogeneic tissue grafts were much better 

tolerated in the nervous system compared to their original locations (Barker & 

Billingham, 1977).  This fact, combined with early reports that the CNS was 

devoid of cells that constitutively express MHC I or II, and lacked an afferent 

lymphatic system, firmly established the belief that this compartment was 

ignorant to both pathogens and infiltration by immune cells.  However, this 

contention conflicted with the 1943 ground-breaking work of Medawar et al., who 

showed that allogeneic CNS tissue grafts in hosts that had been first immunized 

with donor antigen were promptly rejected (Medawar, 1943).  These experiments 

suggested that peripheral T cells must be capable of penetrating the blood-brain 

barrier, at least under certain circumstances.  Subsequent observations of  

immune-mediated CNS pathologies have further confirmed these conclusions, as 

neuronal-antigen-specific T cells are capable of homing to and migrating across 

the BBB, in the absence of CNS inflammation, and subsequently inducing 

disease (Sospedra & Martin 2005).  Therefore, it is now thought that the CNS, 

while not a fully immuno-privileged site, is normally a tolerogenic site, that 

employs multiple, selectively controlled barriers to protect its valuable and 

irreplaceable neuronal cells.  

The most luminally located component of the BBB are the endothelial 

cells, which rest on a basement membrane made of collagen IV, fibronectin, 
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laminin, and proteoglycans.  These specialized cells, through an elaborate 

system of tight junctions, restrict the paracellular and transcellular passage of 

molecules (Abbott et al., 2010).  These junctions are approximately 2 nm wide 

and are comprised of several transmembrane adhesion molecules, including 

cadherins, junctional adhesion molecules (JAMs), occludins and claudins that 

link adjacent endothelial cells (Huber et al., 2001).  As CNS tissues are extremely 

metabolically demanding, BBB endothelial cells also possess highly specific, 

polarized transport proteins, which import the required nutrients while exporting 

any of the toxic metabolites produced by the CNS (Patridge 2007).  These 

proteins belong to the ATP-binding cassette family of transmembrane 

transporters that also efficiently remove large-molecular weight drugs that may 

accumulate within the cerebrospinal fluid (Loscher & Potschka, 2005).   

The endothelial basement membrane delimits the vascular aspect of the 

perivascular space.  This membrane is richly embedded with pericytes (Krueger 

& Bechmann 2010), important cellular constituents of the capillaries and post-

capillary venules.  They cover 22–32% of CNS capillaries (Dore-Duffy, 2008) and 

regulate many neurovascular functions such as angiogenesis, BBB maintenance, 

vascular stability and blood flow regulation (Winkler et al., 2011).  

Separating this CSF-filled sub-space from the actual CNS tissue is an 

inner extracellular matrix called the glia limitans, produced by the end-feet of 

astrocytes, the supporting glial cells of the parenchyma.  Astrocytic end-feet 

cover 99% of the CNS microvasculature and are a source of critical regulatory 
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factors for endothelial cells such as transforming growth factor-β (TGF-β), glial-

derived neurotropic factor, and the fibroblast growth factor (Takeshita & 

Ransohoff, 2012). 

1.4.1. Monocytic Cell Entry 

Paracellular diapedesis occurs when monocytes roll, arrest and 

extravasate between the tight junctions of endothelial cells in response to an 

inflammatory stimulus in the CNS.  For this to occur, cytokines produced on the 

abluminal side of the BBB, such as IL-1 and TNF-α, up-regulate selectins on the 

luminal surface of endothelial cells.  These adhesion molecules induce low-

affinity binding to monocytes causing the monocytes to roll with gradually 

reducing velocities and finally stop (Ivey et al., 2009).  Once monocyte arrest 

occurs, the engagement of surface integrins such as leukocyte functional 

antigen-1 (LFA-1) and very late antigen-4 (VLA-4) with their Ig superfamily 

ligands ICAM-1 (CD54) and VCAM-1 (CD106) on the luminal side of the BBB, 

results in adhesion.  These integrin-mediated interactions between monocytes 

and endothelial cells result in a complex signalling cascade that ultimately leads 

to contractility and opening of the tight junction via myosin light chain kinase-

dependent pathways (Haorah et al., 2005).  Both ICAM-1 and VCAM-1 are up-

regulated in response to inflammation and are thought to facilitate further 

monocyte recruitment (Nottet et al., 1996).  

Instances of transcellular diapedesis have also been reported, although 

their contribution comprises no more than 10% of monocyte extravasation events 
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(Carman & Springer, 2004).  This form of diapedesis involves integrins on the 

rolling monocyte binding endothelial ICAM-1 that is up-regulated in response to 

inflammatory stimuli.  Adhesion molecules then become concentrated on the 

surface of the endothelial cell and form a trans-migratory cup that guides 

leukocyte podosomes through the cytosol of the endothelial cell (Carman et al., 

2007). 

1.4.2. Lymphocytic Cell Entry 

Intravital microscopic studies have reported that activated endothelial cells 

mediate the rolling of T cells via binding of P-selectin to PSGL-1 on lymphocytes 

(Piccio et al., 2002).  However, another report identified α4-integrin/VCAM-1 

interactions as responsible for this process (Vajkoczy et al., 2001).  It may be that 

lymphocyte tethering and rolling involves both pathways in a semi-redundant 

fashion, as the individual blockade or absence of P-selectin, PSGL-1 or α4-β1 

integrin does not have a significant impact on the recruitment of T cells to the 

CNS (Engelhardt & Coisne, 2011), while the simultaneous blockade of P-selectin 

and α4-integrin results in a more complete inhibition of T cell rolling (Kerfoot et 

al., 2006).  Arrest of T cells has been proven with Intravital microscopy and 

natalizumab treatment (an anti-LFA-1 monoclonal antibody) to be mainly due to T 

cell LFA-1 binding to ICAM-1 and ICAM-2 (Coisne et al., 2009).  Indeed, many 

histological reports have described the up-regulation of Ig-superfamily molecules 

on the surface of the activated endothelial cells, with clusters of T cells 

expressing LFA-1 and α4β1 integrin localizing in these areas (Baron et al., 1993; 
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Sobel et al., 1990).  Once firm adhesion has occurred, T cells then begin to 

polarize and crawl along the endothelium until a suitable extravasation site is 

found (Steiner et al., 2010).  These sites are areas where the underlying 

basement membrane expresses laminin α4, but not laminin α5 (Wu et al., 2009).  

The overall mechanism of paracellular diapedesis for T cells is not well 

understood other than that it may involve PECAM-1 (Graesser et al., 2002) as 

well as JAM (Del Maschio et al., 1999) interactions.  In either case, once the 

passage across the endothelial cell barrier is complete, activated macrophages 

in the perivascular space secrete matrix metalloproteinases that dissolve the glial 

limitans and allow migration of T lymphocytes into the CNS parenchymal space 

(Agrawal et al., 2006). 

1.4.3. Chemokines 

 Chemokines play a crucial role in the recruitment of PBMCs during 

inflammatory process.  However, in addition to chemotaxis, they are also 

involved in regulating cell adhesion, cytokine release, matrix metalloproteinase 

secretion, T-cell differentiation, and angiogenesis (Takeshita & Ransohoff, 2012).  

Chemokines and their receptors that are expressed in the CNS include CXCL12-

CXCR4/CXCR7, CXCL1-CXCR2, and CX3CL1-CX3CR1.  CXCL12 and CXCR4 

are selectively expressed in the developing and adult brain and control the 

migration and survival of neural precursors as well as stimulate astrocyte 

proliferation (Ransohoff, 2009).  CXCL1 and CXCR2 have been implicated in the 

migration and proliferation of oligodendrocyte progenitors (Padovani-Claudio et 
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al., 2006).  CX3CL1 and CX3CR1 are both constitutively expressed in CNS and 

modulate inflammatory reactions in microglia (Cardona et al., 2006), as well as 

recruit NK cells during EAE and in other diseases (Huang et al., 2006). 

1.5. Irradiative Myeloablation and Bone Marrow 
Transplantation 

Bone marrow transplantation (BMT) is an important procedure for treating 

a variety of haematopoietic disorders.  Recipients first undergo pre-emptive 

depletion of their marrow compartment haematopoietic cells, in order to open up 

‘niches’ for the engraftment of introduced donor stem cells.  While this procedure 

shows promise for the treatment of many serious conditions, more general use 

must be avoided because of the risks of graft failure (Stotler et al., 2010), 

infection (Boeckh et al., 2003) and graft-versus-host disease (Ferrara et al., 

2009).         

Currently there are two methods of BMT that are clinically employed. 

Autologous stem cell transplantation involves the reinfusion of the patient’s own 

stem cells, previously harvested, purified and cryopreserved, to reconstitute the 

haematopoietic compartment after administration of high-dose irradiation or 

chemotherapy. The infused stem cells are obtained from the patient’s bone 

marrow at a time when the BM contains minimal or no disease-related cells.  

Allogeneic transplantation entails transferring stem cells from a donor to a 

recipient who is genetically distinct.  This differs from autologous transplantation 



 

18 

in that the potential exists for immune rejection of the infused stem cells by the 

recipient (host-versus-graft disease) and for immune attack by the donor’s cells 

against certain target tissues in the recipient (graft-versus-host disease).  Graft-

versus-host-disease (GVHD) results when the donor’s T cells recognize the host 

MHC molecules as foreign and attack them.  GVHD symptoms primarily manifest 

in the skin, gastrointestinal system and liver and can be divided into two 

somewhat distinct clinical entities: acute GVHD occurring in the first 90-100 days 

after transplantation, and chronic GVHD developing after the third month post-

transplant (Ferrara et al., 2009).   Graft rejection or graft failure can also occur as 

a result of insufficient/abnormal CD34+ cells, or a toxic recipient 

microenvironment (Stotler et al., 2010).  These complications are infrequent but 

can be very serious; they usually result in infectious death.  Therapeutic 

interventions in these cases include growth factor administration or re-infusion of 

additional haematopoietic cells, but often these treatment strategies are either 

ineffective or impractical for the patient.  

A commonly used experimental model for examining BMT kinetics utilizes 

donor bone marrow from mice that ubiquitously express GFP, allowing easy 

discrimination between donor and host.  Recipient animals are exposed to 

myeloablative whole-body irradiation and transplanted with harvested donor cells 

that begin to reconstitute the haematopoietic system in the long bones of the host 

within 72 hours (Ushiki et al., 2010).  It was initially believed that complete 

myeloablation was required for adequate engraftment and chimerism, but 
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experiments have now shown that mixed chimerism can be obtained with sub-

myeloablative levels of irradiation (Bradley et al., 2002).  However, to achieve 

significant engraftment at lower dosages of irradiation, it is necessary to 

transplant a much larger number of competitive cells in these cases.  Indeed, the 

degree of chimerism obtained generally depends on the amount of gamma ray 

exposure, as well as the dosage of haematopoietic stem cells received 

(Nevozhay & Opolski, 2006).  

 Often the effectiveness of radiotherapy is limited by the tolerance of CNS 

structures.  Acute effects of irradiation involve drowsiness and vomiting, while 

sub-acute and late consequences include radiation necrosis and cognitive 

impairment (Belka et al., 2001).  One consequence of lethal irradiation is that it 

causes changes to the BBB, and produces a generalized inflammatory response 

(Ramanan et al., 2010).  Reports also indicate that at the dosages required for 

adequate myeloablation, irradiation induces a temporary disruption of the blood-

brain barrier (Li et al., 2004).  

