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Abstract of Dissertation 

Modulation of Monocytic Activation following Spinal Cord Injury 

Reduces Secondary Injury and Neurodegeneration 

By  

Jaime Emmetsberger  

Doctor of Philosophy 

in 

Molecular and Cellular Pharmacology 

Stony Brook University 

2010 

Spinal cord injury (SCI) sets off a cascade of biochemical and cellular 

events that destroy neurons, cause demyelination, and trigger an 

inflammatory immune response. Microglia, the immune-competent cells of the 

central nervous system, migrate to the site of injury, become activated and are 

thought to contribute to secondary damage and neurodegeneration following 

SCI. Conversely, growth factors and cytokines released by activated 

microglia may promote regeneration. Controversy exists over the 

neurodegenerative verses the neuroregenerative roles of activated microglia, and 

which role predominates following SCI.  The activation state of microglia 

determines their neurotoxic and neurotrophic properties that influence the 

surrounding environment to have restorative or detrimental effects. 

To address the question of whether the spatio-temporal distribution of 

activated microglia determines their neurotoxic or neuroprotective behavior the 
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dorsal hemisection of SCI was performed on wild type or CD11b-HSVTK+/- 

(herpes simplex virus thymidine kinase) mice.  Microglia were either ablated or 

activation was inhibited via the administration of ganciclovir (GCV) or 

macrophage/microglial inhibitory factor (MIF), respectively. Ablation of or 

suppressing activation of microglia at early time points post SCI reduced 

secondary injury around the lesion epicenter, decreased the hypertrophic change 

of astrocytes and caused a increase in the number of axons present within the 

lesion epicenter.  Moreover, inhibition of microglial activation with MIF reduced 

oligodendrocyte apoptosis and demyelination.  In addition, microglia located 

within or proximal to the lesion produced more toxic factors, such as tumor 

necrosis factor alpha (TNF-!), while microglial distal to the lesion produce more 

trophic factors, such as interleukin-10 (IL-10).  This suggests that microglia within 

the epicenter at early time points post injury are neurotoxic, contributing to 

demyelination and axonal degeneration.  
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Chapter I  

 General Introduction 

 

Spinal Cord Injury 

The mammalian CNS is a complex organ comprised of highly specialized 

cells that are divided into four major groups; neurons, astrocytes, 

oligodendrocytes and microglia.  Injury to the CNS causes reactive cellular 

changes that physically and chemically alter the neural environment.  Depending 

on the degree of pathology, the cellular response can be reparative or 

degenerative (Schwab and Bartholdi, 1996; Hagg and Oudega, 2006), although 

the latter appears to be predominant.  

Of the many CNS pathologies, spinal cord injury (SCI) can be one of 

the most devastating, afflicting approximately 2.5 million people worldwide 

(Schwab et al., 2006). The location and severity of the impact determines the 

degree of loss of sensory, motor and autonomic functions. There are three 

phases of SCI: acute (seconds to hours after the injury), secondary (hours to 

weeks after the injury), and chronic (months to years after the injury).  In each 

phase a variety of cells are affected and themselves become involved in the 

injury outcome: these include cells from the nervous, immune, and vascular 

systems.  The cellular response and molecular events that occur in each phase 

can be involved both in the healing process as well as in further damage. 
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SCI occurs when a sudden impact crushes or tears the spinal tissue 

causing immediate cell death within the site of impact (the lesion epicenter). 

The impact leads largely to necrosis that results in the instantaneous death of 

neurons and glia at the site of injury. Following the initial injury, ischemia and 

membrane depolarization occur leading to the release of the excitatory 

neurotransmitter glutamate, which reaches toxic levels by 15 minutes following 

insult (Wrathall et al., 1996).  The cellular necrotic debris triggers an inflammatory 

response within minutes.  Chemokines, such as CCL2, CCL3, CXCL2/3 and 

CXCL10 (Rice et al., 2007), produced by parenchymal immunocompetent cells, 

the microglia, are upregulated in minutes, and recruit and activate peripheral 

polymorphonuclear leukocytes and monocytes (Wolpe et al., 1988; Wolpe and 

Cerami, 1989; Carr et al., 1994; Xu et al., 1996).  Within hours the gene 

expression of several pro-inflammatory cytokines and their receptors is 

upregulated (Ahn et al., 2006).  Studies of the acute phase of SCI in animals 

have revealed that a plethora of inflammatory genes are upregulated such as IL-

!, IL-6, macrophage inflammatory protein-1" (MIP-1"), and MIP-2.  Microarray 

analysis has also shown that the expression of genes linked to neuronal function 

is decreased at 6h following insult, which is ascribed to neuronal loss.  The early 

release of pro-inflammatory cytokines and chemokines following injury mediates 

the recruitment of inflammatory cells to the injury site and leads to the 

development of secondary damage.  Over time the injury expands and cells that 

survived the initial impact may become damaged or undergo apoptotic cell death, 

which is referred to as secondary injury (Crowe et al., 1997; Liu et al., 1997).   
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Secondary Injury and the glial scar 

Biochemical and cellular events are triggered by the initial injury and 

mediate secondary apoptotic cell death that destroy neurons, cause 

demyelination, and trigger an inflammatory immune response (Liu et al., 

1997; Beattie et al., 2000).  A contributing factor to secondary injury is reactive 

gliosis, a term used to describe a milieu characterized by the accumulation of 

myelin debris and remnants of damaged axons which attract various types of 

glial cells to the site of injury and lead to glial cell activation.  Glial cells that 

contribute to reactive gliosis following trauma include astrocytes, 

oligodendrocyte precursor cells (OPCs), and microglia (Fawcett and Asher, 

1999).  Over time these cells form a dense matrix that acts as a physical 

and biochemical barrier around the lesion epicenter, and is called the gliotic 

or glial scar (Liuzzi and Lasek, 1987; Rudge and Silver, 1990; Fitch and 

Silver, 1997; Tan et al., 2006).  

Astrocytes are the main cellular component of the glial scar. They 

become hypertrophic and form a dense barrier of cells in response to 

nervous system trauma. Reactive astrocytes secrete and express growth 

promoting molecules as well as growth inhibitory molecules, such as 

laminins and proteoglycans, respectively. Proteoglycans are extracellular 

matrix (ECM) molecules that consist of a protein core linked by four sugar 

moieties to sulfated glycosaminoglycan (GAG) chains.  Astrocytes can express 

four types of proteoglycans: heparan sulfate proteoglycan (HSPG), dermatan 
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sulfate proteoglycan (DSPG), keratin sulfate proteoglycan (KSPG) and 

chondroitin sulfate proteoglycan (CSPG).  The family of CSPG includes 

aggrecan, brevican, neurocan, NG2, phosphacan and versican, and following 

injury the expression of these CSPG molecules increases in and around the 

lesioned area (Levine, 1994; McKeon et al., 1999; Asher et al., 2000; Jones et 

al., 2002; Jones et al., 2003; Tang et al., 2003).  Reactive astrocytes are not the 

only cell types that express proteoglycans found within the glial scar; OPCs 

(Levine and Stallcup, 1987; Stallcup and Beasley, 1987; McTigue et al., 2001) 

and peripheral macrophages express the CSPG, NG2 (Smirkin et al.; Bu et al., 

2001; Jones et al., 2002). In vitro and in vivo work from various groups has 

demonstrated the inhibitory properties of CSPGs on axon outgrowth (Levine and 

Stallcup, 1987; Levine, 1994; Asher et al., 2000; Tan et al., 2006).  When axons, 

in an attempt to regenerate, encounter the environment of the glial scar, 

dystrophic endbulbs form. Activated glial cells express proteoglycans and this 

expression is concentrated around the lesion epicenter.   Accumulated CSPGs 

alter the regenerative capacity of axons, which is determined by the interactions 

with the neuronal growth cones and molecular environment, thus limiting axonal 

regeneration within the lesion. !

Inflammation is another factor that is associated with secondary 

degeneration or damage and results in the apoptosis of neurons and myelinating 

oligodendrocytes and in the reduction of neuronal function (Blight et al., 1995; 

Popovich et al., 1997; Gonzalez et al., 2003; Glaser et al., 2004).  In fact, the 

inflammatory response in the spinal cord is substantially greater than the 
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inflammatory response in the brain following injury (Schnell et al., 1999).  The 

initial contributors to the immune response in the CNS are the resident 

immunocompetent cells, microglia.  These cells migrate to the site of 

damage and rapidly become activated, releasing pro-inflammatory 

cytokines, reactive oxygen species and proteases that are thought to 

contribute to the bystander damage (Popovich et al., 2002).  Conversely, 

microglia can promote neuronal regeneration by phagocytosing (and thus 

removing) myelin debris and by releasing trophic and anti-inflammatory 

factors (Rabchevsky and Streit, 1997).  Other inflammatory cells that invade 

the lesioned area, through a compromised blood brain barrier (BBB) or 

blood spinal cord barrier (BSB), at later time points are peripheral immune 

cells such as neutrophils, macrophages, and T-lymphocytes, which express 

a cocktail of cytokines.  The cytokines released by parenchymal cells and 

peripheral immune cells are thought to promote detrimental effects through 

the generation of free radicals, that may lead to apoptotic death (Hu et al., 

1997). One of the most well studied cytokines is TNF#", which accumulates 

quickly at the site of SCI (Bethea et al., 1999) and attributes to cell death of 

oligodendrocytes and the consequent demyelination of spared axons.  TNF#" 

can be produced by various cells types such as neutrophils, macrophages, 

microglia, astrocytes and T cells (Yan et al., 2001), stimulating the production of 

other cytokines and promoting migration of cells to the injury.  Another cytokine 

that has an opposing effect is IL-10, which is produced by many of the same cells 

as TNF-". IL-10 administration has been shown to be neuroprotective after 
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experimental spinal cord injury, possibly by inducing antiapoptotic genes and 

suppressing the inflammatory response, as it inhibits the synthesis and release of 

pro-inflammatory mediators such as TNF-", IL-1!, IL-6, IL-8, and IL-12 (Howard 

et al., 1992; Brewer et al., 1999; Moore et al., 2001) 

 

Microglia 

The CNS is considered an immune-privileged organ, a term that infers 

that only a few immune cells are found present in the tissue under normal 

physiological conditions.  This sparsity of immune cells is due to the 

presence of the blood brain barrier (BBB) and blood-spine-barrier (BSB), 

which are physical and metabolic barriers between the CNS and the 

systemic circulation and prevent the CNS entry of pathogens and peripheral 

immune cells.  Microglia, the resident innate immune cells of the CNS, are 

not of neuroectodermal, but rather of mesodermal and monocytic origin.  

These macrophage-like cells, originate in the bone morrow, migrate to the 

CNS during embryogenesis and differentiate into resident microglia that 

contribute to normal neural development and CNS function (Perry et al., 

1985; Morris et al., 1991; Takahashi, 1994; Rezaie and Male, 2002; Chan et 

al., 2007).  During neurogenesis microglia assume an ameboid morphology 

consisting of round somata with short lamellopodial extensions, analogous to 

peripheral phagocytes, where they function in the removal of apoptotic 

neurons.  In development, the ameboid forms of microglia are precursors of 
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ramified or “resting” cells that possess many processes necessary for neural 

tissue surveillance (Kaur et al., 2001).  

Microglia present the first line of defense against pathogens and 

injury through antigen presentation, cytokine secretion, and phagocytosis 

(Hanisch and Kettenmann, 2007). In response to a variety of CNS insults 

such as SCI, microglia reactivate, migrate to and accumulate at the site of 

injury, retract their processes, and assume an ameboid shape, an event 

known as microglial activation or microgliosis (Rock et al., 2004).  Microglia 

have the capacity not only to dramatically change their morphology, but also 

to rapidly up-regulate a large number of receptors, as well as, produce and 

release a plethora of secretory products that are thought to contribute to the 

defense of, or promote secondary injury to the spinal cord.  

Reactive microglia and macrophages are present several months 

following injury (Hausmann, 2003) releasing various factors in the CNS 

parenchyma including cytokines, chemokines, and growth factors that can 

be both beneficial or harmful. Rabchevsky and colleagues demonstrated 

that microglia have regenerative properties, as grafting cultured microglia 

into an injured spinal cord promoted axonal regrowth into the lesioned area 

(Rabchevsky and Streit, 1997).  These restorative effects could be due to 

the release of trophic factors, such as nerve growth factor (NGF), 

neurotrophin-3 (NT-3), interleukin (IL)-1", IL-10, and brain derived growth 

factor (BNDF), which influence axon regeneration. Reactive microglia are 

also active phagocytes and following SCI are involved in the removal of 
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degenerating axons and inhibitory myelin debris, where the removal of 

tissue debris enhances the regeneration of axons. Conversely, microglia can 

generate toxic molecules that potentially damage neurons and surviving 

glial cells when released into the extracellular milieu. These toxic molecules 

include reactive oxygen intermediates (ROIs), reactive nitrogen 

intermediates (RNIs), tumor necrosis factor-" (TNF-"), IL-6, and IL-1! (Lee 

et al., 1993; Hanisch, 2002).  Pro-inflammatory cytokines produced acutely 

after spinal cord injury, primarily by activated microglia, lead to a secondary 

response (Bartholdi and Schwab, 1997; Pineau and Lacroix, 2007).  

