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Abstract 

The inflammatory cascade following spinal cord injury (SCI) involves multiple cellular 

and molecular responses that can both aid and impede recovery. A large component of the 

wound response is the infiltration of immune cells that secrete pro-inflammatory cytokines and 

proteases. Granzyme B (GzmB) is a serine protease released by immune cells that negatively 

affects wound healing through its intracellular and extracellular protease activity. GzmB is 

abundant in neuroinflammatory conditions and contributes to neuron and oligodendrocyte cell 

death. In this study we investigate the role of GzmB in tissue injury, inflammation and functional 

recovery following SCI. An SCI was induced in wild-type (WT) and GzmB knockout (GzmB-

KO) mice at thoracic level 9. Mouse locomotion was observed over the course of 6 weeks using 

three behaviour tests (Basso mouse scale, rotarod and horizontal ladder). Lesions were harvested 

for histological analysis and sections stained with markers for neurons (NeuN) and dyed for 

myelin (Eriochrome Cyanine). A second cohort of mice were maintained for 1 week after SCI 

and probed for GzmB expression and cellular localization. GzmB expression was probed using 

markers for macrophages or microglia (CD68). GzmB-KO mice exhibited significantly 

improved motor scores, increased myelin and neural survival compared to WT controls. GzmB 

expression was observed in macrophages at 7 days post injury. In summary, GzmB is elevated 

and contributes to neurotoxicity, demyelination and impaired functional recovery following SCI.  
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Lay Summary 

Traumatic injury to the spinal cord can cause long-term paralysis and loss of control to 

different organs in the body including the bladder, digestive system and cardiovascular system. 

In spinal cord injuries, the immune system, the cells that protect your body from bacterial or viral 

infections, acts as a double-edged sword. While required to promote repair, too much 

inflammation can amplify the damage to the spinal cord and prevent recovery. As such, 

identifying molecules that are released from immune cells that cause damage and impede repair 

is an area of active investigation. My research identified Granzyme B as an immune-cell factor 

that contributes to spinal cord injury. We found that genetically removing Granzyme B reduces 

the amount of spinal cord injury and helps repair. This suggests that stopping Granzyme B after 

spinal cord injury may prevent further damage to the spinal cord and may help recovery. 
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Chapter 1: Introduction 

1.1 Spinal Cord Injury 

Spinal cord injuries (SCIs) are characterized by damage to the spinal cord resulting in 

neurological impairment of motor, sensory and autonomic functions below the level of 

injury. Injuries can be complete, in which the individual has a complete loss of mobility and 

sensation below the injury, or incomplete, in which partial sensory or motor function remains 

in select regions below the injury1. SCI can be caused by direct physical trauma, such as car 

crashes, or non-physical traumas such as cancerous tumours, infection or the age-related 

condition cervical spondylotic myelopathy. In Canada an estimated 1400 individuals suffer 

new traumatic SCI (tSCI) each year, costing the health care system over $2.5 billion in initial 

hospitalization annually2,3. Moreover the lifetime economic burden of tSCI ranges from $1.5 

to $3.0 million per individual depending on the severity of the injury3.  

The functional deficits that arise due to SCI are due to disruption of the ascending 

and descending white matter tracts as well as the death of neurons within the gray matter. 

The presentation of these symptoms depends on the injury location with a loss of sensory or 

motor function to organs and muscles innervated by axons below the level of injury1. SCI 

may also result in disruption of autonomic control of cardiovascular, urinary, gastrointestinal, 

respiratory, and sexual function4,5. Furthermore, control of the immune system of individuals 

with SCI may be impaired due to faulty nervous and endocrine control, leading systemically 

to both immune impairment and chronic inflammation6. 

1.2 Spinal Cord Biology 

The spinal cord is a column of nerve tissue within the central nervous system (CNS) 

responsible for controlling motor and autonomic function and receiving sensory input from 



2 

 

the body. The human spinal cord is approximately 45 cm in length and is housed within the 

vertebral canal. The cord is divided into 30 unique segments along its length: 8 cervical, 12 

thoracic, 5 lumbar and 5 sacral segments7,8. Each segment contains a pair of dorsal and 

ventral roots that join in the intervertebral foramina to form a spinal nerve. The dorsal and 

ventral roots relay the afferent (sensory) and efferent (motor) information between the CNS 

and the peripheral nervous system (PNS). The spinal cord is surrounded by three membranes 

separating the cord from each vertebrae: the dura matter (closest to the vertebral column), 

arachnoid and pia matter (closest to spinal column). 

The outer section of the spinal column contains white matter comprised of myelinated 

axonal tracts relaying information between the brain and body (Figure 1A)9. 

Oligodendrocytes also occupy the white matter and provide the lipid-rich myelin that wraps 

the axon. The white matter is anatomically subdivided into three regions, the anterior, lateral 

and posterior funiculi on either side of the spinal cord8,9. The white matter is further 

subdivided into the ascending, descending and propriospinal tracts. Descending tracts 

transmits information from the brain to the spinal cord and include the corticospinal tract 

(CST), rubrospinal tract, vestibulospinal tract, tectospinal tract, interstitiospinal tract and the 

solitariospinal tract7. The CST is the largest descending tract, arising from the cerebral 

cortex8. 90% of the CST decussates (crosses over)  at the lower medulla to form the lateral 

CST within the lateral funiculi while the remaining 10% form the anterior CST of the 

anterior funiculi that only decussates to the contralateral side at their terminal spinal level8. 

These fibers innervate primarily the ipsilateral motor neurons that control body and limb 

movements. 
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Figure 1: Anatomical Layout of the Human Spinal Cord. Layout of the different regions 

of the white matter (A) and gray matter (B) of the human spinal cord. Ascending and 

descending tracts appear on both sides of the white matter in (A).  
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The ascending tracts convey sensory information from the body to the brain. Two of 

the major sensory tracts are the dorsal column system, which transmit touch and 

proprioceptive information, and the spinothalamic tract, which conveys pain and temperature 

information9. The sensory tracts are composed of three successively connected neurons (first, 

second and third order neurons)7. The dorsal column system begins with first order neurons 

that carry sensory information from the legs and lower body through the medial fasciculus 

gracilis and sensory information from the arms and upper body through the more lateral 

fasciculus cuneatus7. These axons synapse with the second order neurons located in the 

nucleus gracilis or nucleus cuneatus of the medulla, which decussates the medulla midline 

and synapses with the third order neurons of the thalamus. The third order neurons travel into 

the cerebral cortex where sensory information is processed7. Spinothalamic tracts begin with 

sensory neurons with cell bodies in the dorsal root ganglia (first order neurons) that synapse 

with neurons in the dorsal horn. The second order neuron decussates above the level of entry 

and transmits information up spinal column tracts in the lateral or anterior region of the white 

matter.  This second order neuron travels through the brainstem and synapses with the third 

order neuron located in the ventral posterolateral nuclei of the thalamus. The final neuron of 

the tract synapse within the cerebral cortex7. 

While the outer white matter contains mostly myelinated axons with few cell bodies, 

the inner gray matter contains large numbers of neural cells bodies, oligodendrocytes and 

astrocytes. The inner gray matter contains symmetrical halves of neural tissue containing 

three major divisions: the dorsal (or posterior) horn, the intermediate zone and the ventral (or 

anterior) horn8 (Figure 1b). Dorsal horn neurons largely convey sensory information from the 

periphery, ventral horn neurons carry motor information out of the spinal cord while 
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intermediate zone neurons carry information related to autonomic functions. In addition to 

the motor and sensory neurons, gray matter also contain a network of interneurons that 

process sensory information, alter motor function and facilitate interlimb coordination 

through propriospinal neurons7,10,11.  

Cerebrospinal fluid (CSF) is contained within brain ventricles, the central canal of the 

spinal cord and the subarachnoid space (separating the arachnoid and pia matter of the 

meninges)12. CSF plays a role in protecting the CNS from mechanical forces and maintaining 

homeostasis of neural cells13. CSF is secreted mainly by the choroid plexus of the brain and 

the ependymal cells that line the ventricles of the brain.  

1.2.1 The Blood-Brain Barrier and Immune Surveillance 

Blood supply is crucial to maintain the high metabolic demands of the CNS. A 

specialized blood-vessel structure termed the blood-brain barrier (BBB) and blood-spinal 

cord barrier (BSCB) regulates the passage of molecules between the blood and CNS14. The 

BBB is composed of endothelial cells in the subarachnoid space and pericytes and astrocytes 

located in the CNS parenchyma. Astrocytes are in direct contact with the neural circuitry 

within the CNS and can directly regulate cerebral blood flow depending on neuron activity15. 

The BBB includes two distinct basement membrane structures i) an inner vascular basement 

membrane, and ii) an outer parenchymal basement membrane composed of multiple 

extracellular matrix (ECM) proteins including type IV collagen, laminin, fibronectin and 

other glycoproteins16. The BBB can be altered in many neurological conditions, through 

damage to endothelial cells or the secretion of proteases such as matrix metalloproteinases 

(MMPs) that can degrade tight junction or basement membrane proteins17. 
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The tight junctions formed by the BBB prevents peripheral immune cells from 

entering the parenchyma of the CNS. BBB endothelial cells express low levels of leukocyte 

adhesion molecules such as selectins and ICAM-1 under healthy conditions, which reduces 

immune trafficking to the CNS18. Under neuroinflammatory conditions, such as in stroke or 

multiple sclerosis, there is an increase in immune cell infiltration into the brain parenchyma, 

mediated by an increase in chemokines and adhesion molecules from brain endothelial cells 

and the epithelial cells of the choroid plexus19–22.  

