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Abstract of the Dissertation
Tissue Plasminogen Activator & Plasminogen System in
Chondroitinase-mediated Axonal Plasticity
By
Noreen Bukhari
in
Neuroscience
Stony Brook University
2010

Following Spinal Cord Injury (SCI) the injured neurons are unable to regenerate
as they face an inhibitory external environment and the lack of guidance cues for direct
regrowth of severed axons. A component of the inhibitory extracellular environment is
the glial scar. Chondroitinase ABC (ChABC) is an enzyme able to degrade the sugar
chains of chondroitin sulfate proteoglycans (CSPGs), a major constituent of the glial scar,
and thus allow for improvements in SCI functional repair. The mechanism underlying
this repair remains unclear. Our group has previously reported that ChABC enhances the
interaction of the extracellular serine protease, tissue plasminogen activator (tPA) and its
downstream product, plasmin, with the extracellular matrix molecules of the glial scar in
in vitro and ex vivo models of SCI.

In my Dissertation, | tested the contribution of tPA/plasmin to ChABC promoted
axonal repair using mice deficient in tPA (tPA KO), hypothesizing that tPA acts
downstream of ChABC to promote axonal plasticity after SCI. | found that tPA is

upregulated after a moderate contusion in wildtype (WT) mice, and that in the absence of



the tPA/plasmin system, CSPG (NG2, Neurocan, and Phosphacan) degradation is
reduced after ChABC treatment. In contrast to their genotypic equivalent WT cultures,
tPA KO primary cortical neurons grown on ex vivo SCI homogenates show attenuated
neurite outgrowth after ChABC treatment. Co-administration of ChABC and plasmin can
rescue this phenotype. To test the hypothesis in vivo, | performed motor behavior assay
and sensory anatomical tracings. A single high-dose bolus injection of ChABC allowed
for significant sensory axon outgrowth and motor recovery in WT SCI mice but
attenuated recovery in tPA KO mice. Furthermore, therapeutic co-administration of
plasmin with ChABC enhanced the behavioral and axonal recovery in WT SCI mice over
recovery due to the enzyme alone. Collectively, these findings suggest that after SCI, the
tPA/plasmin system plays an important role in ChABC-mediated axonal plasticity and

may provide new opportunities to enhance the enzyme's treatment efficacy.
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Chapter I- Introduction



Epidemiology

The National Spinal Cord Injury Database estimates that 13% of new cases of
spinal cord injury (SCI) occur in the United States each year with a national prevalence
of 300,000 (Center) and international prevalence of 2.5 million (Schwab et al., 2006). In
the United States, motor vehicle crashes account for 42% of cases followed by a small
proportion due to falls and acts of violence such as gunshot wounds. Of these injured
patients, 44% suffer from paraplegia and 51% from quadriplegia (Center). A review of
published reports also reveals that most traumatic SCI are the result of contusive,
compressive or stretch injury (Onose et al., 2009). Although majority of patients are able
to return to a largely independent life, they retain a lifelong handicap and significantly

reduced life expectancy especially in the first year after injury (Center).

Pathophysiology

SCl is clinically defined by the loss of sensory and motor function below the point
of injury. Upon injury, the spinal cord undergoes primary and secondary damage.
Primary damage consists of a vertebral fracture that causes local, segmental-limited
damage of the spinal cord that results in rupture or contusion of axons and ensuing
hemorrhage, ischemia, and edema (Schwab et al., 2006). Using in vivo imaging, this
primary damage or lesion core has been correlated with proximal axon retraction, and
distal axon degradation that is similar in mechanism to the delayed Wallerian
degeneration but occurs during the first 24 hours after injury (Kerschensteiner et al.,
2005). Secondary damage occurs during the first few weeks after the initial trauma when

the lesion expands into the neighboring tissue and forms a region called the lesion



penumbra. During this critical time, the proximal axons retract and form retraction-bulbs
and the distal axons degrade (Wallerian degeneration). A fluid-filled cavity called a
pseudocyst and a fibrous scar form in humans and rats, while only a fibrous scar forms in
mice. The fibrous scar consists of cells, reactive astrocytes, macrophages/microglia,
oligodendrocyte precursor cells and fibroblasts, that are recruited to the site of injury.
Extracellular matrix molecules such as chondroitin sulfate proteoglycans (CSPGs),
myelin associated inhibitors, and axon guidance molecules also accumulate in the scar
tissue (Fawcett and Asher, 1999; Grimpe and Silver, 2002; Stichel et al., 1999). The
recruited cells release inflammatory cytokines such TNF-o and IL-1p, nitric oxide and
chemoattractants which further recruit monocytes and leukocytes to the site of injury
(Schwab and Bartholdi, 1996). In addition, systemic effects such as blood-brain barrier
dysfunction, and energy depletion indirectly propagate other processes such as an
imbalance of excitatory amino acids, ions, reactive oxygen species, free radicals and
release of apoptotic signals and neurotoxic factors in the injured region (Onose et al.,
2009). Collectively, these cells and inhibitory molecules form a region characterized by
reactive gliosis and called glial scar which functions as a hostile physical and

biochemical environment against axon repair.

Endogenous mechanism of repair

From an evolutionary perspective, the formation of a glial scar that inhibits axon
regrowth would seem a counterintuitive CNS response. In an effort to resolve this
discrepancy, two groups have suggested that the glial scar initially plays a beneficial role

in response to tissue injury and the detrimental effects occur due to insufficient resolution



or excessive scar formation over time rather than its mere presence (Renault-Mihara et al.,
2008; Rolls et al., 2009). As previously described, after SCI occurs, there is an increase
in inflammatory molecules, neurotoxic factors and an imbalance of excitatory amino
acids, ions, and free radicals among others in the tissue microenvironment. To reduce the
further spread of injury, both groups reasoned that the lesion site must be sealed off and
protective responses upregulated. To achieve these ends, they cited studies showing that
astrocytes are upregulated after SCI, demarcate the lesion area and separate it from the
healthy tissue (Okada et al., 2006; Reier and Houle, 1988). Astrocytes also serve as
scavengers, clearing excessive glutamate, ions, and nitric oxide from the
microenvironment (Chen et al., 2001; Cui et al., 2001; Roitbak and Sykova, 1999;
Vorisek et al., 2002) and providing trophic support in the form of nerve growth factors,
brain derived neurotrophic factors and neurotrophin 3 after CNS injury (do Carmo Cunha
et al., 2007; Schwartz and Nishiyama, 1994; White et al., 2008; Wu et al., 1998).
Furthermore, removal of astrocytes from the spinal cord injury site results in larger
lesions, local tissue disruption, severe demyelination, and neuron and oligodendrocyte
death (Bush et al., 1999; Faulkner et al., 2004). It was also shown that the timing of
astrocytic clearance and degradation of secreted-by-astrocytes extracellular matrix
molecules, chondroitin sulfate proteoglycans' (CSPGs), is crucial in determining the final
effect on the injury. Overall, the two groups concluded that the glial scar is required
during the acute phase to seal off the injury and restore homeostasis, but in the chronic
phase it becomes inhibitory (Okada et al., 2006; Rolls et al., 2008; Rolls et al., 2009).

In conjunction with this dualistic perspective of glial scar in CNS repair, two

groups have also investigated the endogenous CNS axon repair after injury. They found



that after dorsal hemisection, transected hindlimb corticospinal tract (CST) axons
sprouted into the cervical gray matter to contact short and long propiospinal neurons
(PSNss) as early as 3 weeks after injury (Bareyre et al., 2004; Courtine et al., 2008).
Therefore, the astrocytic demarcation of lesion and release of tropic factors and
extracellular matrix molecules into the microenvironment may also allow severed axons
to navigate to neighboring healthy tissue and form collateral connections. The two
groups also showed that connections with long PSNs that bridged the lesion were
maintained after 12 weeks while contacts with short PSNs that did not bridge the lesion
were lost (Figure 1) (Bareyre et al., 2004; Courtine et al., 2008). Long PSNs in turn
connected to lumbar motor neurons and the rodents were able to regain minimal but not
complete motor function as measured by behavior and electrophysiological recordings.
These findings, therefore, demonstrate that endogenous mechanisms are active but
insufficient for CNS repair. Moreover, these studies suggest that unlike peripheral nerve
regeneration where axons reach their targets through long distance outgrowth along

preexisting pathways (Nguyen et al., 2002), spinal cord regeneration occurs through a

detour pathway.
Cortex Cortex
Cervical cord Lumbar cord Cervical cord Lumbar cord
CaT . v—fﬁd— caT T v
oy, Short PSN Orargets &y Long PSN Targets
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Bareyre et al. Mature Mewnacience T-3 204

Figure 1: Connections with long PSNs that bridge the lesion but not short PSNs
are maintained.

This axon repair strategy may be due to two distinguishing features of the CNS:
1) a nonpermissive chronic microenvironment for long-distance outgrowth and 2)
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availability of numerous parallel pathways and interneuronal connections. Therapies for
spinal cord injury should, therefore, focus on neuroprotection and stabilization of the
injury during the acute-subacute phase and neuroregeneration (through combination of
extrinsic degradation of the glial scar and intrinsic induction of neuronal activity) during
the chronic phase of SCI. Therapies that build on CNS endogenous repair pathways
could also enhance efficacy. Collectively, these insights can help us develop better repair

strategies.

Therapeutic Approaches

In North America, a high-dose methylprednisolone administered within 8 hours
after a non-penetrating spinal cord injury is the standard of medical care (Schreiber,
2009). This treatment, unfortunately, is not accepted worldwide and no repair therapies
are currently available for chronic SCI patients. As a beacon of hope for translational
research, it should be noted that clinical trials are currently underway in the US for a few
pharmacological compounds identified in basic science research (Table 1) (Medicine,

2008; Onose et al., 2009).

Table 1: A list of pharmacological compounds under clinical trial for
chronic SCI treatments
Lead Mechanism of FDA Reference
Compound Action phase
Lithium Reduces host I (Young, 2008)
immune response
Anti-Nogo Inhibits myelin I (Fouad et al., 2004; Freund
antibodies protein, Nogo-A et al., 2007)
MAG Block myelin I (Vyas et al., 2005)
antagonist associated
glycoproteins
Nerisperidine | Blocks Voltage gated | Il (Tarnawa et al., 2007)
Sodium Channels




However, many repair strategies still remain in the basic science and preclinical

phases of development. One such repair strategy involves targeting extracellular

components of the glial scar (axon guidance molecules, myelin inhibitors, and CSPGSs) to

reduce the extrinsic barrier and thereby, create a more permissive environment for axon

repair. Although myelin inhibitor molecules have been successfully identified as lead

compounds in this repair strategy (Table 1), blockade of the other two extracellular

matrix molecules (axon guidance and CSPGSs) in the SCI literature also offers promising

lead compounds for therapy. The focus of this dissertation is on the therapeutic potential

of CSPG degradation in the glial scar region after chronic SCI.

Chondroitinase ABC is a leading preclinical therapy against axon repair

CSPGs are a family of primarily six core proteins covalently linked to various

levels of glycosaminoglycan (GAG) chains (Figure 2) and divided into three groups based

on structural homology (Morgenstern et al., 2002). Neurocan, brevican, versican, and

Chondroitin
Sulfates

Protein Core

C0O0-

Figure 2:
Representative
CSPG molecule

aggrecan are secreted by reactive

astrocytes in vivo and collectively
characterized as lecticans due to their
similar hyaluranon and lectin domains
(Jones et al., 2003a). NG2 and
phosphacan are both unique CSPGs
with no significant homology to other

proteins. NG2 is the secreted form of a

transmembrane protein found on the



surface of oligodendrocyte precursor cells, and macrophages (Jones et al., 2002;
Nishiyama et al., 1991). Phosphacan corresponds to the extracellular domain of the
receptor protein tyrosine phosphatase 3 (RPTPf) (Dobbertin et al., 2003; Tang et al.,
2003). The receptor for CSPG proteins that inhibits neurite outgrowth after CNS injury
was recently identified to be the transmembrane protein tyrosine phosphatases ¢ (PTPo)
and knockouts of the protein exhibit corticospinal tract regeneration in both dorsal
hemisection and contusion injury models of spinal cord injury (Fry et al.; Shen et al.,
2009).