Suppressing the local inflammatory response following SCI has been 

demonstrated in some reports to reduce secondary injury around the lesion 

epicenter and improve functional outcome (Gris et al., 2004).  

Controversy however exists over the neurodegenerative versus 

neuroregenerative roles of activated microglia, and which role predominates 

in SCI.  There are increasing data supporting the idea that the early phases of 

inflammation are deleterious, whereas the later phases of inflammation are 

protective.  Hence, the goal of this work was to address the function of microglia 

activation following severe spinal cord trauma by ablation of microglia in 

transgenic mice or, administration of natural inhibitors of microglial activation to 

wild-type mice.  
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Table I-1. Phases and events following spinal cord injury 

Primary damage 
(0-2hours) 

Acute 
Phase 

(1-2 days) 

Secondary 
Phase 

(3-14days) 

Chronic 
Phase 

(days-months) 

Primary 
mechanical 
injury 
 
Severing or 
crushing of 
axons 
 
Necrotic cell 
death 
 
Microglial 
activation 
 
Release of pro-
inflammatory 
cytokines (IL-!, 

TNF-", and IL-6) 

ROS production 
 
Glutamate –
mediated toxicity 
 
Neutrophil 
invasion 
 
Early 
demyelination 
(oligodendrocytes 
cell death) 
 
Neuronal death 
 
Release of anti-
inflammatory 
cytokines 

Macrophage 
infiltration 
 
Formation of 
Astrogliotic scar 
 
Lesion stabilization 
 
Continued 
demyelination 

Wallerian 
degeneration 
 
Potential structural 
and functional 
plasticity of spared 
tissue 
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Chapter II 

Methods and Materials 

 

 

Animals and genotyping (All chapters) 

For microglial ablation experiments, transgenic mice expressing herpes 

simplex thymidine kinase (TK) under the CD11b promoter (CD11b-HSVTK+/-) in 

cells of monocytic origin were generated (generous gifts from Drs Frank Heppner 

and Adriano Aguzzi) (Heppner et al., 2005). Mice were backcrossed to C57Bl/6 

mice for 9 generations. Since a phenotype of HSVTK transgene expression is 

male sterility, wild-type males were bred with heterozygous females (CD11b-

HSVTK+/-) and offspring were genotyped via RT-PCR with the following sense 

and anti-sense primers: 5’-GACTTCCGTGGCTTCTTGCTGC-3’ and 5’-

GTGCTGGCATTACAGGCGTGAG-3’.  Male mice were used for spinal cord 

injury and wild-type (wt) littermates were used as controls whenever possible 

along with additional C57Bl/6 wt animals. For experiments inhibiting microglial 

activation, wt mice were used for all conditions.  

 

Dorsal Hemisection Spinal Cord Injury Model (All Chapters)  

Mice were anesthetized using isoflurane and a dorsal hemisection 

was performed by generating an incision at the T8 thoracic vertebra. An 

incision was made in the skin rostrocaudally, which exposed the spinal 

column. To gain access to the spinal column, muscles and ligaments 
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surrounding the spinal column were torn and cut.  Once exposed, the 

vertebra at the T8 area was filed away with a dental drill to decrease the 

bone thickness, such that it was possible to break it away from the cord 

without causing any damage to the cord.  The remaining bone was removed 

with forceps and a micro-scissor.  The exposed spinal cord was initially cut 

in a dextro-sinister direction using a fine (271/2) gauge needle followed by 

cut with a micro-knife. Following the hemisection, micro osmotic pumps 

(Alzet) were placed under the skin and sutured under the muscle, so that 

the contents were distributed over the lesioned area. The muscles and skin 

above the injury site were sutured and the animals were administered 

buprenorphine and placed on the heating pad until fully recovered from the 

anesthesia. Bladder expression was performed on the mice daily and 

behavioral symptoms (paralysis of the hind legs) were monitored until 

specific time points post injury when the mice were euthanized and 

analyzed. All animal procedures were approved by the Institute for Animal Care 

and Use Committee (IACUC) at Stony Brook. 

 

Drug administration (All Chapters) 

GCV (100µg/g of body weight/day) was either injected intraperitoneally 

from 0 days post injury (dpi) to 3dpi or from 3dpi to 7dpi or delivered via 

micro-osmotic pump for 7 continuous days following injury.  MIF (100µg/g of 

body weight/day) was administered via micro-osmotic pump directly on the 

lesioned area for 0dpi to 7dpi or for 0dpi to 14dpi. 
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Immunofluorescence (All Chapters) 

Terminally anesthetized mice were perfused trans-cardially with PBS, 

followed by 4% paraformaldehyde in PBS (pH 7.4).  Spinal cords were 

isolated, post fixed for 1 h and cryoprotected in 30% sucrose overnight. 

Frozen sections (18µm) were prepared, blocked for 1 h with blocking 

solution (5% serum and 0.1% triton-X100 in PBS) and then incubated with 

primary antibodies in diluted blocking solution overnight at 4oC.  Sections 

were washed and incubated with conjugated secondary antibodies for 1 hr. 

Slides were then washed and coverslips were mounted with fluoromount G. 

 

Immunoperoxidase Staining (Chapters III & IV) 

Sections were incubated for 2 minutes in 3% hydrogen peroxide to 

block peroxidase activity. Sections were then washed blocked for 1h in 

blocking solution, followed by an overnight incubation of diluted primary 

antibody at 4oC.  After a second wash series, diluted secondary antibody 

conjugated to biotin was added to the sections for 1h. Sections were then 

incubated for 30 min with horseradish peroxidase-streptavidin ABC reagent 

(Vector Laboratories) Following wash the sections were incubated with DAB 

for 5 minutes or until the chromogenic reaction fully developed.  Slides were 

dehydrated in an ethanol series followed by two 2 min incubations in 

xylenes, and were mounted with Permount (Fisher).  
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In vivo quantification (All Chapters) 

For the quantification of microglia/macrophages, astrocytes, 

oligodendrocytes, OPCs and CSPGs, six 40X field were imaged from 

various areas surrounding the lesion (Figure II-1) and cell number or 

fluorescent intensity was quantified.   

 

Immunocytochemistry (Chapters IV & VI)  

Cells were washed of media and generally fixed with 4%PFA (unless 

otherwise denoted). Following 3 gentle washes cells were blocked for 1 h 

with blocking solution (same as immunohistochemistry), diluted primary 

antibodies were added and incubated for 2h at RT.  Cells were washed and 

incubated with conjugated secondary antibodies for 1 hr. Chamber slides or 

coverslips were then washed and mounted with Fluoromount G. 

 

Primary Antibodies (All Chapters) 

Primary antibodies used include: activated caspase-3 (Sigma), rat 

anti-F4/80 (Serotec), rabbit-anti BrdU, sheep anti-BrdU, rabbit anti-iba-1 

(Wako), goat anti-CTB (List Biologicals), rabbit anti- GFAP (DAKO), mouse 

anti-CS56 (Sigma), rabbit anti-NG2 (a generous gift from Joel M. Levine), 

anti-neurocan (DSHB) and rabbit anti-ki67 (AbCam) mouse anti-CC1, rat 

anti-MBP (AbD Serotec), and mouse anti-CNPase (Sigma). 
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Tissue collection for Immunoblotting and ELISA (All Chapters) 

To quantify protein and cytokine expression a separate group of mice 

were used and perfused with PBS.  The spinal cords from these mice was 

isolated and immediately frozen at –80oC. 

 

Immunoblotting (All Chapters) 

 Immunoblots were performed on spinal cord homogenates and total 

cell lysates.  The protein content was quantified by Bradford assay (Bio-

Rad). Aliquots of samples were denatured and reduced with sodium dodecyl 

sulfate (SDS) and !-mercaptoethanol and equivalent concentrations of total 

protein were separated by SDS-PAGE. The proteins were electrotransfered 

onto polyvinylidene difluoride (PVDF) membranes.  Non-specific protein 

binding was blocked by preincubation with 5% FBS in PBS for 1 hr at room 

temperature (RT), The membranes were incubated with primary antibodies 

overnight at 4°C, washed and then probed with peroxidase conjugated 

secondary antibodies.  Densitometry was performed on images of 

immunoblots for quantification with image J software. For quantitative analysis, 

membranes were preincubated with Odyssey blocking buffer (LI-COR Biosciences) 

in PBS (1:1), and probed with primary antibodies in Odyssey blocking buffer in PBS 

+ 0.2% Tween-20. Membranes were probed with anti-rabbit IR dye 800 (Rockland), 

anti-rat Alexa Fluor 680 and anti-mouse Alexa Fluor 680 (Molecular Probes Inc.) 

diluted in PBS-T. The Odyssey Infrared Imaging System (LI-COR Biosciences) was 
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used to detect the proteins of interest and quantify their levels. Quantification was 

performed with the Odyssey application software 2.1. 

 

Enzyme Linked Immuno-Absorbent Assay (ELISA) (Chapters III & IV)  

Spinal cord tissue from various time points issue was homogenized 

and sonicated. Total protein concentrations were determined using the 

Bradford Assay. Protein concentrations of IL-10 and TNF-" were determined 

utilizing the BD OptEIA quantitative sandwich enzyme immunoassay per 

manufacturer’s protocol. Briefly, 96 well plates were coated with diluted 

Capture antibody (100 "l per well) and incubate overnight at 4°C. The plates 

were then blocked for 1 hr at RT with Assay Diluent (200 "l per well) 

followed by a 2h incubation of standard or sample (100 "l per well).  

Working detector solution (100 "l per well) was then added and incubated 

for 1 hr RT, followed by substrate solution (100 "l per well) was then added 

and incubated for 30 min at RT in the dark followed by 50 "l of Stop 

Solution.  Absorbancies of each well were read at a 450 nm light wavelength 

with a microplate reader. 

 

Primary microglial cell cultures (Chapters IV & VI) 

Cerebral cortices from postnatal day 1 C57BL/6J mice were 

dissected, digested with trypsin (0.25% in HBSS) for 10 mins at 37oC, and 

mechanically dissociated by trituration. Mixed cortical cells were plated in 

DMEM medium, 10% FBS, 1% sodium pyruvate and gentamycin on poly-D-
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lysine coated dishes. After 10 days microglial cells were dislodged by the 

addition of 12mM lidocaine and shaking, and the isolated microglia were 

seeded on poly-D-lysine coated coverslips.  

 

Biotinylation of MIF and diffusion within the spinal cord (Chapter IV) 

MIF was conjugated to biotin label using EZ-Link NHS-Biotin (Thermo 

Scientific) by incubating MIF with the EZ-Link biotin on ice for 2h.  MIF 

conjugated to biotin was then administered in vivo via a 7-day micro-osmotic 

pump.  At 7dpi mice were euthanized and biotin label was analyzed by 

incubating the spinal cord slices with strepavidin conjugated Alexa Fluor 

555.  (n=3) 

 

Quantification of lesion volume (Chapter V) 

To analyze lesion volume alternating sagittal spinal cord sections were 

stained with the astrocytic marker GFAP since astrocytes form the border of the 

lesioned area.  Lesion size was analyzed from digital images of 5 alternate 

sections (2 sections right of the center of the lesion, 1 section of the approximate 

center of the lesion and 2 section left of the center of the lesion) that had been 

immunofluorescently stained as described above. The lesion was defined as the 

area devoid of stain bordered by GFAP+ staining. Data from each time point and 

treatment group where compared using the one-way ANOVA statistical method. 
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Primary oligodendrocyte cultures (Chapter VI) 

Cerebral cortices from postnatal day 1 C57BL/6J mice were 

dissected, digested in HEPES/MEM, 30units/ml papain, 0.24mg/ml l-

cysteine, and 40µg/mlDNase for 60 mins at 37oC, and mechanically 

dissociated.  Cells were plated on PDL coated flasks in DMEM 10% FBS, 

penicillin, streptomycin and gentamicin. Every 3 days media was changed, 

at day 10 microglia were shaken off for 1 hr at 200rpm and fresh media was 

added to culture.  To isolate OPCs the flasks were then shaken for 24 hrs at 

350rpm.  To remove any remaining microglia, media from the flask was 

transferred to a 10cm bacteriologic plastic dish for 30 minutes.  Media was 

then pipetted several times to remove any loosely attached OPCs.  OPCs 

were then resuspended in SATO (DMEM, 5000 U/ml penicillin/streptomycin, 

4 mM L-Glutamine (Sigma), 16 µg/ml putrescin (Sigma), 400 µg/ml L-

thyroxine (Sigma), 400 µg/ml Tri-iodothyroxine (Sigma), 6.2 ng/ml 

progesterone (Sigma), 5ng/ml sodium selenite (Sigma), 100 µg/ml BSA 

fraction V (Sigma), 5 µg/ml insulin (Sigma), 50 µg/ml holo-transferrin 

(Sigma)). 