Despite the restriction to peripheral immune cell infiltration, the CNS maintains a 

robust ability to respond to pathogens. Resident microglia cells survey the CNS in their 

quiescent form and can secrete cytokines and chemokines that increases BBB permeability 

and induces inflammation23. In addition, there is a large population of immune cells 

(macrophages, mast cells, B-cells and T-Cells) located in the meninges that directly protect 

the CNS against pathogens24. Finally, the CSF is connected to a lymphatic system that drains 

cellular and soluble antigens towards the cervical lymph nodes25,26. It is theorized that CNS 

antigens are presented to immune cells that can direct immune cells response towards the 

brain or spinal cord. 

1.2.2 SCI Pathology 

The biological response to SCI is broken up into three temporal phases: Acute 

(seconds to minutes after injury), sub-acute (minutes to weeks) and chronic (months to 

years)27. Tissue damage throughout this timeline is mediated by two mechanisms: primary 

injury and secondary injury27. Primary injury encompasses the initial tissue damage 

associated with SCI. There are four distinct classes of primary injury: Impact with persistent 

compression, impact alone with transient compression, distraction, and laceration or 



7 

 

transection27. SCI typically involves retropulsed vertebral fragments that apply compression 

or lacerate partially or fully through the spinal column27. Primary injury leads to immediate 

and delayed resident cell death and disruption of the vasculature that leads to hemorrhage 

and/or ischemia in key functional regions of the spinal cord. In general, hemorrhage tends to 

primarily damage the central gray matter due to its high vascular content and its relatively 

soft tissue consistency28. Grey matter is highly vascularized because of the large metabolic 

requirements of gray matter neurons28. 

Secondary injury encompasses the inflammatory response, and glial and vascular 

changes that accompany the primary trauma, evoking further tissue damage and limiting 

restorative capabilities29. There are many mediators of secondary injury reported in the 

literature, including  hemorrhage and ischemia-reperfusion, glutamatergic excitotoxicity, 

local inflammation, immune cell infiltration and cytokine secretion, necrotic or apoptotic 

neural cell death and the development of inhibitory glial and fibrotic scars30–34. These 

secondary injury cascades begin within minutes of the initial trauma and can last for weeks 

or months after the injury29. For the purpose of this thesis, only the immune/inflammatory 

and glial/fibrotic scarring components of the secondary injury cascade will be discussed in 

full. 

1.2.3 Inflammatory Response to SCI 

The inflammatory response following SCI is composed of various cellular and 

molecular responses starting immediately after injury and continuing for several weeks or 

months34–37. Both resident glial and peripheral immune cells are involved in this injury 

response, characterized by activation and proliferation of resident cells (microgliosis, 

astrogliosis) and the secretion of proteases, cytokines and chemokines.  
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Traumatic SCI results immediately in breakdown of the BBB  largely due to the 

mechanical disruption of capillary beds38,39. This disruption makes the SCI lesion susceptible 

to infiltration by immune cells and neurotoxic blood proteins. While the BBB is capable of 

partially repairing itself, studies have reported that the barrier may remain compromised up 

to 56 days post injury in rats40. Furthermore, locomotive recovery in rats was inversely 

correlated with BBB permeability levels, highlighting the importance of regenerating a 

functioning barrier between the blood and spinal cord. Proteases associated with SCI have 

been shown to alter the permeability of the BBB including MMP-3, MMP-9 and MMP-1241–

43. 

Neutrophils are the first peripheral immune cell to infiltrate into an SCI lesion, 

peaking in number by 24 hours post injury and secreting proteases, cytokines and generating 

reactive oxygen species (ROS) that exacerbate a harmful tissue environment37,44. Neutrophils 

are attracted to the CNS by the secretion of chemokines CXCL1, 2 and CCL3 by 

astrocytes45. While little research has been conducted on the specific activities of neutrophil 

derived factors in SCI, in vitro studies have shown neutrophil derived MMP-9, ROS and 

tumor necrosis factor-α (TNF-α) are cytotoxic to dorsal root ganglion, a cluster of peripheral 

sensory neurons44,46. Furthermore, reducing the number of infiltrating neutrophils into SCI 

lesions by inhibiting the LTB4-BLT1 pathway attenuates secondary injury47. Neutrophils 

typically clear within the lesion during the first week following injury in humans but can 

remain elevated in mice for months45.  

The resident microglial response occurs immediately following injury and is 

characterized by marked proliferation and migration to the lesion core48,49. Resting, quiescent 

microglia take on a ramified morphology that changes to a rounded shape once activated. 
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Activated microglia can be seen within 12 hours post injury which typically peaks in 

numbers between 3-7 days post injury. Major factors secreted by microglia include the pro-

inflammatory cytokines TNF-α, IL-1β, IL-6, IL-12, NOS and macrophage colony stimulating 

factor (M-CSF) that largely function to recruit immune cell infiltration into the spinal 

cord50,51. Peripheral monocytes begin migrating into the lesion 3 days post-injury and 

polarize into macrophages that become phenotypically and morphologically similar to 

activated microglia (rounded and CD68+/Iba-1+)51. These macrophages adopt classical M1 

and alternatively-activated M2a expression of Il-6, TNF-α, IL-1β and IL-12 for M1 and Arg, 

IL-4, CD206 and Fizz-1 for M2a52. Macrophages in normal wounds transition from M1 and 

M2a phenotypes to inflammation resolving and tissue remodeling M2b and M2c phenotypes 

53. M2b macrophages secrete IL-10, an anti-inflammatory cytokine shown to prevent neural 

apoptosis in SCI54. M1 macrophages can remain elevated at ~45% of their peak cellular 

number months after SCI, while M2 responses begin to decline after 7 days post-injury, 

highlighting the SCI microenvironment as a chronic non-resolving wound52.  

Microglia/macrophages provide both regenerative and neurotoxic functions in the 

SCI lesion52,55–57. In addition to killing pathogens that penetrate the BBB, microglia and 

macrophages can phagocytose tissue debris such as apoptosed neurons58,59. In general, 

macrophage/microglia expressing M1 phenotypes secrete neurotoxic factors and altering 

their polarization towards the M2 phenotype reduces tissue damage (preservation of neurons, 

increased axon myelination) post SCI55–57,60.  

Lymphocyte infiltration into the injured spinal cord occurs within the first week and 

remains elevated thereafter61. T-lymphocytes represent an adaptive immune response to 

injury, requiring the recognition of foreign antigens (peptides, lipids, nucleic acids) in the 
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presence of inflammatory cytokines for cellular proliferation and immune activation62. There 

are multiple subtypes of T-Cells including effector cytotoxic T-Cells and helper T-Cells that 

modulate the activity of immune cells through the secretion of cytokines; and regulatory T-

Cells (Treg) which suppress the activity of immune cells. As with other immune cells, the 

number and activity of each of these cells can play beneficial or detrimental roles in SCI.63,64 

In SCI, myelin basic protein (MBP) autoreactive T-cells can be found in the serum 

and tissue of human patients65 and experimental animal models64,66. While these autoreactive 

T-cells were originally believed to induce neurotoxicity, the active transfer of MBP-reactive 

T-cells and passive immunization with MBP peptide prior to CNS trauma have actually 

demonstrated a neuroprotective function67,68. Specifically, MBP-reactive TH1 cells induce a 

pro-inflammatory environment in rats with SCI while MBP-reactive TH2 cells polarize the 

lesion towards an anti-inflammatory environment that improves myelination, neural survival 

and locomotive scores69. Treg cells also play a heterogeneous role in CNS trauma. Their 

presence in traumatic CNS lesions are capable of suppressing pro-inflammatory responses 

through the deactivation of the JNK-NF-kB pathway70. However, other studies have shown 

that their absence improves neuronal survival in optical nerve injury, suggesting they can 

also augment the immune response negatively71. Taken together, this suggests that the 

number and type of T-Cells responding to traumatic CNS needs to be strictly controlled: too 

few Tregs may result in excessive inflammation while too many Tregs may suppress the 

protective effects of autoreactive T-Cells72. 

1.2.4 Neurotoxicity and Demyelination 

 Many aspects of secondary injury result in neural or glial necrosis or apoptosis over 

periods of weeks to months. Free radical formation and extracellular excitatory glutamate 
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accumulates immediately following SCI and contribute to neural and oligodendrocyte cell 

death 30. Free radical production may result in toxic lipid peroxidation post SCI and 

therapeutics reducing free radical production are neuroprotective73,74. Apoptosis and necrosis 

of neurons and oligodendrocytes occur readily as early as 4 hours post injury in rats and 

continue to as late as 3 weeks post injury33. In mice, caspase-8 and caspase-3, key initiators 

of the apoptosis pathway, are significantly increased in mice at days 3 and 7 post injury, 

timepoints associated with different influxes of immune cells into the lesion75. Apoptosis is 

activated either through extrinsic or intrinsic means. Death receptor FAS/CD95 and its ligand 

FAS-L/CD95L have been implicated in inducing extrinsic apoptosis through caspase-8 

activation76–79.  