As the most abundant extracellular matrix protein group in  the CNS, CSPGs are
known to play a role in closing the anatomical plasticity of neural circuits (critical
periods) during early development (Galtrey and Fawcett, 2007). Therefore, one may
speculate, that degrading CSPGs after adult CNS injury may allow for a rearrangement of
the neural circuitry and thereby augment the endogenously formed detour circuits.
Indeed, studies show that upregulation of CSPGs prevents axon growth in the rat CNS
(Davies et al., 1997) while degradation using Chondroitinase ABC (ChABC), a bacterial
enzyme, enhances axon repair and allows for some functional recovery (Bradbury et al.,
2002; Moon et al., 2001). Jones and colleagues investigated the role of different CSPGs
in a rodent SCI model and found significantly higher levels of NG2 CSPG at the lesion
site (Jones et al., 2003b). Although inhibitors of NG2 shows limited regeneration in a
similar rodent injury model, when combined with intrinsic neuronal induction through a
peripheral conditioning lesion, show sensory axon regeneration and correct anatomical
growth of CST axons into the lesion site (Tan et al., 2006). Ectopic expression of

ChABC in astrocytes resulted in similar limited morphological regeneration, but when



combined with an intrinsic neuronal induction, such as dorsal rhizotomy, it resulted in
sensory axon regeneration and CST axon growth into the lesion (Cafferty et al., 2007).
These studies suggest that degradation of CSPG molecules removes a critical extrinsic
barrier to axon repair and when combined with an inducer of neuronal growth may allow
for functionally significant levels of spinal repair.

Degradation of CSPGs by ChABC creates a permissive environment for axon
regrowth in multiple models of SCI (Bradbury et al., 2002; Cafferty et al., 2008; Houle et
al., 2006; Moon et al., 2001; Yick et al., 2000). ChABC, therefore, serves as a promising
potential treatment and is currently under preclinical development for SCI patients
(Caggiano et al., 2005; Fulmer, 2009). The downstream effects of ChABC action that
allow for improvements in functional repair remain unclear. It is known that ChABC
cleaves the GAG chains of the CSPG molecules (Bradbury et al., 2002). In vitro studies
have shown that the GAG chains serve as neuronal guidance cues and mediate axonal
growth inhibition (Laabs et al., 2007; Wang et al., 2008). However, in vitro studies of
CSPGs also found the core protein to be inhibitory for neurite outgrowth (Dou and
Levine, 1994; Oohira et al., 1991). To the best of our knowledge, no studies have looked
at the effect of the core protein downstream of ChABC cleavage in vivo. The connection
between degradation of core CSPG proteins after ChABC cleavage of the GAG chains

and improvements in functional repair is the focus of this work.

Tissue plasminogen activator can degrade CSPGs and induce axon repair
Tissue plasminogen activator (tPA) is an extracellular serine protease initially

described for its ability to cleave and activate plasminogen to plasmin, an event that



subsequently leads to the breakdown of blood clots (Collen, 1999). tPA, however, has
also been shown to play a role in neurodevelopment (Carroll et al., 1994; Sumi et al.,
1992), neurotoxicity (Tsirka et al., 1995; Tsirka et al., 1997b), tissue remodeling (Lee et
al., 2001; Seeds et al., 1999; Zhang et al., 2005) and synaptic plasticity (Pang et al., 2004;
Seeds et al., 1995). During neurodevelopment, the highest tPA expression is confined to
the floor plate cells of the ventral spinal cord from embryonic day 10.5 to 17 (Sumi et al.,
1992), while moderate levels are also found in the dorsal horn and intermediate neurons
of the spinal cord (Carroll et al., 1994). Since floor plate cells act as guide posts for
growing commissural fibers in the spinal cord, the highest tPA expression in these cells
suggests a role for the serine protease in axon guidance. Indeed, these neurodevelopment
studies confirmed a decade earlier discovery of tPA at the tips of neuronal growth cones
(Krystosek and Seeds, 1981) and later findings that mice lacking the tPA gene show
retarded neuronal migration (Seeds et al., 1999). Collectively, these findings suggest that
tPA can act as an inducer of neurite outgrowth and opened up a whole array of
investigations on the role of tPA in  neurodegenerative  diseases.

Since then, tPA has been found to play a role in brain neuronal degeneration and
peripheral nerve regeneration. Specifically, it has been shown that hippocampal neurons
of tPA —deficient mice are resistant to excitotoxic death after kainate injection (Tsirka et
al., 1995). An imbalance of tPA (both too high and too low) in mouse cerebellum also
leads to motor impairments (Li et al., 2006; Seeds et al., 2003). After seizures, however,
tPA appears to regulate hippocampal mossy fiber outgrowth (Wu et al., 2000). In
peripheral nerve crush injuries, tPA knockout mice also show delayed functional

regeneration, and exogenous tPA enhances functional recovery (Siconolfi and Seeds,
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2001; Zou et al., 2006), suggesting a neuroprotective role for this protease in seizures and
peripheral axon regeneration.

To better understand the dichotomous role of tPA/plasmin cascade in the various
neurodegenerative diseases, it is important to know the downstream effectors and
pathway it targets. In excitotoxic death, it is the plasmin-catalyzed degradation of
laminin that in part promotes neuronal degeneration in the hippocampus (Chen and
Strickland, 1997; Tsirka et al., 1997a). During seizures, it is the plasmin catalyzed
degradation of CSPGs, neurocan and phosphacan, in the brain’s extracellular matrix
which promotes neurite reorganization (Wu et al., 2000). In peripheral regeneration, it is
the plasmin mediated degradation of fibrinogen that results in axonal regeneration under
inflammatory conditions (Akassoglou et al., 2000). Furthermore, tPA’s excitotoxic effect
also appears to be mediated by activation of microglia and this activation is independent
of its proteolytic activity (Rogove and Tsirka, 1998; Siao and Tsirka, 2002).

Studies exploring the role of tPA in SCI suggest that both proteolytic and non-
proteolytic pathways are at play but interacting in different contexts. An early study
demonstrated that tPA knockout mice display decreased neural damage after SCI due to
reduced recruitment of microglia to the white matter and consequent demyelination of
axons (Abe et al., 2003). A recent study confirmed these findings and showed that the
peak of tPA activity occurred around day 21 after SCI in rats and corresponded with
minimal myelin basic protein expression (Veeravalli et al., 2009). Interestingly, in vitro
studies on purified myelin proteins suggest that tPA also plays a role in the conditioning-
injury induced axonal regeneration and the mechanism of action, although still unclear,

was shown to be plasminogen-independent (Minor et al., 2009; Steinmetz et al., 2005;
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Tan et al., 2006). In contrast to tPA's non-proteolytic role, only few studies have looked
at its proteolytic pathway in SCI. tPA has a partner, urokinase (UPA), that is secreted by
certain classes of neurons in CNS and PNS and also functions by cleaving plasminogen
to plasmin (Sumi et al., 1992). Both plasminogen activators (UPA and tPA), albeit more
so UPA, were recently shown to play a role in the crossed phrenic phenomenon recovery
of respiratory function following SCI, a dramatic example of synaptic plasticity and
tissue remodeling (Minor and Seeds, 2008; Seeds et al., 2009). tPA’s substrate,
plasminogen, and its product, plasmin, have also been implicated in the decorin mediated
degradation of neurocan, brevican, phosphacan, and in NG2 expression in a rat SCI
model (Davies et al., 2006; Davies et al., 2004).

Our group has previously shown that after seizure, tPA/plasmin pathway
catalyzes degradation of two CSPGs, neurocan and phosphacan, in the brain’s
extracellular matrix and this degradation promotes neurite reorganization (Wu et al.,
2000). We also recently demonstrated that tPA and plasminogen both interact with NG2
in vitro and this interaction results in degradation of NG2 in in vivo and ex vivo SCI.
Furthermore, we showed that ChABC degradation of GAG chains on NG2 protein
enhances the CSPG protein’s interaction with tPA and plasmin, suggesting that CSPG
core proteins may function as a scaffold for tPA binding and conversion of plasminogen
to plasmin. Plasmin, in turn, can degrade the CSPG core protein (Nolin et al., 2008).
Based on these previous findings, | assessed the contribution of tPA/plasmin to ChABC
promoted axonal repair. Using mice deficient in tPA (tPA KO), I hypothesized that tPA
acts downstream of ChABC to promote axonal plasticity after SCI. To investigate

this hypothesis, | asked the following specific questions:
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1: Does the tPA/plasmin system act on CSPGs after ChABC cleavage in a mouse
spinal cord injury model?
2: Does tPA/plasmin system contribute to ChABC mediated axonal plasticity

after spinal cord injury?

Figure 3: tPA acts downstream of ChABC cleavage of GAG chains.
An illustration showing the interaction of tPA and plasminogen with
CSPG proteins. A representative CSPG image is shown in gray in the
above diagram with GAG chains represented by zig-zag lines. tPA and
plasminogen bind in this GAG region of CSPG proteins. After ChABC
cleavage of GAG chains, more tPA and plasminogen can bind and form
more plasmin. Plasmin, in turn, can degrade the core protein and allow
for its clearance.

A confirmation of tPA/plasmin pathway's role in axon regeneration will be
medically significant on two levels: Chondroitinase ABC (ChABC) has consistently
been shown to reduce the glial scar and facilitate spinal repair (Barritt et al., 2006;
Bradbury et al., 2002). Knowledge of the enzyme's mechanism of action will allow for
enhanced efficacy. Although suppressing the host’s immune response and injecting the
bacterial enzyme can serve as a potential therapy for human spinal cord injury, a more
beneficial approach may be to identify the enzyme’s mechanism of action, and create
other synthetic targets to upregulate the downstream endogenous effectors of the pathway.

Our lab's previous data suggest that the tPA/plasmin pathway may be a downstream
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effector of ChABC action. Exploring the role of the tPA/plasmin in axon repair,
therefore serves as an evaluation of this enzyme's mechanism of action and can open up a

new therapeutic opportunity for ChABC mediated axon repair.
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Chapter I1- tPA/plasmin system act on CSPGs

after ChABC cleavage in vivo in a mouse SCI model
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Materials & Methods

Animals and Surgery: All experiments conform to the NIH guidelines and were
approved by the Department of Laboratory Animal Research at Stony Brook University.
tPA knockout (KO) have been backcrossed for 12 generations to the C57BI/6 background.
Age and gender-matched adult C57BL/6 (WT) and tPA KO mice weighing 25-30g were
anesthetized with isoflurane and placed in a stereotaxic apparatus. A dorsal laminectomy
was performed between thoracic levels 8-10 and spinal cord stabilized with fine forceps.
Animals were then transferred to an Infinite Horizon Impactor (Precision Systems and
Instrumentation) and a 50kdyne impactor tip with 1.25mm tip diameter was dropped
from a height of 2cm on the central canal between T8-T10. The overlying muscle and
skin were sutured. Sham-operated groups underwent laminectomy without contusion.
Postoperatively, mice were injected with buprenorphine (0.03 mg/kg) subcutaneously to
reduce pain and placed on a heating pad for 24hrs to recover. Mice were then transferred
to 27°C temperature controlled room, and food pellets and liquid solution (napa) were
placed at the bottom of their cages. Daily weight measurements were performed.
Bladders were expressed twice daily, and 0.6-0.8cc 5% dextrose/saline injected

subcutaneously for underweight animals (<25g) until end of experiment.

Tissue Processing: Spinal cord tissue was processed in one of two ways. To prepare
spinal cord homogenates, mice were terminally anesthetized with 2.5% avertin and
transcardially perfused with PBS. Using the injury epicenter as the origin, 2mm each in
the rostral and caudal direction of the spinal cord were isolated and suspended in Tris-

buffer saline pH 7.0. Isolated spinal cord was manually homogenized and centrifuged at
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20,800g for 30minutes at 4°C. Supernatant was collected and total protein content
measured using Bio-Rad Bradford protein assay (Hercules, CA). To prepare spinal cord
sections, mice were transcardially perfused and postfixed with 4% PFA pH 7.4,
cryoprotected with 30% sucrose overnight at 4°C, and frozen in OCT (Triangle
Biomedical Sciences, Durham, NC). 18um sagittal sections through the thoracic spinal

cord were prepared. All spinal cord samples were stored at -80°C until further use.