 

Microglia and Oligodendrocyte Coculture (Chapter VI) 

Eight well chamber slides were coated with PDL overnight at 37oC. 

Chambers were washed and OPCs were plated (20,000 cells/chamber) 

either in SATO with 0.5% FBS or in SATO with 10ng/ml PDGF (PeproTech) 

and 10ng/ml FGF (PeproTech) to facilitate differentiation or maintain the 
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progenitor population, respectively.  After 2 d, microglial cells were added to 

the chamber slides and allowed to adhere for 24 hrs.  The cells were then 

either treated with 20ng/ml LPS, 5mM MIF, or then combination of both at 5 

days cells were fixed with 4% PFA.  

 

TUNEL assay (Chapter VI) 

TUNEL assays were performed by using the ApopTag Fluorescein In 

Situ Apoptosis Detection Kit (Chemicon) per manufacturer’s protocol.  Briefly, 

sections were fixed in 4% PFA in PBS, pH 7.4 for 10 minutes at RT. Following 

washing in PBS, sections were post-fixed cold ethanol:acetic acid 2:1 for 5 

minutes at -20°C and then washed again.  Equilibration buffer was then added 

directly on samples and incubated for 10 seconds at RT.  The liquid was then 

drained and working strength TdT enzyme was applied to each specimen and 

incubated at 37°C for 1h.  Samples were then immersed in stop/wash buffer for 

10 min at RT followed by 3 PBS washes.  Anti-Digoxigenin conjugate was then 

added directly to samples and incubated for 30 minutes at RT in the dark.  After, 

sample were washed, counter stained and mounted with Fluoromount-G with 

DAPI according to the immunohistochemistry protocol above. 

 

BrdU proliferation assay (Chapter III & VI) 

Cellular proliferation was examined by using the 5-Bromo-2´-deoxy-

uridine Labeling and Detection Kit II (Roche) according to manufacturer’s 

protocol.  Briefly, mice were injected intravenously via tail vein injections with 
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10mM BrdU (2 ml/100 g body weight) or cells were incubated with 10µM BrdU. 

Mice were treated for up to a 7 day time period via tail vein injection and cells 

were treated with BrdU for 24 h. Cells and section were fixed or post-fixed and 

incubated in 2 N HCl for 90 min to hydrolyze the DNA followed by immersion in 

0.1 M sodium borate for 5 min. Sections or cells were probed for BrdU via the 

mouse anti-BrdU antibody provided and stained with a fluorescently conjugated 

secondary antibody.     

 

Eriochrome Cyanine stain (Chapter III) 

Spinal cord sections were air-dried for 1h at RT followed by 1h 

incubation at 37oC.  Sections were incubated with acetone for 5 mins, air-

dried for 30 mins and placed in eriochrome cyanine solution (0.2% 

eriochrome cyanine (Sigma), 0.5% H2SO4 (Sigma), 10% iron alum (Sigma) 

in distilled water) for 30 min.  Then sections were differentiated for 10 mins 

in 5% iron alum (Sigma) diluted in distilled water, incubated in borax-

ferricyanide solution (1% borax (Sigma), 1.25% potassium ferricyanide 

(Sigma), in distilled water) for 5 mins, dehydrated via graded ethanol 

solutions and coverslipped using Permount (Fisher Scientific). 

 

Electron Microscopy (Chapter VI) 

Mice were deeply anesthetized and transcardial perfused for 1 hr with 

Karlsson-Schultz fixative (4% formaldehyde, 2.5% glutaraldehyde, 0.5% NaCl, 

0.1 M phosphate buffer pH 7.4).  Spinal cords were isolated and post fixed 
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over night with perfusate. Areas of interest were blocked and then vibratomed 

at approximately 50um in ice cold PBS. Samples were then placed in 2% 

osmium tetroxide in 0.1M PBS, pH 7.4, dehydrated in a graded series of ethyl 

alcohol and embedded with Durcupan resin in between two pieces of ACLAR 

sheets (EMS, Hatfield,Pa.).  Ultrathin sections of 80nm were cut with a Reichert-

Jung UltracutE ultramicrotome and placed on formvar coated slot copper grids.  

Sections were then counterstained with uranyl acetate and lead citrate and 

viewed with a FEI Tecnai12 BioTwinG2 electron microscope.  Digital images were 

acquired with an AMT XR-60 CCD Digital Camera system. 

 

Retrograde Axonal Tracing (Chapters III & VI) 

     Retrograde neuronal tracing was performed via injection the cholera toxin 

Beta-subunit (CTB) following injury.  Four days prior to euthanization, the mice 

were re-anesthetized, with a constant delivery of isoflurane, and the right sciatic 

nerve was exposed.  Two microliters of a 1.5% solution of CTB (List Biological 

Laboratories) was injected into the nerve using a Hamilton syringe.  The solution 

was slowly injected over an 1 min period and the syringe was withdrawn over an 

additional 2 mins to prevent reflux. The muscle and skin were then sutured. 

Spinal cords were isolated, and cryosectioned at a18µm thickness.  Alternating 

sections were stained against CTB via goat anti CTB genotoxiod (List 

Biologicals) and detected with a fluorescently conjugated secondary.  The 

ImageJ software (NIH) was used to measure the pixel density of axons stained 

against CTB with in the lesioned area. 
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Figure II-1 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II-1.  Diagram of imaged areas for in vivo quantification. 
Quantification of cells and CSPGs was performed by imaging six 40x fields 
surrounding the lesioned area including the epicenter and the penumbra, 
where boxes denote fields taken. 
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Chapter III 

 Selective ablation of microglia promotes axonal 

regeneration following spinal cord injury. 

 

 

Introduction   

Microglia are the first immune cells that respond to CNS injury.  The 

ultimate goal of microglial activation following injury is to restore neural 

tissue homeostasis by removal of inhibitory cellular debris and facilitating 

tissue repair and axon regeneration.  Unfortunately, considerable evidence 

points towards microglial activation as deleterious.  Activated microglia can 

induce degeneration of neurons and damage oligodendrocytes, either directly 

through the release of neurotoxic mediators or indirectly by recruiting peripheral 

immune cells into the CNS.  Preliminary data suggest that pharmacologically 

altering microglial activation with minocycline (Tikka et al., 2001; Ekdahl et al., 

2003; Tan et al., 2009), naloxone (Chang et al., 2000; Liu et al., 2000) and 

dextromethorphan (Liu et al., 2003) has neuroprotective affects in various 

disease models, although these drugs are not microglial cell specific and can 

affect other immune cells. Determining the contribution of microglia to disease 

progression will be invaluable. Since microglia produce reparative and 

degenerative factors following injury, it is hypothesized that the 
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spatiotemporal distribution of microglia determines their neuroprotective and 

neurotoxic properties.   

In this chapter, we sought to determine the properties of microglia in 

a spatiotemporal manner by conditionally ablating microglia in CD11b-

HSVTK+/- transgenic mice.  CD11b-HSVTK+/- transgenic mice have been used 

in various models of neurodegeneration, such as pilocarpine induced seizures 

and experimental autoimmune encephalomyelitis (EAE) where ablation of 

microglia reduced seizure severity and significantly reduced clinical EAE 

symptoms, respectively (Mirrione et al.; Heppner et al., 2005). Organotypic 

hippocampal slice cultures of CD11b-HSVTK+/- brains have shown that with GCV 

treatment, the release of nitrite, TNF-" and macrophage inflammatory protein 

(MIP)-1 was abrogated (Heppner et al., 2005). CD11b-HSVTK+/- animals 

express the herpes simplex thymidine kinase (HSVTK) in cells of monocytic 

origin under the control of the CD11b promoter. Cells that express the 

HSVTK suicide gene are sensitive to the drug ganciclovir (GCV), a synthetic 

analogue of 2'-deoxy-guanosine. When administered to CD11b-HSVTK+/- mice, 

the drug ganciclovir (GCV) is first converted to its monophosphorylated form by 

HSVT-K, and then into a toxic triphosphate by endogenous cellular kinases (Fyfe 

et al., 1978). These toxic triphosphates competitively inhibit the incorporation of 

dGTP by DNA polymerase, resulting in the termination of DNA elongation and 

apoptosis of proliferating cells (Elion, 1980) of monocytic origin that are CD11b 

positive. The GCV-triphosphate is incorporated into replicating DNA by cellular 
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DNA polymerase, thereby arresting DNA replication and causing cell death 

(Elion, 1980).   

 

Results  

GCV effectively ablates microglia following SCI 

Dorsal hemisections were performed on male CD11b-HSVTK+/- 

transgenic mice or wt litter mates, and GCV was administered intraperitonally 

or via a micro-osmotic pump (Heppner et al., 2005).  First to determine if GCV 

effectively ablated microglia in the dorsal hemisection spinal cord injury model, 

GCV was administered for 7 full days via osmotic pump.  Immunohistochemical 

analysis showed that GCV was non-toxic when injected in wild-type mice that 

did not express HSVTK, but when administered to mice expressing the 

transgene, microglia were significantly ablated (Figure III-1).  Endogenous 

thymidine kinases can monophosphorylate GCV but  HSVTK is 1000 times more 

efficient thereby inducing cell death in cells that express the transgene (Elion et 

al., 1977). The administration of GCV in transgenic mice did not significantly 

affect the number of Iba-1 positive cells 24 h after injury, but did so at 3, 7, and 

14 dpi (Figure III-1A). Since GCV affects proliferating monocytic cells, the 

observed delay in reduction of microglia numbers with GCV treatment was due to 

microglial proliferation which is maximal between 48–72 h after SCI which was 

confirmed via BrdU (Figure III-2).  

To confirm that microglia were being ablated, spinal cord 

homogenates from mice that were injured and treated with GCV or PBS for 
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7 days were subjected to SDS-PAGE electrophoresis and the levels of the 

microglial marker F4/80 was analyzed.  In all time points examined, the post 

injury F4/80 levels were substantially less in the GCV groups in comparison 

to PBS groups (Figure III-3).  Caspase-3 activation in F4/80 expressing 

microglia was also assessed following injury. Low numbers of microglia 

expressing the activated form of caspase-3 were detected in the WT spinal 

cords, while microglia in spinal cords isolated from HSVTK mice treated with 

GCV expressed higher numbers of activated caspase-3 indicating that the 

number of microglia undergoing apoptotic cell death increased with GCV 

treatment in the CD11b-HSVTK+/-
 mice most notably at 3dpi (Figure III-1B,C).  

Thus, proliferating microglia and macrophages were efficiently being ablated 

following GCV treatment in the CD11b-HSVTK+/- mice thereby reducing the 

number of activated microglia. 

  

Ablation of microglia alters cytokine expression 

Since microglia were ablated following GCV in CD11b-HSVTK+/- mice, 

microglial activation was presumably prevented thereby altering the release 

of pro-inflammatory or anti-inflammatory cytokines and chemokines. To 

determine the microglial contribution to cytokine expression at specific time 

points post injury, GCV was administered for particular time intervals post 

injury (0-3dpi, 3-7dpi, 0-7dpi). To verify whether the spatial location of 

microglia influenced cytokine production, the isolated cords were cut into 

three 3mm segments separating the epicenter and areas rostral and caudal 
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to the lesion.  An ELISA assay was performed to determine cytokine 

expression for the pro-inflammatory cytokine TNF-" and the anti-

inflammatory cytokine IL-10 and their potential association with different 

areas of the spinal cords at different time points post injury were examined. 

To ascertain microglial contribution to cytokine expression in the injured 

spinal cord, cytokine levels measured in wild-type spinal cords were 

compared with those of the spinal cords from the CD11b-HSVTK+/- mice 

treated with GCV. An early elevation in TNF-" expression was observed 

within the epicenter of wild-type mice and CD11b-HSVTK+/- mice that were 

treated for 3-7dpi.  When microglia were ablated for 0-3dpi or 0-7dpi in 

CD11b-HSVTK+/- mice TNF-" levels were dramatically reduced within the 

epicenter (Figure III-4A).  Analysis of regions rostral and caudal of the 

lesion epicenter showed a minor increase in TNF-" levels in wild-type mice 

and CD11b-HSVTK+/- mice where microglia were ablated for 3-7dpi in 

comparision to wild-type CD11b-HSVTK+/- mice that were treated with GCV 

for 0-3dpi or 0-7dpi.  This data indicates that microglia are necessary for the 

acute expression of TNF-" particularly within the epicenter post injury.    

Interestingly, ablation of microglia early after injury (0-3dpi) had a beneficial 

effect, since the IL-10 levels were elevated in CD11b-HSVTK+/- at an earlier 

time point in comparison to wild-type.  In contrast, ablation of microglial at 

the later time points (3-7dpi) reversed the effect on IL-10 production, 

indicating that microglia are critical in de novo production of IL-10 or are 
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indirectly stimulating other cells to secrete IL-10, at later time points post 

injury (Figure III-4B). 