Infiltration of bone marrow derived cells into the central nervous system 

has been observed in several neurodegenerative disease models, including ALS 

(Solomon et al., 2006; Lewis et al., 2009), Alzheimer’s disease (Malm et al., 

2010) and others (Priller et al., 2006; Djukic et al. 2006).  Overall, this work has 

identified at least 4 definitive CD45+ CNS cell populations; parenchymal 

microglia, perivascular macrophages, leptomeningeal macrophages, and T 

lymphocytes.  In each of these experiments, a significantly greater influx of 
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transplanted cells was observed in diseased nervous tissue compared to 

controls.  This suggests that donor peripheral blood mononuclear cells (PBMCs) 

are capable of homing to, and perhaps expanding at, regions of 

neurodegeneration.   

As all of these models utilized irradiative pre-conditioning, experiments 

have been done to clarify the confounding effect irradiation may have on the 

trans-migration of cells into the CNS.  Using a lead helmet/linear accelerator 

technique, Mildner et al. (2007) observed greatly reduced cell entry into the 

brains of transplanted mice, compared to unprotected irradiated mice.  Similarly, 

diminished entry of bone marrow cells into the CNS was reported in parabiotic 

mice in which one parabiont was irradiated, and the other protected through 

whole body shielding (Ajami et al., 2007).  These findings suggest that CNS 

engraftment by peripheral cells is at best a rare phenomenon, and that 

experimental manipulation, such as irradiation and the introduction of non-

circulating progenitor cells is necessary to enhance migration into the brain and 

spinal cord. 

1.6. Alternative Myeloablative Regimes 

Treatment with the alkylating agent, busulfan (BU), in combination with 

high-dose cyclophosphamide (CY), is the most commonly utilized BMT pre-

conditioning regime besides whole body irradiation (WBI) in humans (Litzow et 

al., 2002).  In general, both regimens are associated with similar rates of long-
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term, disease-free survival.  Busulfan is mainly toxic to early progenitors and 

bone marrow cells, sparing a large portion of the mature cells of the adaptive 

immune system (Bacigalapu et al., 2000).  For this reason it often paired with CY, 

which is both antineoplastic and immunosuppressive.  Recipient 

immunosuppression is particularly important in allogeneic transplantation so that 

rejection is prevented and engraftment of the donor haematopoietic system is 

permitted.  While BU/CY myeloablation regimes produce similar results to 

irradiation, both drugs are not without their complications.  BU induces 

widespread inflammation and damage to endothelial cells in the liver, lungs, brain 

and kidney (Hassan et al., 1989a).  CY causes similar destruction and is most 

often associated with liver toxicity when it is converted to its active form, 

phosphoramide mustard, through cytochrome P450 enzymatic metabolism 

(Hassan et al., 2000).   

However, one advantage of these myeloablation protocols is that BU 

alone is capable of inducing stable chimerism, even at sub-myeloablative doses 

(Yeager et al., 1993).  This benefit, along with its tendency to leave the adaptive 

immune system intact (Jopling & Rosendaal, 2001), provides a means of side- 

stepping the two major limitations of irradiative BMT pre-conditioning when 

performing autologous BMTs: immunosuppression and adequate chimerism.  

While the reported complete myeloablative dose for BU appears to be around 

150 mg/kg (Jopling & Rosendaal, 2001; Hsieh et al., 2007), instances of high 

level chimerism (≥80%) have been reported with dosages as low as 50 mg/kg 
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(Yeager et al., 1993), and stable chimerism with only 20 mg/kg (Andersson et al., 

2003; Barry, 2003 unpublished work).  

1.6.1. Action and Pharmacokinetics of Busulfan 

BU is a potent cytotoxic drug and bifunctional alkylating agent.  Through 

the release of its methanesulfonate group BU produces carbonium ions, which 

alkylate the DNA of targeted cells, resulting in the formation of cross-linkages 

between the bases adenine-guanine and guanine-guanine (Iwamoto et al., 

2004).  This prevents the cell from replicating its DNA and then synthesizing RNA 

or proteins; it is therefore lethal to rapidly dividing cells.  Low doses of BU 

selectively depress granulocytic cells, while increasing dosages produce more 

general myelotoxicity and bone marrow ablation through cell death (Buggia et al., 

1994).  Experiments in rodents and humans have shown that even low doses of 

BU can result in the prolonged depression of haematopoietic progenitor cells, by 

reducing their ability to differentiate into progeny (Chaney & Sancar 1996).  

Comparably higher doses cause significantly greater DNA and genetic damage, 

killing most early progenitor cells in the bone marrow.  The theory behind this 

selective marrow cell toxicity is that undifferentiated stem cells in the G1-phase of 

the mitotic cycle are relatively susceptible to alkylation by BU.  Once this 

alkylation occurs, the cell is incapable of further differentiation and progression to 

mitotic stages past G2 (Buggia et al., 1994).  Microscopic evidence supports this 

notion, given that many stem cell populations have arrested cell division after BU 

treatment.  But the reasons behind the seemingly higher resistance of 
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differentiated cells are less well understood.  It has been proposed that these 

cells are exposed to BU primarily in the S-phase of the cell cycle, when active 

DNA repair may reduce the damage caused by the drug (Dunn 1974; Bishop & 

Wassom 1986).   

It has been demonstrated that BU is rapidly cleared from the blood of mice 

following IV injection, with only 10% of the administered dose being present after 

5 or 10 minutes (Bishop & Wassom 1986).  This rapid tissue distribution likely 

accounts for the short half-life of the drug in the circulation.  This finding was 

discovered through positron emission tomography in primates, by radiolabelling 

the alkylating portion of the molecule.  Significant drug levels were observed in 

the liver, lungs and brain, with the liver accumulating the largest amount of BU, 

which was approximately 9-fold higher than brain, during a 45-minute 

observation period (Hassan et al., 1992).  Reports indicate that ≤ 50% of the 

administered dose of BU is recovered in the urine, with ≤ 3% of that which is 

excreted remaining in a biologically active form (Hassan et al., 1989a).  Most of 

the drug is irreversibly bound to plasma proteins such as albumin, or metabolized 

through conjugation with glutathione, both spontaneously and through 

glutathione S-transferase. (Marchand 1987, unpublished results). 

In general, the side effects associated with BU occur around 3-4 days 

following acute high dosage treatment, or with chronic administration.  These are 

generally all attributed to genetic damage produced by the drug.  The relative 

selectivity of BU for rapidly dividing cells has been used to explain its differential 
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actions among organ systems (Hassan 1999).  Many investigators have pointed 

out the pharmacodynamic relationship between high-level systemic exposure 

and the occurrence of hepatic veno-occlusive disease (VOD), interstitial 

pneumonia, cataracts, mucositis and convulsions in patients (Beelen et al., 

1989). 

As BU is primarily processed in the liver, this organ is particularly prone to 

damage by the drug (Hassan et al., 1987).  VOD occurs when a hepatic lesion 

forms, creating obstructions of the small intra-hepatic venules and damage to the 

surrounding hepatocytes.  It is considered to be one of the major problems 

related to BMT preconditioning with BU, and incidences of VOD have been 

reported to be as high as 20-40% in transplant patients treated with high-dose 

BU (Grochow et al., 1989; Vassal et al., 1990).   

BU also achieves concentrations in the CSF approximately equal to those 

in the blood plasma (Hassan et al., 1989b).  In humans, the drug rapidly enters 

the brain and about 20% of the total injected dose remains in the brain tissue 

(Gibbs et al., 1997).  This property makes BU ideal for the treatment of 

tumorigenic cells in the CNS, but also must be considered when using it for other 

applications such as BMT (Kalifa et al., 1992).  Neurological complications such 

as seizures and altered mental state have been reported with moderate to high 

dosages (Hassan et al., 1996), however these cases can be effectively remedied 

with anti-convulsive medications, such as phenytoin (Fitzsimmons et al., 1990).   
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2. JUSTIFICATION OF STUDY AND 
HYPOTHESES 

2.1. Justification of study 

The goal of this work was to develop GFP+ chimeric mSOD mice, and 

observe if haematopoietic cell entry into the CNS would occur in the absence of 

irradiation.  Previous experiments have suggested that irradiation is a necessary 

factor allowing significant monocytic cell entry into the CNS parenchyma (Mildner 

et al., 2007; Ajami et al., 2007).  Given the negative side effects associated with 

whole body irradiation, such as immunosuppression and widespread 

inflammation, we set out to generate an improved model utilizing sub-

myeloablative dosages of BU.  Using this model, we explored rates of peripheral 

blood and bone marrow reconstitution with various dosages of BU, and examined 

the degree of cell entry into the CNS at different time periods post-transplant, in 

both control and mSOD GFP+ chimeric mice.     

2.2. Objectives and hypotheses 

Objective 1 

To determine whether stable GFP+ chimeric mice can be created using low to 

moderate dosages of BU prior to whole bone marrow transplant. 
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Hypothesis 1  

Given its semi-selective preference for destroying haematopoietic progenitor 

cells (Chaney & Sancar 1996), as well as reports of its ability to induce stable 

low-dose chimerism (Yeager et al., 1993), we hypothesize that BU, when used 

as a pre-conditioning agent before the transplantation of bone marrow from GFP+ 

donors, will produce lasting peripheral blood and bone marrow chimerism.   

Objective 2 

To observe histologically if cell entry into the CNS occurs in chimeric animals 

pre-conditioned with BU; to determine the time course of BMDC entry into the 

CNS parenchyma; and to establish whether greater cell numbers accumulate in 

the CNS of mSOD mice, compared to WT animals. 

Hypothesis 2 

Due to its tendency to disrupt endothelial cells even at low dosages (Zeng et al., 

2010), we hypothesize that treatment with BU will also disrupt the BBB to such a 

degree that transplanted GFP+ PBMCs will enter and take up residence in the 

CNS. 
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3. EXPERIMENTAL METHODS 

3.1. Animals 

Two lines of mice over-expressing the G93A mutant human transgene for 

CuZn (SOD1) were used in this study; 6SJL- TgN(SOD1-G93A)1Gur (SJL/B6) 

and B6.Cg-Tg (SOD1-G93A)1Gur/J (B6). Both G93A strains over-express mSOD 

by approximately 25-fold compared to non-transgenic WT littermates.  These 

mice develop symptoms of motor neuron degeneration primarily in their hind 

limbs, resulting in weakness and eventual paralysis.  SJL/B6 mSOD mice were 

bred from progenitor stock obtained from Jackson Laboratories and were 

maintained as heterozygotes by backcrossing mSOD males with non-transgenic 

females.  Pups were genotyped for the mSOD transgene using a PCR assay 

based on genomic DNA extracted from ear tissue, as established by Gurney et 

al., (1994).  B6 mSOD mice were purchased from Jackson Laboratories.  Age-

matched, non-transgenic B6 and SJL/B6 mice were used as controls and 

sacrificed at the same time points as mSOD animals. 

Mice that ubiquitously express GFP under the control of the B-actin 

promoter (C57BL/6; GFP/CD45.2) were obtained from Dr. I. Weissmann via Dr. 

Fabio Rossi (University of British Columbia, Vancouver, BC) and were bred and 

maintained as heterozygotes at the Simon Fraser University Animal Research 
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Facility (ARC).  GFP-expressing mice aged 8 weeks to 6 months served as BM 

donors and BM was harvested by flushing femur and tibiae with sterile PBS.  

Female BM recipients received only female BM whereas male recipients 

received either male or female BM to minimize any graft-versus-host effects due 

to minor histocompatibility differences. 

All animals were supplied with food and water ad libitum. Protocols 

governing the use of animals were approved by review committees of Simon 

Fraser University and the University of British Columbia, and were in compliance 

with guidelines published by the Canadian Council on Animal Care and 

international guidelines, including the NIH Guide for the Care and Use of 

Laboratory Animals as well as the EEC Council Directive. Institutional approvals 

are available upon request. 