TNF-α is a pro-inflammatory cytokine capable of inducing neurotoxicity largely 

through the activation of resident microglia and astrocytes80. Neutralization of TNF-α or 

FAS-L results in diminished neural cell death, reduced inflammatory infiltration and 

improved functional recovery. Similarly, Il-1β, which is upregulated in SCI, can initiate 

apoptosis in neurons and oligodendrocytes through caspase-3 activation81. Selective 

inhibition of IL-1β receptor IL-1R in SCI reduces this apoptotic phenotype82 

1.2.5 Glial and Fibrotic Scar  

A hallmark of CNS pathology is astrogliosis, in which resident naïve astrocytes 

become reactive, proliferate, migrate towards the lesion and deposit chondroitin sulfate 

proteoglycans (CSPGs) and other ECM molecules in the lesion area32. Glial and fibrotic 

scarring separates healthy tissue from the injury site, restricting inflammation and reducing 

the spread of tissue damage. Early astrogliosis is marked by STAT-3 dependent migration 

into the lesion site and protease release that aid in scar formation83,84. A long-held belief in 
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neuroscience research is that reactive astrocytes prevent axonal regrowth, largely due to the 

deposition of CSPGs that show an inhibition of neurite growth and remyelination in vitro and 

in vivo. Supporting this, therapeutic strategies targeting CSPGs, including the use of 

chondroitinase ABC (ChABC) and xylosides, have shown improved functional recovery in 

mice and rats85. In contrast, full ablation of reactive astrocyte scarring response in mice 

worsens axonal regrowth across the lesion, identifying that astrocyte responses can be both 

beneficial and detrimental86,87. 

Recent studies have identified heterogeneity in the reactive astrocyte phenotype post 

injury. Neurotoxic astrocytes are activated by M1 microglia, inducing neurotoxicity both in 

vitro and in vivo88. In addition, these neurotoxic astrocytes secrete an undiscovered pro-

apoptotic factor specifically targeting neurons and oligodendrocytes88. Beneficial astrocytes 

have been observed in ischemic models of CNS insult showing distinct transcriptomic 

signatures and an increased expression of neurotrophic factors that promote functional 

recovery. This may explain the beneficial effects of STAT-3-dependent astrocyte scar 

formation mentioned above86. 

The fibrotic scar comprises acellular proteins secreted by astrocytes, pericytes and 

perivascular fibroblasts89,90. These cells secrete ECM molecules such as fibronectin, 

tenascin-C, laminin, collagen and CSPGs in the spinal cord parenchyma, molecules that are 

normally not expressed in the healthy spinal cord31,89. As with the cellular component, the 

fibrotic scar may form to help seal the SCI lesion from healthy neural tissue. However, the 

presence of the thick scar tissue and growth inhibitory ECM molecules presents a physical 

barrier for severed axons to regenerate91. 
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1.3 Granzymes 

Granzymes (Gzms) are a family of serine proteases identified within the secretory 

granules of natural killer (NK) and cytotoxic T-lymphocytes (CTL). These granzymes, in 

combination with the pore forming protein perforin, play a key role in targeting viral infected 

or transformed cells for apoptosis92,93. There are five members of the Granzyme (Granule 

secreted enzyme) family in humans (A, B, H, K and M) and eleven in mice (A, B, C, D, E, F, 

G, K, L, M and N), each containing a similar His-Asp-Ser catalytic triad responsible for their 

proteolytic activity94. Despite the similar catalytic triad, granzymes vary in their preferred 

amino acid cleavage site. GzmB is an aspartase, cleaving after aspartic acid while GzmH is a 

chymase, cleaving after aromatic amino acids (Phe or Tyr)95,96. Both GzmB and GzmH map 

to chromosome 14. Granzyme A and K are tryptases that cleave after basic amino acid 

residues (Lys, Arg, Hist) and are located on human chromosome 5 (mouse chromosome 

13)97. Granzyme M is a metase, preferentially cleaving substrates after methionine or leucine 

residues and is located on chromosome 1997. 

Early GzmB research focused on its cytotoxic role in immune-cell mediated 

apoptosis98. Within the last decade a number of novel extracellular activities for GzmB in 

chronic inflammatory conditions have been identified (reviewed in depth below)95. The 

cytotoxic functions of the remaining granzymes remain an active area of research. GzmH, 

shows distinct cytotoxic activity similar to GzmB that is not dependent on caspase activation, 

Bid cleavage to pro-apoptotic truncated Bid (tBid) or the release of cytochrome C from 

mitochondria, suggesting it is capable of inducing a necrotic form of cell death99.  

In vitro studies with recombinant GzmA showed a cytotoxic profile distinct from 

GzmB mediated cell death100. GzmA is the only protease of the granzyme family that exists 
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as a dimer of ~52 kDa101. It is responsible for inducing cell death in a caspase-independent 

manner through the disruption of the mitochondrial electron transport chain, loss of 

mitochondrial membrane potential, and the generation of ROS92. GzmA on its own exhibits 

significantly less cytotoxic ability than GzmB97. In addition to its necrotic function, GzmA is 

also capable of promoting inflammasome activation and the expression of inflammatory 

cytokines TNFα, IL-1β and IL-6 in macrophages in a caspase-1-dependent manner102.  

GzmK shares many similar substrates to GzmA, inducing cell death in target cells in 

a caspase-independent manner103. GzmK has been found elevated in the plasma of sepsis 

patients and bronchoalveolar lavage fluid of patients with viral infections104,105. GzmK has 

been shown to bind LPS and potentiates pro-inflammatory cytokine release from 

monocytes106. In addition, direct extracellular cleavage of protease activated receptor-1 

(PAR-1) upregulates the secretion of pro-inflammatory cytokines from fibroblasts and 

endothelial cells, highlighting an immune modulating role in chronic inflammatory 

conditions107,108. 

1.4 Granzyme Expression  

Granzymes are synthesized with a signal sequence that targets them to the 

endoplasmic reticulum93. Once inside, this signal sequence is cleaved producing an inactive 

precursor molecule (ProGzm) that is inhibited by an N-termini dipeptide93. In the Golgi 

apparatus granzymes are recognized by Mannose-6-Phosphate receptors and shuttled into 

lysosomes that form secretory granules109,110. Once inside the secretory granules the 

inhibitory dipeptide is cleaved by cathepsin C (also known as dipeptidyl peptidase I)111,112. 

Granzymes and perforin are then localized to the electron-dense central core of secretory 

granules complexed with the chondroitin sulfate proteoglycan serglycin which concentrates 
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the proteins and prevents their diffusion to the rest of the cell95. Granzymes are optimally 

active at neutral pH, so the acidic environment of secretory granules (pH ~5.5) inhibits and 

inactivates granzymes, preventing destructive granzyme activity within immune cells95,97. 

Granzymes are expressed constitutively in γδ T Cells, NK T Cells and NK cells. As 

CD8+ T-cells mature into effector cells from naïve precursors there is an increased 

expression of GzmA, B and K113. GzmB and perforin expression can also be induced in 

CD4+ Th1, Th17 and Treg cells through TCR engagement and IL-2 signalling114,115. Different 

groups have further identified GzmB expression in the absence of perforin in other immune 

cells including macrophages, dendritic cells, regulatory B cells and mast cells116. GzmB can 

also be expressed in non-immune cells such as chondrocytes, keratinocytes and mast cells116.  

1.5 Granzyme B Mediated Apoptosis 

Cytotoxic immune cells have two pathways in which they can induce cell death: the 

death receptor mediated pathway (FAS, FASL binding) or the granule pathway mediated by 

perforin and granzymes117–120. Granule-dependent apoptosis is the main mechanism used to 

eliminate viral-infected or cancerous cells (Figure 2)118,121. Although all granzymes were 

initially implicated in apoptosis, GzmB is the most potent activator of apoptosis with 

relatively low concentrations needed to induce cell death in vitro103. Granule secretion is 

mediated by the interaction of CTL T-cell receptor with MHC-peptide complexes on the 

target cell, which leads to the polarization of the microtubule organizing center to the 

membrane close to the site of the immunological synapse formed between lymphocyte and 

target cell95,122. Secretory granules fuse with the plasma membrane, releasing their cargo of 

perforin and granzymes into the immunological synapse. Perforin is a 67 kDa protein capable 

of oligomerizing into membrane-spanning pores at neutral pH and is dependent on the 
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presence of Ca2+ 92,123.  Knockout of perforin in mice results in a decreased ability for T-Cells 

to induce granule dependent apoptosis, highlighting its crucial role in apoptosis124. Perforin 

synthesis is accompanied with granzyme synthesis when naïve CD8+ or NK cells are 

activated.   

Once inside the target cell, GzmB induces apoptosis through multiple pathways, 

acting in both the cytoplasm and nucleus of target cells. One major pathway responsible for 

GzmB-mediated apoptosis is the caspase activation pathway whereby GzmB proteolytically 

activates pro-caspase-3, resulting in the degradation of cellular components and eliciting 

apoptosis125. GzmB has also been reported to process caspase-8, a major initiator caspase of 

the apoptosis pathway, in a two-step mechanism involving caspase-3126.  