Amidolytic: For the direct amidolytic assay, 5day SCI homogenates from WT and tPA
KO mice (15ug protein/sample) were incubated in 1M Tris buffer pH 8.1 with 0.1%
Tween-80, ImM amiloride (to block uPA activity in the samples) and 0.3mM
chromogenic substrate-2288 for 2.5hrs in the dark at room temperature. Binding of the
substrate to tPA generated a color change that was quantified at 405nm. For the indirect
amidolytic assay, SCI homogenates from WT and tPA KO mice (10ug protein/sample)
were incubated with 0.68uM plasminogen in a 50mM Tris buffer pH 8.1 with 2% BSA
and 0.3mM chromogenic substrate-2251 (Chromogenix) overnight in the dark at room
temperature. Cleavage of the chromogenic substrate S-2251 by serine protease-generated
plasmin and the subsequent color change was quantified at 405nm. In both cases, a dose
response for pure recombinant tPA activity was simultaneously run alongside the test
samples and the time point when the R? value for the dose response was closest to 1 was
used to measure the concentration of serine protease in the samples. All samples were run
in triplicates. 1ImM amiloride was also used in the indirect assay to block uPA and

measure specific tPA activity in the samples.
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Zymography: 14day SCI homogenates from WT and tPA KO mice (20ug
protein/sample) were analyzed on 10% SDS-PAGE copolymerized with plasminogen
(23mg/ml) and casein (3mg/ml). After electrophoresis, SDS was removed by incubating
the gel with 2.5% Triton X-100 for an hour. The gel was then incubated with 0.1M Tris
pH 8.0 overnight at 37°C. Next day, gel was stained with coomassie blue for two hours
and destained until clear zones of lysis became visible. Pure, recombinant tPA (300mU;

Genentech) was used as positive control.

Immunoblot (Western Blot): WT and tPA KO Sham and SCI homogenates (50ug) were
treated with ChABC (0.5U/ml ; Seikagaku, Japan) in 100mM Tris-Acetate pH 7.4 for
3hrs at 37°C on cover slips. Sample buffer containing 5% [-mercaptoethanol was then
added and the protein mix denatured at 100°C for 10minutes. Samples were run on 6%
SDS-PAGE containing tris-glycine and transferred onto a polyvinyldene fluoride
membrane. Membranes were blocked in 5% milk in PBS for 1 hour and probed overnight
with one of the following primary antibodies: NG2 (1/500, rabbit anti-NG2; gift from Dr.
Joel Levine) or Neurocan (1/100; mouse-1F6; DSHB). The following day, membranes
were washed with PBS-T and incubated with the species-appropriate peroxidase
conjugated secondary antibody (1/2000-1/5000; Vector Labs) for 1 hour at room
temperature. After multiple washes with PBS-T, antibody binding was visualized using
chemiluminescence kit according to the manufacturer’s protocol (Thermo Scientific). For
pure protein experiments, 10ng of pure NG2 (gift from Joel Levine) or 2.5ug of CSPG
mix (CC117; Chemicon) were incubated with plasminogen (0.68uM) and pure

recombinant tPA or uPA (0.5Uml, 1U/ml 5U/ml) in addition to ChABC and Tris-Acetate
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buffer as above. To confirm equal loading, membranes were stripped with 0.2M Tris-
Glycine pH2.2 and 0.5M NacCl strip buffer overnight at room temperature. Samples were
re-probed with a-tubulin antibody (1/2000; Sigma). Protein bands were quantified by
densitometry in ImageJ (NIH) software and data normalized against a-tubulin protein

bands.

In Vivo ChABC treatment: 2 weeks after contusion injury, WT and tPA KO mice were
re-anesthetized and placed in the stereotaxic apparatus. The injured region was re-
exposed and 1pl of ChABC (50U/ml, Seikagaku, Japan) or Penicillinase (Sigma) was
injected into the central canal (Imm depth, rate of 0.4pl/min) using a 28-gauge Hamilton
syringe attached to an automated microinjector. The needle was withdrawn after an

additional one minute to prevent reflux.

In Vivo Immunohistochemistry: 7, 16 and 21 days after SCI, mice were terminally
anesthetized, fixed with 4% PFA and sagittal spinal cord sections prepared as previously
outlined. Sections were sequentially blocked with mouse blocking serum (Vector lab) and
goat serum, and then briefly incubated in mouse diluent before probing with one of the
following primary antibodies for 30 minutes at room temperature: CSPG (1/200, CS56;
Sigma), NG2 (1/1000, rabbit anti-NG2; gift from Joel Levine), Neurocan (1/50, 1F6;
DSHB), Phosphacan (1/100, mouse-3F8; DSHB), or Chondroitin-4-sulfate (mouse-
MAB2030, 1:1000; Chemicon). Species appropriate-Alexa 488 antibody was then
applied followed by overnight incubation with glial fibrillary acidic protein (GFAP

1/1000; DAKO) to outline the glial scar. Species-appropriate-Alexa 555 antibody was
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then applied and sections were mounted with the nuclear labeling mounting medium. To
quantify multiple images around the glial scar border (indicated by upregulated GFAP
expression) in each section were captured at a digital resolution of 1024 x 1024 with a
Zeiss confocal microscope using LSM 510 Meta software. 4 sagittal sections every 10
sections (180um) apart were imaged per biological replicate. ImageJ (NIH) was used to
quantify the total mean intensity/area for each biological replicate and each antibody
staining. Representative images were oriented with dorsal side up in Adobe Photoshop

7.0.1.

Statistics: To analyze the amidolytic assay, One-Way Repeated Measures ANOVA was
used to compare across time points. For the in vivo immunohistochemistry experiment,
One-Way ANOVA was used for multiple group comparisons within each genotype.
Holm Sidak test was used in all post hoc analyses. To compare the two genotypes within
each treatment or time point, t-test was used. A minimum alpha value of 0.05, was

accepted as statistically significant. Data are presented as mean + SEM.
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Results
tPA and uPA activities are significantly upregulated after 14 days of contusion
injury

We previously reported an interaction between ChABC, the tPA/plasmin cascade
and the CSPG molecule NG2 using biochemical techniques, and ex vivo techniques after
SCI (Nolin et al., 2008). Here, | explored these interactions in more physiologically
relevant conditions, such as tissue culture assays and in vivo models of SCI. As a first
step, | measured tPA activity 5 days after SCI using a direct amidolytic assay (Figure 4).
Significantly higher tPA activity was measured in WT group compared to tPA KO group.
However, residual, instead of negligible, activity was found in the tPA KO group.
Further research on the technique revealed that the chromogenic substrate 2288 used for
the direct amidolytic assay has affinities of 1100, 430 and 170 times more for plasma
kalikrein, factor Xla, and thrombin respectively while tPA has an affinity of 100. In
contrast, the chromogenic substrate 2251 in the indirect amidolytic assay only shows 2, 2,
3, and 4 times affinity for single chain tPA, APC, factor Xla, and thombin respectively
while plasmin shows an affinity of 100 (Diapharma). Based on these findings, the
indirect amidolytic assay was chosen for further quantifications.

Since even the indirect chromogenic substrate could bind other clotting factors, |
took a more systematic approach to specifically measure tPA activity. Overall serine
protease activity at various time points after injury in both the WT and tPA KO groups
were first measured. Serine protease activity was significantly upregulated beginning
4hrs after injury and lasted up to 14 days in WT mice compared to their respective sham
control (Figure 5A). The urokinase blocker, amiloride, was then used to inhibit uPA and

specifically measure tPA activity; a significant tPA upregulation was measured in WT
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mice after 14 days of injury (Figure 5B). In contrast, overall serine protease activity was
also significantly upregulated in spinal cord homogenates of tPA KO mice 14 days after
SCI but this activity was eliminated by the uPA inhibitor. Zymography also confirmed
the upregulation of specific tPA (68kd) and uPA activity (33kd) in WT mice 14 days
after contusion, but only uPA activity in the respective tPA KO group (Figure 5C). These
results suggests that the plasminogen activators, tPA and uPA, account for the total serine
protease activity at chronic timepoints (7 and 14 days). Consequently, the 14 day
timepoint after SCI was used in subsequent experiments. My results also paralleled
previous findings that tPA expression and activity are chronically elevated in a rat
contusion injury model. Their work, however, differed from my results in three ways:
they used the direct amidolytic assay, did not distinguish between tPA and uPA activity
and measured upregulation as early as 7 days with a peak at 21 days after rat SCI

(Veeravalli et al., 2009).
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Figure 4: The tPA/Plasmin(ogen) system is significantly upregulated 5 days after
SCI. tPA activity was quantified by direct amidolytic assay using SCI homogenates from
WT and tPA KO mice 5 days after contusion injury (n=2).
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Figure 5: The tPA/Plasmin(ogen) system is significantly upregulated 14 days after
SCI. A) Serine protease activity was quantified by amidolytic assay using SCI
homogenates from WT and tPA KO sham and 0 (4hours), 3, 7 and 14 days after
contusion injury. Amiloride, a specific uPA blocker, was used to allow the measurement
of tPA activity only (B) (n=3). Repeated Measures ANOVA was used to compare across
time points within each genotype. Significant ANOVA values were followed by post hoc
Holm Sidak test. Significant post hoc differences at p<0.05 are indicated by brackets. C)
Zymography assay with casein substrate was used to visualize serine protease activity in
protein cell lysates obtained from WT and tPA KO sham and 14 days contusion-injured
mice. The tPA band is seen at 68kd and uPA at 33kd. Pure recombinant tPA was used as
positive control (n=4).
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NG2, phosphacan and neurocan core proteins are degraded by the tPA/plasmin
system after ChABC cleavage in vivo

To examine potential synergy between the tPA/plasmin system and ChABC-
treated SCI, | first, characterized the CSPG protein expression before and after enzyme
injection to technically verify the enzyme delivery mode and determine the optimal time
for protein analysis after injection. WT and tPA KO mice underwent contusion injury
and the spinal cords were isolated 7 days later. To localize protein expression to the glial
scar region, the astrocytic protein marker, GFAP, was probed (Figure 6A). GFAP
expression was negligible at the center of the injury (“a no cell’s land”) but highly
upregulated around the border allowing for a clear demarcation of the injured region.
Similarly, minimal CSPG protein expression was found at the center of the injury and
modestly upregulated around the border (Figure 6B). One high dose of ChABC (1ul x
50U/ml) or control enzyme penicillinase (Pen) was then intraspinally injected on day 14
in another set of injured mice and spinal cord isolated one week later. On day 21 after
injury, vehicle enzyme groups of both genotypes showed modest upregulation of CSPG
protein around the injury border (Figure 7). However, CSPG protein expression was
absent in the WT ChABC treated group confirming that a single high dose of injected
enzyme was sufficient to hydrolyze the majority of the CSPG molecules in the glial scar
region and may allow us to test our hypothesis in vivo. In contrast, the tPA KO ChABC
treated group showed a retention of CSPG protein expression at the injury border
suggesting that in the absence of tPA, ChABC enzyme activity is attenuated.

To explore the ChABC and tPA/plasmin interaction further, it was necessary to
characterize the specific subtypes of CSPG proteins that were affected in the absence of

tPA. Our previous work on CSPGs had demonstrated that the tPA/plasmin system
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interacts with phosphacan and neurocan in the brain (Wu et al., 2000) and NG2 in the
spinal cord (Nolin et al., 2008). As a result, | decided to characterize these three CSPG
proteins after ChABC cleavage in WT and tPA KO mice. To investigate the interaction
of the CSPG core proteins with the tPA/plasmin system, it was important to analyze their
protein expression when the majority of these three proteins were stably upregulated and
deglycanated by ChABC but not cleared away. A review of the literature revealed that
NG2 protein expression peaks around 7 days, phosphacan at 2 months and neurocan at 14
days in a rat dorsal hemisection injury model (Jones et al., 2003a). Furthermore, most of
the CSPG protein deglycanation occurs in the first day after ChABC infusion and
progressively decreases, with no ChABC enzyme activity seen beyond 4 days. The
effects of ChABC activity, however, persist for at least one week, but not more than 2
weeks after injection (Crespo et al., 2007; Garcia-Alias et al., 2008). Based on the
upregulation of tPA and CSPG protein expression and ChABC enzyme efficacy, | chose
to analyze protein expression 2 days after a single intraspinal ChABC injection.

As before, | performed contusion injury on WT and tPA KO mice and
administered ChABC or Pen intraspinally 14 days after injury. Spinal cords were isolated
2 days later and assessed for the expression of CSPG protein. In sham-treated control
WT and tPA KO mice, NG2 protein was minimally expressed in cells with stellate
morphology, consistent with its known expression on OPCs (Jones et al., 2003a). In
injured WT and tPA KO mice treated with Pen, NG2 protein expression was strongly
upregulated (Figures 8 & 16). In contrast, administration of ChABC caused a 43%
decrease in NG2 levels in WT mice compared to its respective Pen-treated group.