3.2. Myeloablation and Transplantation 

Control and pre-symptomatic SJL/B6 mSOD mice aged 9 weeks were 

used for experiments 1-3, whereas experiments 4-6 utilized control and pre-

symptomatic B6 mSOD mice aged 6 weeks in order to make more direct 

comparisons with our previous irradiative myeloablation datasets (Lewis et al., 

2009; Solomon et al., 2006).  BU (Busulfan for injection, Otsuka 

Pharmaceuticals, Japan) was diluted from a stock solution to a concentration of 3 

mg/mL using sterile PBS.  
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Group 1: Control (n=3) and mSOD (n=1) SJL/B6 mice received 80 mg/kg BU 

(diluted and stored at 4°C for a number of days) delivered in 4 doses of 20 mg/kg 

daily via intraperitoneal (IP) injection for 4 days followed by intravenous (IV) tail-

vein injection of 500,000 enriched GFP+ BM cells, 24 hours after the final BU 

dose. This protocol is based on unpublished work by Christopher Barry carried 

out under the supervision of Dr. Keith Humphries (Terry Fox Laboratories, 

Vancouver, BC). The GFP+ BM donors were treated with 150 mg/kg of 5-

fluorouracil (5-FU, Hospira, USA), 4 days before BM harvest to increase the 

number of cycling HSCs.  5-FU is selectively toxic to rapidly dividing cells and 

induces the cycling of quiescent HSCs within the BM. (Szilvassy et al., 1999).  

100 µL blood samples from treated mice were taken beginning at 3 weeks post-

transplant and analysed via flow cytometry (FACS Aria, Becton-Dickenson, NJ, 

USA) to determine the proportion of donor-derived PBMCs. 

 

Group 2: Control (n=13) and mSOD (n=12) SJL/B6 mice were treated with 100 

mg/kg BU delivered in 5 fractionated IP doses of 20 mg/kg a day for 5 days 

(below the reported myeloablative dose of 150 mg/kg).  24 hours after their final 

BU treatment, mice received 30 million GFP+ non-enriched BM cells via IV tail-

vein injection and PBMC chimerism was again analysed 3 weeks post-transplant.  

Tissue was collected once mice had reached disease end-stage. 

 

Group 3: Control SJL/B6 mice (n=6) were treated with daily IP injections of BU 

(diluted immediately before use) at a dose of 20 mg/kg for 5 days (total dose 100 
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mg/kg). 24 hours after the final BU treatment mice received 30 million GFP+ BM 

cells. Blood samples were collected beginning at 1 week post-transplant.  Mice 

were sacrificed at 2 (n=3) and 4 (n=3) weeks post-transplant to analyse the 

kinetics of GFP+ cell entry into the spinal cord.  

 

Group 4: Control C57Bl/6 mice were treated with 60 mg/kg (n=8) and 80 mg/kg 

(n=8) BU.  Transplantation protocol was the same as above, although the 

number of GFP+ BM cells was reduced to 15 million per animal. Blood samples 

were collected weekly beginning at 1 week post-transplant.  Mice from each 

treatment group were sacrificed at 2 weeks (60 mg/kg; n=4 80 mg/kg; n=4) and 4 

weeks (60 mg/kg; n=4 80 mg/kg; n=4) post-transplant to analyse the kinetics of 

GFP+ cell entry into the spinal cord. 

 

Group 5: Control B6 (n=8) and G93A mSOD (n=8) B6 mice were treated with 60 

mg/kg (4 mSOD/control pairs) and 80 mg/kg (4 mSOD/control pairs) and taken to 

end stage.  Blood was collected weekly until disease end-stage to assess PBMC 

chimerism.  Bone marrow was additionally harvested to assess disparities 

between blood and marrow chimerism. 

 

Group 6: Control (n=1) and mSOD (n=3) SJL/B6 mice were treated with 100 

mg/kg BU and 200 mg/kg Procytox, (Cyclophosphamide for injection) to assess 

the effect of combining immunosuppression with Busulfan treatment. 
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3.3. Flow Cytometry 

Chimerism was determined by comparing the proportion of circulating 

GFP+ cells to total number of PBMCs.  PBMCs from weekly blood samples were 

additionally labelled with lymphoid (CD3 for T cells, CD45R for B-cells; 

conjugated to a phycoerythrin-Cy7 fluorophore) and myeloid (Gr-1 for 

granulocytes, CD11b for monocytes; conjugated to allophycocyanin fluorophore) 

lineage markers to confirm HSC reconstitution (eBiosciences, San Diego, CA).  

Results were analysed using FlowJo software (Treestand, Ashland, OR) 

3.4. Tissue Processing 

Mice were euthanized using CO2 and transcardially perfused with 30 mL 

PBS followed by 30 mL 4% paraformaldehyde (PFA). The spinal cord was 

dissected, post-fixed in 4% PFA overnight at 4°C, and then immersed in 20% 

sucrose at 4°C overnight for cryoprotection. After cryoprotection, tissue was 

embedded in TissueTek O.C.T. and stored at -80°C until cryosectioning in 30 µm 

slices as described in Solomon et al., (2006). 

3.5. Immunohistochemistry 

Free-floating spinal cord sections underwent immunohistochemical 

analysis as described in Lewis et al., (2009). To identify macrophages, polyclonal 

rabbit α-Iba-1 (1:1000; Wako, VA, USA) antibody was used.  Blood vessel 

endothelium was labelled using monoclonal rat α-CD31 (1:800; PECAM1; BD 
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Pharmingen, San Diego, CA).  Monocytes were identified using monoclonal 

antibodies to rat α-CD11b and α-CD68 (1:1000; Serotec, Raleigh, NC) whereas 

granulocytes with monoclonal rat α-Gr-1 (1:1000; BD Pharmingen, San Diego, 

CA).  Monoclonal rat α-CD3 and α-CD8 antibodies (1:1000, 1:500; BD 

Pharmingen, San Diego, CA) were used to identify and classify T lymphocytes. 

Secondary antibodies used were either polyclonal α-rabbit Cy3-conjugated IgG 

(Iba1 visualization; Jackson Immunoresearch) or polyclonal α-rat Alexa568-

conjugated IgG (CD3, CD8, CD11b, CD31 visualization; Molecular Probes).  

Immunolabeled sections were slide mounted and coverslipped using Vectashield 

mounting medium with DAPI. 

3.6. Analysis 

Spinal cord sections were analysed using a Leica epifluorescence 

microscope.  GFP+ cells from each mSOD and control mouse were quantified 

over 15 (Groups 1,2,4,5,6) or 20 (Group 3) lumbar spinal cord sections separated 

by at least 150 µm and were classified according to morphology as previously 

described in Vallieres & Sawchenko, (2003).  The phenotypes of GFP+ BMDCs 

were analysed using immunohistochemistry, and the numbers of GFP+/Iba1+ or 

GFP+/CD3+/CD8+ BMDCs were quantified over 5 lumbar spinal cord sections 

from each experimental animal in groups 1-6.  CD11b quantification was also 

done for mice from group 3.  Quantitative assessment of GFP+ cells within the 
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spinal cords of mSOD and control mice was statistically evaluated using SPSS 

software and a Student’s t-test; significance was taken at p<0.05. 
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4. RESULTS 

4.1. Peripheral Blood and Bone Marrow  

Group 1 (n=4) treated with 80 mg/kg BU and 500,000 5-FU enriched BM 

cells did not exhibit successful re-engraftment as indicated by the absence of 

GFP+ cells in the peripheral blood. 

 

For Group 2, the BU dose was raised to 100 mg/kg to increase the level 

of myelosuppression, and mice were injected with 30 million, non-enriched, GFP+ 

BM cells, as our lab has had previous success in creating chimeric mice using 

these cells following irradiation as the form of myeloablation (Solomon et al., 

2006; Lewis et al., 2009).  Using this protocol, effective BM engraftment was 

obtained in a portion of mice (n=4 control, n=4 mSOD), and successful 

transplants exhibited 75.7 ± 9.7% (mean ± standard error; averaged over mSOD 

and control groups) PBMC chimerism at 3 weeks post-transplant, which 

increased to 84.4 ± 7.3% by 5 weeks post-transplant.  PBMC chimerism levels in 

successfully engrafted mice were relatively stable over the course of disease 

progression, and analysis of femoral bone marrow at end-stage indicated that 

71.2 ± 7.3% of BM cells were donor derived 9 weeks post-transplant (Figure 1). 
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Figure 1. High-level blood chimerism was obtained in a portion of SJL/B6 
control and mSOD mice treated with 100 mg/kg BU and non-enriched 
bone marrow 

 

Blood samples collected from mice treated with 80 mg/kg BU and 5-FU enriched bone marrow 

showed no sign of GFP+ PBMCs when examined at 3 weeks post-transplant (top left panel).  

However, in a portion (n=8) of mice treated with 100 mg/kg BU and non-enriched bone marrow, 

successful chimerism was observed (top right panel).  This chimerism exceeded (≥80%) at 4 

weeks post-transplant, and persisted until disease end-stage (bottom panel). 
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Repeated trials using this protocol yielded highly variable results with 

some mice exhibiting high levels of donor cell engraftment and others none at all. 

Intermediate levels of chimerism were never observed at 3 weeks post-

transplant.  Out of 25 mice treated, only 8 demonstrated successful BM 

engraftment of donor cells.  The reason for unsuccessful BM reconstitution may 

have been due to technical difficulties associated with IV tail-vein injection of BM, 

although no obvious difficulties were encountered with BM cell preparation or 

injection.  Incidents of unsuccessful BM engraftment after treatment with high 

doses of BU have been reported elsewhere (Barry, 2003, unpublished work).  

Investigation into factors that might contribute to the high number of unsuccessful 

transplants suggested that the stability of BU once mixed with PBS is limited 

(Jopling & Rosendaal, 2001).   

 

To determine if using freshly prepared BU improved the frequency of 

successful BM re-engraftment, Group 3 (n=6 control mice) was treated with 

freshly diluted BU rather than that which had been diluted and stored for several  

days at 4°C.  Levels of chimerism were analysed at 1-week post-BM transplant, 

and rates of myeloid and lymphoid PBC reconstitution were analysed by 

immunolabelling PBMCs with antibodies to Gr-1 and CD11b for myeloid cells, 

and CD3 and CD45R for lymphoid cells.  Given that in the previous trial either 

high levels or absent PBMC chimerism was observed in our mice, blood samples 
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were collected starting at 1 week post-transplant to investigate whether some 

mice reached transient levels of chimerism.   