GzmB can also activate caspase-3 indirectly through the cleavage of the Bcl-2 

protein, Bid95,121. In this case, GzmB cleaves pro-apoptotic Bid into a granzyme-truncated 

form (gtBid)93,121,126. Similar to the structurally distinct, caspase-8-truncated tBid, gtBid 

translocates to the mitochondria and facilitates Bax/Bak oligomer formation resulting in 

mitochondrial outer membrane permeabilization (MOMP) and the release of pro-apoptotic 

factors such as cytochrome c, Smac/DIABLO, Omi/HtrA2 and apoptosis inducing factor. In 

particular, cytochrome c release allows for the formation of the apoptosome composed of 

pro-caspase 9, cytochrome c, and apoptotic protease activating factor-1 (APAF-1) which 

leads to further downstream activation of caspases-3 and -7. Finally, GzmB cleaves the anti-

apoptotic protein Mcl-1, releasing the pro-apoptotic Bcl-2 family member Bim which further 

contributes to MOMP. Other intracellular substrates for GzmB include Poly ADPribose 

Polymerase (PARP-1), lamin B, Nuclear mitotic apparatus protein (NUMA), inhibitor of 
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caspase-activated DNase (ICAD) and tubulin, all of which are also substrates for the effector 

caspases95,121. 
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Figure 2 Mechanism of Gzmb-Mediated Apoptosis. Schematic of GzmB mediated apoptosis in target viral or transformed cells. 

GzmB is capable of initiating both caspase-dependent apoptosis through the cleavage of procaspase-3 and -8 or caspase-independent 

apoptosis through the induction of mitochondrial membrane permeability and apoptosome formation. 
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1.6 Extracellular Granzyme B  

As mentioned above GzmB is expressed in both immune and non-immune cells, 

including immune cells that lack expression of perforin (ie: basophils, macrophages and mast 

cells)117,127–129. Furthermore, these cells do not form immunological synapses, suggesting GzmB 

may accumulate in the extracellular environment. In support of this, many chronic inflammatory 

conditions have increased GzmB in the extracellular milieu including the synovial fluid of 

patients with rheumatoid arthritis, the CSF of patients with multiple sclerosis (MS) and the 

plasma of individuals with human immunodeficiency virus-1 infection or Epstein-barr virus 

infection117,130–133.  

 It is not fully known how or why GzmB accumulates in the extracellular environment in 

these conditions. GzmB may leak from the immunological synapse during CTL target 

engagement or it may be released non-specifically due to IL-2 activation134. GzmB that leaks in 

this manner are released as both active forms and an inactive zymogen. GzmB could also 

accumulate from the degranulation of immune and non-immune cells that lack perforin. As there 

has been no extracellular GzmB inhibitor identified, its proteolytic activity is retained in the 

extracellular environment110. 

 A number of novel extracellular GzmB substrates have been identified including 

fibronectin, decorin, laminin, vitronectin, collagen VII, collagen XVII, α6/β4 integrin, cadherins, 

occludins and other cell adhesion molecules117,135–137 . Cleavage of these proteins can result in a 

wide array of different physiological functions. Many of the ECM proteins identified as GzmB 

substrates play beneficial roles in normal wound healing through tissue remodeling138. The 

cleavage sites for many of these proteins are located in regions crucial for protein-protein 

interactions, such as the RGD integrin binding domain, which may significantly alter their 
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adhesive or migratory functions. Laminin, fibronectin and vitronectin, extracellular substrates for 

GzmB, are associated with the anchoring of epithelial cells to the basement membrane139,140. 

Cleavage of these proteins can result in a form of detachment-mediated cell death called anoikis, 

disruption of epithelial or endothelial barrier function or impaired cell migration (Figure 

3)135,137,141. 

 Extracellular GzmB has also been implicated in the processing of cytokines. IL-1α is a 

substrate for GzmB and its cleavage results in a protein product that has a higher pro-

inflammatory potency than the uncleaved version142. IL-1α has multiple biological functions but 

is typically secreted from dead or dying cells and is implicated in instigating inflammation. The 

inactive precursor for IL-18 (pro-IL18) can also be activated through cleavage by GzmB143.  

 Finally, substrates for GzmB include VE-cadherin, a protein associated with cell-cell 

adhesions of endothelial cells144. Cleavage by GzmB has shown to increased blood vessel 

permeability and immune cell infiltration in a model of cardiac fibrosis. Cytotoxic T-cells may 

even use GzmB directly to facilitate transmigration across the basement membrane through the 

cleavage of ECM proteins such as laminin and vitronectin144,145. Furthermore, GzmB has been 

shown to increase the bioavailability of vascular endothelial growth factor (VEGF) from 

fibronectin146. Increased VEGF activity can lead to an increased vascular permeability that 

increases immune cell infiltration into injured tissue. TGF-β is an important growth factor 

involved in cell differentiation, migration and growth and plays important roles in immune-

modulation and cancer147,148. Following its secretion, active TGF-β it can be sequestered into 

ECM such as decorin and biglycan. GzmB has been shown in-vitro to cleave these 

proteoglycans, resulting in an increased bioavailability of TGF-β149.  
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Figure 3 Consequences of Extracellular GzmB Activity. Accumulation of extracellular GzmB 

can contribute to various phenotypes associated with ECM, cytokine and cell receptor cleavage. 
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1.7 Granzyme B in Pathology 

GzmB expression is increased in many chronic inflammatory conditions. Using 

transgenic mice lacking the gene for GzmB and selective inhibitors, researchers have been able 

to identify many roles for GzmB in a number of pathologies involving the immune system and 

tissue injury. GzmB is associated with the development of abdominal aortic aneurysms (AAA) in 

mice through the cleavage of fibrillin-1 by immune cells150. The knockout of GzmB, but not 

perforin, reduced the incidence of AAA and increased survival, highlighting that the extracellular 

GzmB function was causing the pathology. Decorin, an ECM protein involved in collagen 

organization within the adventitia of blood vessels, is another substrate of GzmB that is cleaved 

during AAA, resulting in a thicker adventitia and less aortic rupture151. Similarly, GzmB is 

expressed in humans and mice with cardiac fibrosis, and the loss of the immune protease reduces 

immune cell infiltration, fibrotic scarring and ECM degradation144. 

Cleavage of decorin by GzmB has also been observed in chronic skin inflammatory 

conditions. In a model of skin aging, GzmB was associated with skin thinning through decorin 

cleavage and the loss of collagen integrity152. These aged mice also experienced worsened 

excisional wound and burn healing rates due to GzmB cleavage of decorin and the fibronectin 

and vitronectin that is secreted during the formation of granulation tissue136,153. Ultraviolet A 

(UVA) radiation of keratinocytes induces expression of GzmB in vitro and in vivo. Chronic 

exposure to UVA in mice led to GzmB-dependent fibronectin and decorin degradation and 

collagen thinning154,155. Interestingly, fibronectin fragments generated by GzmB cleavage in 

photoaged mouse skin were able to induce fibroblast expression of MMP-1, further contributing 

to collagen loss. 
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There is an increased GzmB expression in autoimmune diseases such as systemic lupus 

erythematosus (SLE), scleroderma and type I diabetes156. Autoimmune disorders result from the 

immune system mounting a response against itself. In many cases autoimmune conditions are 

initiated by the creation of cryptic self-epitopes, hidden regions of self-antigens that are exposed 

following proteolytic cleavage157. Some of these autoantigens responsible for the development of 

SLE and scleroderma are cleaved by GzmB during apoptosis. Notably, 21 of 29 well defined 

autoantigens are directly cleaved by GzmB but not caspase-8 into unique peptide fragments 

capable of mounting an antibody response in autoimmune patients95,158. 

1.8 Granzyme B in Neuroinflammation 

Though traditionally understood to be an immune privileged region, many traumatic and 

immune CNS conditions can increase the permeability of immune cells across the BBB. An 

example of this is multiple sclerosis, in which focal demyelinating plaques appear in the brain 

and spinal cord. Cytotoxic T cells, helper T cells macrophages and B cells infiltrate into the CNS 

in this condition. Demyelination and nerve damage is mediated largely by autoantibodies and the 

complement system, but immune cells can also secrete numerous cytokines, ROS and nitric 

oxide species (NOS) that also result in demyelination159–161. Cytotoxic T-cells express GzmB 

within MS plaques and in experimental autoimmune encephalitis (EAE, the mouse model of MS) 

and directly use their secretory granules to induce cytotoxicity in human neurons160,162,163. Helper 

T-Cells also adopt a TH1/17 cytotoxic phenotype in response to IL-15 that is mediated by GzmB 

and perforin expression164–166. In fact, GzmB positive cells and extracellular GzmB and GzmA 

can be found in the CSF of  mice with EAE and patients with relapsed remitting MS, suggesting 

that GzmB may accumulate and function extracellularly within the CNS131,166,167. In addition to 
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neurons, CTLs are also capable of inducing apoptosis in targeted oligodendrocytes and 

astrocytes168. 

Self-reactive immune cells in MS are largely derived by myelin associated antigens, 

specifically MBP, myelin oligodendrocyte glycoprotein (MOG), myelin proteolipid protein 

(PLP)169. Transaldolase (TAL) is a protein expressed in oligodendrocytes at high levels. In MS, 

patients have elevated levels of antibodies against TAL compared to control individuals. GzmB 

is capable of cleaving TAL, inducing a cytotoxic response from T-cells isolated from MS 

patients170,171. This suggests that GzmB mediated oligodendrocyte cell death may generate 

autoantigens (such as TAL) that contribute to pathology in MS. 