However, a much more modest decrease in NG2 was observed in tPA KO SCI mice
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injected with ChABC (16% compared to tPA KO Pen group), suggesting that tPA
facilitates ChABC-mediated degradation of NG2. NG2 expression levels were also
evaluated using immunoblotting, confirming that in the absence of tPA, ChABC-
mediated clearance of NG2 is substantially attenuated (Figures 11 top and 12A, ; note -
NG2 protein expression could not be evaluated after Pen treatment in vitro using western
blotting, since the presence of GAG chains resulted in a non-distinct protein band, not
shown). My findings revealed that uPA, despite being upregulated in SCI, cannot fully
functionally assume the role performed by tPA. I, nonetheless, examined the possibility
that uPA might partially compensate for the loss of tPA by testing in vitro the possibility
that uPA can promote the degradation of the NG2 core protein by plasmin after ChABC
cleavage of the GAG chains. However, in contrast to tPA, which can efficiently bind to
the NG2 core protein (Nolin et al., 2008), uPA was unable to use NG2 as a scaffold for
plasmin generation and subsequent degradation (Figure 13A). Thus, tPA functions as the
only relevant serine protease in this model injury system that can bind to NG2 core
protein and use it as a scaffold to target plasmin generation and subsequent degradation
of this CSPG core protein.

Since we had previously reported an interaction between the tPA/plasmin system
and phosphacan and neurocan proteins after seizure in mice (Wu et al., 2000), | also
assessed the fate of these two CSPG proteins. Intact WT and tPA KO mice showed only
negligible levels of phosphacan and neurocan protein expression (Figures 9-10). In
contrast, Pen-injected WT and tPA KO SCI groups expressed significantly higher levels
of both CPSG proteins. After ChABC cleavage in WT SCI mice, similar to NG2 protein,

there was a 42% reduction in phosphacan and 58% in neurocan expression levels
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compared to WT Pen groups respectively (Figures 9-10 and quantification in Figure 16).
However, ChABC cleavage in tPA KO SCI mice resulted in only 14% clearance of
phosphacan but 42% clearance of neurocan compared to tPA KO Pen group. No
statistical differences were found in the processing of neurocan after ChABC cleavage in
WT and tPA KO spinal cord homogenates using western blot analysis (Figures 11 middle,
12B). In vitro cleavage experiments revealed that pure neurocan protein could bind both
UPA and tPA serine proteases and be targeted for degradation by plasmin after ChABC
cleavage (Figure 13B). | was not able to evaluate phosphacan protein expression using
western blot in either pure protein or ex vivo SCI homogenates. Collectively, these
results suggest that the tPA-mediated plasmin preferentially binds and degrades
phosphacan core protein, while both uPA and tPA-mediated plasmin pathways can bind
and degrade the neurocan core protein after ChABC cleavage of the GAG chains.

| then analyzed the role of tPA/plasmin in total CSPG protein levels before and
after ChABC cleavage in vivo. The epitope, CS56, is found at the ends of CSPG GAG
chains and allows us to visualize the intact CSPG protein. After ChABC cleavage, this
epitope is removed while the C4S antigen found within the GAG chains is exposed and
confirms presence of the CSPG core protein after ChABC cleavage. Intact CSPG
proteins were expressed at low levels in intact WT and tPA KO mice and significantly
upregulated after injury in vehicle enzyme injected groups (Figure 14). After ChABC
cleavage, CSPG protein level was significantly reduced in both WT (80%) and tPA KO
SCI mice (68%) compared to the SCI+Pen group of the same genotype (Figures 14 & 16).
Compared to intact CSPG protein, the stub protein C4S was found to be inversely

expressed in these groups. In WT ChABC treated group, C4S protein expression
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localized to the border of the glial scar, while when such staining was performed in the
tPA KO animals, higher protein expression was observed that localized in both the border
and the dead region of the glial scar (Figure 15). These results are consistent with our
earlier findings that the tPA/plasmin system affects degradation of core protein after

ChABC cleavage of intact CSPGs.
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Figure 6: CSPG and GFAP protein expressions are modestly upregulated 7 days
after contusion injury. Sagittal view of spinal cord from 7 days post contusion injured
WT and tPA KO mice were isolated and perfused with PFA. 18um sagittal sections were
prepared and triple-stained for CSPG (red, Sigma), GFAP (green) and 4’-6-Diamidino-2-
phenylindole (DAPI, blue, nuclear marker). The glial scar region was visualized with a
Zeiss confocal microscope using LSM 510 Meta Software. Images are representative of
3-4 biological replicates per group. Dashed lines indicate border of injury region. Scale
bar = 100pm.
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Figure 7: ChABC activity is attenuated in the absence of tPA. 14 days contusion
injured WT and tPA KO mice received Pen or ChABC injection (50U/ml x 1ul). One
week later, spinal cords were isolated and perfused with PFA. 18um sagittal sections
were prepared and triple-stained for CSPG (red), GFAP (green) and DAPI (blue).
Images are representative of 3-4 biological replicates per group. Dashed lines indicate
border of injury region. Scale bar = 100um.
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Figure 8: The tPA/plasmin system degrades NG2 protein after ChABC cleavage in
vivo. 14 days contusion injured WT and tPA KO mice received Pen or ChABC injection
(50U/ml x 1ul). Two days later spinal cords were isolated, perfused with PFA and 18um
sagittal sections prepared. a) A 14 day contusion injured WT mouse spinal cord section
stained with GFAP (red, DAKO) & showing the injury region (dashed lines) with the
dorsal side up. Higher magnification images were captured in (b) along the border of
glial scar region as indicated by boxed area. Scale bar = 200um. b) Spinal cord sections
were triple-stained for NG2 (green, Chemicon), GFAP (red) and 4’-6-Diamidino-2-
phenylindole (DAPI, blue, nuclear marker) and images captured with a Zeiss confocal
microscope using LSM 510 Meta Software. Dashed line indicates border of injury region.
Images are representative of 3-4 biological replicates per group. Scale bar = 100um.
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Figure 9: The tPA/plasmin system degrades phosphacan protein after ChABC
cleavage in vivo. 14 days contusion injured WT and tPA KO mice received Pen or
ChABC injection and spinal cords were processed as described. Spinal cord sagittal
sections were triple-stained for phosphacan (green; 3F8; DSHB), GFAP (red) and DAPI
(blue). Images are representative of 3-4 biological replicates per group. Dashed lines
indicate border of injury region. Scale bar = 100um.
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Figure 10: The tPA/plasmin system degrades neurocan protein after ChABC
cleavage in vivo. 14 days contusion injured WT and tPA KO mice received Pen or
ChABC injection and spinal cords were processed as described. Spinal cord sagittal
sections were triple-stained for neurocan (green; 1F6; DSHB), GFAP (red) and DAPI
(blue). Images are representative of 3-4 biological replicates per group. Dashed lines
indicate border of injury region. Scale bar = 100um.
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Figure 11: In the absence of tPA, NG2 but not neurocan protein degradation is
attenuated after ChABC cleavage in vitro. Representative immunoblot of NG2 (top)
and neurocan (middle) proteins in WT and tPA KO sham and 14day SCI homogenates
incubated with ChABC for 3hrs at 37°C and probed with rabbit anti-NG2 and 1F6
antibodies.  Protein bands were quantified by densitometry in Image J and data
normalized against o-tubulin (bottom) loading control and total protein levels.
Immunoblot representative of three biological replicates.
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Figure 12: In the absence of tPA, NG2 but not neurocan protein was significantly
retained after ChABC cleavage in vitro. Quantification of NG2 (A) and neurocan (B)
protein in WT and tPA KO sham and 14day SCI homogenates incubated with ChABC for
3hrs at 37°C and probed with rabbit anti-NG2 and 1F6 antibodies. Protein bands were
quantified by densitometry in Image J and data normalized against a-tubulin loading
control and total protein levels. One Way ANOVA was used to compare all groups.
Significant ANOVA was followed by post hoc Holm Sidak test. # indicates significant
post hoc differences at p<0.001 (n=3).
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Figure 13: tPA/plasminogen system cleaves both pure NG2 and neurocan proteins
while uPA/plasmin system cleaves only neurocan protein. A) Western blot of pure
NG2 protein (gift from Dr. Joel Levine) incubated with ChABC and pure plasminogen
and pure recombinant uPA and tPA for 3hrs at 37°C followed by probe with rabbit anti-
NG2 antibody. B) Western blot of pure CSPG protein (CC117; Chemicon) incubated
with ChABC, pure plasminogen, uPA and tPA as above and probed for neurocan protein
(1F6).
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Figure 14: CSPG protein expression reduced in both WT and tPA KO SCI mice
after ChABC cleavage in vivo. 14 days contusion injured WT and tPA KO mice
received Pen or ChABC injection and spinal cords were processed as previously
described. Spinal cord sagittal sections were triple-stained for CSPG (green), GFAP
(red) and DAPI (blue). Images are representative of 3-4 biological replicates per group.
Dashed lines indicate border of injury region. Scale bar = 100um.
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Figure 15: In the absence of tPA, C4S protein expression was retained after ChABC
cleavage in vivo. 14 days contusion injured WT and tPA KO mice received Pen or
ChABC injection and spinal cords were processed as previously described. Spinal cord
sagittal sections were triple-stained for Chondroitin-4-Sulfate (green; MAB2030;
Chemicon), GFAP (red) and DAPI (blue). Images are representative of 2 biological
replicates per group. Dashed lines indicate border of injury region. Scale bar = 100um.
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Figure 16: In the absence of tPA/plasmin system, NG2, phosphacan, and neurocan
protein expression were significantly retained after ChABC cleavage in vivo.
Multiple images of NG2, phosphacan, neurocan, and intact CSPG protein expression
around the glial scar region (identified by upregulated GFAP expression) were captured.
ImageJ software (NIH) was used to prepare stacks of glial scar images for each biological
replicate and protein staining. Mean intensity/area was calculated (n=3-4). t-test was
used to compare within each treatment and one-way ANOVA to compare within
genotype. Significant ANOVA values were followed by post hoc Holm Sidak. Brackets
indicate significance due to t-test or post hoc analyses with a minimum of p<0.05.
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Chapter I11- tPA/plasmin system contribute to

ChABC mediated axonal plasticity after SCI
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Materials & Methods

Zymographic assay for plasminogen activator activity: Embryonic day 15 cortical
neurons from WT and tPA KO mice (20ug protein/sample) were analyzed on 10% SDS-
PAGE copolymerized with plasminogen (13mg/ml) and casein (3mg/ml). After
electrophoresis, SDS was removed by incubating the gel with 2.5% Triton X-100 for an
hour. The gel was then incubated with 0.1M Tris pH 8.0 overnight at 37°C. Next day, gel
was stained with coomassie blue for two hours and destained until clear zones of lysis

became visible. Pure, recombinant tPA (300mU; Genentech) was used as positive control.

Amidolytic assay for quantification of plasminogen activator activity: Embryonic day
15 cortical neuron cell lystes and media from WT and tPA KO mice (10ug
protein/sample) were incubated with 0.68uM plasminogen in a 50mM Tris buffer pH 8.1
with 2% BSA and 0.3mM chromogenic substrate-2251 overnight in the dark at room
temperature. Cleavage of S-2251 by serine protease-generated plasmin and the
subsequent color change was quantified at 405nm. A dose response for pure recombinant
tPA activity was simultaneously run alongside the test samples and the time point when
the R? value for the dose response was closest to 1 was used to measure the concentration
of serine protease in the samples. All samples were run in triplicates. ImM amiloride was

used to block uPA in the samples.