By using freshly prepared BU, five out of six treated mice from Group 3 

exhibited successful re-engraftment as indicated by the presence of GFP+ donor-

derived PBMCs.  At 1-week post-transplant, levels of GFP+ PBMCs were highly 

variable and ranged from 7.9 to 52.0%.  Myelomonocytic cells were rapidly 

reconstituted (65.5 ± 24.7% GFP+) while lymphoid cell reconstitution (13.8 ± 

7.8% GFP+) lagged behind, likely due to the minimal immunosuppressive effect 

of BU, and the longer maturation time of these cells.   Blood analysis at 2 weeks 

post-transplant indicated that in one mouse reconstitution had been 

unsuccessful, but in all other mice, PBMC chimerism levels had increased from 

the previous week.  In successfully transplanted mice, near complete PBMC 

chimerism averaging at 97.5 ± 0.4% GFP+ was observed 4 weeks post transplant 

(Figure 2).  Analysis of the BM compartment at this time revealed an average of 

88.4 ± 11.1% cells to be GFP+.  The results of this trial suggest that employing 

freshly diluted BU increases the frequency of successful BM transplantation and 

improves the reconstitution rates for PBMCs in excess of 95% (Table 1).  
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Figure 2. Kinetics of myeloid and lymphoid reconstitution in SJL/B6 control 
mice treated with 100 mg/kg freshly diluted Busulfan 

 

PBMC chimerism was variable at one-week post transplant. Gr-1+ and CD11b+ (pooled together) 

myeloid lineage cells (in blue) were rapidly reconstituted during this time.  B220+ and CD3+ 

(pooled) Lymphoid cells (in red) took longer to reconstitute, likely due to the weak 

immunosuppressive nature of BU and the longer maturation time of these cells. 
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Table 1 – Comparing treatment efficacy in SJL/B6 mice from groups 2 and 3 

 Treatment Protocol: 

100 mg/kg BU (Group 2) 100 mg/kg fresh BU (Group 3) 

Number of successfully 
reconstituted animals: 

8/25 5/6 

PBMC chimerism at 4 weeks 
post-transplant: 

82.0 ± 8.9% 97.5 ± 0.4% 

 

While the use of freshly prepared BU increased the effectiveness of our 

protocol, it was thought that a potential problem could be due to a major 

histocompatibility mismatch (MHC) between our B6 donors (MHC haplotype H2b) 

and our SJL/B6 recipients (MHC haplotype H2b, H2b/s2 or H2s2).  As stated 

above, BU is known to myelosuppress, while sparing long-lived memory B and T 

lymphocytes of the adaptive immune system.  In order to control this potential 

problem, we switched to syngeneic B6 control and G93A mSOD mice for Groups 

4 and 5.  B6 mSOD mice possess a longer progression time to end-stage (22-24 

weeks) compared to the SLJ/B6 mSOD (18-20 to weeks), but both G93A strains 

over-express mutant SOD1 by approximately 25-fold compared to non-

transgenic WT littermates (Alexander et al., 2004).  

Of 16 syngeneic mice treated from Group 4, all exhibited apparent GFP+ 

PMBC chimerism.  The purpose of this group was to observe if rapid engraftment 

was possible with the lower pre-conditioning doses of 60 and 80 mg/kg BU.  With 

60 mg/kg (Figure 3a) initially there was a small percentage of GFP+ PBMCs (4.49 
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± 1.41%) at week 1, however this increased to 41.33 ± 10.33% by week 2.  By 

week 4, more than half (52.70 ± 6.22%) of PBMCs were GFP+ in the 60 mg/kg 

mice.  For the 80 mg/kg group (Figure 3b), early GFP+ cell levels were much 

higher (25.66 ± 12.12%), presumably due to the greater suppression of host cells 

with the increased dose.  In these mice, by 2 weeks, more than half of the 

PBMCs (55.31 ± 14.46%) were donor origin, and by 4 weeks chimerism of 

64.35% ± 6.05% was apparent.   

Myeloid cells recovered promptly, with the 60 mg/kg and 80 mg/kg groups 

possessing 31.34 ± 7.42% and 67.26 ± 14.60% respectively, by the end of week 

1.  A burst in granulocytes and monocytes was observed at week 3, possibly in 

response to the lingering systemic inflammation associated with BU treatment.  

This increased the GFP+ myeloid cell proportions briefly to 84.51 ± 3.68% in the 

60 mg/kg group and 94.78 ± 2.92% in the 80 mg/kg group.  By week 4, this surge 

had subsided, and blood levels of GFP+ myeloid cells had declined to 72.57 ± 

10.50% and 84.22 ± 8.02%, respectively, in each group.   

Lymphoid reconstitution was much slower at 60-80mg/kg BU than 

previously observed with 100 mg/kg BU, beginning with 3.03 ± 1.41% for 60 

mg/kg and 5.69 ± 4.42% for 80 mg/kg after one week.  At these early time points, 

GFP+ lymphocytes are likely mature T cells from the donor BM, as T cell 

development in the thymus requires approximately 3 weeks (Mosley & Klein, 

1992).  In any case, the number of GFP+ lymphocytes rose slowly in both groups, 



 

41 

and accounted for over half of all blood lymphocytes by week 4 in both the 60 

mg/kg (53.05 ± 3.27%) and 80 mg/kg (66.69 ± 7.43%) groups. 

Figure 3a. Kinetics of myeloid and lymphoid reconstitution in B6 control mice 
treated with 60 mg/kg freshly diluted Busulfan 

 

Moderate chimerism was obtained over a short time course with 60 mg/kg BU.  GFP+ cells made 

up over 50% of PBMCs by 4 weeks post-transplant. Quantitative data is also shown in Fig. 4c. 
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Figure 3b. Kinetics of myeloid and lymphoid reconstitution in B6 control mice 
treated with 80 mg/kg freshly diluted Busulfan 

 

Myeloid cell reconstitution was more rapid with the 80 mg/kg dose compared to 60 mg/kg BU.  

However, the slower repopulation of lymphoid cells was similar for both BU doses. 

 

As the percentage of GFP+ cells in the peripheral blood continued to 

increase at 4 weeks, we decided to analyse weekly blood samples from 

transplanted control and mSOD mice throughout the disease course (11 weeks), 

including their levels of BM chimerism.  Mice from Group 5 (n=16) all exhibited 

stable GFP+ BM engraftment that persisted to disease end-stage (Figures 4a and 

4b).  No differences were apparent in PBMC or BM GFP+ levels in mSOD vs. 

control mice, so groups were formed according to the pre-conditioning BU dose 

received.   
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At one week post-transplant, GFP+ cells comprised 8.8 ± 4.7% of total 

PBMCs in mice treated with 60 mg/kg BU (n=8), and 12.4 ± 5.4% in mice treated 

with 80 mg/kg (n=8), similar to our initial observations from Group 4.  Week 4 

GFP levels were also comparable, with 56.5 ± 5.5% PBMC chimerism observed 

in the 60 BU mice, and 64.3 ± 5.1% in the 80 BU group.  After 8 weeks post-

transplant, little difference was evident between the 2 dosages, with the 60 mg/kg 

group having 70.4 ± 4.3%, and the 80 group 74.3 ± 6.9% GFP+ cells at this time.  

At end-stage, levels of GFP+ cells suggest that chimerism in both groups would 

have increased further, had the mice survived for a longer duration.  In the 60 

mg/kg group, GFP proportions at 10 weeks were 73.9 ± 3.1% and increasing at 

disease endpoint (81.1 ± 3.4%).  Similar results were found for the 80 mg/kg 

group, in which PBMC proportions were 78.7 ± 4.5% GFP+ at 10 weeks and 83.3 

± 2.6% at endpoint.  Upon analysis of the BM, the 60 mg/kg group was observed 

to be 75.09 ± 4.9% GFP+, and the 80 mg/kg group almost identical at 74.5 ± 

4.9%.  While these results are just shy of what is considered to be high-level 

chimerism (≥80%), they suggest that low BU doses are as effective as higher 

doses in generating stable chimeric animals given adequate time.   

Myeloid lineage cell reconstitution reached high levels by 3 weeks (84.2 ± 

2.3% in the 60 mg/kg mice, and very high levels by 11 weeks post-transplant 

(95.0 ± 1.1%).  In the 80 mg/kg group, high levels of GFP+ myeloid cells were 

observed even earlier, at 2 weeks (86.8 ± 3.3%), and very high levels by 9 weeks 

(95.2 ± 1.5%), when they appeared to plateau (at end-stage; 95.9 ± 1.4% GFP+).  
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It would seem that given time, dosages of 60 and 80 mg/kg BU are both capable 

of near complete reconstitution of the myelomonocytic compartment. 

Lymphoid cell reconstitution was expectedly slow, and was the main 

reason the overall peripheral blood GFP+ levels were not higher in the two 

treated groups.  Levels greater than 50% were only observed after 4 weeks (51.4 

± 3.8%) in the 60 mg/kg group, and 3 weeks (50.8 ± 3.2%) in the 80 mg/kg.  By 

11 weeks, proportions of GFP+ lymphocytes had progressively increased to over 

75% in both groups (60 mg/kg; 76.7 ± 2.4%, 80 mg/kg; 81.2 ± 2.4%).  Since BU 

exerts minimal effects on T and B lymphocytes (Bacigalupo et al., 2000), and the 

turnover of adaptive immune system memory cells is very slow, to the extent that 

some cells may persist for the life of the organism (Sallusto et al., 2004), it may 

be impossible to completely reconstitute the lymphoid compartment without some 

form of additional immunosuppression such as cyclophosphamide or whole-body 

irradiation.  It is important to note that even though the transplanted GFP+ cells 

did not completely repopulate the animals, they did display typical myeloid and 

lymphoid lineage proportions (Muller-Sieburg et al., 2002) by approximately 5 

weeks post-transplant onward (Figure 4c) 
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Figure 4a. Long-term myeloid and lymphoid reconstitution in B6 control and 
mSOD mice treated with 60 mg/kg freshly diluted Busulfan 

 

GFP PBMC chimerism increased slowly after 4 weeks with the 60 mg/kg dose, until reaching 

around 80% chimerism (≥80%) by 11 weeks post-transplant.  Values were fairly consistent 

among all mice (n=8) throughout the collection period.  
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Figure 4b. Long-term myeloid and lymphoid reconstitution in B6 control and 
mSOD mice treated with 80 mg/kg freshly diluted Busulfan 

 

With 80 mg/kg BU, high-level chimerism was achieved, albeit after 11 weeks post-transplant.  
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Figure 4c. Lineage compositions of reconstituted GFP+ cells in C57Bl/6 mice 
treated with 60 and 80 mg/kg BU  

 

At week 1, most of the GFP+ cell population is made up of myeloid lineage cells.  However by 

week 2, lymphoid cells begin to contribute a greater portion, which steadily increases throughout 

the 11-week collection period.   

 

 It has also been recognized that the potential for antigenic rejection of 

cells expressing the foreign GFP protein may play a role (albeit minor) in the lack 

of success we had with some of our transplanted mice. For this reason we tested 

supplementary immunosuppression with cyclophosphamide in Group 6. This 

was also done as BU is often used clinically together with cyclophosphamide.  

Out of the 4 mice treated, (n=1 control and n=3 mSOD) only two developed 

lasting chimerism.  One mouse displayed symptoms of anaemia and liver 

complications and had to be euthanized.  Another mouse had 64.5% GFP+ 
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PBMCs at 1 week post-transplant but these were virtually non-existent by week 

2.  This mouse also had a large, persistent population of endogenous CD3+ T 

cells (not present in the two successfully engrafted mSODs) suggesting that the 

CY-induced immunosuppression had little effect in this animal. 

Of the mice that exhibited successful GFP cell re-engraftment, one 

displayed immediate high-level chimerism (86.4% GFP+), while the other did not 

reach high levels until week 4.  By this time, the average percentage of GFP+ 

PBMCs was 97.3 ± 0.2% in both animals.   Near complete myeloid reconstitution 

(97.2 ± 2.8%) was apparent in each mouse after 1 week, and remained stable 

until disease end-stage.  GFP+ lymphoid cell proportions on the other hand were 

initially low and variable (14.3 ± 14.7%), but rose to high levels (94.7 ± 3.7%) by 

4 weeks post-transplant.  

4.2. CNS Tissue 

After BM transplantation, mSOD mice were allowed to progress to 

advanced stages of disease at which time spinal cords were collected and 

processed.  Lumbar spinal cord sections were analysed for the presence of GFP+ 

cells.   

For mice in Group 1 which did not exhibit successful donor chimerism, no 

GFP+ cells were observed within the spinal cord.   

Mice in Group 2 that were successfully reconstituted with donor BM were 

observed to have GFP+ cells in their lumbar spinal cords (Figure 5), while 
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unsuccessfully transplanted control and mSOD mice had no GFP+ cells in their 

cords. These observations are quite similar to those seen in irradiation-induced 

BM chimeric mice (Lewis et al., 2009). 