 At early time points post injury, microglia located distal to the lesion 

seemed to express more IL-10 or induce expression of IL-10 in other cell 

types, as determined by the reduction in IL-10 expression observed when 

microglia are ablated. whereas at later time points post injury an increase of 

IL-10 within the epicenter was observed. It is possible that protective 

microglia migrate to the lesion epicenter to create a more trophic 

environment.  Such possibility would justify the fact that when examining 

cytokine expression in various areas, TNF-" is localized around the lesion 

core and IL-10 is expressed within the lesion core and distal to the lesion. 

 

The reduction in microglial population reduces demyelination, 

astrocyte cell reactivity and increases axon regeneration 

Loss of myelin was evaluated at various time points post injury.  

Histologic evaluation of spinal cord coronal sections by eriochrome cyanine 

stain revealed reduced myelin stain intensity in the wild-type mice in 

comparison to the CD11b-HSVTK+/- mice (FigureIII-5A).   Spinal cords were 

also examined for the presence of myelin basic protein (MBP) via 

immunofluorescence.  At 1dpi the lesion epicenter displayed many 

fragments of what appeared to be myelin debris, although ablation of 

microglia showed a slight presence of myelin tubes present. A more notable 

difference was observed at 3dpi where the GCV treatment resulted in an 
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increase in MBP staining and myelin tubes bordering the lesioned area 

(Figure III-5B).  

To trace axonal regeneration, the cholera toxin B (CTB) subunit was 

injected into the sciatic nerve four days before sacrificing the mice, as 

described by Tan et al (Tan et al., 2006).  At 14dpi spinal cords were 

removed and immunohistochemistry was performed to visualize both the 

regenerated neurons and the astrocytes which would determine the lesion 

border.  Compared to wild-type, in all GCV treatment groups there was an 

increase in CTB positive axons present within the lesioned area. Ablation of 

microglia for 7 full days resulted in increased axon entry into the lesion area 

(Figure III-6A,B,C).  Microglia ablated at the later time points in the HSVTK mice 

resulted in more axonal growth than in wild-type litter mates, whereas the 

numbers of axons crossing the lesion border was less than that of the early GCV 

treatment (Figure III-6 B, C).  Early microglial ablation (0-3dpi), yielded a 

significant increase in axon regeneration (Figure III-6B,C). Thus, it is possible 

that microglia that are present at later time points secrete neurotrophic cytokines 

and factors and the expression of these cytokines facilitate axonal regeneration 

while microglia that are present acutely after injury are associated with the 

secretion of deleterious factors.   
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Figure III-1 

Figure III-1. Ganciclovir treatment causes ablation of microglia and 
macrophages in HSVTK mice. 
HSVTK and wt spinal cords were treated with GCV for 7 consecutive days and 
spinal cord were isolated at various time points.  A, Bright field images of 3, 3’ 
diaminobenzidine (DAB) detection of Iba-1(brown) in sagittal sections of the 
lesioned area. B, Immunoblot analysis of F4/80 expression (double bands 
indicate glycosylation state) from wt and HSVTK spinal cord homogenates 
isolated at various time points post injury. C, F4/80 expression was quantified by 
densitometric analysis and wt and HSVTK expression of F4/80 at specific time 
points post injury was compared. Error bars represent SEM, where *p<0.05, 
**p<0.01, ***p<0.001 by ANOVA followed by Bonferroni’s post hoc test. Scale 
bar: 200 µm 
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Figure III-2 

 
Figure III-2. Microglial proliferation peaks at 3 days injury.  
Microglial proliferation was analyzed in wt injured spinal cords at various time 
point post injury via administration of BrdU via tail vein injections for 7 days.  A, 
Fluorescent images of iba-1 expressing microglia (red), BrdU (green), and DAPI 
stained nuclei (blue). B, Quantification of proliferating microglia determined by 
the number of BrdU+ iba-1 +DAPI+ divided by total iba-1+cells. Error bars 
represent SEM, where *p<0.05, **p<0.01, ***p<0.001 by ANOVA followed by 
Bonferroni’s post hoc test Scale bar: 100µm. 
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Figure III-3 

 
 
 
 
 
 
Figure III-3 Ganciclovir induces apoptotic cell death of microglia and 
macrophages in HSVTK mice. 
Fluorescent images of sagittal sections stained against the pro-apoptotic marker 
activated caspase-3 (green) and the microglial marker, F4/80 (red), from wt and 
HSVTK spinal cords treated for 7 days with GCV. Scale bar: 100 µm.  
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Figure III-4 

 
 
Figure III-4. Ablation of Microglia Alters Cytokine Production following 
Spinal Cord Injury. 
An Enzyme linked Immunosorbent Assay (ELISA) was performed on spinal cords 
that were treated with GCV for different time periods to detect TNF-" and IL-10 

levels.  The spinal cords were cut into three 3 mm segments (rostral to the lesion, 
lesion epicenter, and caudal to the lesion) and the spatiotemporal expression of 
(A) TNF-" and (B) IL-10 were assessed. Error bars represent SEM, where 

*p<0.05, **p<0.01, ***p<0.001 by ANOVA followed by Bonferroni’s post hoc test 
(n=6 individual experiments/group) 
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Figure III-5 

 
 
 
 
 
 
 
 
 
Figure III-5. Depleting the microglial population causes a reduction in 
demyelination. 
A, Bright field images of coronal sections of spinal cords (approximately 100µm 

rostral from the lesion core). Spinal cords were stained with eriochrome cyanine 
for myelin detection. B, fluorescent images of Myelin basic protein bordering the 
lesion epicenter. Scale bar: (A)300 µm (B) 50µm 
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Figure III-6. Ablation of microglia at early time points enhances axon 
regeneration or prevents axonal die back. 
Retrograde axon tracing was performed by injecting cholera toxin b subunits into 
the sciatic nerve four days prior to isolating the spinal cords. Sagittal sections are 
shown with the orientation of rostral to the left and caudal to the right.  A, Spinal 
cords were isolated from mice treated for 7 days with GCV and stained against 
CTB (red).  Dashed lines denotes the lesion core. B, Images of spinal cords 
treated at various time points with GCV, where the spinal cord were stained 
against CTB labeled axons (red) and GFAP (green) which defines the astrocytic 
lesion boarder.   A confocal image of a regenerating axon growing into the lesion 
core in the early treated HSVTK spinal cord (inset). C, Alternating sections were 
stained and the density of CTB-labeled axons within the lesion area was 
quantified with NIH Image J software. Scale bar: A-B, 200µm. 
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Discussion 

Conditional ablation of proliferating microglia significantly reduced the 

proliferating microglial population following severe spinal cord injury.  This study 

was designed to determine the role that microglia play at specific time points in 

different regions of the spinal cord relative to the lesion post injury.  Ablation of 

microglia for 7 days improved axon growth or prevented dieback within the 

lesioned area, reduced the expression the pro-inflammatory cytokine TNF-",  and 

reduced demyelination.  When proliferating microglia were ablated at early time 

points, the expression of the pro-inflammatory cytokine TNF-"  was reduced and 

the density of neurites that were found crossing the lesion boarder increased, 

indicating the at early time points post injury microglia have a deleterious role.  

Ablation of microglia at later time points did not alter TNF-" levels, although IL-10 

levels diminished in comparison to wild-type, demonstrating that microglial 

response at later time points may beneficial.  Although more neurites were 

observed in the lesion core in comparison to wild-type mice it was not as 

significant as during the early microglial ablation.  It is conceivable that ablating 

microglia at early time points has a protective effect, while that the microglia 

that are activated with in the first three days are deleterious to the molecular 

environment.   

Since astrocytes are a major component of the glial scar, it is plausible 

that the prevention of microglia activation at early time points delayed the 

astrocytic response to injury, since astrocytic activation follows in time and is 

promoted by the microglial response (Kreutzberg, 1996; Popovich et al., 1997). 
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The ablation of microglia may inhibit the hypertrophic changes and proliferation 

of astrocytes following injury. This may also delay secondary damage, since 

microglia and astrocytes both release pro-inflammatory cytokines (Aloisi, 2001; 

Dong and Benveniste, 2001).   

Early cytokine release from microglia and astrocytes recruit neutrophils, 

peripheral macrophages and T cells that are known to contribute to secondary 

injury.  The absence of microglia at early time points reduced cytokine release 

and potentially reduced the infiltration of peripheral immune cells thereby having 

a neuroprotective effect.  Neutrophils infiltrate the spinal cord within 1 day 

and macrophages infiltrate around 3dpi, therefore it is conceivable that 

microglia/macrophage ablation at later time point PI may allow for the 

recruitment of these cells to the lesion which would lead to further cytokine 

production from the peripheral cells. This could possibly be the reason for 

less axon regeneration when ablating microglia in a later time point 

treatment in comparison to the early ablation.  Unfortunately, this hypothesis 

cannot be supported at the early time point. The reason for this is that the 

promoter that drives the HSVTK expression in the CD11b-HSVTK+/- mice, 

CD11b, is also expressed by granulocytes, so the ablation of cells is not 

specific to cells of monocytic origin (Heppner et al., 2005). This implies that 

neutrophil infiltration and activity would be affected, and neutrophils, like 

macrophages and microglia, could also contribute to detrimental effects via the 

production of free radicals that cause oxidative damage on cells.  
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The long-term use of GCV in the CD11b-HSVTK+/- mice can cause 

aplastic anemia, where the bone marrow does not produce new blood cells 

since the drug GCV is abolishing proliferating CD11b positive cells.  Such 

an adverse effect results in reduction in the survival time of these mice; 

usually mice did not survive past 7 days and rarely lived up to the 14 days 

time point.  This adverse effect only allowed us to evaluate the effect of 

ablation in acute and secondary injury, but not in chronic stages of SCI.   
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Chapter IV 

MIF reduces microglial/macrophage activation in the 

dorsal hemisection spinal cord injury model 

 

 

Introduction 

Since GCV had peripheral effects and caused aplastic anemia in 

CD11b-HSVTK+/- we could not further our experiments to study the chronic 

phases of SCI.  To analyze the affect of microglial inhibition and examine 

the chronic phase of SCI we used the tripeptide MIF (Thr-Lys-Pro) that 

derives from the naturally occurring degradation product of the second 

constant domain of immunoglobulin G (IgG). MIF, macrophage/microglial 

inhibitory factor, is also known as the tuftsin1-3 fragment (Auriault et al., 

1983). The tetrapeptide tuftsin (Thr-Lys-Pro-Arg) is a monocytic activator 

(Wagle et al., 1989) and the lack of the single amino acid shifts tuftsin 

activation properties to inhibitory.  

Auriault demonstrated that MIF decreases cell migration, 

phagocytosis, chemotaxis and super oxide anion generation in peripheral 

macrophages, which are of monocytic origin similar to microglia (Auriault et 

al., 1983). MIF has also been shown to inhibit microglial function in the CNS 

as well.  Administration of MIF during trans-section of the optic nerve 

reduced axotomy induced ganglion cell degeneration in the retina by 
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suppressing microglial activation (Thanos et al., 1993).  EAE models of 

multiple sclerosis demonstrated that MIF reduced demyelination and t-cell 

infiltration into the spinal cord thereby abrogating EAE symptoms (Bhasin et 

al., 2007) and reduced lesion volume, edema and the number of 

degenerative neurons in intra cerebral hemorrhage models (Wang and 

Tsirka, 2005; Bhasin et al., 2007). The possible beneficial effect of MIF has 

not yet been examined in models of spinal cord injury.  In the experiments 

described in the following chapters, C57BL6 mice were treated with MIF and 

various time points post injury were analyzed.  Here we wanted to examine 

whether MIF is capable of overcoming microglia activation in a severe 

model of SCI. 

 

Results 

MIF inhibits microgliosis following dorsal hemisection 

To confirm that MIF effectively inhibits microglial activation in vivo 

following spinal cord injury, a dorsal hemisection was performed on mice 

and a 7 day or 14 day micro-osmotic contain MIF or PBS was placed over 

the lesioned area.  Microglial activation following SCI was examined at 

various time points post injury (7, 14, and 30dpi) via immunohistochemistry 

to detect the microglial marker iba-1 and post stained with DAB to visualize 

microglial morphology (Figure IV-1A).  Microglia of mice that received 

laminectomey only, sham, had a ramified morphology indicative of a resting 

or inactive state.  Microglia of injured mice treated with PBS exhibited 
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activated ameboid morphology, predominantly around the lesion epicenter 

at all time points analyzed, although it appeared that by 30dpi a number of 

microglia reverted back to resting state. The administration of MIF for 14 

days abrogated microglial activation at all time points analyzed in 

comparison to PBS treatment. Although the administration of MIF for 7days 

reduced morphological changes associated with activation in comparison to 

PBS treatment, examination of 14dpi showed that more microglia exhibited 

an activated morphology in relationship to spinal cords treated for MIF for 

14 days at the 14 day time point.  This increase in microglial activation 

observed at 14dpi for the 7 day MIF treatment is possibly due the due to the 

cessation of MIF administration after 7 days, therefore the absence of the 

inhibitor after 7dpi allowed for some microglial activation. 