Neurite Outgrowth Assay: 25mm coverslips were UV-irradiated and coated overnight
with poly-d-lysine (25ug/ml) and laminin (10ug/ml) at 37°C. Next day, embryonic day

15 cortices were isolated from WT and tPA KO mice and manually dissociated in
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Neurobasal Media with B27 supplement (Invitrogen), L-glutamine, gentamicin, and
Penicillin/streptomycin. Cells were plated at a density of 100,000 cells/coverslip on WT
or tPA KO Sham and SCI homogenates previously treated with ChABC or Pen (0.5U/ml)
in vitro for 3 hrs at 37°C as detailed in western blot procedure. For the rescue experiment,
tPA KO SCI homogenates were co-treated with pen and plasmin (0.06U/ml; List Labs) or
ChABC and plasmin in vitro for 3 hrs at 37°C. After 2 days in culture, cells were fixed
with 4% PFA for 1 hour, blocked with 2% goat serum and incubated overnight with
CSPG (1/200 CS56; Sigma). The following day, the cells were washed in PBS and
incubated with goat anti-mouse-Alexa 555 secondary antibody (1/1000; Invitrogen) for 1
hour followed by a second overnight incubation with B-tubulin 111 antibody (1/2000;
Covance). On the last day, cells were washed again in PBS and incubated with goat anti-
rabbit Alexa 488 antibody (1/2000; Invitrogen) and slides prepared with aqueous
mounting media (Fluoromount).

Images with digital resolution of 1024 x 1024 were captured with a Zeiss
confocal microscope using LSM 510 Meta software. A grid format was used with
CSPG-rich regions in each grid first identified and images of neurons on the CSPG-rich
region then captured. 25 different regions were sampled per biological replicate. Data
were calculated as a ratio of the total neurite length/neuron for each biological replicate.
Total neurite length in each image panel was quantified using Neurite Tracer plugin in
Image J (Pool et al., 2008) while total neurons were manually counted in each image
panel. Data was normalized against cortical neurons only images of the same genotype
and plotted as a percentage of neurite length/neuron. Approximately 400-600 neurons

were quantified per biological replicate.

50



In Vivo ChABC and Plasmin treatments: 2 weeks after contusion injury, WT and tPA
KO mice were re-anesthetized and placed in the stereotaxic apparatus. The injured region
was re-exposed and 1ul of ChABC (50U/ml) or Pen was injected into the central canal
(Imm depth, rate of 0.4ul/min) using a 28-gauge Hamilton syringe attached to an
automated microinjector. For the therapeutic experiment, 2ul of ChABC and plasmin
(50U/ml & 0.1U/ml respectively) mix or Pen and plasmin mix were injected into WT SCI

mice. The needle was withdrawn after an additional one minute to prevent reflux.

Motor Axon Injection & Staining: Intact mice and 16 days post-SCI WT and tPA KO
mice were re-anesthetized and their head secured to a stereotaxic device. Mouse's cortex
was then exposed and 0.5ul of 10% biotinylated dextran amine (BDA,; Sigma) was
injected at 4 sites (coordinates: 1.0mm medial-lateral, & 0.5mm anterior or 1mm
posterior to bregma) at a depth of 0.5mm to the cortical surface with a 30 gauge Hamilton
syringe connected to an automated microinjector (0.5ul/min). The needle was withdrawn
after an additional minute to prevent reflux. Overlying muscle and skin was sutured and
mice were injected with buprenorphine (0.03 mg/kg) subcutaneously to reduce pain and
placed on a heating pad to recover. Spinal cords were isolated 14 days later as previously
outlined.

To visualize BDA labeled axons, sections were first incubated with 3% hydrogen
peroxide to quench endogenous peroxidase activity. Sections were then stained with
avidin and biotinylated horseradish peroxidase (HRP; Vectastain ABC Kit) for 2 hrs

followed by a second incubation with DiAminoBenzidine (DAB)/H,0, mix for 15
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minutes at room temperature and allowed to dry overnight. DAB stainings were then
intensified by sequential incubation at room temperature with 1% silver nitrate in the
dark for 50 minutes followed by a second incubation in 0.2% gold chloride in the dark for
15 minutes and 5% sodium thiosulfate for 15 minutes. Sections were successively
dehydrated in ethanol for 10 minutes and xylene for 20 minutes and coverslipped with

Permount (Fisher) mounting media.

Motor Axon Quantification: Images of stained sections were captured with Nikon
E600 microscope using Nis-Elements software at a digital resolution of 1280 x 1960.
Using the injury region as the center of the 40x visual field, images were captured at the
injured region (Opm), 200, 400 and 600um in the rostral and caudal directions per serial
sagittal section. Images were captured for all the sections in one spinal cord. ImageJ
(NIH) software was then used to create biological stacks for each region of the spinal
cord. The hessian filter in plugin FeatureJ in ImageJ software was then used to create
binary traces of axons in the biological stacks as outlined by another group (Grider et al.,
2006). These binary traces were then thresholded and total pixel intensity and section
area per biological stack (one for each region of the spinal cord) measured. Data were
exported to Excel and total pixel intensity/area calculated. Data were normalized and
presented as a percentage of the region with the highest axon density (600um rostral

region).

Sensory Axon Injection & Staining: On day 22, intact and injured WT and tPA KO

mice were re-anesthetized and the right sciatic nerve exposed. 2.5ul of 1.5% cholera
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toxin B subunit (CTB, List Biological Laboratories) was injected into the nerve with a 32
gauge Hamilton syringe connected to an automated microinjector (0.4pul/min). The needle
was withdrawn after an additional minute to prevent reflux. Overlying muscle and skin
was sutured and mice were left on heating pad to recover. Spinal cords were isolated 4
days later.

To determine the optimal glial scar and CTB co-labeling reaction, three different
sets of staining were tested. For the double immunofluorescent reaction, serial sagittal
sections were labeled at an interval of 10 sections with goat anti-CTB antibody (1/5000;
List Biological Laboratories) followed by a secondary donkey anti-goat-Alexa 594
antibody (1/2000; Invitrogen) for 1 hr at room temperature followed by an overnight
incubation at 4°C with glial fibrillary acidic protein (GFAP 1/1000; DAKO) to outline
the glial scar. Species-appropriate-Alexa 488 antibody was then applied for 1 hr at room
temperature and sections were coverslipped with aqueous mounting media. For the
DAB-immunofluorescent reaction, sections were labeled with goat anti-CTB antibody
followed by a second probe with biotinylated rabbit anti-goat 1gG (Vector labs). Sections
were then sequentially incubated with avidin-biotinylated HRP and DAB to visualize the
axons followed by an overnight incubation at 4°C with GFAP (1/1000) to outline the
glial scar. Species-appropriate-Alexa 488 antibody was then applied for 1 hr at room
temperature and sections were coverslipped with aqueous mounting medium. For the
single DAB reaction, sections were labeled with goat anti-CTB antibody followed by a
second probe with biotinylated rabbit anti-goat 1gG. Sections were then sequentially
incubated with avidin-biotinylated HRP and DAB as before. Silver-gold reaction was

used to intensify axon staining. For all staining reactions, Nikon E600 microscope using
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Nis-Elements software was used to capture images of co-labeled injured regions with a
digital resolution of 1280 x 1960. Representative images were oriented with dorsal side

up in Adobe Photoshop 7.0.1.

Sensory Axon Quantification: To measure axon density, two different softwares were
tested. Using live image projection onto a computer monitor, Neurolucida software was
used to outline whole sections, and the injured region within each section, at an interval
of 10 sections per spinal cord. All the axons in the injured region and whole section were
traced. Using reference points in each section, all the traced sections for a biological
replicate were aligned and the tracings exported to Neurolucida Explorer. The 3D
contour summary for the injured region and whole spinal cord was then measured. Due
to the labor intensive approach of this technique, Stereoinvestigator software
(MicroBrightField Colchester, VT) was then tested and ultimately used for sensory axon
density quantification. Space Balls probe in Stereoinvestigator software was used to
outline the injured region and measure the total axon length and injury volume per spinal
cord. The probe divides the injured region into 500x500um grid system in the x-y axis
and uses a sphere to sequentially and randomly sample a small tissue volume within
every grid block. Axons that intersect the sphere across the z-axis are marked by an
observer. The probe then measures the total axonal length of all the marked axons in
each spinal cord to provide a value of total axonal length and injured tissue volume. Data
from both softwares were exported to Excel and the total axonal length was divided by

the injured tissue volume to calculate axonal density per spinal cord.
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Statistics: For axon tracing experiments, all surgeries and measurements were performed
with an observer blinded to the genotype of the mice. To analyze the sensory axon
density, One-Way ANOVA was used to compare differences due to treatment within the
WT mice. Significant ANOVA results were followed by post hoc Holm Sidak test. t-test
was used to compare differences within each treatment group and within the tPA KO
mice (since there were only two groups with this genotype). A minimum alpha value of

0.05 was accepted as statistically significant. Data are presented as mean + SEM.
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Results

In the absence of tPA/plasmin system, cortical neurite outgrowth is attenuated after
ChABC cleavage of ex vivo glial scar

ChABC cleavage of the GAG chains on CSPGs is known to enhance axonal
plasticity after SCI (Bradbury et al., 2002; Moon et al., 2001). Our previous work has
also demonstrated that tPA/plasmin cleavage of NG2, phosphacan and neurocan can
mediate neurite outgrowth in in vitro and ex vivo assays (Nolin et al., 2008; Wu et al.,
2000). I, therefore, investigated if the tPA/plasmin-facilitated degradation of three CSPG
proteins may also affect CNS neurite outgrowth response after ChABC cleavage.
Amidolytic assays were used to first confirm the presence and absence of serine protease
and specific tPA activity in gestational day 15 cortical neurons from WT and tPA KO
mice (note: mice were left to mate overnight and day after coitus was designated as
gestational day 0). tPA activity was present in WT cortical neuron cell lysates and media
but significantly downregulated in samples from tPA KO group (Figure 17B). Serine
protease and tPA activity graphs significantly overlapped in both the relative trends and
total activity levels of each group measured suggesting that tPA accounted for all of the
serine protease activity in the cortical neuron culture system (Figure 17 A & B).
Zymography assay of the same cortical neuron samples also confirmed these findings
(Figure 17C).

Sham and SCI homogenates from WT and tPA KO mice were next plated on
coverslips and incubated in culture for 3 hrs at 37°C and stained for CSPG and DAPI to
determine if CSPG molecules in these samples could be maintained in a controlled in
vitro environment. WT and tPA KO sham spinal cord homogenates stained for minimal

CSPGs while SCI samples were composed of densely packed CSPG molecules (Figure
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18). These results are consistent with the in vivo data that CSPG molecules are
significantly upregulated after SCI and demonstrate that the ex vivo glial scar system can
be used as a reliable representation of the in vivo CSPG environment. An ex vivo glial
scar system was then used to test the neurite outgrowth response to ChABC cleavage in a
more controlled environment.

Cortical neurons from WT and tPA KO mice were grown on their genotypic
equivalent sham and 14day-SCI homogenates previously treated with Pen or ChABC in
vitro. After 2 days in culture, cells were fixed and triple-stained for CSPG, B-tubulin 111
and DAPI to visualize neurite outgrowth on CSPG proteins. | quantified 400-600
neurons for each spinal cord homogenate sample and condition. Our results show that
cortical neurons grew extensive processes on CSPG proteins from intact WT and tPA KO
spinal cord homogenates, equivalent to cortical neurons grown in the absence of any
substrate. After in vitro Pen-treatment in 14days SCI homogenates, neurite outgrowth
was significantly reduced in both genotypic cultures. But after in vitro ChABC treatment,
significant neurite outgrowth is seen in the WT cultures while the tPA KO cultures
showed significantly lower levels of neurite outgrowth, albeit more than their
corresponding Pen-treated group (Figure 19 & 21). When the downstream effector of the
tPA/plg pathway, plasmin, was added in the culture with ChABC, neurite outgrowth in
the tPA KO SCI group was rescued and was comparable to that of the WT ChABC-
treated cultures. In comparison, minimal levels of neurite outgrowth were seen in the Pen
plasmin co-treated tPA KO cultures (Figure 20 & 21). Collectively, these results suggest
that in the absence of the tPA/plasmin pathway, CNS neurite outgrowth is significantly