Figure 5. Presence of GFP+ cells in the end-stage lumbar spinal cords of SJL/B6 
control and mSOD mice treated with 100 mg/kg Busulfan 

 

In control spinal cord, the majority of GFP+ cells are observed in the surrounding meninges with 

very few present in the CNS parenchyma.  (B) In mSOD mice, an increase in the number of GFP+ 

cells can be seen compared to control.  (C,D) Differential Iba1 immunoreactivity in control and 

mSOD mice, demonstrating increased Iba-1 cell number in mSOD spinal cord compared to 

control.  
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Donor cells were quantified and classified morphologically using a scheme developed by 

Vallieres and Sawchenko (2003).  GFP+ cells were categorized by round (E), rod-shaped (F) 

amoeboid (G) stellate (H) or elongated (I) morphology 

 

GFP+ cells in the 100 mg/kg treated SJL/B6 mice were observed to 

possess a variety of morphologies and were categorized as being round, rod, 

amoeboid, stellate or elongated in shape (Figure 5 E-I), as described in Vallieres 

& Sawchenko (2003).  Categorizing cells based on morphology provides insight 

into their identity and function, when separation via histochemical means is 

difficult or impossible.  In general, the stellate morphology is associated with 

parenchymal microglial cells, the elongated morphology with perivascular 

macrophages and the round morphology with T lymphocytes.  The amoeboid and 

rod shapes are more difficult to assign to a particular cell population, but it is 

believed that they may represent macrophage or microglia that have acquired a 

phagocytic phenotype (Ransohoff & Cardona 2010), and the rod-shaped cells 

may be granulocytes or monocytic precursors (Audoy-Remus et al, 2008). 

Control SJL/B6 mice displayed a large and variable number of GFP+ cells 

(85.0 ± 33.3 cells/section; Figure 6), with a large proportion being of a round 

morphology (30.96 ± 13.6%), followed by an elongated phenotype (25.47 ± 

6.3%) and then by rod-shaped cells (20.20 ± 7.5%).  Comparatively, mSOD mice 
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had greater and more variable numbers of GFP+ cells (330.1 ± 160.4 

cells/section), most of which had a stellate morphology (29.61% ± 7.9%), 

followed by rod (24.07% ± 2.5%) and then elongated shaped cells (19.18% ± 

5.7%)   (Table 2).  Although numerically, the mean cell number was larger in 

mSOD mice compared to controls, the groups were not significantly different due 

to the large variability in cell number in the mSOD group.  These differential 

frequencies of morphological classes between control and mSOD mice likely 

reflect differences in the CNS microenvironment.   In mSOD mice the advanced 

disease stages are associated with widespread microgliosis within the CNS and 

increased expression of inflammatory mediators which likely influence the 

differentiation of cells entering these tissues (Philips & Robberecht, 2011). 
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Figure 6. Numerical Comparison of GFP+ cell entry in SJL/B6 control and mSOD 
lumbar spinal cords treated with 100 mg/kg Busulfan 

 

A greater number of GFP+ cells was observed in the lumbar spinal cords of treated mSOD mice 

compared to controls.  However, due to high variability in the experimental groups, especially the 

mSOD group, statistical significance was not achieved. 
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Table 2 – Morphological proportions of accumulating GFP+ cells in allogeneically 
transplanted SJL/B6 mice treated with 100 mg/kg BU 

 Average 
cells/sect. 
(mean ± 
s.e.) 

% round 
GFP cells 
(mean ± 
s.e.) 

% rod     
GFP cells 
(mean ± 
s.e.) 

% amoeb. 
GFP cells 
(mean ± 
s.e.) 

% stellate 
GFP cells 
(mean ± 
s.e.) 

% elong. 
GFP cells 
(mean ± 
s.e.) 

control 
(n=4) 

 

 

85.0 ± 33.3 30.96% ± 
13.6% 
(26.47 ± 
14.00) 

20.20% ± 
7.5%   
(16.42 ± 
7.50) 

4.02% ± 
2.1%     
(3.17 ± 1.91) 

19.35% ± 
11.4% 
(18.70 ± 
17.70) 

25.47% ± 
6.3%   
(20.25 ± 
3.94) 

mSOD  
(n=4) 

 

 

332.1 ± 
160.4 

16.74% ± 
11.1% 
(65.67 ± 
60.44) 

24.07% ± 
2.5%   
(77.37 ± 
33.54) 

10.41% ± 
4.0%   
(38.58 ± 
29.96) 

29.61% ± 
7.9%   
(93.50 ± 
37.47) 

19.18% ± 
5.7%   
(57.00 ± 
16.83) 

mSOD mice exhibited a greater number of infiltrating GFP+ cells in their lumbar cords, as well as 

a higher percentage of stellate-shaped cells; a morphology associated with parenchymal 

microglia. 

 

Immunolabelling of mSOD lumbar spinal cords sections with antibody 

against the macrophage/microglial marker, Iba1, demonstrated a clear increase 

in the number of Iba1+ cells and an increase in labelling intensity compared to 

control mice (Figure 5 C-D).  We quantified the proportion of GFP+ cells that 

express Iba1 as a function of cell morphology and averaged these values over 5 

lumbar spinal cord sections from each mouse.  These values were then 

averaged for each mSOD and control group.  Across all morphological classes, 

the proportion of GFP+ cells that expressed Iba1 was 25.1 ± 1.3% and 60.2 ± 

9.3% in 100 mg/kg treated control and mSOD lumbar spinal cord sections, 

respectively.  Of these, the majority (73.9 ± 16.1% and 87.0 ± 10.6%) of stellate-
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shaped cells expressed Iba1 (Figure 7). This morphology as well as positive 

immunolabelling with Iba1, identifies these cells as BM-derived microglia.   

Figure 7. Infiltrating GFP+ cells immunolabel with Iba1 in mSOD SJL/B6 mice 
treated with 100 mg/kg BU 

 

A portion of donor cells within the spinal cord of treated mice express the macrophage marker 

Iba1. Many of these cells also display the stellate morphology associated with parenchymal 

microglia. 

 

Additionally, 5 lumbar sections from each 100 mg/kg treated mouse were 

immunolabeled with anti-CD3 antibody to identify and quantify the number of T 

cells within spinal cord sections.  The numbers of T cells within mSOD and 

control lumbar spinal cords was highly variable among mice and when averaged 

over experimental groups, a substantial difference was observed, with 14.8 ± 

15.2 and 60.4 ± 60.2 T cells per section observed in control vs. mSOD mice.  

This high degree of variability abrogated a statistically significant difference 

between groups.  Although previous studies have observed increased numbers 

of T cells in the spinal cords of mSOD mice (Chiu et al., 2008), typically only a 

few T cells are observed in age-matched control spinal cords.  There was also 
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considerable variability in the origin of T cells, with some mice primarily exhibiting 

donor-derived T cell populations within the spinal cord while in others T cells 

were primarily of host origin.    

Sections were double labelled with CD3 and CD8 antibodies to classify 

the types of T cells populating the spinal cord.  The majority of T cells (88.8 ± 

5.1% in mSOD, 97.2 ± 2.5% in control mice) were CD8+, identifying these cells 

as cytotoxic T cells (Figure 8).  The presence of CD8+ T cells within the CNS is 

often observed in association with a variety of types of encephalitis, ischemic 

lesions, and neurodegenerative diseases, including ALS, as well as in the CNS 

of the mSOD mouse.  Only rarely are cytotoxic lymphocytes observed in the 

healthy CNS (Neumann et al., 2002).  As BU readily crosses the BBB and its 

high-dose side effects include seizures and altered mental state (Hassan et al., 

1996), the presence of CD8+ T cells within the spinal cord of control mice treated 

with BU suggests that treatment at the dose employed has neurotoxic effects that 

may induce a neuroinflammatory response leading to T cell infiltration into the 

spinal cord. 
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Figure 8. Presence of Cytotoxic T-lymphocytes in the Busulfan treated spinal 
cord  

 

Variable numbers of T cells were observed in both control and mSOD SJL/B6 mice treated with 

100 mg/kg BU.  The majority of these CD3+ cells co-immunolabelled with antibodies to CD8. 

 

To analyse the kinetics of BM cell accumulation in the spinal cord, Group 

3 control SJL/B6 mice were sacrificed at 2 and 4 weeks post-BM transplant.  In 

mice sacrificed a 2 weeks post-transplant (n=3), 1 mouse had unsuccessful re-

engraftment, and the others exhibited variable numbers of GFP+ cells in their 

lumbar spinal cords, with an average 3.4 cells per section in one mouse and 13.8 

cells per section in another.  The vast majority (88.2 ± 0.1%) of GFP+ cells 

observed in the spinal cord were rod-shaped in morphology and were found in 

association with blood vessels.  These cells did not label with Iba1 and only a 

portion (32.4 ± 12.4%) immunolabelled with the monocyte marker, CD11b. T 

cells were also observed within spinal cord sections at an average 3.0 ± 0.3 cells 

per section, numbers that are similar to those observed in control mice not 

treated with BU (Beers et al., 2006).   
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Analysis of GFP+ cell accumulation in the spinal cords of mice at 4 weeks 

(n=3) was again quite variable, with an average of 83.3 ± 37.0 donor cells per 

section. These cells were primarily round (47.0 ± 10.5%) or rod shaped (36.9 ± 

1.4%) in morphology, with all GFP+ round cells labelling for the ubiquitous T cell 

marker, CD3.  Some of the rod cells again labelled with CD11b (46.7 ± 12.0%), 

and some also with Iba1 (45.6 ± 1.8%). Similar to the mice sacrificed at 2 weeks, 

almost all of these GFP+ rod shaped cells were closely associated with the 

vasculature (91.0 ± 0.5%). 

 

Although changing to syngeneic B6 recipient mice for our BMT 

experiments increased the effectiveness of our protocol, we observed much less 

cell entry into the spinal cords of these animals at early time periods.  Group 4 

B6 control mice treated with 60 mg/kg BU (n=4), possessed only 1.5 ± 0.3 cells 

per section, 2 weeks BM post-transplant.  All of these cells were of a rod-shaped 

morphology and were associated closely with the CNS vasculature.  Similar 

results (3.9 ± 6.1 cells per section) at this time point were found for the group 

treated with 80 mg/kg BU (n=4), albeit with a higher cell number and with a large 

SEM, given that there was one mouse in the group with an average of 10 rod 

shaped cells per section as well as a few rare Iba1+ elongated cells.   
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Figure 9. Numerical comparison of GFP+ cell entry at 2 and 4 weeks in B6 
control mice treated with 60 or 80 mg/kg Busulfan 

 

Limited numbers of GFP+ cells were seen in control mice treated with 60 and 80 mg/kg BU at 2 

weeks, and there was a trend for the cell number to increase marginally by 4 weeks.  Due to 

variable infiltration in the 80 mg/kg group at 2 weeks, statistical significance was only obtained 

between 60 and 80 mg/kg at 4 weeks.  

 

At 4 weeks there was almost no change in the number GFP+ cells in the 

mice treated with 60 mg/kg, in comparison to what was seen at 2 weeks (Figure 

9).  These mice had 1.7 ± 0.6 GFP+ cells per section, with all cells again being 

predominantly vascular-adjacent rod-shaped cells, some of which labelled 

weakly with CD68 (21.7 ± 16.5%) and CD11b (35.0 ± 21.2%).  In the 80 mg/kg 

group at 4 weeks (n=4) there was an (albeit small) increase in the number of 

GFP+ cells compared to 2 weeks.  An average of 10.0 ± 2.4 cells per section was 
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observed in these mice, with a small portion (~15%) being made up of not only 

rod-shaped cells but stellate and elongated Iba1+ cells as well.  Akin to the 60 

mg/kg 4 week group, there was some sparse labelling of the infiltrating rod cells 

with CD68 (13.2 ± 1.0%), Gr-1 (9.6 ± 7.6%) and CD11b (16.3 ± 5.3%).  Unlike 

findings in our 100 mg/kg treated mice, mice from Group 4 at four weeks did not 

exhibit many CD3+ T cells (1.2 ± 0.6), and none of these were CD8+. 
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Figure 10. Donor-derived cells are evident in the CNS as early as 2 weeks post-
transplant 

 

Mice pre-conditioned with 60 and 80 mg/kg BU exhibit exclusively rod-shaped cells GFP+ cells at 

2 and 4 weeks post-transplant.  These cells associate closely with the CNS vasculature and label 

poorly with typical myeloid and lymphoid lineage markers, suggesting that they may be early 

progenitors or cells undergoing differentiation. 