To corroborate these results quantitative immunoblotting was 

performed and Iba-1 protein levels were examined from homogenates of the 

lesion epicenter, since microglia and macrophages filled the lesioned area 

subsequent to injury (Figure IV-1B).  At 7dpi the PBS treatment group 

displayed a dramatic increase in Iba-1 expression, consistent with microglial 

activation, which gradually declined over the 30 day time period, 

corresponding to the deactivation of microglia.  Inhibition of microglial 

activation for 7 days with MIF significantly reduced the protein levels of Iba-

1 were when compared to PBS treated groups at 7dpi, however at 14dpi the 

microglial activation response was delayed given that there was no 

significant difference in the levels of Iba-1 protein expression observed at 
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the 14 day time point.  Alternatively, treatment of MIF for 14 days 

significantly reduced Iba-1 at 14dpi and 30dpi, indicating that administration 

of MIF for 14 days was sufficient to inhibit activation up to 30dpi (Figure IV-

1B,C). 

A reduction in microglial proliferation contributed to the observed 

reduction in iba-1 expression for MIF treated animals, as determined by the 

proliferation marker Ki67 (Figure IV-2A,B).  PBS treatment revealed that 

microglia proliferation peaked around 3dpi and declined slowly thereafter.  

MIF administration significantly reduced microglial proliferation at 1, 3, and 

7 dpi.  Analysis of 14 and 30dpi showed no significant differences in 

proliferation for both treatment courses. 

 

MIF inhibitory activity is sustained after 14 days. 

Since MIF was administered in vivo for 7 or 14 days via an osmotic 

pump, MIF inhibitory properties were tested in vitro to determine whether 

MIF retained inhibitory capabilities and was stable after 14 days. Primary 

microglial cultures were treated with freshly prepared MIF or MIF that had 

been incubating at physiological temperature of 37oC for 14 days (14day 

MIF).  Microglial cells were treated with 50 mg/ml MIF and/or 20 ng/ml 

lipopolysaccharide (LPS), a known activator of microglia, for 24 hrs and 

microglial morphology and TNF#" levels were assessed.  Non-treated and 

fresh MIF-treated microglia exhibited a resting rod-shaped morphology, 

while LPS treatment caused approximately 82% of microglia to undergo 
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morphological changes and assume a fully active ameboid morphology 

(Figure IV-3A,B). Microglia treated with LPS and fresh or 14 day MIF 

showed a significant reduction in morphological changes (p=0.001) 

indicating that MIF still retained some inhibitory activity after 14 days at 

physiological temperatures. 

Given that microglia secrete TNF#" as they become activated, the 

levels of the pro-inflammatory cytokine TNF#" was determined via ELISA to 

confirm the morphological changes that were observed in the above 

experiment.  Primary microglia were treated with fresh MIF, 14 day MIF, 

and/or LPS as stated above and the supernatant was collected after 24h 

(Figure IV-3C).  TNF#" production was virtually absent in the untreated and 

the MIF only treatments, and although there was slight increase in TNF#" in 

the fresh MIF and LPS treatment group, it was not statistically significant 

when compared to untreated cultures.  LPS treatment caused a significant 

increase in TNF#" (p=0.001), and although the 14 day MIF and LPS 

treatment resulted in a significant increase in TNF-" in comparison to 

untreated (p=0.001), it was significantly less that LPS treatment alone 

(p=0.001). These results suggest that the functional activity of MIF is 

reduced over 14 days, but its inhibitory properties still remain significant.  

IL-10 was also detected by ELISA at 24 hrs but the amount of IL-10 

production at this time point was negligible.  
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MIF alters cytokine production following spinal cord injury 

Since TNF-" production was affected by MIF treatment in microglial 

cultures, we wanted to further investigate cytokine production in vivo 

subsequent to SCI. To assess cytokine production in vivo in a 

spatiotemporal manner spinal cords from different time points post injury 

were cut into 3mm segments corresponding to the lesion epicenter, rostral 

and caudal to the lesion, and the concentrations of the pro-inflammatory 

cytokine TNF-" and the anti-inflammatory cytokine, IL-10, were analyzed via 

ELISA (Figure IV-4).  TNF-" expression was elevated rostral and caudal to 

the lesion but most dramatically in the lesion epicenter 1dpi, and declined 

thereafter in PBS-treated groups.  MIF treatment significantly decreased 

TNF-" production although not to the levels of uninjured sham groups.  

Interestingly, when animals were treated for 7 days with MIF, there seemed 

to be a slight increase in TNF-" expression after the treatment stopped, 

which was not observed when the animals were treated for 14 days (Figure 

IV-4A).  This could be due to a possible delayed response of 

microglia/macrophages when treatment ceased.  Analysis of IL-10 was quite 

surprising; since IL-10 levels were significantly higher in groups treated with 

MIF at all time points during MIF administration. IL-10 levels peaked 

between 3-7dpi in comparison to PBS treated groups. A modest elevation of 

IL-10 was observed over time in all segments of the spinal cord, but was 

more pronounced rostrally and caudally (Figure IV-4B). The observed 

elevation of IL-10 levels could be a direct effect of microglial inhibition, 
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where activated microglia could be secreting factors that regulate the 

expression of anti-anti-inflammatory cytokines and the absence of these 

factors allows for an increase in IL-10 expression.    

 

MIF diffusion within the spinal cord 

 To determine how far MIF diffuses within the spinal cord, MIF was 

conjugated to biotin label using EZ-Link NHS-Biotin (Thermo Scientific) and 

then administered in vivo via a 7-day micro-osmotic pump.  At 7dpi mice 

were euthanized and biotinylated MIF was analyzed by incubating the spinal 

cord slices with strepavidin conjugated Alexa Fluor 555.  MIF treatment 

diffused approximately 0.8 mm rostrally and 0.6 mm caudally to the lesion 

epicenter but the concentration of MIF was highest at the lesion core (Figure 

IV-5 A, B). Higher magnification images show MIF either clustering on the 

surface of macrophages or in a subcellular compartment possibly binding to 

cell surface receptors or altering intracellular signaling pathways (Figure IV-

5B).   
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Figure IV-1 

 
Figure IV-1. MIF inhibits microglial activation following the dorsal 
hemisection model of spinal cord injury. A, Bright field images of spinal cord 
sections (7, 14, 30dpi) stained against the microglial marker iba-1 (brown) and 
detected with a DAB.  B, Representative image of iba-1 expression of spinal 
cords collected at various time points post injury analyzed by quantitative 
immunoblotting. C, Quantitative measurements of iba-1 were performed using 
the Odyssey 2.1 software and the data were plotted as a ratio of the pixel volume 
of iba-1 over the pixel volume of actin. For statistical analysis, MIF treated groups 
were compared to PBS controls for each time point evaluated.  Error bars 
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represent SEM, where *p<0.05, **p<0.01, ***p<0.001 by ANOVA followed by 
Bonferroni’s post hoc test (n=6 individual experiments). 

 
 
 
 
 
 
 
 
 
 
 
Figure IV-2.  MIF reduces microglial proliferation. 
A, Quantification of microglial proliferation of various time points post injury.  For 
statistical analysis, PBS treatment was compared with MIF treatments from the 
same time points. B, Representative images of 3dpi of iba-1 (green) and the 
proliferation marker Ki-67 (red). Error bars represent SEM, where *p<0.05, 
**p<0.01, ***p<0.001 by ANOVA followed by Bonferroni’s post hoc test (n=6 
individual experiments). 
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Figure IV-3 

 
Figure IV-3. The inhibitory properties of MIF are still effective after 14 days. 
A, Fluorescent images of primary microglia incubated with fresh 5mM MIF, 14 
day MIF and /or LPS. B, The activation state of Iba-1+

 microglia (red) was 
determined morphologically (less than 2 processes were considered activated, 2 
or more microglia were considered resting) and via (C) TNF-" production.  C,D,  

ELISA assays were performed on the microglial culture supernatant and (C)TNF-
" and (D) IL-10 levels were measured. Error bars represent SEM, where 

*p<0.05, ***p<0.001, and ###p<0.001 by ANOVA followed by Bonferroni’s post 
hoc test (* comparison to sham; # comparison to LPS). Scale bar, 50µm.  (n= 3 

individual experiments) 
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Figure IV-4 

 
Figure IV-4. Inhibition of microglia with MIF alters cytokine production 
following spinal cord injury. 
Spinal cords from PBS and MIF treated mice were cut into three 3 mm segments 
(rostral to the lesion, lesion epicenter, and caudal to the lesion) and 
homogenates were made for different time points post injury. Spinal cord 
homogenates were then subjected to ELISA to detect A, TNF-" and B, IL-10 

levels. Error bars represent SEM, where *p<0.05, ***p<0.001, and ###p<0.001 by 
ANOVA followed by Bonferroni’s post hoc test (n=3 individual experiments). 
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Figure IV-5 
 

 
 
Figure IV-5. MIF distribution in the spinal cord.   
PBS or biotinylated MIF was administered to mice via a micro-osmotic pump over 
the lesioned area of the spinal cord for 7 days and spinal cords were isolated at 
7dpi. A, Representative images of secondary antibody control of PBS treated 
spinal cord (upper panel) and MIF (bottom panel) distribution in biotinylated-MIF 
treated spinal cord.  B, MIF distribution was measured using ImageJ software 
(n=3). C, Higher magnification image of MIF (inset denoted by white box in A). 
Scale bar, 100µm; 50µm   
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Discussion  

MIF effectively inhibited microglial activation in vitro and in vivo 

following spinal cord dorsal hemisections and was relatively stable after a 

14 day incubation period at physiological temperatures. Administration of 

MIF via osmotic pump localized MIF distribution to the lesion area where it 

diffused rostrally and caudally to the lesion, but the highest concentration of 

MIF was found within the lesion area.  The MIF diffusion pattern could 

explain the alterations observed in cytokine secretion in different areas of 

the spinal cord. Inhibition of microglia with MIF resulted in significant 

reduction of TNF-" production following injury, but increased IL-10 

expression at later time points.    

TNF-" and IL-10 are mainly produced by cells of monocytic origin.  

Following CNS injury TNF#"  is involved in mediating inflammation, 

neutrophil recruitment and apoptosis of glia thereby contributing to 

secondary damage.  Alternatively, IL-10 has been shown to have beneficial 

effects in various CNS pathologies, shown by decreasing astrogliosis, and 

pro-inflammatory cytokine production (Woiciechowsky et al., 2004).  

Evidence suggests that IL-10 can suppress the cell death response, 

decrease tissue damage, reduce pain, increase neuronal survival and 

induce functional recovery (Bethea et al., 1999; Brewer et al., 1999; Bachis 

et al., 2001; Boyd et al., 2003; Jackson et al., 2005).  Injury was 

exacerbated in mice deficient in IL-10 injury, suggesting that IL-10 is 
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neuroprotective in models of stroke and excitotoxic spinal cord injury (Grilli 

et al., 2000; Abraham et al., 2004).   

Interestingly, in this study, MIF treatment enhanced IL-10 production 

similar to various pharmacological inhibitors of microglia.  Minocycline, a 

tetracycline that has been shown to inhibit microglia and macrophages,  

increased IL-10 mRNA levels and concomitantly decreased the proinflammatory 

cytokine, TNF-" (Lee et al., 2003).  Methylprednisolone, a steroid inhibitor of 

monocytic activation, increased the biosynthesis of IL-10 while inhibiting TNF-" 

production in models of endotoxaemia (Marchant et al., 1996).  Moreover, a 

recent study of microglial inhibition with the drug dimethylfumarate reduced 

expression of NO, TNF-", IL-6 and IL-1! with contemporaneous increase of 

expression of IL-10 in EAE (Wilms et al.). The concomitant increase of IL-10 

along with the decrease in TNF-" in these various models was of interest since 

IL-10 plays a role as a feedback inhibitor of TNF-", where TNF-" can trigger the 

IL-10 response. However, IL-10 has been shown to stimulate macrophages by 

several endogenous and exogenous factors such as endotoxin (via Toll-like 

receptor 4 and NF-$B dependent pathways), TNF-" (via TNF receptor p55 and 

NF-$B-dependent pathways), catecholamines, and drugs that elevate cyclic 

adenosine monophosphate (both via protein kinase A and CREB-1/ATF-1 

dependent pathways) (Platzer et al., 1995; Meisel et al., 1996; Woiciechowsky et 

al., 1998; Platzer et al., 1999; Platzer et al., 2000; Riese et al., 2000; 

Woiciechowsky and Volk, 2005). It is feasible, that MIF inhibits monocytic 

activation causing alterations in the signaling pathways, thereby causing an 
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increase in IL-10 while reducing TNF-" expression.  Another possibility for the 

observed increase in IL-10 with MIF treatment is that the lack of monocytic 

activation prevents the release of regulatory molecules that modulate IL-10 

expression therefore other cells types may be responsible for the elevation of IL-

10 following MIF treatment.   