Extracellular GzmB activity has been implicated in direct neurotoxicity in vitro. GzmB is 

capable of cleaving PAR-1, a receptor expressed on human neurons172. Both the supernatant of 

activated CD8+ T-cells and GzmB alone were able to reduce the viability of cultured neurons 

mediated by PAR-1 cleavage and voltage gated potassium channel (Kv1.3) expression162,172. 

This increased neurotoxicity was augmented by IL-1β, which upregulates PAR-1 expression in 

neurons. Increased levels of PAR-1 and IL-1 β were identified at the border of demyelinating 

lesions in MS brain tissue158. Interestingly, PAR-1 cleavage in neural precursor cells (NPCs) by 

T-Cell granules reduced generation of neurons while increased the generation of astrocytes 

(astrogliosis), suggesting extracellular GzmB plays roles both in neurotoxicity and inhibiting 

neuroregeneration167. Extracellular GzmB is also capable of entering the cytoplasm of neural 

cells in a perforin-independent, mannose-6-phosphate receptor-dependent manner162.   

In normal inflammatory conditions, Treg cells are capable of suppressing pro-

inflammatory T-cells, resulting in a diminished immune response. Patients with multiple 

sclerosis exhibit deficits to CD4+CD25+FoxP3+ Treg function of suppressing conventionally 
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cytotoxic T-Cell responses173. One group has shown that extracellular GzmB derived from IL-6 

activated non-regulatory CD4+ T-cells inhibits Treg function in an apoptosis-independent 

manner, adding to the list of extracellular GzmB functions174. 

Research groups have used this GzmB-mediated neurotoxicity as a target for therapeutic 

development in MS. The administration of serpina3n, an endogenous serine protease inhibitor 

capable of inhibiting GzmB, to mice with EAE improved clinical scores and decreased the extent 

of axonal damage and demyelinating in the spinal cord175. Furthermore, pre-incubation of 

cytotoxic T-cells with serpina3n attenuated the in vitro cytotoxic effects on neurons. Taken 

together this supports the therapeutic potential of GzmB inhibition in neuroinflammatory 

conditions.  

Neurotoxic lymphocytes are also a major mediator of disease in amyotrophic lateral 

sclerosis (ALS). ALS is a disease characterized by the loss of upper and lower motor neurons of 

the motor cortex, brainstem and spinal cord176,177. The formation of protein-rich inclusions within 

the cell body of motor neurons predicates their death. Resident microglia and astrocytes become 

activated in response to the misfolded proteins. Pro-inflammatory CD8+ T-Cells, Th1 and Th17 

cells infiltrate into the CNS and secrete inflammatory cytokines and cytotoxic molecules, 

including GzmB and perforin, that are believed to induce neuron death. In support of this, there 

is an increased expression of GzmA and GzmB in the serum of patients with ALS178. 

The role of GzmB in traumatic CNS injury is poorly understood. As mentioned above, 

traumatic brain or spinal cord injury involves a large immune component that includes the 

infiltration of T-cells into the CNS. One group identified an increased level of GzmB in the SCI 

tissue of rats which peaked at 3 days post injury179. GzmB expression was colocalized with 

neuronal-specific enolase (neuronal marker) and TUNEL (apoptosis marker), identifying GzmB 
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as a neurotoxic agent in traumatic SCI179. To my knowledge no studies have identified a role for 

GzmB in traumatic brain injury (TBI). Other neurological conditions that involve GzmB+ 

immune cell infiltrate include vasculitis neuropathy, rasmussen’s encephalitis, sensory 

perineuritis, cerebral ischemia and experimental cerebral malaria95,180. 

1.9 Rationale and Hypothesis 

Traumatic SCI are wounds to the CNS that involve inflammatory responses that do not 

resolve themselves in a way that skin or muscle wounds do, resulting in chronic inflammation. 

This immune response is characterized by resident microglia and astrocyte responses as well as 

infiltrating neutrophil, macrophage, and T cells (cytotoxic, helper and regulatory)33,34. Previous 

studies have identified that GzmB contributes to neural apoptosis in rat SCI, however the 

mechanisms by which GzmB contributes to tissue damage and subsequent motor or sensory 

deficit in mouse SCI are not understood179. Inhibition of GzmB activity in a murine model of 

EAE results in reduced demyelination and less axonal damage, suggesting that targeting GzmB 

in neuroinflammatory conditions may be a viable therapeutic option. 

GzmB is also implicated in increasing vascular barrier permeability. SCI have increased 

BBB permeability that allows blood proteins and immune cells to enter the spinal cord lesion 

with less effort. Chronic expression of GzmB in the SCI lesion may also contribute to increased 

vascular permeability and prolonged inflammation, resulting in reduced neurogenesis and 

increased neurotoxicity. 

Mice subjected to a thoracic-level SCI show robust paralysis of the hindlimbs with a 

reproducible recovery timeline181. Many studies have been performed investigating the 

therapeutic benefit of immunomodulatory therapy, be it inhibition or treatment with pro- or anti-

inflammatory cytokines or the conditional knockout of specific immune factors. Thoracic SCI 
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models provide us with a standardized, reproducible means to investigate locomotive recovery 

and neuroprotective benefit of the knockout of GzmB. 

I hypothesized that GzmB deletion in mice will improve locomotive recovery following 

SCI by reducing the loss of neurons, oligodendrocytes and myelinated axons. 

My specific aims were: 

1. To compare the locomotive recovery of GzmB KO versus WT mice following SCI. 

2. To identify the cellular source(s) of GzmB in murine SCI. 

3. To assess demyelination and neural cell loss in GzmB KO vs. WT mice. 
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Chapter 2: Materials and Methods 

2.1 Mice 

Male C57Bl/6 (12-16 weeks old, Jackson Laboratories, referred to as wild-type or WT) 

and GzmB KO mice (12-16 weeks old, purchased through Jackson Laboratories and bred in 

facility) were housed and maintained in the animal vivarium of the International Collaboration of 

Repair Discoveries (ICORD). Animal experiments were performed in compliance with 

requirements of the Canadian Council on Animal Care and the University of British Columbia 

Committee on Animal Ethics.  

2.2 Spinal Cord Contusion Injury 

Spinal cord injuries were performed following a standardized protocol182. Briefly, mice 

were anesthetized with 2.5% isoflurane in 100% oxygen and placed onto an electric heating pad 

to maintain body temperature. Once anesthetized, animals had their back shaved, cleaned and 

sterilized with Hibitane and 70% ethanol. Mice were injected with 1.0 mL of Ringer’s Saline and 

0.1 mg/kg buprenephrine to reduce post-operation dehydration and pain, respectively. A trained 

surgeon performed a laminectomy by first splitting the midline of the back, exposing the 

vertebral column. The dorsal laminae of thoracic vertebrae 9 and 10 were removed with fine 

rongeurs, exposing the spinal cord. Mice was centered below the impact tip of the Ohio State 

University (OSU) Impactor Device and a T9 contusion injury was induced by dropping a weight 

and controlling for the force of impact at 70 kDynes. The animal was then closed with simple 

interrupted sutures at both the muscle and skin layer and transferred to a heated recovery cage. 

Mice were monitored daily for signs of pain, weight loss/gain, and the development of secondary 

complications (bladder infections, foot necropsy etc.) Buprenorphine was administered every 8 

hours for 3 days following injury. Mice were separated into two cohorts i) a short-term group (7 
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days post injury) to investigate inflammatory cytokine and GzmB expression and ii) a long term 

group (42 days post injury) to investigate locomotive recovery and tissue damage. Two further 

groups of WT and GzmBKO mice were not subjected to the spinal cord injury above. Spinal 

cord tissue was isolated for qPCR and histology controls. 

2.3 Mouse Behavioral Tests 

Animal locomotive recovery was assessed in the long-term group only using three 

separate behavioral tests: 1) the Basso Mouse Scale (BMS), 2) rotarod, and 3) horizontal ladder 

test as described below. An open field locomotion test using the BMS was performed at days 2, 

5, 7, 9, 14, 21, 28, 35 and 42 post injury while the rotarod and horizontal ladder tests were 

conducted at days 14, 28 and 42 post injury (Figure 4).  

2.3.1 Basso Mouse Scale 

Open field locomotion was assessed using the BMS, an open field test that assigns a 

score to each animals hindlimb motion ranging from 0 to 9 (0 = complete hind limb paralysis, 9 

= normal locomotion)181. All observations were performed in a clear 92 cm x 122 cm plexiglass 

container by two observers blinded to the experimental groups. One observer acted as the 

“recorder”, taking notes on the visual observations made during the test. The other observer 

acted as the “lead”. The “lead” observer gave each mouse a final score based on comments made 

from both observers. The “lead” and “recorder” observers remained the same over the course of 

the study. Mice were acclimatized to the experimental apparatus for 4 minutes on three separate 

days prior to baseline measurements. Any mouse that scored less than 8 in their baseline 

measurement was removed from the experimental group. The final score represents the mean of 

each animals left and right hindlimb score. BMS subscore, which provides a cumulative score of 
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positive gait characteristics (i.e.: parallel paw rotation, coordinated stepping, trunk stability), was 

scored on a scale from 0-11 based on observations made for the general BMS score. 