 

Control B6 mice from Group 5 at 11 weeks post-transplant did not exhibit 

many more GFP+ cells than what was seen at 4 weeks in group 4 (Figures 11 
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and 12, and Table 3).  Controls treated with 60 mg/kg BU (n=4) possessed an 

average of 7.7 ± 3.9 cells at end-stage, with the vast majority being rod-shaped 

(65.5 ± 8.3%), followed by an elongated morphology (20.6 ± 14.2%).  In the 80 

mg/kg control group (n=4) numbers were slightly higher, with an average cell per 

section count of 12.8 ± 4.5, and proportions of rod-shaped cells being slightly 

less (53.1 ± 4.4%) and those of elongated cells slightly more (36.8 ± 10.8%). 

Figure 11. Presence of GFP+ cells in the end-stage lumbar spinal cords of B6 
control and mSOD mice treated with 60 or 80 mg/kg Busulfan 

 

GFP+ cells accumulate in the grey and white matter of lumbar spinal cord sections, especially in 

the surrounding leptomeninges at 11 weeks after transplantation following BU treatment 

(60mg/kg shown on the left, 80mg/kg on the right).  Significantly greater numbers of BMDCs 

accumulated in mSOD lumbar spinal cords (lower panels) compared to age-matched controls 

(upper panels) 
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Figure 12. Numerical Comparison of GFP+ cell entry at end-stage in B6 control 
and mSOD lumbar spinal cords treated with 60 or 80 mg/kg BU 

 

Statistically greater numbers of GFP+ cells were present in mSOD spinal cords at end-stage 

compared to controls, however there was no significance difference in GFP+ cell number in CNS 

between the 60 mg/kg and 80 mg/kg dose.  

 

mSOD mice in both the 60 mg/kg (n=4) and 80 mg/kg (n=4) groups, while 

exhibiting significantly greater numbers of infiltrating cells than controls, also 

displayed considerable variability.  The 60 mg/kg mSOD group, had 46.2 ± 18.6 

cells per section, while the 80 mg/kg group had 74.3 ± 44.5 cells/section.  The 

proportions of each cell type were again different in these animals compared to 

controls.  In the lower dose group, 39.3 ± 5.5% of the GFP+ cells were elongated, 
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29.4 ± 2.8% were rod-shaped, and 18.0 ± 9.0% were stellate.  Similarly, the 80 

mg/kg group was 41.5 ± 6.3% elongated, 29.8 ± 4.3% rod-shaped, and 22.0 ± 

10.3% stellate.  In these mice, all of the stellate and amoeboid-shaped GFP+ 

cells also labelled with Iba1, and ≥99% of the elongated cells were Iba1+ in both 

the 60 and 80 mg/kg groups.  Rod-shaped cells, although they made up a large 

proportion of the infiltrating GFP+ cells, had variable Iba1 expression.  In the 60 

mg/kg group, 71.5 ± 9.3% of the rod cells were Iba1+, whereas in the 80 group, 

83.3 ± 12.5% labelled positively.  As in other groups examined, no round shaped 

cells labelled with Iba1 or other macrophage markers. 
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Figure 13. End-stage mSOD and age-matched control mice treated with 60 and 
80 mg/kg exhibit vascular-associated elongated cells 

 

The presence of elongated cells at later time points corresponds with reported turnover time 

typical for perivascular macrophages, and also suggest that rod-shaped haematopoietic lineage 

cells are the immediate precursors to CNS-associated macrophage. 
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Table 3 – Morphological proportions of accumulating GFP+ cells in syngeneically 
transplanted B6 Mice treated with 60 and 80 mg/kg BU examined 11 weeks post-
transplant 

 Average 
cells/sect. 
(mean ± 
s.e.) 

% round 
GFP cells 
(mean ± 
s.e.) 

% rod     
GFP cells 
(mean ± 
s.e.) 

% amoeb. 
GFP cells 
(mean ± 
s.e.) 

% stellate 
GFP cells 
(mean ± 
s.e.) 

% elong. 
GFP cells 
(mean ± 
s.e.) 

60 mg/kg 
control 
(n=4) 

 

 

7.7 ± 3.9 10.11% ± 
6.32%   
(0.67 ± 0.49) 

65.46% ± 
8.31%   
(4.98 ± 2.52) 

1.83% ± 
0.37%   
(0.15 ± 0.10) 

2.01% ± 
3.19%   
(0.67 ± 0.49) 

20.61% ± 
14.24% 
(1.67 ± 1.58) 

60 mg/kg 
mSOD (n=4) 

 

 

46.2 ± 18.6 10.86% ± 
7.98%   
(4.52 ± 2.76) 

29.35% ± 
2.76% 
(13.22 ± 
4.03) 

2.52% ± 
0.84% 
(1.22± 0.73) 

17.99% ± 
8.95%   
(9.52 ± 8.63) 

 

39.30% ± 
5.45% 
(17.68 ± 
5.44) 

80 mg/kg 
control 
(n=4) 

12.8 ± 4.5 4.87% ± 
3.38%   
(0.67 ± 0.61) 

53.13% ± 
4.42%   
(6.82 ± 2.71) 

1.70% ± 
0.52%   
(0.20 ± 0.00) 

3.56% ± 
4.96%   
(0.62 ± 0.97) 

36.84% ± 
10.80% 
(4.48 ± 1.30) 

80 mg/kg 
mSOD (n=4) 

 

 

74.3 ± 44.5 4.76% ± 
2.25%   
(2.85 ± 1.33) 

29.75% ± 
4.25% 
(21.07± 
11.69) 

2.00% ± 
1.64%   
(1.95 ± 2.59) 

21.95% ± 
10.33% 
(19.63 ± 
17.39) 

41.54% ± 
6.31% 
(28.75 ± 
13.28) 

mSOD mice again exhibited a greater number of infiltrating GFP+ cells in their lumbar cords, as 

well as a higher percentage of elongated and stellate-shaped cells. 

 

Due to the large number of T lymphocytes we observed in both Groups 2 

and 3 treated with 100 mg/kg, we wanted to see if a similar effect was observed 

with the lower dosages of 60 and 80 mg/kg.  Sections were again labelled with 

anti-CD3 and anti-CD8 antibodies to detect the presence of T cell populations in 

the lumbar spinal cord.  In control BU mice, CD3+ T cell numbers were 
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comparable to age-matched untreated controls, which possess an average of 3.2 

± 1.8 CD3+ cells per section (Figure 12, Table 4, unpublished data).  At 60 

mg/kg, 4.9 ± 3.8 T cells per section were observed, and at 80 mg/kg, 3.7 ± 1.9 

cells.  Of these T cells, a small few labelled positively for CD8, 0.9 ± 0.9 from the 

60 BU group and 0.5 ± 0.4 from the 80 BU group (Figure 14).  This suggests that 

the drug may produce mild inflammation, even at these low doses, as it is 

unusual to see any CD8+ T cells in the CNS of control mice. 

Figure 14. Numerical Comparison of T Lymphocytes in end-stage B6 control and 
mSOD lumbar spinal cords treated with 60 or 80 mg/kg BU 

 

T lymphocyte numbers in mice treated with 60 and 80 mg/kg BU appeared similar to end-stage 

mSOD and age-matched controls. 
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Table 4 – Numerical comparison of cytoxic T-lymphocyte numbers at different 
time points in control and mSOD mice 

Age Control (n=4 for each time 
point) 

mSOD (n=4 for each time 
point) 

CD3+ (mean 
± s.e.) 

CD8+ (mean 
± s.e.) 

CD3+ (mean 
± s.e.) 

CD8+ (mean 
± s.e.) 

11 weeks 2.6 ± 1.5 None 10.8 ± 5.4 None 

15 weeks 

 

 

3.5 ± 0.4 None 13.2 ± 7.1 None 

End-Stage 

 

 

3.2 ± 1.8 None 29.3 ± 11.7 18.1 ± 6.1 

CD8+ cytotoxic lymphocytes are only observed in the CNS of the mSOD mouse at advanced 

disease stages. 

 

In the mSOD groups, numbers were more consistent than in the 100 

mg/kg treated mice.  In the 60 mg/kg mice, 15.8 ± 5.9 T cells per section were 

observed, of which 4.2 ± 1.3 per section were also CD8+.  In the 80 mg/kg group, 

17.1 ± 7.8 T cells per section were seen, with 6.6 ± 3.8 of these per section co-

labelling for CD8.  These results, although less than what is typically seen in 

untreated mSOD mice at endstage (Figure 15, Table 4), were comparable in 

terms of the ratio of CD8+ cells to total CD3 T cells.  The absolute numbers were 

unexpected, however, given the extreme number of CD8+ cells seen in the 100 
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mg/kg SJL/B6 mice, but they suggest that employing lower doses may help to 

account for the abnormal influx of CD8+ cells that occurs with higher dose BU 

treatment. 

Figure 15. Numerical comparison of T Lymphocytes in pre-symptomatic, 
symptomatic and end-stage control and mSOD lumbar spinal cords  

 

Infiltrating T cell numbers increased with disease progression in the mSOD mouse, whereas 

numbers in age-matched controls were stable. 

 

Of the 2 out of 4 SJL/B6 mice treated with 80 mg/kg BU and 200 mg/kg 

CY from Group 6 exhibiting successful chimerism, both were mSOD animals, 

and both exhibited a large number of GFP+ cells in their spinal cords at end-

stage.  These animals had on average 359.3 ± 24.0 cells per section, which was 

comparable to the number of cells observed in mSOD mice treated with 100 
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mg/kg BU (Table 2).  These mice possessed a large proportion of stellate-

shaped GFP+ cells, (39.4 ± 1.2%) as well as elongated GFP+ cells (25.2 ± 0.5%), 

all of which were Iba1+.  Rod cells were also commonly observed, however only 

(69.2 ± 3.5%) of these co-labelled with Iba1+.  T cell numbers were more variable 

than seen with 100 mg/kg BU alone, with one mouse having an average of 64.0 

CD3+ cells per section, and the other only 21.4 T lymphocytes per section.  CD8+ 

numbers were also variable; the first mouse had a mean of 13.0 cytotoxic 

lymphocytes per section, while the other had only 1.4 per section.   
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5. DISCUSSION 

Here we present evidence that BU, a chemotherapeutic agent, is capable 

of inducing successful engraftment of donor BM cells, as well as promoting 

significant cell entry into the CNS.  Although this has been inferred previously by 

the work of Yeager et al., (1993) this is the first time haematopoietic cells have 

been shown to take up residence in the CNS without the application of ionizing 

irradiation. 

5.1. Busulfan-Generated Chimeric Mice 

The current literature contains several reports of inconsistent chimerism 

generated with a variety of BU pre-conditioning doses.  Doses as low as 20 

mg/kg, followed by injection of 15 million BM cells have been reported to 

occasionally produce chimerism of up to 40%, albeit 62 weeks after 

transplantation (Andersson et al., 2003).  Chimerism greater than 80% has also 

been observed as early as 13 weeks post-transplant, with pre-treatments as low 

as a single 40 mg/kg bolus and injection of 20 million BM cells (Hsieh et al., 

2007).  As I expected that there would be a dose-dependent relationship 

between the extent of pre-conditioning and the level of BM engraftment 

(Nevozhay & Opolski, 2006), and given the lifespan of the mSOD mouse, we 



 

71 

chose to begin treatment with a higher BU dosage than is normally utilized in 

other sub-myeloablative BU studies.   