attenuated after ChABC cleavage of CSPGs in ex vivo glial scar.
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Figure 17: tPA activity is present in cortical neurons from WT but not tPA KO mice.
Amidolytic assay was used to quantify serine protease activity (A) and specific tPA
activity (B) in media and cell lysates from WT and tPA KO cortical neurons and showed
significantly higher levels in WT cell lysates compared to all other groups (n=3). One
Way ANOVA was used to compare all groups. Significant ANOVA was followed by
post hoc Holm Sidak test. # indicates significant post hoc differences at p<0.001. C)
Zymography was then used to visualize tPA activity in the same samples. Pure
recombinant tPA was used as positive control (n=2).
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Figure 18: CSPG protein expression is upregulated in homogenized SCI tissue.
Sham and 14 days contusion injured spinal cord from WT and tPA KO mice were
isolated and manually homogenized in Tris-buffer saline. Spinal cord homogenates were
plated on a coverslip and incubated for 3 hrs at 37°C. Spinal cords were then fixed with
PFA and stained with CSPG (red) and DAPI (blue). Images are representative of 3
biological replicates per group. Scale bar = 100um.
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Figure 19: tPA/plasmin system allows for significant neurite outgrowth after
ChABC cleavage of ex vivo glial scar. Spinal cord homogenates from sham or 14 day
contusion injured mice were treated with Pen or ChABC (0.5U/ml) in vitro for 3 hours at
37°C. Embryonic day 15 WT and tPA KO cortical neurons were then plated on spinal
cord homogenates of the same genotype. 2 days later, cultures were fixed with PFA and
stained for intact CSPG (red; CS56; Sigma), and B-tubulin 111 (green; Tujl; Covance).
Scale bar = 100pum. Higher magnification image of a neuron in each group (indicated by
an arrow in B-tubulin 111 staining) is provided in the lower left box of each image panel.
Scale bar=20pum. Images are representative of 3 biological replicates per group.
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Figure 20: Plasmin can rescue attenuated neurite outgrowth in tPA KO cultures.
Embyronic day 15 tPA KO cortical neurons were grown on contusion-injured tPA KO
SCI homogenates previously co-treated with Pen and plasmin (0.06U/ml; List Labs) or
ChABC and plasmin for 3hrs at 37°C. 2 days later, cultures were fixed with PFA and
triple-stained for intact CSPG (red), B-tubulin I11 (green) and DAPI (blue). Scale bar =
100pum. Higher magnification image of a neuron in each group (indicated by an arrow in
B-tubulin 111 staining) is provided in the lower left box of each image panel. Scale bar=
20um. Images are representative of 3 biological replicates per group.
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Figure 21: tPA/plasmin system act downstream of ChABC mediated neuronal
plasticity. Quantification of WT and tPA KO cortical neurons grown on their genotypic
equivalent ex vivo glial scar with in vitro ChABC or Pen and plasmin treatments. The
Neurite Tracer plugin in ImageJ was used to calculate neurite length/neuron, and data
normalized and plotted as a percentage of the cortical neuron only group of the same
genotype (n=3). One Way ANOVA was used for comparisons. Significant ANOVA was
followed by post hoc Holm Sidak test. Brackets indicate significant post hoc differences
at a minimum of p<0.05.
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tPA/plasmin pathway plays a role in ChABC-mediated sensory repair

To investigate the role of tPA/plasmin pathway after ChABC treatment in vivo, |
first confirmed the technical feasibility of motor axon tracing. 10% biotinylated dextran
amine (BDA) was bilaterally injected into the sensorimotor cortex of WT and tPA KO
mice. Two weeks later, spinal cords from BDA-injected and non-injected mice were
isolated and labeled with HRP-DAB reaction followed by silver-gold intensification.
BDA labeled axons were visible in white matter regions of the spinal cord consistent with
the known location of corticospinal tracts that control motor movements in rodents
(Figure 22). WT and tPA KO SCI mice were treated with Pen or ChABC on day 14 and
injected with BDA on day 16. Two weeks later, spinal cords were isolated and one
mouse was randomly selected for a pilot quantification. All sections in the mouse spinal
cord were stained with HRP-DAB followed by silver-gold reaction. Images were
captured at the injury site, rostral and caudal regions in all the sections. Biological stacks
for all the sections in each imaged region of the spinal cord were prepared. ImageJ with
the plugin FeatureJ using Hessian filter was employed to quantify all the BDA-labeled
axons in these regions as performed by others (Grider et al., 2006). A representative
section of the tPA KO SCI and ChABC treated spinal cord indicates that while BDA
axons approached the injured region, little to no axons entered and grew through the glial
scar (Figure 23). Quantification of the motor axons in the spinal cord confirmed this lack
of axonal regrowth (Figure 24). A review of literature revealed that a minimum of one
week after treatment is necessary for stable axonal regrowth (Kerschensteiner et al.,
2005; Sivasankaran et al., 2004; Zheng et al., 2003). Unfortunately, the contusion injured
mice had a very high mortality rate beyond 28 days making this experimental timeline

impractical for BDA-labeled axonal tracing.
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Sensory anatomical tracing was, therefore, used as an alternate approach to
investigate the role of tPA/plasmin pathway after ChABC treatment in vivo. As before, |
first confirmed the technical feasibility of the sensory axon tracing. WT and tPA KO
mice received a unilateral 1.5% CTB injection and spinal cords were isolated 4 days later.
20pm sagittal sections were, next, labeled with HRP-DAB and silver-gold reaction.
CTB-labeled axons were visible in white matter region of the spinal cord consistent with
the known location of sensory axon fibers in rodents (Figure 25). WT and tPA KO mice,
then, underwent contusion injury followed by a single intraspinal injection of ChABC or
Pen on day 14. CTB was injected on day 22 of injury and spinal cords isolated 4 days
later. To optimize the co-labeling of CTB-labeled axons and spinal cord injury region,
two different co-immunostaining reactions were tested. Both, the double
immunofluorescent and histological-immunofluorescent co-stainings resulted in low-
resolution and sub-optimal CTB labeling but clearly marked GFAP injured region
(Figure 26). In contrast, the single CTB-HRP-DAB reaction and silver-gold
intensification resolved the CTB-labeled axons well while both the gradation of DAB
staining and dysmorphic spinal cord allowed for a demarcation of the injured region
(Figure 27). As a result, single HRP-DAB immunostaining reaction was used for
sensory axon tracing.

For sensory axon quantification, Neurolucida software was initially used to trace
all the CTB-labeled axons in the injured region. However, the labor intensive and time-
consuming nature of this quantification software led me to try a sequential random
sampling approach for axon density measurements offered by the Stereoinvestigator

program. A comparison of the two techniques revealed a similar trend of axon density
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measurements, albeit lower error rate with Stereoinvestigator (Figure 28). Consequently,
the Stereoinvestigator program was used for axon density quantification in all SCI groups.
Since higher axon density was measured in the tPA KO SCI and Pen-treated mice
compared to their WT counterparts (2.19e-3 vs 1.23e-3 pum/pm?®, Figure 28), data was
normalized to the Pen-treated group of the corresponding genotype. A single high dose
of plasmin was also co-administered with Pen or ChABC to WT SCI mice to determine if
ChABC-mediated sensory recovery could be augmented, and to evaluate the therapeutic
potential of engaging the tPA/plasmin mechanism. WT SCI mice showed a dose
response curve with the WT SCI and ChABC treated group showing significantly higher
axon recovery than the Pen group (p<0.001). In comparison, tPA KO ChABC mice
showed much lower axon density (p=0.029), although slightly higher than the
corresponding vehicle enzyme group (p=0.024). Co-treatment with Pen and plasmin
resulted in improvement in sensory axon density over the Pen-treated group alone (163.6
vs 100.0 %pm/pm®), while co-administration of ChABC and plasmin vyielded
significantly higher axon density over Pen alone (p<0.001) and Pen-plasmin (p=0.002)
groups, and a trend towards improvement over ChABC group (457.6 vs 392.4 %pum/um?,
Figure 29). Collectively, the sensory axon density data suggest that indeed, the
tPA/plasmin system plays an important role in ChABC-mediated sensory axonal

plasticity.
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A) Non-Injected Spinal Cords
Wild Type

Figure 22: BDA injected WT and tPA KO mice show labeling of corticospinal tracts
in white matter of intact spinal cords. A) Adult WT and tPA KO mice were perfused
with 4% PFA and thoracic spinal cords isolated. 20um sagittal sections were prepared
and labeled with avidin and biotinylated HRP followed by DAB and enhanced with a
silver-gold intensification reaction. B) WT and tPA KO mice received bilateral
injections with 10% BDA in the sensorimotor cortex. Mice were perfused 14 days after
injection and sections processed as above. WM and GM indicate white matter and gray
matter regions in each spinal cord section while arrow heads and CST indicate
corticospinal tracts axons in (B).
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Figure 23: A tPA KO SCI mouse shows minimal motor axon density 2 days after
ChABC treatment. A representative section of the tPA KO SCI mouse injected with
10% BDA 2 days after ChABC treatment. 2 weeks later, mouse was perfused with 4%
PFA and 20um sagittal sections were stained with HRP-DAB and silver-gold
intensification reaction as previously outlined. Images were captured with Nikon E600
and Nis-Elements software at 200um intervals with negative and positive signs denoting
rostral and caudal to the injury region respectively. A low magnification of the same
spinal cord section is shown in top left panel with dorsal side up and rostral side on the
left of the image panel. Arrows point to corticospinal tract axons in each image.
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Figure 24: 2 days after ChABC treatment is not a good time point for motor axon
density measurement. Quantification of motor axon density in a tPA KO SCI ChABC
treated mouse injected 2 days later with BDA and imaged with Nikon E600 and Nis-
Elements software at 200um intervals. Hessian filter in ImageJ plugin FeatureJ was used
to create binary traces of all the spinal cord sections. The total pixel intensity/area was
then calculated for all the spinal cord sections in each region and data normalized to the
region of maximal axon density.
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Figure 25: CTB injected WT and tPA KO mice show labeling of sensory axon fibers
in white matter of intact spinal cords. Adult WT and tPA KO mice received 1.5%
CTB injection into the right sciatic nerve. Spinal cords were isolated 4 days later and
20um sagittal sections prepared and labeled with CTB-HRP followed by DAB and
enhanced with a silver-gold intensification reaction. WM indicates the white matter
region in each spinal cord section while arrows point to sensory tract axons in each

section.
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Figure 26: SCI and CTB injected mice co-immunostained for sensory axons and
glial scar. Two types of co-immunostaining reactions were performed. A) Double
immunofluorescent staining of CTB-labeled sensory axons with Alexa-594 (white
arrowhead) and GFAP-labeled glial scar with Alexa 488 (dashed line). B) Histological
and immunofluorescent co-staining was performed with HRP-DAB staining of CTB-
labeled sensory axons (black arrowhead) and Alexa 488 immunofluorescent staining of
GFAP-labeled glial scar (dashed line). Images were captured on Nikon E600 microscope
with Nis-Elements software. Lower panels show higher magnification images.
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Figure 27: HRP-DAB reaction allows for optimal sensory axon labeling and glial
scar identification. WT and tPA KO SCI and ChABC treated mice were injected with
1.5% CTB on day 22 and spinal cord isolated 4 days later. 20um sagittal spinal cord
sections were stained with CTB-HRP followed by DAB and silver-gold intensification
reaction. Images were captured on Nikon E600 microscope with Nis-Elements software
and oriented with dorsal side up and rostral end on left. Injured region in each spinal
cord section is indicated by dashed lines at low magnification images (first two columns)
and CTB-labeled axons by arrowheads in the higher magnification images (second two
columns).
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Figure 28: In the absence of tPA, SCI mice show a trend towards modest sensory
axon recovery. WT and tPA KO SCI and Pen treated mice underwent sensory axon
tracing and quantification using two different softwares. A) Neurolucida software was
used to trace all the CTB-labeled axons in the injured region and Neurolucida explorer
used to calculate axon density of the traced axons in the injured region (n=2). B) Space
Balls probe in Stereoinvestigator software was used to perform sequential random
sampling of the injured region and mark the CTB-labeled axons that intersect the probe to
provide a final axon density value per spinal cord (n=3). Both axon quantification
approaches measured higher axon density in tPA KO SCI and Pen treated group
compared to its respective WT group. Stereoinvestigator software was used to quantify
sensory axon density in all other groups.
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Figure 29: ChABC mediated sensory recovery is attenuated in vivo in the absence of
tPA/plasmin system. Sensory axon density in all groups on day 21 after SCI showing
higher sensory axon recovery in WT SCI ChABC mice and attenuated recovery in tPA
KO ChABC treated group (n= 3-4). t-test was used to compare within each treatment and
across tPA KO SCI group. One Way ANOVA was used to compare WT SCI mice.
Significant ANOVA results were followed by post hoc Holm Sidak test. Brackets
indicate significance due to t-test or post hoc analyses at a minimum of p<0.05.
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Chapter 1V- The tPA/plasmin system contributes

to ChABC mediated motor recovery after SCI
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Materials & Methods

Health measurements: Intact and injured mice's weight was routinely measured prior to
every behavior experiment. Mice who lost more than 20% of their initial weight were

eliminated from the experiment.