2.3.2 Rotarod 

A murine rotarod was used to assess muscle endurance, motor coordination, balance and 

grasp following SCI and was performed as previously described183. Briefly, mice were placed on 

the rotarod set initially to rotate at 4 rpm. After 10 seconds the machine began to accelerate at 20 

rpm/min to a maximum speed of 40 rpm and ran until the mouse fell off. The final rotation speed 

and time was recorded. This was repeated for a total of 3 trials per timepoint   If the mouse fell 

off between 0 and 5 seconds the fall was likely due to poor placement on the rotarod and was not 

counted as a trial. If the mouse fell off between 5 and 10 seconds (prior to acceleration) the final 

speed and time for that trial is 4 and 0 respectively. Mice were trained on the rotarod for at least 

5 days prior to baseline measurement.  

2.3.3 Horizontal Ladder Test 

The horizontal ladder test was conducted as previously reported184. A horizontal ladder 

with dimensions length 60 cm x width 4 cm x height 60 cm contained 50 metal horizontal ladder 

beams spaced 1.25 cm apart and at a height of 30 cm above the bottom of a plexiglass chamber. 

Mice performed baseline recordings once every 14 days post injury up to 42 days. For each 

recording, mice were placed in an escape cage containing bedding from their home cage at the 

end of the apparatus. After acclimatizing for at least 3 minutes mice are placed at the beginning 

of the ladder apparatus and allowed to run back towards the escape box on their own. At least 3 

passes were recorded per timepoint ensuring the mice traveled along the ladder at constant speed 

without pausing or reversing direction. The first 3 successful passes without pauses were selected 

for video analysis for each timepoint. 
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Video analysis was performed by two analysts blinded to the mouse conditions. Each 

rung was scored based on how the mouse’s hindlimb stepped past it: positive steps include 

normal plantar grasping of the rung (Plantar), contact of the rung by only the toes (Toes), or by 

entirely passing above the rung (Skip) while negative steps include the hind-paw slipping past 

the plane of the beams after contacting the rung (Slip), the hind-paw missing the rung entirely 

and passing through the plane (Miss), or the dorsal side of the hind-paw dragging against the 

rung (Drag)185. If a mouse performs a negative step while contacting a rung (ie: a slip), the rung 

was given a score of 1. If a mouse performs a negative step in between two rungs (ie: a miss), the 

lower-numbered rung was given a score of 1. If a mouse does not perform a negative step, the 

rung was given a score of 0. Data are represented as % missteps by taking the sum of rung scores 

for both hindlimb and dividing that by the total number of steps (60) per run. Data was averaged 

between the two analysts. 
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Figure 4 Mouse SCI Study Timeline. Timeline of behavioural tests and endpoints for the 

mouse study. 
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2.4 Animal Sacrifice and Tissue Processing 

At the end of each timepoint (7 or 42 days post injury), animals were sacrificed via a 

terminal anesthetic dose of chloral hydrate (100 mg/kg, i.p). Half of the mice in each timepoint 

were randomly sorted for analysis via qPCR group or Histology group (n=6 each). For the qPCR 

group the animals were trans-cardially perfused with 20 mL of chilled phosphate buffered saline 

(PBS) for 10 minutes (2mL/min) to clear the spinal cord of blood cells. 5 mm of spinal cord 

centered around the lesion was removed with a scalpel, flash frozen in liquid nitrogen, and stored 

at -80oC. For the histology group the animals were trans-cardially perfused with PBS followed 

by 20 mL of 4% paraformaldehyde fixative solution for 10 min. 5 mm of spinal cord centered 

around the lesion was removed, placed in a tissue cassette and post-fixed in 4% 

paraformaldehyde for at least 4 hours to ensure full tissue fixation. Spinal cords were then 

incubated in sucrose gradient solutions of 12%, 18%, and 24% (each for 24 hours) to cyroprotect 

the tissue. Segments were then placed in Tissue-Tek® optimal cutting temperature (OCT) 

embedding medium, frozen over dry ice and stored at -80°C. Spinal cord lesions were serially 

sectioned into 20 µm cross sections on a cryostat at -20°C and stored at -80°C prior to 

immunohistochemical staining. Uninjured WT and GzmB KO mice were similarly harvested for 

histology and qPCR. 

2.5 Eriochrome Cyanine Myelin Staining 

Eriochrome Cyanine (EC) stain was prepared by adding 0.08 g EC in 40 mL of dH2O 

with 200 μL H2SO4. 2 mL of 10% FeCl3 was added and the solution was topped up to 50 mL 

before filtering into a light protected bottle. Slides were allowed to thaw at room temperature for 

1 hour. Sections were incubated in xylene followed by gradual rehydration in decreasing ethanol 

gradient solutions (100%, 100%, 90%, 70%, 50%) before washing in dH2O. Slides were then 
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incubated in EC stain for 10 mins followed by two washes in dH2O. The dye was then 

differentiated by incubating in 0.5% NH4OH for 1 minute (to allow for a visible color change 

between the gray and white matter) followed by dH2O washes. Slides were then dehydrated in 

increasing alcohol content solutions before mounting with xylene based mounting media 

(Cytoseal 60, Thermofisher).  

2.6 Immunohistochemistry 

 Sectioned spinal cords were removed from the -80°C freezer and allowed to defrost for 1 

hour at room temperature. Once thawed, slides were outlined with Dab Pen to create a 

hydrophobic barrier surrounding the tissue. Slides were rehydrated in 0.1 M PBS for 10 minutes 

to wash away OCT medium. Slides were permeabilized for 10 minutes with 0.1% PBS-Triton X-

100 and blocked in 10% normal Donkey Serum in 0.1% PBS-TritonX100 (blocking buffer) for 

30 minutes. Slides were incubated overnight with primary antibodies diluted in blocking buffer 

(Table 1). The next day the slides were washed (3x 5 minutes each in 0.01 M PBS) and 

incubated for 2 hours in the dark in blocking buffer containing secondary antibodies raised 

conjugated to Alexa fluorophores (488 nm, 594 nm). After another round of washes slides were 

incubated in PBS containing DAPI for 10 minutes at room temperature in the dark and coverslips 

mounted using EMS HydroMount (Fisher). Stained slides were stored at 4°C until imaging. 
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Table 1 List of Antibodies and Reagents 
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2.7 RNA Extraction and qPCR 

RNA was extracted from flash frozen spinal cord lesions using TRIzol® reagent (Thermo 

Fisher) as per manufacturers’ protocol. Briefly, 0.5 mm of spinal cord tissue centered around the 

lesion was homogenized in 1.0 mL Trizol using a TissueLyser LT (Qiagen). Tissue pieces were 

homogenized with 5 mm stainless steel beads for 3 minutes at 50 Hz. Lipids (from myelin 

sheaths) were separated by centrifuging the lysate at 12,000 x g for 10 minutes at 4°C. Following 

this 200 μL of chloroform was added, mixed by hand for 15 seconds and centrifuged at 12,000 

xg for 15 minutes at 4°C. The top aqueous layer containing RNA was moved to a new 1.5 mL 

microtube. 500 μL of isopropanol was added to the aqueous layer and incubated for 10 minutes 

at room temperature to precipitate RNA. RNA was then pelleted by centrifugation at 12,000 xg 

for 10 minutes at 4°C and the pellet washed with 75% ethanol. RNA was pelleted by 

centrifugation at 7,500 xg for 5 minutes at 4°C and the pellet air dried for 10 minutes at room 

temperature. Dried pellets were resuspended in 50 μL of nuclease-free H2O. Contaminating 

DNA was removed from RNA by incubating 5 ug of RNA sample with DNAse I (New England 

Biosciences) at 37°C for 10 mins followed by 85°C for 10 mins to inactivate the enzyme. cDNA 

was synthesized from 1 ug of DNAse-treated RNA using reverse transcriptase, random hexamers 

and dNTP master mix from Invitrogen. cDNA was synthesized by incubating reagents at 42°C 

for 30 minutes followed by 95°C for 10 mins. PCR amplification was performed using SYBR 

green (Applied Biosystems) on an Applied Biosystems ViiA 7 real-time PCR system under the 

following conditions: Phase 1 50°C, 2 mins. 95°C, 5 mins. Phase 2 95°C 15 secs, 60°C 30 secs, 

repeat x40. Phase 3 60°C to 95°C at 0.05°C/sec. Primers were used at a final concentration of 0.4 

µM (Table 2).  
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Table 2 List of Primers Used for Genotyping and qPCR 
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2.8 GzmB KO Genotyping 

Ear clips were taken from mice during weaning and were incubated in 100 uL of 25 nM 

NaOH, 0.2 mM EDTA at 95 °C for 10 minutes. 100 uL of 40 mM Tris-HCl, pH 5.0 was added 

with vortexing to extract DNA from the tissue. DNA was amplified using TopTaq master mix 

(Qiagen) using the primers listed in Table 2. Reactions were run in a thermocycler (BioRad T-

100) using the following conditions: Step 1: 94 °C, 3 mins. Step 2: 94 °C 30 secs, 66 °C 1 min, 

72 °C 1 min, repeated 35 times. Step 3: 72 °C, 2 mins. 

2.9 Image Analysis 

Slides stained with EC were imaged with an Aperio CS2 Slide scanner (Leica). Total 

amount of white matter was quantified in ImageJ by a blinded analyst by manually outlining the 

blue (myelin positive) regions. Spared white matter was expressed as a ratio of total lesion area 

for each spinal cord section. In each animal, the segment that had the smallest white matter 

sparing ratio was designated as the epicenter of the lesion.  