Initially we employed a dosage of 80 mg/kg and gave SJL/B6 mSOD mice 

a bolus of 500,000 5-FU-enriched bone marrow cells, as there had been reports 

of rapid reconstitution with this protocol in the unpublished results of Barry 

(2003).  However we did not observe the presence of GFP+ cells with this 

procedure, in either the peripheral blood or the BM compartment. 

In the next trial, we attempted to obtain chimerism by using a larger dose 

of BU, and providing mice with a much larger, albeit non-enriched, quantity of 

GFP+ BM cells.  Although 100 mg/kg given as five successive 20 mg/kg 

injections is a much higher dose then that utilized by others (Yeager et al., 1993; 

Andersson et al., 2003; Hsieh et al., 2007), it is still below the maximum tolerated 

dose of 150 mg/kg for mice (Mauch et al., 1988), which equates to approximately 

70% of the high-dose typically given to humans undergoing stem cell 

transplantation (Andersson et al., 2003).  In terms of the BM transplant cell 

number delivered, we thought that 30 million cells was higher than the usual 

amount transplanted, but we wanted to ensure the success of our protocol.   

Nonetheless, even with these alterations, we only obtained reconstitution 

in a portion of the SJL/B6 mice we treated.  One possibility for the lack of 

success of the BU myeloablation was the stability of BU when diluted with PBS 

and kept as a stock solution.  Although not mentioned in the drug information 
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package for BU (Otsuka Pharmaceuticals), it has been reported that the potency 

of the drug when diluted is greatly diminished in just 8 hours (Jopling & 

Rosendaal, 2001). 

For this reason, the mice in our next experiment were treated with BU that 

was diluted just before administration.  Freshly diluted BU appeared to increase 

the effectiveness of our protocol, as 83% of our mice exhibited successful 

engraftment, compared to 32% with the original protocol.  Myeloid cell 

reconstitution was nearly complete in these animals by 2 weeks, and BM 

analysis at this time point revealed approximately 60% chimerism.  Lymphoid 

cells initially lagged behind in terms of their reconstitution, but by 4 weeks they 

also exhibited high levels in the peripheral blood.  The rapid turnover of myeloid 

cells and the slow reconstitution of lymphoid cells is a commonly reported feature 

of BU treatment  (Anam et al., 2006; Hsieh et al., 2007), presumed to be due to 

the mildly immunosuppressive nature of the drug and the short half-life of 

monocytic and granulocytic cells.  In any case, I observed that GFP+ BM 

populations reached levels of approximately 90% by 4 weeks with 100 mg/kg BU, 

combined with the fact that there were no fatalities related to treatment toxicity, 

suggesting that moderate-dose BU treatment is an effective and efficient way to 

generate rapid BM chimerism. 

Another reason for the variable success that I had with generating 

consistent BU chimeras, may be due to incompatible MHC alloantigens between 

our donor and recipient mice.  MHC type I and II surface antigens can greatly 
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influence transplant acceptance or rejection in allogeneic transplants.  MHC class 

I and II antigens comprise 11 molecules and are commonly referred to as ‘H-2 

antigen’ in mice (Snell et al., 1964).  MHC I encompasses the H-2D, H-2K and H-

2L molecules, and is expressed under physiological conditions on almost all 

nucleated cells (neuronal cells being an exception).  MHC I plays an important 

role in the recognition of non-self antigen, such as peptides in virally infected or 

tumorigenic cells, as they present these to CD8+ cytotoxic T cells.  MHC II 

encompasses the H-2A and H-2E molecules, and these are mainly expressed on 

antigen presenting cells (APCs) such as macrophages.  MHC II is involved in 

presenting phagocytised and processed peptides to CD4+ T cells.  As MHC 

molecules are very polymorphic, each strain of laboratory mouse is homozygous 

and can be defined by its MHC haplotype (Fischer-Lindahl, 1997).  A small 

uppercase letter beside each H-2 subclass generally designates the haplotype of 

a strain.  The SJL MHC haplotype antigens are H-2Ks, H-2Ds, H-2Ls, I-As and I-

Enull, whereas the B6 haplotype is H-2Kb, H-2Db, H-2Lnull, I-Ab and I-Enull.  This 

means a mixed-strain SJL/B6 mouse could potentially have any combination of 

these alloantigens, and T lymphocytes specific for that type, which might lead to 

rejection of transplanted donor cells if they are recognized as foreign.   

To see if this was the case with our mice, we exclusively transplanted 

mice on a B6 background to match the strain of our GFP donor mice in groups 4 

and 5.  We also wanted to explore the kinetics of lower dose BU engraftment and 

attempt to account for the Iba immunoreactivity and CD8+ T cell influx that we 
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saw with 100 mg/kg.  Additionally, we reduced the volume of transplanted GFP+ 

cells from 30 million to 15 million.  The reason for this reduction in cell number 

was to make the protocol more comparable to the dosages used previously in the 

literature. 

It would seem that the major factor limiting our consistent generation of 

BU induced chimeric animals was rejection of transplanted cells expressing 

alloantigen unfamiliar to the host animal.  Even when we employed a protocol 

with lower dose BU (60 and 80 mg/kg) and donor fewer cells than in our previous 

experiments, we still achieved stable engraftment in every syngeneic transplant 

we preformed (n=32).  With our first B6 group of transplants (group 4), we were 

able to show that greater than 50% blood chimerism is possible 4 weeks after 

pre-treatment with 60 mg/kg BU before BMT, and by 2 weeks with 80 mg/kg BU.  

Both these groups of mice also displayed rapidly increasing GFP+ myeloid cell 

populations, in excess of 70% by 4 weeks time, which is one of the best 

indications of successful stem cell engraftment.  

The second group (group 5) of mice transplanted in this manner were 

mSOD control pairs aged 6 weeks, and as such, allowed successive blood 

sampling for 11+ weeks post-transplant before disease manifestation in the 

transgenic animals.  We were able to observe the kinetics of reconstitution with 

60 and 80 mg/kg for much longer in these cases, and also confirm our short-term 

results from group 4.  With the 60 mg/kg dose, GFP+ peripheral blood cells made 

up ~40% at 2 weeks, and ~55% at 4 weeks, in both groups 4 and 5.  With 80 
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mg/kg, results from group 4 and 5 were consistent, with ~65% of cells being 

GFP+ at 4 weeks.  Past this time point, weekly increases in blood chimerism 

appeared to taper off, until they reached stable levels.  In these mice we also 

saw near identical GFP blood levels at end-stage, with the 60 mg/kg BU group 

displaying 81.1 ± 3.1% blood chimerism and 75.1 ± 4.9% BM chimerism, and the 

80 mg/kg group possessing 83.3 ± 2.6% blood chimerism and 74.5 ± 4.9% BM 

chimerism.  These results are akin to the work of Hsieh et al., (2007) where 

~80% blood chimerism was shown at 13 weeks after a low dose of BU and 20 

million BM cells. 

Although our last group treated with 80 mg/kg BU and additional 200 

mg/kg CY was small, and only half of the treated animals demonstrated lasting 

GFP chimerism, it was nonetheless interesting to observe the relative similarity in 

reconstitution between these mice and those treated with 100 mg/kg BU.  Both 

exhibited similar GFP chimerism early on at 2 weeks (100 BU; 81.6 ± 13.3%, 80 

BU + 200CY; 85.1 ± 16.5%) and later at 4 weeks (100 BU; 97.5 ± 0.4%, 80 BU + 

200CY; 97.3 ± 0.2%).  Myeloid reconstitution was extremely rapid in both groups, 

and lymphoid reconstitution slow until 3 weeks time.  This suggests that both 

regimens are capable of inducing very high-level chimerism by 4 weeks post-

transplant, and also that even with extensive immunosuppression, lymphoid 

reconstitution requires at least 3 weeks to reach substantial levels, which is 

consistent with the literature (Mosley & Klein, 1992). 
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5.2. Donor Cell Accumulation in The Lumbar Spinal 
Cord 

Previous studies by our lab have shown that greater numbers of 

transplanted haematopoietic cells accumulated in the spinal cord of irradiation-

induced chimeric mSOD mice compared to controls (Solomon et al., 2006; Lewis 

et al., 2009).  With lethal irradiation (9-10Gy), 69.6 ± 6.7 (n=4) GFP+ cells per 

section were observed in SJL/B6 control mice, and 431.7 ± 42.3 (n=4) cells were 

observed in age-matched mSOD mice, demonstrating an 5-7 fold greater BMDC  

accumulation in these animals.  These studies also demonstrated that the large 

increase in BM-derived CNS cells seen in these mSOD animals is not a 

consequence of strain mis-matching as it was shown that GFP+ cell accumulation 

was approximately equal for both SJL/B6 and B6 strains. 

Mean GFP+ cell accumulation in our SJL/B6 mice treated with 100 mg/kg 

BU (control; 85.0 ± 33.3, mSOD; 332.1 ± 160.4) was similar to what we have 

seen in lethally irradiated animals (above), in that there is an increase in mSOD 

mice compared to controls.  The cell numbers were more variable, especially in 

the mSOD group, and prevented statistical significance from being obtained 

between control and mSOD mice for the 100 mg/kg BU group.  There was a 

roughly 4-fold increase in mean cell number between mSOD and WT mice.  This 

is somewhat smaller than typically seen when using irradiative myeloablation 

(Solomon et al., 2006).  The large range (~45-125 GFP+ cells/section) seen in 

controls, and in mSOD spinal cords (~130-495 GFP+ cells) may have been a 
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consequence of the bioavailability of BU in these experiments as I did not use 

freshly prepared BU for the earlier groups and I am now aware that there is 

limited shelf-life of BU once it has been diluted with PBS.  Given that our 100 

mg/kg mice were treated with BU that had been diluted and stored for differing 

periods of time, it would be reasonable to assume that this played a role in the 

variable cell accumulation seen.  However, it is important to point out that the 

blood chimerism observed in all of the successfully transplanted animals was 

similar suggesting that this variability in GFP+ cell accumulation might be due to 

the genetic diversity inherent in the hybrid SJL/B6 line. 

The frequency with which different morphologies of BMDC are observed in 

control and mSOD animals may be a reflection of the state of their respective 

CNS microenvironments.  In the control spinal cords, there were relatively large 

frequencies of round and elongated cell morphologies that correlate well with 

absolute numbers of donor-derived CD3+ T lymphocyte and perivascular 

macrophages, respectively.  Whereas, in the mSOD spinal cords, ~30% of GFP+ 

cells were stellate in morphology, and ~80% of these also labelled with Iba1+ 

suggesting the phenotype of BM-derived parenchymal microglia.  The two 

differential forms of inflammation occurring in each respective group suggests 

that in the control mice, there is only inflammation and endothelial activation 

produced by BU crossing the blood-brain barrier (Zeng et al., 2010), whereas in 

the mSOD mice there is additional microgliosis and neurodegeneration 

associated with the underlying disease. 
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In experiments evaluating changes in GFP+ cell number with time, I 

observed only 1.5 ± 0.3 GFP+ cells in the CNS of mice 2 weeks after transplant.  

However, GFP+ rod cells were apparent as early as 10 days after transplantation 

(Figure 10). The appearance of this cell type within the first two weeks following 

transplantation is consistent with the findings of Audoy-Remus et al., (2008).  