Motor Behavior:

Rotor Rod: Intact and injured WT and tPA KO mice were placed on a standard Rotarod
(Med Associates, Inc., VT, USA) to assess motor performance at 7, 10, 16, 18, 21 and 28
days after SCI. The rod rotation accelerated over the course of the 5 min from 4 to 40
rotations per minutes (r.p.m.). Each mouse was given three trials to remain on the
accelerating rod per day. Each trial was 5 min long or until the mouse fell off. The
maximum speed and latency to fall was recorded automatically by the apparatus. The
maximum speed each mouse remained on the rotor rod in the three trials per day was
used for comparisons.

Open Field Activity: Intact and injured WT and tPA KO mice were placed in an empty

rat cage (44cm x 21cm) situated inside an Opto-Varimex-Minor animal activity meter
(Columbus Instruments). 15 x15 infrared beams running in the x-y coordinates and 2cm
above the base of the machine recorded beam breaks associated with ambulatory activity
(consecutive beam breaks) and total activity (all beam interruptions) during the 20 minute
observation period. An observer manually recorded the animal’s supported motor
activity. Motor movements were defined as an animal using its upper and lower limbs to

reach up the side of a cage and hold its body up (supported) or stand up on its lower
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limbs without using any cage support (unsupported). Activity measurements were

recorded on 7, 10, 18 and 21 days after contusion injury.

Statistics: All surgeries and measurements were performed with an observer blinded to
the genotype of the mice. Two-Way Repeated Measures ANOVA was employed to
analyze differences due to time and a second variable (genotype or treatment). In all other
data sets, multiple group comparisons were made with One-Way ANOVA. Significant
ANOVA was followed by post hoc Holm Sidak test in all cases. To compare the two
genotypes within each treatment or time point, t-test was used. A minimum alpha value

of 0.05 was accepted as statistically significant. Data are presented as mean + SEM.
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Results
tPA/plasmin pathway plays a role in ChABC-mediated motor repair

| used motor behavior to investigate the role of tPA/plasmin pathway after
ChABC treatment in vivo. WT and tPA KO mice underwent contusion injury followed by
a single intraspinal injection of ChABC or Pen on day 14. Pre-injection motor behaviors
were determined on days 7 and 10, while post-injection behaviors were measured on days
16, 18, 21 and 28 for the pilot experiment and then only on days 18 and 21 for the
remaining experiment. Since there were 6-8 groups in the behavior experiment with 3
different variables (genotype, treatment and time), 2-4 way group comparisons analyzing
the effect of two variables while holding the third variable constant were performed.

To ensure that differences between groups were not due to changes in the
animals’ overall health, their weight was routinely measured prior to every behavior
experiment. After normalizing to mean weight of intact mice of the respective genotype,
no differences due to time or treatment were found across any of the 2-4 way group
comparisons (Figure 30A, C & D). Significant difference, however, was measured
between WT and tPA KO genotypes in the ChABC treated groups at all time points
(Figure 30B & E) suggesting that tPA KO mice weigh slightly more than their respective
WT group. Atday 21, mice from both strains also retained 90-95% of their initial weight
(Figure 30E) demonstrating that all the SCI mice in these behavior experiments remained
healthy.

In the pilot behavior experiments, the motor coordination of intact and SCI mice
was measured. WT and tPA KO intact mice showed no differences at all time points

(Figure 31A). In contrast, tPA KO SCI and Pen-treated mice showed higher motor
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balance than their genotypic WT group at all time points (Figure 31B). In the ChABC
treated groups, no differences were measured due to genotype but significant differences
due to time were found. ChABC treated SCI mice showed greater motor balance on days
18 compared to 7 and 10 days (p=0.003 and p=0.004 respectively) and on day 21
compared to day 7 (p=0.004) (Figure 30C). Differences due to treatment and time were
then analyzed in two-way group comparisons holding genotype constant. WT SCI and
ChABC treated mice showed significantly higher motor recovery at all post-injection
timepoints compared to the same mice at pre-injection time points and WT SCI and Pen
treated group at post-injection time points (p<0.05) (Figure 31D). tPA KO SCI mice,
however, did not show any differences due to treatment or time (Figure 31E). Holding
time constant, differences due to genotype and treatment were then compared on day 21
after injury. Since higher recovery was found in the tPA KO SCI and Pen- treated group
compared to their genotypic equivalent WT controls, data were normalized to the Pen-
treated groups. WT SCI and ChABC-treated mice showed higher motor balance
compared to their genotypic equivalent Pen-treated group while tPA KO SCI and
ChABC-treated mice showed attenuated activity compared to their genotypic equivalent
tPA KO vehicle enzyme-treated group (Figure 31F). These data suggest that ChABC
treatment can enhance the motor balance after SCI. Furthermore, these data propose that
tPA play a dual role in motor recovery after SCI, one that is dependent on its interaction
with CSPGs downstream of ChABC activity and the other is independent.

Total open field activity and ambulatory activity were automatically measured by
the machine in all groups. Since the two behavior parameters showed the same pattern in

all group comparisons, the analyses will be presented together. WT and tPA KO intact
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mice exhibited the largest differences in open field and ambulatory activity across all
time points with tPA KO mice showing significantly lower activity compared to the WT
group (p<0.05) (Figures 32A & 33A). SCI and Pen treated mice showed a similar pattern
of genotypic differences across all time points although with slightly greater variability
(p<0.05) (Figures 32B & 33B). All other 2 or 4-way comparisons for genotype and time
(Figures 32C & 33C) or treatment and time (Figures 32D, E & 33D, E) did not
demonstrate any differences between the groups. Holding time constant, differences due
to genotype and treatment were then compared on day 21 after injury. tPA KO intact and
SCI+Pen treated groups showed significantly lower total activity compared to their
respective WT groups (p=0.003 & p=0.013) (Figure 32F) while only tPA KO intact
group showed significant difference compared to its respective control in ambulatory
activity (p<0.05) (Figure 33F). Collectively, these data demonstrate that healthy and
intact tPA KO mice show lower behavior activity in an open field cage system.

Supported motor activity was manually measured in all groups. WT and tPA KO
intact mice exhibited similar levels of high motor activity at all time points (Figure 34A).
Lower supported motor activity was seen on days 18 and 21 compared to day 7 due to
habituation (p<0.05). All of the SCI groups demonstrated considerably lower levels of
motor activity, confirming the effectiveness of the experimental SCI model (see y-axis
Figures 34B-E). 2-way group comparisons between genotype and time were first
analyzed. SCI and Pen-treated mice showed minimal motor recovery at pre-injection
time points and some spontaneous improvement on day 21 compared to days 7 and 10
(p=0.009 & p=0.010 respectively) with tPA KO SCI group showing slightly better

recovery compared to its equivalent WT SCI group (Figure 34B). SCI and ChABC
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treated group also showed improvement over time with day 21 exhibiting the highest
recovery compared to days 7 and 10 (p=0.009 & p=0.010 respectively). tPA KO SCI and
ChABC treated mice showed slightly lower supported motor recovery when compared
with its equivalent WT mice (Figure 34C). Although significant differences due to
treatment were not seen, consistent trends were seen in group comparisons for treatment
and time (Figure 34D). ChABC treated injured mice showed similar levels of motor
activity to the Pen-treated group at pre-injection time points (D10: 1.5+0.42 vs 1.75+0.68
counts), but much higher levels of motor activity at post-injection time points. On day 21
they showed much better improvement than the Pen-treated group (10.0+3.65 vs
2.25+0.41 counts). A single high dose of plasmin was also co-administered with Pen or
ChABC to WT SCI mice only to determine if ChABC-mediated motor recovery could be
augmented and to evaluate the therapeutic potential of the tPA/plasmin mechanism. My
data indicate that, compared to the same animals at earlier time points and to the ChABC-
treated group at the same time point, the ChABC-plasmin co-treated mice show a trend
towards significant motor recovery on day 21 suggesting that tPA/plasmin pathway could
potentially enhance ChABC-mediated motor recovery. Since day 21 appears to be the
critical time point when all groups showed some level of motor recovery, | also analyzed
their behavior across all genotypes and treatments on day 21. Since the SCI and Pen
treated mice showed some spontaneous recovery on day 21 with tPA KO group
exhibiting slightly better recovery, the data were normalized to the Pen-treated group of
the corresponding genotype. When compared across treatments, WT SCI mice showed a
characteristic ‘dose response’ of motor recovery with the ChABC group displaying

higher levels of motor recovery compared to Pen- and Pen-plasmin co-treated groups
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(444.4 vs 100.0 vs 222.2), but lower than ChABC-plasmin co-treated groups (551.1
counts, Figure 34F). In contrast, the tPA KO ChABC mice displayed lower motor
recovery response (255.0). Overall, the supported motor activity data suggest that the
tPA/plasmin pathway plays an important role in ChABC-mediated motor recovery after
SCI.

Unsupported motor activity was also manually measured in all groups. Since
unsupported activity was only seen in the intact mice group and one WT SCI and ChABC
treated mouse, data from all groups are presented together. tPA KO intact mice showed
significantly lower unsupported activity at all time points compared to the equivalent WT
group (p<0.05) (Figure 35A). Similarly, when compared across genotype and treatment
on day 21, tPA KO intact mice also showed reduced unsupported activity compared to
WT intact mice (p=0.002) (Figure 35B). These data consistently demonstrate that in the
absence of tPA, mice exhibit lower unsupported motor activity in an open field cage

system.
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Figure 30: Spinal cord injured mouse retained their weight throughout the
experiment. WT and tPA KO mice underwent SCI and a single Pen or ChABC and
plasmin injection on day 14. Mouse's weight was measured on designated days and data
normalized to intact mouse's weight of the respective genotype. 2-way group
comparisons are presented in graphs A-D with graphs A & B comparing differences due
to genotype and time while graphs C-D illustrate differences due to treatment and time.
2-Way Repeated Measures ANOVA was used for multiple group comparisons.
Significant ANOVA was followed by post hoc Holm Sidak test. Asterisks indicate
significant differences at p<0.001. E) Weight differences due to genotype and treatment
were compared on day 21. t-test was used to compare the two genotypes within each
treatment. Brackets indicate significance at p<0.05.
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Figure 31: ChABC enhances motor coordination in SCI mice.

WT and tPA KO mice underwent SCI and a single Pen or ChABC injection on day 14.
An accelerating rotor rod was used to measure mice's motor coordination on designated
days and the maximum speed the mice remained on the machine was recorded. 2-way
group comparisons are presented in graphs A-E with graphs A-C comparing differences
due to genotype and time while graphs D-E illustrate differences due to treatment and
time. 2-Way Repeated Measures ANOVA was used for multiple group comparisons.
Significant ANOVA was followed by post hoc Holm Sidak test. Brackets indicated
significant difference between the specific time points at p<0.01 and asterisks indicate
significant differences between the two groups at each time points at p<0.001. E) Motor
coordination differences due to genotype and treatment were compared on day 21 (n=3).
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Figure 32: In the absence of tPA, mice show reduced total activity.

WT and tPA KO mice underwent SCI and a single Pen or ChABC injection on day 14.
Mice were placed in an open field cage and total beam breaks in a 20 minute observation
period was recorded by the machine on designated days. 2-way group comparisons are
presented in graphs A-E with graphs A-C comparing differences due to genotype and
time while graphs D-E illustrate differences due to treatment and time. 2-Way Repeated
Measures ANOVA was used for multiple group comparisons. Significant ANOVA was
followed by post hoc Holm Sidak test. Asterisks indicate significant differences between
the two groups at each time points at p<0.05. E) Total activity differences due to
genotype and treatment were compared on day 21. t-test was used to compare the two
genotypes within each treatment. Brackets indicate significance at p<0.001.
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Figure 33: In the absence of tPA, mice show reduced ambulatory activity.