Conceivably, since MIF has been shown to decrease cell migration, 

phagocytosis, chemotaxis (Auriault et al., 1983), reduce neuronal 

degeneration and lesion volume (Thanos et al., 1993; Wang and Tsirka, 

2005; Bhasin et al., 2007) and reduce demyelination (Bhasin et al., 2007), 

MIF may have similar effects following spinal cord injury which will be 

discussed in the following chapters. 



53 

 

Chapter V 

Inhibition of microglial activation with MIF alters 

components of the glial scar 

 

 

Introduction 

Under normal physiological conditions, astrocytes regulate and provide 

structural support for the CNS by contributing to the formation of the blood brain 

barrier and by modulating the neuronal environment via neurotransmitter and 

ionic reuptake (Nedergaard et al., 2003).  Under pathological conditions, such as 

spinal cord injury, astrocytes become reactive and proliferate forming a dense 

astrocytic scar, which is a major component of the inhibitory glial scar creating a 

cellular barrier around the lesion epicenter.  Astrogliosis has been shown to have 

both beneficial and deleterious effects following spinal cord injury.  The astrocytic 

scar forms a barrier around the primary insult isolating the injured area in an 

attempt to reestablish the blood brain barrier (Bignami et al., 1993).   Selective 

ablation of reactive astrocytes following SCI, via the HSVTK transgene driven by 

the GFAP promoter, increased the inflammatory response, neuronal and 

oligodendrocyte death, and decreased functional recovery (Faulkner et al., 

2004).  In contrast, a reduction of inflammation and an increase in functional 

recovery subsequent to SCI has been demonstrated in mice expressing the 

dominant negative form of the inhibitor of NF-$B under the control of the GFAP 
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promoter (Brambilla et al., 2005).  Astrogliotic scars are also a major source for 

the production of extracellular matrix molecules, such as proteoglycans and 

tenascins, which inhibit neurite outgrowth following trauma (McKeon et al., 1991; 

Faissner, 1997; Fawcett and Asher, 1999; Garwood et al., 2001; Silver and 

Miller, 2004).  

Of the proteoglycans, CSPGs are quickly upregulated following trauma 

(Jones et al., 2003; Tang et al., 2003) and deter axon regrowth in the lesioned 

area.  The CSPG neurocan is upregulated by reactive astrocytes following injury 

and has been shown to inhibit axon regeneration in vitro and in vivo (McKeon et 

al., 1999; Asher et al., 2000; Matsui et al., 2002; Deguchi et al., 2005).  Although, 

not expressed by reactive astrocytes, NG2 CSPG, found within the glial scar, has 

similar inhibitory properties (Levine, 1994; Ughrin et al., 2003; Tan et al., 2005; 

Tan et al., 2006).   

Cytokines released from damaged neurons and microglia stimulate 

astrogliosis. Real time-PCR indicated that microglial activation precedes 

astrocytic activation following spinal nerve trans-section and cortical spreading 

depression models (Gehrmann et al., 1993; Tanga et al., 2004).  Chloroquine 

and colchicine, inhibitors of microglial activation reduced astrogliosis and 

increased neuronal survival in stroke and trauma models (Giulian et al., 1989; 

Giulian and Robertson, 1990). We hypothesized that MIF can reduce astrogliosis 

and thereby blunt CSPG expression.  Here, in this chapter, astrogliosis and 

CSPG expression were analyzed following the inhibition of microglia and 

macrophages with MIF. 
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Results   

Astrocyte activation and proliferation are reduced around the lesion core 

Since microglia regulate astrocytic activation (Kreutzberg, 1996; Popovich 

et al., 1997) and GFAP is upregulated by astrocytes in the CNS following insult 

(Eddleston and Mucke, 1993; Ridet et al., 1997) we thus examined GFAP 

immunoreactivity following inhibition of microglia (Figure V-1A). Low levels of 

GFAP expression were observed in sham injuries indicating that astrocytes were 

‘resting’.  In PBS treated animals, a significant increase in GFAP expression was 

observed at 7dpi. This increase was attenuated in the MIF treated groups.  The 

decrease in GFAP immunoreactivity was confirmed by quantitative immunoblots 

(Figure V-1B,C) where there was an evident downregulation of GFAP expression 

levels at 7dpi in MIF treatment when compared to those after PBS treatment.   

The decrease in GFAP expression could correlate with a decrease in 

astrocytic reactivity or a decline in astrocytic proliferation.  To determine 

astrocytic proliferation, GFAP and the proliferation marker Ki-67 were analyzed 

cord for each treatment (n=6/group), where five 40x fields were taken per spinal 

cord (Figure V-2).  The number of proliferative astrocytes declined during MIF 

administration, with a significant decrease at 7dpi in the MIF treated groups in 

comparison to groups treated with PBS (Figure V-2).  To determine the 

proliferation index of astrocytes the number of double positive GFAP+Ki67+ cells 

was divided by the total number of astrocytes positive for GFAP 

(GFAP+Ki67+/total GFAP+ cells) in each field (Figure V-2B).  The amount of 

proliferating astrocytes was significantly less at 7dpi with MIF treatment in 
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comparison to PBS although no differences were observed at other time points.  

An observed difference in astrocytic morphology was noted particularly at 7dpi, 

where the astrocytes seem more hypertrophic in the PBS groups but retained a 

‘resting’ morphology in the MIF treated groups. 

 

Lesion volume 

The inhibitory effect of MIF on microglia/macrophages and the reduction in 

astrocytic reactivity following SCI led us to evaluate the lesion volume to 

determine if there was a difference in lesion size when microglia/macrophage 

activation is inhibited.  Sections of the spinal cord were labeled with the astrocytic 

marker GFAP to determine the lesion border and the lesion volume, which was 

defined as the area devoid of GFAP signal (Figure V-3A), was analyzed using 

the NIH ImageJ software.  At all time points the lesion volume showed a trend 

toward reduction with microglial inhibition but was significant at 14dpi with 14 day 

administration of MIF (Figure V-3B).   

 

Chondroitin sulfate proteoglycan expression following MIF treatment 

Given that astrocytic proliferation and reactivity were reduced, we next 

sought to examine CSPG expression, since CSPGs are expressed by reactive 

astrocytes and are inhibitory to axonal regeneration following SCI.  Using the Pan 

CSPG antibody (CS-56) the mean fluorescent intensity was determined for each 

treatment group by taking 5 40x fields and measuring the optical density for each 

field.  Animals that had undergone sham injury exhibited little to no expression of 
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CSPGs; following injury and PBS treatment a dramatic increase in expression of 

CSPGs was evident at the lesion epicenter extending out to areas of the 

penumbra.  Pan CSPG expression was significantly reduced at 7dpi and 14dpi 

with the 14 day MIF treatment (Figure V-3A,B).  Two of the CSPGs, NG2 and 

neurocan, were analyzed individually as they are known to have inhibitory effects 

on axonal regeneration (Figure V-4,5). In animals that were subjected to SCI and 

treated with PBS (controls) NG2 expression was elevated at 7dpi, but diminished 

over time.  MIF treatment for 7 days markedly reduced NG2 expression at 7dpi, 

and 14 day MIF treatment reduced expression both at 14 and 30dpi.  Neurocan 

was differentially expressed: PBS treatments resulted in a rise in neurocan 

expression peaking at 14dpi and declining thereafter. The reduction in neurocan 

expression was not statistically significant at any time points except for the 14 

day MIF treatment at 14dpi.   
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Figure V-1 

 
 
 
 
Figure V-1. MIF inhibition of microglia reduces astrocyte reactivity.   
 A, Fluorescent images of GFAP astrocytes within sagittal sections of spinal 
cords. B, Representative quantitative immunoblot of GFAP levels from PBS and 
MIF treated spinal cord homogenates taken from various time points post injury. 
C, Quantitative measurements of GFAP were performed using the Odyssey 2.1 
software and the data were plotted as a ratio of the pixel volume of GFAP over 
the pixel volume of actin. For statistical analysis, PBS treatment was compared 
with MIF treatments from the same time points. Error bars represent SEM, where 
*p<0.05 by ANOVA followed by Bonferroni’s post hoc test. (n=6 individual 
experiments) Scale bar: 200µm.  
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Figure V-2 

 
 
 
 
 
 
 
 
 
 
 
 
Figure V-2. Microglial inhibition reduces Astrocyte proliferation 
 A, Representative images of spinal cords, isolated at 7dpi from PBS and MIF 
treated mice, stained for GFAP (green) and the proliferation marker Ki-67 (red).  
B, Quantitative analysis of proliferative astrocytes at various time points post 
injury comparing MIF treatment groups to PBS control groups. Error bars 
represent SEM, where *p<0.05 by ANOVA followed by Bonferroni’s post hoc test 
(n=6 individual experiments). Scale Bar: 20µm. 
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Figure V-3 

 
 
 
 
 
 
 
 
 
 
Figure V-3.  Lesion volume is reduced during the duration of MIF treatment.  
A, Lesion volume (lesion area) was quantified from six sagittal sections by 
measuring the area of devoid of stain surrounded by the GFAP+ astrocytic 
border (demoted by outlined area) and (B) average values were obtained from 6 
independent samples (n=6/time point/treatment) using the NIH ImageJ software. 
Error bars represent SEM, where *p<0.05 by ANOVA followed by Bonferroni’s 
post hoc test (n=6 individual experiments).  Statistical significance was analyzed 
between PBS treated and MIF treatments for each time point. 
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Figure V-4 

 
 
 
 
Figure V-4. CSPG expression is reduced with MIF inhibition of microglia.  
A, Fluorescent images of spinal cords stained against the CSPG marker CS-56 
(red), to determine the overall expression of CSPGs. B, Quantification of 
fluorescent intensity of CSPGs using ImageJ. Error bars represent SEM, where 
*p<0.05 by ANOVA followed by Bonferroni’s post hoc test (n=6 individual 
experiments).  Statistical significance was analyzed between PBS treated and 
MIF treatments for each time point. Scale Bar: 200µm 
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Figure V-5 

 
 
 
 
Figure V-5. Suppression of microglial activation causes a reduction in 
NG2 expression.  A, Fluorescent images of spinal cords stained against the 
NG2 (red). B, Quantification of fluorescent intensity of NG2 immunoreactivity 
using ImageJ. Error bars represent SEM, where *p<0.05 by ANOVA followed by 
Bonferroni’s post hoc test (n=6 individual experiments).  Statistical significance 
was analyzed between PBS treated and MIF treatments for each time point.  
Scale Bar: 200µm 
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Figure V-6 
 

 
 
 
 
Figure V-6.  Inhibition of microglial activation reduces neurocan 
expression.  A, Fluorescent images of spinal cords stained against neurocan 
(red) B, Quantification of fluorescent intensity of CSPGs using ImageJ. Error bars 
represent SEM, where *p<0.05 by ANOVA followed by Bonferroni’s post hoc test 
(n=6 individual experiments).  Statistical significance was analyzed between PBS 
treated and MIF treatments for each time point. Scale Bar: 100µm 
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Discussion  

The lesioned area is devoid of glial cells such as astrocytes or 

oligodendrocytes, but contains a large number of macrophages and microglia 

that remain in situ over a period of two months or more after the injury (Wrathall 

et al., 1998). In this study, we found that MIF treatment significantly reduced 

lesion volume at 7dpi, but resulted in no significant difference observed at day 30 

even though the lesion areas were smaller than the PBS treatment groups.  This 

could be due to the cessation of treatment that allowed microglia to become 

activated and peripheral macrophages to infiltrate the lesioned area after 14dpi.  

Following CNS pathologies, astrogliosis is associated with microgliosis, 

where microglial activation precedes or complements astrocytic reactivity (Giulian 

et al., 1989; Tanga et al., 2004). We wanted to investigate if the astrocytic scar 

was affected following MIF treatment. Although the scar was still present around 

the lesion, the number, proliferation rate and reactivity of astrocytes were 

reduced following microglial inhibition with MIF.  These findings were similar to 

results obtained by Balasingam, where treatment with MIF significantly reduced 

astroglial reactivity following corticectomy (Balasingam and Yong, 1996). This 

observation could be due to a number of factors since microglia secrete a myriad 

of cytokines and growth factors, which in turn could act as triggers and 

modulators of astrogliosis.  In vitro studies of microglia and astrocytic cocultures 

have shown that microglial activation with LPS stimulates astrocyte proliferation.  

Zhang determined by blocking by prostaglandin E2 with pharmacological 

inhibitors or by genetic knockout of microglial COX-2 (Zhang et al., 2009) that 
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microglia secrete prostaglandin E2 which enhances astrocyte proliferation.  It is 

feasible that the inhibition of microglia with MIF abrogated the expression of 

factors that are required for astrogliosis thus decreasing astrocytic proliferation 

and astrocyte hypertrophy. 