Slides stained against NeuN (marker for neurons) were imaged at the epicenter (as 

defined above) and up to 600 µm rostral or caudal to the epicenter. Regions were imaged at 

350μm x 350μm centered at the dorsal horn. Both dorsal horns of each cord segment were 

imaged and NeuN positive cells were manually counted by two blinded analysts with ImageJ. 

Data are represented as the sum of total dorsal horn neurons averaged between the two analysts. 

2.10 Statistical Analysis 

All data are represented as the mean ± standard deviation. Mouse behavioral studies and 

spinal cord lesion tissue damage (Myelin and neuron quantification) were analyzed by two-way 

ANOVA followed by a Fisher’s multiple comparison test. Survival data was analyzed by the 

Mantel-Cox method. Injury parameters were analyzed by Mann-Whitney U-test. P-values are 
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represented as follows: *p < 0.05 **p < 0.01***p < 0.001. All statistical analysis was performed 

using GraphPad Prism version 7.0 (GraphPad Software, San Diego, California).  
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Chapter 3: Results 

3.1 Spinal Cord Injury Parameters and Survival 

In both the short term (7 days) and long term (42 days), cohorts did not exhibit significant 

differences in injury velocity (plong=0.6213 and pshort=0.639), displacement (plong =0.519 and pshort 

=0.8413) or force (plong =0.6904 and pshort =0.7153), confirming the reproducibility of these 

injuries (Figure 5C-H). Generally, mice survive moderate spinal cord injuries and suffer only 

minor injuries or morbidities186. Of the two cohorts, only the long-term study had mice that had 

to be sacrificed prior to the study end point due to complications (i.e bladder infection, foot 

necrosis) that arose during their recovery. However, there was no statistical difference (p = 

0.121) in survival between the groups (Figure 5 A, B).  
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Figure 5 Injury Parameters. Survival curves for WT and GzmB KO mice for the long (A) and 

short (B) term studies. Displacement (C, F), force (D, G) and velocity (E, H) graphs for the long- 

and short-term cohorts respectively. n= 14 for the long-term study (A, C-E) and n=10 for the 

short term study (B, F-H). n.s = not significant p> 0.05. 
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3.2 Locomotive Recovery is Improved in GzmB KO Mice 

GzmB KO mice showed a significantly improved BMS score at 35 (p=0.0480) and 42 

weeks (p=0.0114) post-injury compared to WT mice (Figure 6A). The BMS sub-score showed 

no significant difference between WT and GzmB KO mice at any point during recovery (Figure 

6B).  

 GzmB KO mice showed significantly better rotarod scores at 14 (p=0.0404) and 28 days 

(p=0.0400) post injury but their scores lost significance by 42 days (p=0.2399) (Figure 6C). 

Rotarod scores did not significantly improve over the 42-day recovery period in either group. 

GzmB KO mice performed significantly better than WT mice at the Horizontal Ladder task at all 

time points (p14 days=0.004, p28 days=0.0004, p42 days=0.0212) and, like the rotarod, neither group 

showed any improvement over time (Figure 6D).  
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Figure 6  Locomotive Function After SCI is Improved in GzmB KO Mice. GzmB KO mice 

showed improved locomotive scores in the BMS (A), Rotarod (C) and Horizontal Ladder (D) 

tests but not the BMS Subscore (B). n=14, * p<0.05, ** p<0.01, *** p<0.001. 
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3.3 Expression of GzmB in Mouse SCI 

Staining of SCI lesions from WT mice 7 days post-injury demonstrated that GzmB 

localized to distinct, granular-like regions of CD68-positive macrophages or microglial cells 

(Figure 7C, D). As expected, GzmB appears granular within the cytoplasm of these cells, 

suggesting they are part of secretory granules (white arrows). There was no expression of GzmB 

in CD68+ cells of uninjured spinal cord (Figure 7A, B) or in the lesions of GzmB KO mice 

(Figure 7E, F). Not all CD68+ cells within the spinal cord lesion expressed GzmB.  
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Figure 7 GzmB Expression in Mouse SCI Lesions. GzmB (red) expression within uninjured 

(A: 20x stitching, B: 40x) and injured WT (C: 20x stitching, D: 40x) and GzmB KO (E: 20x 

stitching, F: 40x) mice. White boxes in A, C and E represent the region of the spinal cord that is 

imaged in B, D and F. DAPI was used to counterstain nuclei. Images shown are representative of 

results obtained from 6 individual mice per genotype for injured mice and from 3 individual 

mice per uninjured mice. 
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3.4 Preservation of White Matter in GzmB KO Mice Following SCI 

To evaluate the extent of damage within the spinal cord following SCI we investigated 

the presence of myelin across the SCI lesions using eriochrome cyanine R. GzmB KO mice 

demonstrated an increase in total area of myelin-positive staining (blue) at the epicenter and 

rostral, but not caudal, to the lesion compared to WT mice (p-400=0.0077, p-200=0.0001, 

pepicenter=0.0203) (Figure 8A, B). The increased myelin positive area in GzmB KO animals 

suggests that there is a higher percentage of intact myelinated axons and less demyelination 

which may be a result of the lack of GzmB in the injured region. 

3.5 Increased Neuron Survival Across SCI Lesion in GzmB KO Mice 

A second hallmark of SCI secondary injury is immune cell mediated apoptosis33. We 

investigated the survival of neurons in the dorsal horn of spinal cord segments across the lesions 

at 6 weeks post injury. A GzmB KO mice showed a larger number of NeuN positive nuclei at 

both rostral and caudal regions of the lesion (p-600 = 0.0016, p400 = 0.0149, p600 = 0.0195) (Figure 

8C).  
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Figure 8 White Matter Myelin and Neuron Survival is Increased in GzmB KO Mice Post-

Injury. Representative images (A) and graph (B) of myelin sparing for WT (top) and GzmB KO 

mice (bottom). Dorsal horn neuron survival count of GzmB KO mice from rostral to caudal (C). 

n = 6 mice per genotype. 
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3.6 Lack of GzmB Does not Influence Pro-Inflammatory Cytokine Expression 

Expression of pro-inflammatory cytokines may cause an increase in tissue damage post-

injury77,82. Using qPCR we quantified the transcript levels of the pro-inflammatory cytokines 

TNF-α and IL-1β. There was no difference in TNF-α or IL-1β mRNA expression 7 days post-

injury (Figure 9A, B).  
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Figure 9 IL-1β and TNF-α mRNA Expression GzmB KO and WT Mice Post-SCI. Spinal 

cord lesions showed no significant change in mRNA transcripts for TNF-α (A) or IL-1β (B) 7 

days post-injury. n=5 mice per genotype. n.s = not significant (p>0.05). 
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Chapter 4: Discussion 

Traumatic SCI results in immediate neuron and oligodendrocyte death at the epicenter of 

the injury. Many immune-cell secretions, including cytokines and proteases, contribute to 

neurotoxicity. GzmB has previously been investigated as a protease affecting wound healing in 

chronic skin, vascular and neuroinflammatory conditions136,175. However, there has been no 

research to date on the potential therapeutic benefit of inhibiting or deleting GzmB expression 

within SCI. In this study, a thoracic contusion injury model was selected to investigate the 

benefit of GzmB deletion in mice. A contusion injury was selected over other models of SCI, 

such as spinal cord transection, ischemia/reperfusion or compression injuries, as contusions are 

generally more clinically relevant and involve larger inflammatory responses187. The injury 

parameters were selected to mimic a “moderate” injury pattern in mice (50-70 kdyne force, ~500 

m displacement) that is frequently used in mouse SCI research89,188,189.  

While the spinal cord injury model is set to be reproducible between animal groups, 

many labs have reported markedly different recovery timelines in C57Bl/6 mice subjected to a 

moderate injury (as shown by their BMS scores). While investigating the effects of treatment of 

anti-inflammatory cytokine IL-33 in mice post SCI, Pomeshchik et al performed a 60 kdyne T-9 

contusion in C57Bl/6 mice in which both vehicle and cytokine treated groups only recovered to 

2.5 (extensive ankle movement and occasional plantar placement) and 3.5 (Plantar placement 

and occasional plantar stepping) respectively181,190. Final BMS scores of approximately 3 

(Plantar placement only) are regularly seen in the control group of C57Bl/6 mice of many other 

groups181,191–194. On the other hand, H. Li et al performed a mouse SCI with a 60 kdyne impact 

that showed mice recovering to an average score of 7 (Consistent coordinated plantar stepping, 

occasional parallel paw rotation)181,189. In this study, mice consistently recovered to a BMS score 
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of 4.5 (WT, occasional or consistent plantar stepping, no coordination) or 5.5 (GzmB KO, 

consistent plantar stepping, some coordination)181. This suggests mouse recovery may be 

dependent on factors specific to different animal facilities (i.e. inconsistent measurements of the 

forces, microbiome, post-operative care, mouse strains, diet).  

Because of the conflicting reports associated with BMS, two other tests were added to 

assess motor function. Utilizing the rotarod and horizontal ladder test we were able to detect 

significant increased skilled locomotor function of GzmB KO mice compared to WT 

immediately after injury. Notably, the rotarod and horizontal ladder were able to pick up 

differences in skilled locomotor function at early timepoints that were not identified with the 

BMS. This may be due to the rotarod and horizontal ladder tests increased sensitivity in 

determining fine locomotor skills compared to the open field BMS test. These data agree with 

the results reported by other labs from experiments that have inhibited extracellular proteases. 