This group reported that these early ‘rod-shaped’ cells are often Gr-1+ 

granulocytes or CD11b+ monocyte precursors, which may go on to differentiate 

into perivascular macrophages.  We attempted to label these cells in a similar 

manner, but found that only a few labelled weakly with Gr-1, and only a third 

demonstrated CD11b labelling.  Caution must be used when making direct 

comparisons between our data evaluating spinal cord tissue following BU in 

mSOD and wildtype mice, and the data of Audoy-Remus et al., which studied 

cortical tissue following irradiation-induced myeloablation as depleting and 

repopulating perivascular macrophages with anti-angiopoietin-2 may be 

completely different from what occurs with pre-conditioning and BMT. 

In this group at 4 weeks, we saw a large number of GFP+ cells (83.3 ± 

37.0 per section) with 100 mg/kg.  These cell numbers, although again variable, 

are very similar to what we saw with 100 mg/kg in end-stage age-matched 

control SJL/B6 mice (85.0 ± 33.3).  This time point seems to be characterised by 

appearance of rod-shaped cells that label poorly with Iba1+ and CD11b+, as well 

as CD3+ T cells, which would seem to suggest that most of the cell entry 

occurring in BU-treated control mice arises early on, in the 3-4 week post-
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transplant time period.  It also suggests the possibility that further 

entry/expansion of what are potentially monocytic precursors, may be 

secondarily influenced by T lymphocytes. 

The experiments examining cell accumulation shortly after transplantation 

with syngeneic B6 mice yielded similar results at 2 weeks to what we saw with 

the SJL/B6 mice at the 100 mg/kg dose, with few cells present in the spinal cord 

at this time.  However our 4 week results were significantly lower than what we 

observed previously in Group 3; there were only 1.7 ± 0.6 cells/section with 60 

mg/kg BU, and 10.0 ± 2.4 cells with the 80 mg/kg, much less than the 83.3 ± 37.0 

cells we saw with 100 mg/kg.  These rod-shaped cells labelled poorly with a 

variety of myeloid cell markers (Iba1, CD68, Gr-1, CD11b), suggesting that they 

may be early progenitors or cells undergoing differentiation.  We also did not 

observe any sort of abnormal T lymphocyte response in these mice, nor 

evidence of Iba1 immunoreactivity.  Taken together, these results not only 

suggest a steep dose-response curve in terms of BU’s ability to induce the 

appearance of GFP+ cells in the first 4 weeks, but also that T lymphocytes and/or 

endothelial damage may be required for early population of the CNS by donor 

cells. 

After this experiment we took a group of GFP chimeric mSOD mice to 

end-stage to look at the degree of cell entry with 60 mg/kg and 80 mg/kg after a 

period of 11 weeks.  With both these groups, we saw much lower numbers in the 

mSOD mice than with either irradiation (Lewis et al., 2009) or 100 mg/kg BU.  
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There was a significant difference (p < 0.05) in the degree of entry between 

control and mSOD mice for both the 60 mg/kg and the 80 mg/kg groups, but the 

difference in the number of cells between these doses (46.2 ± 18.6 vs. 74.3 ± 

44.5) was not significant.  

 A very limited increase in the number of cells in the control mice was also 

observed from the 4-week data.  This further suggests that little additional cell 

entry or expansion occurs past the 3-4 week time point without 

neurodegeneration.  It also supports Chinnery et al., who take the view that 

minimal cellular entry into the CNS parenchyma occurs under physiological 

conditions.   

The largest notable difference between 4 week controls and age-matched 

end-stage controls was that there were more Iba+ elongated cells at this later 

time point in both the 60 and 80 mg/kg BU (Figure 13), which may support the 

conclusions of Audoy-Remus et al., (2008) that undifferentiated rod-shaped cells 

are the precursors to elongated-morphology perivascular macrophages.  It has 

been suggested that donor-derived monocytic cells may initially populate the 

spinal cord as perivascular macrophages and then move across the glia limitans 

into the CNS parenchyma, where they receive signals differentiate into stellate-

shaped microglia (Guillemin & Brew, 2004).  Although this cannot be confirmed 

by our work, one of the differences between control and mSOD mice treated with 

BU (besides the difference in total cell numbers) is the proportional increase in 

stellate-shaped cells that label with Iba1. Stellate GFP+ cells were virtually non-
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existent in our 60 and 80 mg/kg treated control mice, while in mSOD mice there 

was an average of 9.5 ± 8.6 of these cells in the 60 mg/kg mice, and 19.6 ± 17.4 

in the 80 mg/kg.  It has been suggested that CCL2 production, as a consequence 

of the neurodegeneration and microgliosis seen in ALS, may induce the entry of 

peripheral blood cells to the CNS (Appel et al., 2009).  However, reports of 

diminished cell entry without tissue pre-conditioning (Ajami et al., 2007) suggest 

that endothelial cell activation may also be necessary for this to process to occur.  

Lastly, additional CY treatment had quite a profound effect on the 

magnitude of cell entry seen with 80 mg/kg.  The spinal cords of these mice 

appeared more akin to mSOD SJL/B6 mice treated with 100 mg/kg BU, rather 

than B6 mice treated with 80 mg/kg BU, as they displayed over 300 cells per 

section, many of which were Iba1+ and of stellate and elongated morphology.  

Unlike BU, CY has poor CNS penetrance, and it is therefore improbable that is 

imparts any neuro-infammatory effect (Wiebe et al., 1992).   

The number of T lymphocytes observed in the CNS of BU/CY treated mice 

was also unexpected.  Between these animals, there was a mean of 42.7 CD3+ 

cells per section, with 56.3% of them being of donor origin, but very few of these 

labelling for CD8.  This low proportion of CD8+ cells at disease end-stage might 

be explained however by reports that CY induces CD4+ T cell polarization to a 

more anti-inflammatory phenotype, as well reduces the proportion of IFNγ-

producing CD8+ cells in the CNS (Karni et al., 2004).   
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5.3. Conclusions 

Whole body irradiation has long been utilized as the main pre-conditioning 

method prior to allogeneic BMT, as it can provide robust engraftment of donor 

stem cells.  However, previous attempts to use sub-myeloablative irradiation to 

induce the engraftment of autologous cells have had limited success (Huhn et al., 

1999; Kang et al., 2001), possibly because of the steep dose-response curve 

associated with irradiation.  Many of these studies have shown that under some 

conditions, transplanted haematopoietic cells are capable of taking up residence 

in the CNS and differentiating into parenchymal microglia.  It has also been 

demonstrated that this phenomenon may be dependant on exposure of CNS 

tissue to gamma rays (Mildner et al., 2007).  This exposure can induce 

widespread inflammation and cytokine production (Ramanan et al., 2010), 

disruption of BBB endothelial cells (Li et al., 2004), and increase the frequency of 

BM cell fusion with Purkinje neurons (Espejel et al., 2009).  As these conditions 

are far from physiologically normal, I evaluated alternative pre-conditioning 

regimens for myeloablation.   

BU represents an attractive pre-conditioning alternative for autologous 

bone marrow transplantation, as it is available as an intravenous formulation with 

reasonably predictable pharmacokinetics (Hsieh et al., 2007).  I found BU doses 

as low as 60 mg/kg capable of producing transient myelosupression and stable 

chimerism in excess of 70% by 8 weeks post-transplant.  I also found it easy to 

administer parentally in mice and well tolerated up to 100 mg/kg without 
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additional haematopoietic support.  Additionally, unlike ionizing radiation, it does 

not ablate the adaptive immune compartment, which is critical in protecting the 

recipient from opportunistic infection.   

However, a complication associated with doses greater than 80 mg/kg 

was the appearance of CD8+ T lymphocytes in the CNS, a phenomenon I 

attribute to drug-induced neuroinflammation.  This finding is likely of clinical 

relevance if this protocol is ever to be used for the treatment of neurological 

disorders. 

The work described in this thesis improves the potential for using 

haematopoietic cells as autologous treatment vehicles in neurodegenerative 

diseases by providing an alternative method for inducing BM-derived cells into 

the CNS.  Additionally, these findings also increase the feasibility of generating 

stable mixed chimeric animals or near-complete reconstituted animals without 

the requirement for gamma irradiation. 
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Appendix 1: Protocols.  
 
G93A Mutant SOD Genotyping 
Reagents:  

Proteinase K 

Ribonuclease A 

Chelex 100 

Deoxyribonucleotide triphosphates (dNTPs) 

Primers (Invitrogen) :  

Sense (mSOD1): CAT CAG CCC TAA TCC ATC TGA 

Antisense (mSOD2) : CGC GAC TAA CAA TCA AAG TGA 

 

Solutions: 

TE, pH 8.0: 10 mM TrisCl: 60.55 mg, 1 mM EDTA: 16.81 mg, Top up to 50 mL with ddH20 

Low TE, pH 7.6: 10x dilution of TE with ddH20 

Proteinase K: 20 mg/mL in ddH20 

RNase A: 10 mg/ml in ddH20 

Chelex: 5% w/v in low TE 

dNTPs (2 mM): 10 µL of dCTP, dTTP, dGTP, dATP in 460 µL ddH20 

 

Protocol: 

1. Collect ear punch tissue (store at -20 deg C) 

2. Create DNA extraction buffer (per 2 samples) 

a) Chelex – 250 µL 

b) Proteinase K – 25 µL 

c) RNase A – 25 µL 

3. Add 150 µL buffer to each sample and place in 55 deg C bath for 30 min, vortex after 15 
min 

4. Place in 100 deg C bath for 10 min 

5. Centrifuge at 12000 rpm for 5 min 

6. Extract 1 µL supernatant from each sample for DNA template (store at -20 deg C) 

7. Create PCR reaction bugger (for each sample) 

a) Primer 1 – 0.5 µL 

b) Primer 2 – 0.5 µL 
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c) 10x buffer – 2.5 µL 

d) dNTPs – 2.5 µL 

e) MgCl2 – 0.5 µL 

f) ddH20 – 17.2 µL 

g) Taq – 0.3 µL 

8. Run PCR cycle 

9. Run on 1% agarose gel in 1x TBE running buffer 

10. Add 1-2 µL bromophenol blue to PCR product and load 10 µL of PCR product plus dye 
each column in the gel 

11. Run at 100V for approx. 30 min 

12. 132 bp band indicates presence of mSOD transgene 
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Bone Marrow Transplantation 
Solutions: 

ACK lysis buffer (Invitrogen) 

FACS buffer: 

1x PBS – 500 mL 

2% FBS – 10 mL 

2 mM EDTA – 0.1489 g 

 

Procedure: 

1. Euthanize GFP donor with CO2 

2. Cut skin at abdomen, pull down to expose legs 

3. Cut legs from body and remove surrounding muscular tissue from femur and tibiae 

4. Place bones in dish of 1x PBS 

5. Cut bones at each end to expose marrow cavity 

6. Flush marrow from cavity into petri dish using syringe loaded with FACS buffer and fitted 
with 25 ¾ guage needle 

7. Break up clumped marrow by agitating solution with the syringe (sans needle) 

8. Transfer BM solution to Falcon tube and centrifuge at 1500 rpm for 5 minutes 

9. Remove supernatant and re-suspend in 1 mL RBC lysis buffer on ice for 9-10 minutes 

10. Top up Falcon tube with FACS buffer to quench reaction and centrifuge at 1500 rpm for 5 
minutes 

11. Remove supernatant and re-suspend in 1 mL PBS 

12. Pass solution through 40 µm filter 

13. Count cells using Reichert haemocytometer  

a) add 10 µL of cell solution to 1 mL FACS buffer 

b) add 10 µL of diluted cells to haemocytometer chamber  

c) count cells in four grids surrounding central grid 

d) cells/mL: sum of grids/4 x 100 x 10000 

14. Dilute solution with PBS to appox 1,500,000 cells per 400 µL 

15. Inject desired number of cells into recipient mouse via tail vein 

16. Collect weekly blood to assess reconstitution via flow cytometry   
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