Astrocytes are also a cellular source of proteoglycan expression, where 

the CSPGs such as phosphacan (Maeda et al., 1995; McKeon et al., 1999) and 

brevican (Yamada et al., 1994) are expressed exclusively by astrocytes.  

Neurocan, although primarily expressed by neurons (Engel et al., 1996), is also 

expressed by astrocytes in vitro (Oohira et al., 1994; Asher et al., 2000) and in 

various CNS injury models (McKeon et al., 1999; Matsui et al., 2002; Deguchi et 

al., 2005).  Since astrocyte proliferation and reactivity were decreased following 

MIF treatment, it is possible that as a consequence the CSPG expression was 

also reduced.  We determined that during the duration of microglial inhibition with 

MIF pan CSPG expression was significantly reduced using CS-56 

immunohistochemistry.  Fluorescent staining also revealed that neurocan 

expression was reduced at 14dpi. 

The CSPG NG2 was also analyzed and a decrease in NG2 

immunoreactivity was observed with MIF inhibition of microglia. NG2 positive 

OPCs proliferate rapidly following spinal cord injury (Yoo and Wrathall, 2007) but 

the decrease may not be due to a decrease in the OPC population, since NG2 

expressing macrophages, meningeal, Schwann and endothelial cells infiltrate the 

spinal cord following injury (Jones et al., 2002; McTigue et al., 2006).  The 
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decline in NG2 expression with MIF treatment could be due to the decrease in 

macrophage activation since MIF affects all cells of monocytic origin.  
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Chapter VI 

Microglial inhibition with MIF preserves myelin and 

enhances axon regeneration 

 

Introduction 

Oligodendrocytes are particularly vulnerable to apoptotic cell death after CNS 

trauma (Casha et al., 2001).  A single oligodendrocyte is responsible for 

myelinating multiple axons. The loss of oligodendrocytes causes the 

demyelination of many spared axons, eventually causing distal axons to lose 

conduction capacity.  Without myelin axons alter the location and efficiency of ion 

channels necessary for saltatory conduction, which in turn disrupts action 

potentials (Waxman, 2001; Hains et al., 2003).  In addition to affecting axon 

conductance and signaling, oligodendrocytes also maintain the structural integrity 

of the axon and contribute to neuronal survival (McTigue and Tripathi, 2008). 

Following SCI approximately half of the population of oligodendrocytes located in 

the peri-lesion area are lost within 2 days of the primary injury (Grossman et al., 

2001; Lytle and Wrathall, 2007; Rabchevsky et al., 2007). Glutamate 

excitotoxicity has been associated with early oligodendrocyte loss, since blocking 

of glutamatergic receptors on oligodendrocytes prevents oligodendrocyte death 

after experimental spinal cord contusion (Rosenberg et al., 1999).  Delayed and 



68 

 

secondary oligodendrocyte death occurs and expands outside the lesion area 

(Crowe et al., 1997) which can be attributed to the action of activated 

macrophages and microglia.  Resting and activated microglia release glutamate, 

TNF-", IL-1! and NOS, all of which have been shown to contribute to 

oligodendrocyte cell death (Streit et al., 1998; Merrill and Scolding, 1999; Pineau 

and Lacroix, 2007).  

 Oligodendrocytes are post-mitotic cells, and new oligodendrocytes must form 

for remyelination to occur once the mature oligodendrocytes are lost. To 

compensate for this loss of oligodendrocytes, after trauma oligodendrocyte 

precursor cells (OPCs) that express NG2 (nerve glia-2) CSPG migrate to the site 

of injury, proliferate and begin their differentiation.  During the differentiation 

process, OPCs downregulate NG2 expression (Beasley and Stallcup, 1987; 

Levine and Stallcup, 1987), upregulate expression of myelin associated proteins, 

increase in process complexity and begin myelinating axons (McTigue and 

Tripathi, 2008).  Under normal physiological conditions OPC numbers are low, 

but following insult OPCs proliferate rapidly over a time span from 48 hrs to 5 

days (Levine, 1994). EAE models demonstrated that during treatment with MIF 

demyelination is reduced (Bhasin et al., 2007). The loss of oligodendrocytes, 

insufficient replenishment of new oligodendrocytes, and poor remyelination is 

predicted to lead to a decrease in neuronal viability since extensive myelin loss is 

usually followed by axonal degeneration.  

The loss of oligodendrocytes following injury is not the sole cause of axonal 

degeneration, the initial mechanical impact can immediately sever, crush and 
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destroy axons.  Since mature nerve cells are post mitotic, any functional recovery 

that is occurs after injury is due to the plasticity of the spared neurons.  For an 

axon to regenerate, growth cones must form and be directed towards the target 

cell and for a functional connection, or synapse. Growth cones are sensitive to 

environmental factors, and depending on the environment, axon growth can be 

promoted or inhibited.  There are many molecules that are released or 

upregulated after spinal cord injury that inhibit the intrinsic growth capacity of 

axons, such as CSPGs (Fitch and Silver, 2008) and myelin inhibitors. Cellular 

interactions can also prevent regeneration from occurring. Axonal die back, a 

phenomenon where axons retract long distances from the lesions, is associated 

with macrophage infiltration. An in vitro model of the glial scar provided evidence 

that macrophages interact with dystrophic axons and directly cause long-distance 

axonal retraction (Horn et al., 2008; Busch et al., 2009).  Minocycline, a 

tetracycline derivative, inhibits microglia and thus reduces axonal die back of 

cortical spinal tract (CST) axons, death of oligodendrocytes and improving 

functional recovery (Stirling et al., 2004; Festoff et al., 2006; Yune et al., 2007).  

In the previous study, MIF inhibition of microglia/macrophages reduced 

astogliosis and CSPG upregulation; this in turn could make the environment 

more permissive for axonal regeneration and reduce axonal die back.  Thus, this 

chapter will analyze the affect of microglial inhibition on oligodendrocyte survival 

and axonal regeneration in the spinal cord.  
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Results  

More oligodendrocytes are present when microglial activation is inhibited 

with MIF 

Since the number of oligodendrocytes declines following spinal cord injury, 

we wanted to assess whether inhibition of microglia with MIF had an effect on 

oligodendrocyte numbers.  To examine the presence of mature oligodendrocytes 

spinal cords were analyzed for CC1+ oligodendrocytes by taking six 40X fields for 

each time point and treatment group (Figure VI-1A,B).  At 14dpi and 30dpi there 

was a significant difference in oligodendrocyte cell number when microglial 

activation was inhibited with MIF treatment, where there was a direct correlation 

with MIF treatment time and the number of oligodendrocytes present.  To 

determine if the increase in oligodendrocyte number was due to oligodendrocyte 

survival, TUNEL was used to quantify apoptotic cell death of oligodendrocytes 

(Figure VI-C,D), seeing as secondary cell death associated with macrophage and 

microglial activation is apoptotic.  We found that mice treated with PBS showed a 

significant increase in oligodendrocyte cell death over sham treated animals in all 

time points observed.  When microglial activation was inhibited the number of 

TUNEL positive oligodendrocytes decreased significantly at 7dpi (p<0.01) and 

14dpi (p<0.05) in comparison to PBS controls. 

To confirm that microglial inhibition with MIF is directly associated with the 

increase in oligodendrocyte survival in vivo, microglia/oligodendrocyte co-

cultures were prepared and treated with LPS, MIF alone, or MIF plus LPS (Figure 

VI-2A).  CNPase/TUNEL positive cells were counted in each co-culture condition 
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(Figure VI-2B).  Treatment with MIF alone did not induce cell death in 

oligodendrocytes as the number of TUNEL positive cells were similar to those 

observed in non-treated cultures.  Oligodendrocytes expressing CNPase seem to 

be more ‘inclined’ to undergo cell death, while the MBP positive cells did not 

show significant cell death in the LPS treated condition, indicating that immature 

oligodendrocytes are more prone to cell death by LPS activated microglia.  When 

MIF was added along with LPS the number of dying immature oligodendrocytes 

decreased indicating that microglial inhibition with MIF is sufficient to reduce 

oligodendrocyte cell death. 

  

OPC proliferation is acutely augmented following microglial suppression  

OPCs proliferate dramatically following SCI, so OPC numbers and 

proliferation were quantified following MIF treatment (Figure VI-3).  Microglial 

inhibition altered the proliferation of OPCs, where significantly higher numbers of 

proliferative OPCs were observed at 1dpi in comparison PBS treatment (Figure 

VI-3 A,B).  Hence, OPC proliferation is enhanced acutely following MIF treatment 

possibly differentiating into mature oligodendrocytes by 14dpi and 30dpi. To 

address if activated microglia decrease OPC proliferation in vitro, OPC microglial 

cocultures were treated with LPS, MIF or MIF plus LPS and incubated with BrdU 

(Figure VI-3C, D). There was no difference in OPC proliferation in non-treated 

and MIF treated cocultures.  Alternatively, activation of microglia with LPS 

resulted in a decrease in OPC proliferation in comparison to controls (Figure VI-

3C).  The addition of MIF and LPS to the cocultures increased the number of 
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proliferative OPCs in comparison to LPS treatment alone.  These results suggest 

that activated microglia do not induce cell death of OPC but instead decrease 

their proliferative capacity following insult.   

 

More Myelin is present and more axons are viable when microglia are 

inhibited with MIF 

Due to the increased number of oligodendrocytes present following MIF 

treatment, myelin basic protein (MBP), a component of myelin and a marker of 

fully differentiated OLs, was analyzed via immunohistochemistry and quantitative 

immunoblotting.  Analysis of the epicenter region on PBS treated spinal cords 

showed that after MBP staining there was evidence of representative myelin 

debris, while MBP immunoreactivity revealed the presence of faint aberrant 

myelin ‘tubes’ at 1dpi which increased over time with MIF treatment (Figure VI-

4D).  Immunoblot analysis showed a decrease in all MBP isoforms following SCI 

in both PBS and MIF treatments; although MIF treatments resulted in significantly 

higher levels of MBP compared to those after PBS treatment, the difference 

never reached significance in comparison to the sham-treated animals (Figure 

VI-4A).  Of particular note the 21kda and the 17kDa isoforms of MBP showed a 

marked increase in the MIF treatment groups at 7dpi for both isoforms and 30 dpi 

for the 21.5 kDa isoform when compared PBS treatment groups (Figure VI-

4A,B,C).  The 21.5 and 17kDa isoforms are upregulated during myelination and 

remyelination while the 18.5 and 14kDa isoforms of MBP are associated with 

compact myelin.     
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To rule out the possibility that what we perceived as results were rather 

false positives due to myelin debris, another group of mice were treated with MIF 

for 14 days or PBS and spinal cords were prepared for electron microscopic 

analysis to determine the fine detail of myelin and axonal survival (Figure VI-5A). 

Electron microscopic images of myelin and axons determined that demyelination 

was occurring at 3dpi in both PBS treatment and MIF treatment conditions, 

although MIF treatment resulted in more myelinated axons (Figure VI-5B).  

However at 30dpi MIF treatment yielded a dramatic increase in axons 

possessing myelin.  Hence MIF was probably preventing some demyelination 

earlier on after the injury and was later enhancing remyelination, thus ending with 

less axonal death which is determined by a dark axonal cytoplasm. 