For example, MMP-3, -9 and -12 increase secondary injury by increasing vascular permeability, 

and their respective knockouts significantly improve locomotive scores while reducing immune 

infiltration41–43. In addition, inhibiting MMP-2/9s have shown to be beneficial for functional 

recovery195. Treatment of rat SCI with less specific protease inhibitors, such as Minocycline or 

the serine protease inhibitor Nafamostat, also results in improved functional recovery, as 

measured by the Basso-Beattie-Bresnahan scores196,197. 196,197. 

The expansion of tissue damage and paralysis following SCI can be a result of neuron 

death and myelin loss during secondary injury cascades. Studies with therapeutics that reduce the 

extent of cell death within the spinal cord, such as TNF-α antagonists or methylprednisolone, 

show that increased cell survival correlated with an improved locomotive function77,198. To 

assess whether the locomotive improvements seen in this study could be the result of decreased 
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neuron cell death, we quantified the number of surviving neurons in the dorsal horns across the 

lesion. GzmB KO mice showed increased neural cell counts compared to the WT group. This 

supports previous studies that show that GzmB can induce apoptosis in neurons extracellularly or 

intracellularly172,179. Directly reducing neural apoptosis during secondary injury, for example 

through the inhibition of GzmB activity, is an attractive therapeutic target in SCI as reduced 

neural cell death results in improved locomotive recovery in vivo77,78. 

Demyelination of axons following SCI is a result of extensive oligodendrocyte cell death, 

which may be promoted by multiple mechanisms including mechanical trauma, glutamate 

excitotoxicity199 cytokine signaling200, hemorrhage201 or immune cell interactions. After the 

initial trauma there is a chronic progressive demyelination phenotype that may be caused by 

autoreactive T-lymphocytes69,202. Here we show that the deletion of GzmB, a protease 

traditionally associated with cytotoxic T-cells, results in an increase in white matter sparing post 

SCI. It’s important to note that the loss of myelin in spinal cord white matter after injury may be 

due to oligodendrocyte cell death or a by-product of axonal cell death. A role for GzmB in 

demyelination is supported by Haile et al, who showed a similar sparing of white matter in mice 

treated with a murine specific extracellular GzmB inhibitor (Serpina3n) in a model of EAE175. 

GzmB has also been implicated in perforin-dependent T-cell mediated oligodendrocyte cell 

death in brain slice cultures203. Interestingly, in these experiments, oligodendrocyte-reactive T-

cells were capable of inducing neuronal death, which was believed to be due to leakage of GzmB 

and perforin out of the immunological synapse. 

Following SCI, dying oligodendrocytes can be replaced by the differentiation of 

oligodendrocyte precursor cells (OPCs) into mature, myelinating oligodendrocytes204. Successful 

remyelination of axons by newly-derived oligodendrocytes is dependent on the level of 
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stimulatory vs. inhibitory factors expressed within the lesion. TNF-α, myelin debris and glial 

scar proteins have all been implicated in inhibiting OPC migration and differentiation into 

oligodendrocytes205. Targeting these negative factors have corresponded to higher  Reports have 

also identified that OPCs express PAR-1, and its activation by serine proteases results in 

decreased OPC differentiation and expression of myelin-associated genes206. While no studies 

have been conducted on the effects of GzmB activation of PAR-1 in OPCs, it presents a possible 

mechanism for the increased myelin staining of GzmB KO vs. WT mice.  

We next attempted to identify the immune infiltrate contributing GzmB expression within 

the spinal cord lesions. While GzmB is classically associated with cytotoxic or helper T-cells, 

their infiltration into the mouse spinal cord has been reported to begin at 14 days post-injury and 

only reaches significantly elevated levels versus uninjured controls at 42 days post-injury188,207. 

With the late recruitment of T-cells into the SCI lesion, we theorized that the early benefits seen 

in the locomotive tests (prior to 14 days in rotarod and horizontal ladder tests) may be due to 

other GzmB-expressing cells, such as macrophages or microglia. Supporting this, GzmB has 

been identified in macrophages in human atherosclerotic plaques and in cultured human 

macrophages116. In our study, GzmB was detected in CD68+ cells which represent either or both 

macrophages and microglia at 7 days post-injury. Although GzmB appeared to cluster to groups 

of CD68+ cells, not all CD68+ cells were GzmB+. This suggests that GzmB expression may be 

dependent on macrophage polarization (M1, M2a, M2b or M2c). M1 macrophages dominate the 

mouse spinal cord lesion post injury and contribute to neurotoxicity, while M2 macrophages 

promote an environment of axonal regrowth57. Since macrophages have both beneficial and 

detrimental functions, inhibiting M1 activity or promoting M2 polarization in the lesion shows  

therapeutic potential in promoting survival and regeneration post injury192. Kigerl et al. identified 
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that conditioned medium from M1 macrophages was directly neurotoxic to dorsal root ganglion 

in vitro57, suggesting that a secreted factor contributed to this phenotype. It is interesting to 

speculate that GzmB expression within M1 macrophages contributes to their neurotoxicity. 

Finally, to confirm whether the changes in neural cell survival and myelin deposition 

observed were not due to a decrease in neurotoxic inflammatory mediators we measured the 

transcript levels of IL-1β and TNFα by qPCR. While transcript levels were not significantly 

different between the two groups at 7 days post injury, this may be due to the timepoint 

investigated. Synthesis and secretion of pro-inflammatory cytokines peaks within 24 hours of the 

injury before declining to basepoint shortly208. Further studies should identify whether pro-

inflammatory cytokines are altered at an early timepoint in GzmB deficient mice. 
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Chapter 5: Conclusions and Future Directions 

In this study, GzmB deficiency in a mouse model of SCI has been shown to be beneficial 

to locomotor function. This result can be explained by a decrease in immune-cell mediated 

neural apoptosis and white matter loss, which suggests that GzmB is a neurotoxic protein 

released during the inflammatory response in SCI. We have identified that GzmB is expressed 

within macrophages or microglia of a mouse spinal cord lesion, cells that are capable of 

polarizing towards a neurotoxic phenotype57. The work presented here provides a foundation to 

explore further roles of GzmB in SCI. Specifically, more research needs to investigate whether 

there is an accumulation of extracellular GzmB in the CSF of patients with acute to chronic SCI. 

As human samples are rare and difficult to acquire, analyzing CSF of larger mammals first (ie: 

rats or pigs) may be beneficial to elucidate whether GzmB accumulates extracellularly. 

Endogenous extracellular inhibitors for GzmB have shown benefit in mouse models of 

chronic injuries, including in EAE and aortic aneurysms151,175. As GzmB expression within the 

spinal cord is localized to cells that do not traditionally express perforin, treatment with an 

extracellular GzmB inhibitor in SCI may also reduce tissue damage and improve locomotive 

scores. Further in vivo SCI studies should also assess the regenerative capacity of spinal cord 

tracts. Transgenic mice expressing a mu-crystallin-GFP reporter gene have their CST visualized 

and can be used to monitor growth of spinal cord tracts across the lesion209. As mentioned in the 

discussion, remyelination of naked axons after SCI is largely dependent on efficient OPC 

migration and differentiation to myelinating oligodendrocytes. This response is reduced in vitro 

by cleavage and activation of PAR-1 by extracellular proteases206. As PAR-1 has been 

implicated in neurotoxicity by extracellular GzmB, future studies should also investigate the role 
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of GzmB on OPC differentiation and myelination in vitro, which may promote remyelination in 

vivo. 

The presence of GzmB in subsets of macrophage/microglia suggests differential 

expression of the protease in these cell types. With the discovery of different polarities of 

macrophage and microglia in wound responses, it would be beneficial to elucidate which of these 

express GzmB in vitro. Finally, extracellular proteases such as MMPs are secreted by astrocytes, 

macrophages and neurons which contribute to a breakdown of the BBB. GzmB contributes to 

vascular barrier breakdown both in vitro and in vivo144, however there are different cell types and 

ECM proteins expressed within the basement membrane of the BBB compared to other vascular 

beds. Future work in GzmB mediated BBB disruption can be performed both in vitro using co-

culture systems of brain endothelial cells with astrocytes and pericytes210, and in vivo using 

intraperitoneal injections of fluorescent tracers that migrate to the brain and spinal cord211. 

The work presented here builds on the work of others that have shown a neurotoxic role 

for GzmB in neuroinflammatory conditions175,179. Specific mechanisms of GzmB-mediated 

pathology are still to be elucidated, and future work should expand the specific 

macrophage/microglia polarity responsible for secreting GzmB. Most importantly, there may be 

therapeutic benefit from the inhibition of extracellular GzmB in SCI. A summary of key findings 

is provided in Figure 10 below. 
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Figure 10 Summary of Findings and Hypothesized Mechanism 

A) The body’s response to SCI involves demyelination and axonal death. The inflammatory 

response includes the activation of resident microglia (B) and infiltration of peripheral 

monocytes (C) resulting in GzmB secretion into the lesion site. GzmB results in neuron death 

and white matter loss that may result from oligodendrocyte death, axonal shearing or myelin 

protein cleavage (D). 
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