 

The presence of MIF reduces axonal die back 

Since more axons were viable around the approximate lesion epicenter 

determined by electron microscopy, we sought to analyze axon growth or ‘die 

back’ within the lesioned area.  Retrograde axon labeling was performed by 

injecting CTB into the sciatic nerve 4 days prior to sacrificing the mice.  When 

treated for 7 and 14 days with MIF, more neurites were present in the lesioned 

area in comparison to the PBS treated group alone. The 14 day treatment had 

more neurites within the lesion than the 7day treatment (Figure VI-6A,B). 
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Figure VI-1. Oligodendrocyte numbers are augmented when microglia are 
inhibited with MIF.  Spinal cord sections were stained for the mature 
oligodendrocyte marker, CC1 (red) and fluorescent images were captured.  A, 
Representative images of CC1+ oligodendrocytes in sham, PBS and 14day MIF 
treatments at 14dpi. B, Quantification of the number of CC1+ oligodendrocytes 
present following spinal cord injury in PBS and MIF treated spinal cords (# 
comparison to sham; * comparison to PBS treatments). Error bars represent 
SEM, where *p<0.05, #p<0.05 by ANOVA followed by Bonferroni’s post hoc test 
(n=6 individual experiments).  C, TUNEL and CC1 stain of spinal cords and D, 
quantification of the percent of oligodendrocyte cell death (* comparison to PBS 
treated groups). Error bars represent SEM, where *p<0.05 by ANOVA followed 
by Bonferroni’s post hoc test (n=6 individual experiments).  
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Figure VI-2 

 
Figure VI-2. Microglia directly affects oligodendrocyte survival.  
A, Confocal images of mixed microglial and oligodendrocyte cocultures.  Mixed 
cultures were treated with MIF, LPS, LPS and MIF B, and oligodendrocyte cell 
death was assessed via TUNEL staining.  The number of CNPase+/TUNEL+ 
cells was quantified. (* comparison with nt; # comparison to LPS) Error bars 
represent SEM, where ***p<0.001 ###p<0.001 by ANOVA followed by 
Bonferroni’s post hoc test (n=6 individual experiments). 
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Figure VI-3 
 

 
Figure VI-3. Microglial inhibition increased OPC proliferation.  
A. NG2 stain for OPC co-stained against ki-67 within the spinal cord and B, 
proliferation was quantified.  C, Confocal images of OPC and microglia co-
cultures.  Co-cultures were treated with MIF, LPS, LPS and MIF and BrdU was 
added to assess D, OPC proliferation and E, sphere formation. (* comparison 
with non-treated (NT); # comparison to LPS)Error bars represent SEM, where 
*p<0.05, **p<0.01, ##p<0.01 by ANOVA followed by Bonferroni’s post hoc test 
(n=6 individual experiments)Scale bar 50µm 

 
!
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Figure VI-4. More MBP is present with microglial inhibition.  A, Quantitative 
immunoblotting was performed on spinal cord homogenates and MBP 
expression was assessed and the 21.5 (B) and 17kDa (C) isoforms expression 
was quantified.  D, Fluorescent images of MBP bordering the lesion epicenter.  
where *p<0.05, **p<0.01, ***p<0.001 by ANOVA followed by Bonferroni’s post 
hoc test (n=6 individual experiments) 
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Figure VI-5 

 
 
 
Figure VI-5. Less unmyelinated axons are associated with microglial 
inhibition. 
A, Electron micrographs of spinal cords treated with PBS and MIF for up to 14 
dpi. B, quantification of number of myelinated/unmyelinated axons from MIF and 
PBS treated animals, where 100 axons/group were counted. Error bars represent 
SEM, where *p<0.05, **p<0.01, ***p<0.001 by ANOVA followed by Bonferroni’s 
post hoc test n=3 individual experiments) 
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Figure VI-6 

 
 
 
 
 
 
 
Figure VI-6. Enhancement of neurite outgrowth within the lesion core upon 
MIF treatment.  A, Retrograde axon labeling with CTB via the sciatic nerve was 
performed on MIF and PBS treated mice and spinal cords were isolated at 30dpi.  
B, Mean axonal density was quantified by imaging serial sections and 
determining the optical density within the lesioned area. Error bars represent 
SEM, where **p<0.01by ANOVA followed by Bonferroni’s post hoc test (n=6 
individual experiments). 
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Discussion 

A large number of oligodendrocytes were lost in PBS control groups with 

the largest amount of death seen at 7dpi.  In contrast, when microglia and 

macrophages were inhibited with MIF the number of oligodendrocytes was 

significantly higher throughout MIF treatment in relationship to the PBS control-

treated mice.  The increase in oligodendrocyte numbers could possibly be due to 

the observed decrease in cell death of oligodendrocytes.  Moreover, 

macrophages have been shown to influence the proliferation and differentiation 

of NG2+ progenitors (Schonberg et al., 2007) and we found that inhibition of 

microglia and macrophages caused an acute enhancement of proliferation of 

OPCs at 1dpi.  This in vivo data was supported by in vitro co-cultures of 

oligodendrocytes or OPCs with microglia, where.  Activated microglia caused a  

reduction in OPC proliferation consistent with the report that NG2+ cells 

proliferation is inhibited by the addition of purified OX42+ microglia/macrophages 

isolated from injured spinal cords (Wu et al.).  MIF treatment increased sphere 

number to near normal levels. The OPC data presented in this corresponds with 

the data from Taylor in which TLR4 activated microglia decrease the proliferative 

properties of OPCs (Taylor et al.). 

The 17 and 21.5 kDa isoforms of MBP are upregulated during 

myelination/remyelination whereas the 18 and 14 kDa isoforms are components 

of compact myelin.  We found that the protein levels of the 17 kDa and 21.5 kDa 

isoforms were higher in the MIF treatment groups. This result is either indicative 

of remyelination or, since the levels of 21.5 kDa isoform in the MIF treatment 
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never exceeded the levels observed in the sham injury, it is plausible that that 

some demyelination was being prevented.  Myelin basic protein staining revealed 

that demyelination was occurring post injury but not to the extent happening in 

PBS treated groups. Aberrant myelin formation was observed at later time points 

post injury suggestive of remyelination.  Since the oligodendrocyte numbers were 

higher and the number of oligodendrocytes undergoing cell death was decreased 

in the MIF-treatment groups in comparison to the PBS-treatment groups, it is 

purported that axons were not as dramatically demyelinated.  Electron 

micrographs from 3 and 30dpi support these findings: at 3dpi demyelination was 

evident, higher numbers of small diameter axons remained myelinated when 

microglial activation was inhibited, and micrographs of 30dpi showed a significant 

increase in the number of myelinated axons.   

Electron micrograph analysis also showed an increase in axon survival as 

more axons had bright cytoplasm in comparison to PBS treatment groups.  Since 

more axons were surviving the injury this lead us to investigate if there was a 

difference in the number of axons entering the lesioned area via retrograde axon 

labeling with CTB.  We found that the density of axons within the lesioned area 

was significantly greater when microglia were inhibited with the tripeptide MIF.    
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Chapter VII 

Conclusion and Future directions 

Thesis Summary 

Injury to the spinal cord causes immediate necrosis followed by secondary 

bystander damage.  Secondary damage is attributed to reactive glial cells that 

attempt to repair the injury but instead cause further destruction.  Each glial 

population responds differently to injury.  Mature oligodendrocytes, the 

myelinating cells of the CNS, do not undergo cellular changes and like neurons 

are susceptible to deleterious environmental factors that are released or 

expressed by other glial cells.  Astrocytes on the other hand become reactive 

and are the main cellular component of the glial scar, physically obstructing 

axonal regrowth in the lesion.  Biochemically, astrocytes upregulate surface 

molecules and secrete a surfeit of factors that can hinder axon growth.  Microglia 

are probably the first cell type to respond to SCI as normal sensors of the 

environments and part of the immune response.  Microglia become reactive 

within minutes, actively engulfing necrotic and apoptotic debris as well as 

releasing factors that contribute to inflammation.  Due to the dual 

(neuroprotective and neurotoxic) roles microglia play following SCI, the major 

contribution of microglia following injury is still debatable.  The experiments 

described in this dissertation investigate the role microglia play in severe SCI and 

were designed to determine whether lack of microglial activation via ablation or 

inhibition has deleterious or restorative effects.  First, ablation of microglia in 

CD11b-HSVTK+/- transgenic mice with GCV allowed for the depletion of 
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proliferating microglia at certain time points post injury and the determination of a 

microglial temporal pattern and contribution to injury.  Isolating different 

segments of the spinal cord also allowed for the analysis of microglial spatial 

pattern.  The two approaches in combination allowed for the examination of pro- 

and anti-inflammatory cytokine release following injury in a spatiotemporal 

pattern.  Ablation of microglia at different time points also addressed the question 

of whether delayed inhibition of microglia could have neuroprotective effects on 

axonal regeneration. Second, microglia activation was inhibited with the 

tripeptide, MIF, and reactive gliosis and axonal regeneration were examined, 

since this could be a potential therapy for SCI. 

In this thesis, we have shown that the overall prevailing role of microglia 

following severe SCI is deleterious, but at later time points microglia can have 

beneficial properties.  Ablation of microglia at various time points post SCI 

demonstrated that microglia are deleterious the first few days following injury, 

since early ablation diminished the proinflammatory cytokine TNF-", enhance IL-

10 expression and the number of axons present within the lesion area.  Ablating 

microglia at later time points resulted in TNF-" production and a reduction of IL-

10 levels, while the density of axons within the glial scar was not found to be as 

significant as at early time point ablation, supporting the idea that at later time 

points microglia tend to be more beneficial post injury.  Unfortunately, in this 

model of ablation, all proliferating CD11b+ cells were affected which included 

cells of monocytic origin and neutrophils so the effect was not solely specific for 

cells of monocytic origin.  Treatment with GCV also had peripheral affects since 
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the mice developed aplastic anemia thereby limiting the time the experiment 

could be performed. 

Inhibition of microglia with the tripeptide MIF reduced the activation of 

astrocytes.  The reduction of astrocyte reactivity observed in the MIF treatment 

concomitantly reduced the expression of CSPGs thereby creating a more 

permissive environment for axon growth since CSPGS reduce the ability of 

axons to regenerate in areas of reactive gliosis (Hoke and Silver, 1996; Davies et 

al., 1997; Davies et al., 1999). Suppression of microglia also had a dramatic 

effect on the oligodendrocyte population.  OPC proliferation was enhanced with 

inhibition of microglia with MIF in vitro and was acutely enhanced in vivo, which 

could differentiate and replenish the oligodendrocyte population that is lost 

following SCI. MIF treatment also reduced the amount of oligodendrocyte cell 

death leading to sparing of myelin and prevention of axonal dieback.  All of these 

effects could be attributed to a number of factors that microglia and macrophage 

secrete.  MIF inhibition of microglia and macrophages drastically diminished 

TNF-" production acutely following the injury, and an increase in IL-10 was 

observed.  TNF-" is associated with oligodendrocyte cell death in models of 

EAE: high concentrations of TNF-" evident in EAE affect sensitive 

oligodendrocytes and cause oligodendrocyte cell death (Akassoglou et al., 1998; 

Jurewicz et al., 2003; Hovelmeyer et al., 2005; Jurewicz et al., 2005).  IL-10 

down regulates secondary inflammation and reduces cytokine expression 

following insults (Bethea et al., 1999; Plunkett et al., 2001). The increase in IL-10 

expression could be an effector for the observed reduction of astrogliosis since 
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the cytokine has been shown to attenuate astroglial reactivity (Balasingam and 

Yong, 1996).  Spinal neurons have also been demonstrated to express the IL-10 

receptor through which IL-10 induces the growth and survival of neurons (Zhou 

et al., 2009). Such a scenario could explain the presence of more neurites found 

crossing through the glial scar in both the microglial ablation and inhibition 

studies.   

In summary, inhibition of macrophages and microglia, reduces TNF-" 

levels thereby protecting oligodendrocytes and reducing the potential of axonal 

injury (Figure VII-1).  Microglial suppression also cause a concomitant increase in 

IL-10, which negatively regulates proinflammatory cytokines such as TNF-", 

reduces astrogliosis and promotes axonal survival (Figure VII-1).  The reduction 

in astrogliosis would then lead to lower levels of the CSPG, neurocan and NG2 

expression will also be reduced since macrophages and microglia express NG2 

and inhibition of activation would reduce chemotoxis and recruitment of more 

NG2+ monocytic cells (Figure VII-1).  

 

Future directions 

Current ongoing experiments are being performed to determine the 

degree of demyelination/remyelination by quantifying G-ratios of electron 

micrographs.  The extent of axon regeneration or dieback is being analyzed by 

making 3-dimentional composites of the spinal cords.  For future experiments, it 

would be interesting to see if a milder injury causes microglia to be more 

beneficial, since the predominate role of microglia is deleterious in severe spinal 
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cord injury.  This is a possibility since each injury has a different cellular and 

molecular outcome, and microglia may not be as reactive in a less severe model.  

Another question that remains elusive is the mechanism of action of MIF.  Does 

this tripeptide bind to a cell surface receptor inhibiting or enhancing signaling 

pathways that are, respectively, deleterious or beneficial?  Does MIF cause the 

down-regulation of cell surface receptors or is it internalized, possibly binding to 

intracellular proteins? This could be first determined by analyzing intracellular 

signing pathways that are associated with microglial activation.  To investigate if 

MIF binds to a receptor particular receptor antagonist could be used to block the 

receptor and determine if MIF still has an inhibitory effect. 

It is evident that SCI is difficult to treat since so many factors inhibit axonal 

regeneration.  Currently combination therapies are in clinical trials to see if they 

can enhance axonal regeneration and functional recovery.  It is possible that MIF 

could be used in a combination therapy, such as with chondroitinase ABC which 

removes inhibitory GAG chains of CSPGs or with transplanted cells, e.g. 

Schwann or stem cells, thereby enhancing functional recovery.       
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Figure VII-1 

 
 
 
 
 
 
 
 
Figure VII-1.  Proposed mechanism for microglial inhibition. 
Inhibition of microglial activation reduces TNF-" production thereby causing 

enhanced survival of oligodendrocytes, less demyelination and a reduction in 
axonal injury.  Inhibition of microglia also caused an increase in the anti-
inflammatory cytokine IL-10, which in turn directly effects axonal survival and 
downregulates astrocytic reactivity.  The reduction in astrocytic reactivity reduced 
the expression of inhibitory molecules and decreases the cellular density of the 
astrogliotic scar.  
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