WT and tPA KO mice underwent SCI and a single Pen or ChABC injection on day 14.
Mice were placed in an open field cage and consecutive beam breaks in a 20 minute
observation period was recorded by the machine on designated days. 2-way group
comparisons are presented in graphs A-E with graphs A-C comparing differences due to
genotype and time while graphs D-E illustrate differences due to treatment and time. 2-
Way Repeated Measures ANOVA was used for multiple group comparisons. Significant
ANOVA was followed by post hoc Holm Sidak test. Asterisks indicate significant
differences between the two groups at each time points at p<0.05. E) Total activity
differences due to genotype and treatment were compared on day 21. t-test was used to
compare the two genotypes within each treatment. Brackets indicate significance at
p<0.01.
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Figure 34: In the absence of tPA/plasmin system, ChABC mediated motor recovery
is attenuated. WT and tPA KO mice underwent SCI and a single Pen or ChABC and
plasmin injection on day 14. Mice were placed in an open field cage and supported
motor activity in a 20 minute observation period was manually recorded on designated
days. 2-way group comparisons are presented in graphs A-E with graphs A-C comparing
differences due to genotype and time while graphs D-E illustrate differences due to
treatment and time. 2-Way Repeated Measures ANOVA was used for multiple group
comparisons. Significant ANOVA was followed by post hoc Holm Sidak test. Brackets
indicated significant difference between the specific time points at p<0.05. E) Supported
motor activity differences due to genotype and treatment were compared on day 21.
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Figure 35: In the absence of tPA, mice demonstrate significantly lower unsupported
motor activity. WT and tPA KO mice underwent SCI and a single Pen or ChABC
injection on day 14. Mice were placed in an open field cage and unsupported motor
activity in a 20 minute observation period was recorded by the machine on designated
days. A) 2-way group comparisons are presented for all groups tested. 2-Way Repeated
Measures ANOVA was used for multiple group comparisons. Significant ANOVA was
followed by post hoc Holm Sidak test. Asterisks indicate significant differences between
WT and tPA KO intact groups at each time points at p<0.05. B) Unsupported motor
activity differences due to genotype and treatment were compared on day 21. t-test was
used to compare the two genotypes within each treatment. Brackets indicate significance
at p<0.01.
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Chapter V- Discussion
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After SCI occurs, CSPG molecules are upregulated in the glial scar region and
inhibit axonal outgrowth. In vitro studies have demonstrated that both the GAG chains
and core protein of CSPGs are inhibitory to neurite outgrowth (Dou and Levine, 1994;

Laabs et al., 2007; Oohira et al., 1991; Wang et al., 2008). Due to limited molecular
approaches, in vivo studies have primarily focused on the removal of GAG chains by
ChABC (Bradbury et al., 2002; Moon et al., 2001). The role of the core CSPG protein in
ChABC mediated axonal plasticity, however, has remained unclear.

Three CSPG molecules (NG2, phosphacan, and neurocan) were previously
demonstrated by our lab to interact with the tPA/plasmin system and degrade CSPG
proteins independent of ChABC function (Nolin et al., 2008; Wu et al., 2000). Tests on
the NG2 protein in vitro, however, revealed that ChABC-mediated removal of GAG
chains could enhance the interaction of tPA/plasminogen system and the local formation
of more plasmin. This last finding led to the hypothesis that GAG chain elimination by
ChABC may facilitate tPA/plasminogen binding to the core of CSPG molecules which
then acts as a scaffold for the localized formation of more plasmin; plasmin, in turn, can
target and degrade the core protein resulting in the clearance of CSPGs.

My results now propose that, indeed, the tPA/plasmin pathway plays a role in
degrading certain CSPG molecules after ChABC cleavage of GAG chains. Although
overall serine protease activity was upregulated as early as 4hrs after injury and remained
elevated for up to 14days, specific plasminogen activator activity was slightly elevated at
7 days and significantly at 14 days after injury, closely paralleling the peak expression of
most CSPG proteins. In the absence of tPA activity, degradation of NG2, and

phosphacan proteins were attenuated after ChABC cleavage, while in vitro experiments
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revealed that neurocan protein can be degraded by both the tPA and uPA proteases. The
specific subtypes of CSPG protein degradation suggest that ChABC-facilitated
tPA/plasmin binding and degradation may be specific to the structurally unique CSPG
molecules, NG2 and phosphacan, but non-specific to the larger and structurally
homologous family of lecticans, of which neurocan is a member. Clearance of these core
CSPG proteins by the tPA/plasmin system is an important contributor to ChABC-
mediated neurite outgrowth. WT cortical neurons grown on an ex vivo glial scar system
extend significant neurite outgrowth after ChABC cleavage in vitro while the absence of
tPA significantly attenuates this outgrowth response. Furthermore, the addition of
plasmin to tPA KO SCI homogenates can rescue this attenuated cortical neuron
outgrowth response after ChABC cleavage thereby fulfilling the necessary and sufficient

clause for the tPA/plasmin mechanism.

My results also demonstrate for the first time that in the absence of the
tPA/plasmin system, ChABC mediated functional repair can be attenuated. Functional
repair was measured anatomically on sensory axons and behaviorally on motor recovery.
WT SCI and ChABC treated mice showed high sensory axon regrowth compared to their
genotypic equivalent vehicle enzyme group but significantly lower sensory recovery in
tPA KO SCI and ChABC treated mice confirming that tPA/plasmin pathway plays a role
in ChABC mediated sensory recovery after SCI. Although no significant differences
were found with the motor behavior experiment due to high intra-group variability,
consistent trends were seen throughout. WT SCI and ChABC treated mice showed a
regain of motor balance compared to measurements at pre-injection time points and

measurements in its genotypic equivalent vehicle enzyme group at post-injection time
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points. In contrast, no significant differences were seen between the tPA KO SCI and
Pen or ChABC treated mice. When normalized to the genotypic equivalent Pen-treated
groups on day 21, tPA KO SCI mice show attenuated motor balance response compared
to WT SCI mice after ChABC cleavage in vivo. Supported motor activity experiment
provided similar trends with the WT SCI and ChABC treated mice showing higher motor
recovery compared to itself at pre-injection time points and its genotypic equivalent
vehicle enzyme group at post-injection time points. In contrast, no significant differences
were seen between the tPA KO SCI and Pen or ChABC treated mice. When normalized
to the genotypic equivalent Pen-treated groups on day 21, tPA KO SCI mice show
attenuated supported motor activity response compared to WT SCI mice after ChABC
cleavage in vivo. Collectively, the sensory axon and motor behavior experiments
demonstrate that the tPA/plasmin system plays an important role in ChABC mediated
functional recovery after SCI. 1, therefore, propose that it is the cumulative clearance of
GAG chains and core proteins by ChABC and tPA/plasmin system that results in
enhanced axonal plasticity and improvements in sensory and motor behavior after SCI

previously attributed only to GAG chain removal.

My results also suggest a role for uPA/plasmin system in SCI relevant to ChABC-
mediated repair. uPA was found to be significantly upregulated after 14 days injury in
tPA KO homogenates. The significant degradation of neurocan in tPA KO SCI and
ChABC-treated group suggested degradation of the core protein by another protease,
presumably uPA. uPA/plasmin interaction with pure neurocan after ChABC cleavage of
GAG chains in vitro resulted in degradation of the core protein suggesting its potential

role in binding and degrading the lectican family of CSPG proteins. Addition of ChABC
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to tPA KO SCI homogenates also resulted in residual neurite outgrowth. The absence of
tPA/plasmin system did not ablate the sensory axon regrowth in tPA KO SCI and
ChABC-treated mice but rather allowed for residual repair that was significantly higher
compared to its genotypic equivalent Pen group. Finally, in both the motor balance and
supported motor activity experiments, the absence of tPA/plasmin system in tPA KO SCI
and ChABC treated mice allowed for some motor behavior recovery that was higher than
its genotypic equivalent Pen group. Therefore, similar to the tissue remodeling seen in
the crossed phrenic phenomenon of respiratory function following SCI (Minor and Seeds,
2008; Seeds et al., 2009), | propose that both plasminogen activators are playing a role in

ChABC-mediated axonal outgrowth and tissue remodeling after SCI.

To test the therapeutic potential of the tPA/plasmin pathway, plasmin was co-
injected with ChABC into WT SCI mice. Some improvement in sensory and motor
behavior were seen in these mice compared with recovery from the enzyme alone.
Significant recovery, however, was not observed after the co-treatment of ChABC and
plasmin, possibly due to the sufficient endogenous levels of tPA and uPA/plasminogen
system present and saturating the CSPG core proteins immediately after the ChABC
cleavage of GAG chains and generating plasmin. Since the zymogen plasminogen is
expressed only in neurons in the rodent CNS tissue (Tsirka et al., 1997b), it may be
rapidly depleted after SCI and limit the maximum axon outgrowth resulting from ChABC
treatment. By not competing with the endogenous plasmin protease, a delayed treatment
of plasmin after the enzyme injection in vivo may allow for more ChABC-mediated
functional recovery through degradation of the residual CSPG core proteins. Indeed the

optimal time for plasmin injection is critical, since the protease is rapidly inactivated by
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its antagonist alphas-antiplasmin in vivo (Holmes et al., 1987; Meissauer et al., 1992).
Therapeutically, however, my results propose that plasmin can be used to enhance
ChABC-mediated repair and open a new opportunity for increasing the enzyme's

treatment efficacy.

The WT SCI mice also showed modest improvement in sensory and motor
recovery when plasmin was co-injected with the vehicle enzyme Pen in vivo. A previous
study has shown that the endogenous plasminogen/plasmin pathway may play a role in
degrading neurocan, brevican, phosphacan, and NG2 as they used the leucine rich
proteoglycan decorin in a rat SCI model (Davies et al., 2006; Davies et al., 2004).
Therefore, it is possible that plasmin alone can allow for some degradation of CSPG
molecules after SCI. In fact, my lab previously demonstrated that plasmin can interact
with NG2 molecules in vitro (Nolin et al., 2008), and that the cleavage of GAG chains by
ChABC significantly enhances this interaction and allows for more NG2 breakdown.
Consistent with these early findings, our in vivo immunohistochemistry quantification
also showed that plasmin can minimally degrade both NG2 and phosphacan proteins after
ChABC cleavage in tPA KO SCI mice but the protein degradation can be enhanced in the
presence of tPA/plasmin system. The sensory and motor recovery results further extend
this finding in vivo by showing some recovery due to plasmin and Pen treatments, but
better recovery from ChABC and plasmin co-treatments, once again highlighting the
regenerative potential of this combination approach.

It was recently shown that CSPG proteins inhibit neurite outgrowth after CNS
injury by stimulating a specific receptor, PTPc (Shen et al., 2009). Mice lacking this

protein, in fact, exhibit corticospinal tract regeneration in both dorsal hemisection and
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contusion injury models of spinal cord injury (Fry et al., 2009). Blocking the CSPG
protein receptor on neurons can overcome the pharmacological inhibition against axonal
outgrowth, but the upregulated CSPG molecules remain a spatial barrier in the injured
region. Therefore, although blockade of PTPc provides an important alternative therapy
for axonal outgrowth, ChABC and its downstream targets, tPA/plasmin pathway are still

necessary for CSPG clearance after SCI.

In contrast to the majority of SCI studies that have utilized continuous and
prolonged infusion of ChABC and measured recovery in acute or subacute SCI models, |
used a single high dose intraspinal injection of the enzyme to evaluate the therapeutic
potential of this drug delivery mode in a chronic SCI model. Three other studies have
evaluated in vivo repair after a single high dose injection of ChABC in rodent SCI models.
One study found corticospinal axon regrowth after dorsal hemisection, but not contusion,
with a high dose intraspinal ChABC injection in chronic SCI model (Iseda et al., 2008).
A second study showed significant motor axon regrowth out of a peripheral nerve graft
bridge after a unilateral dorsal quadrant lesion and concomitant intraspinal microinjection
of the enzyme (Tom and Houle, 2008). The third study found significant sensory
behavior and physiological afferent fiber recovery after unilateral cervical spared root
injury model and concomitant high dose intraspinal injection (Cafferty et al., 2008).
Building on these previous studies, my results suggest that a single high dose ChABC
treatment can allow for both significant sensory axon and motor behavior recovery in a
chronic SCI model. When compared with intact animals, the sensory and motor recovery
in the SCI and ChABC or ChABC and plasmin co-treated animals may seem minimal.

However, it is encouraging to note that only 10% of the original axons are necessary to

105



achieve a significant functional improvement in rodents (Barnett et al., 2000; Blight,
1983), although it is not yet fully established whether this is meaningful (directional and
voluntary) functional improvement. In humans, a retention of approximately 8% axons
fibers are necessary to maintain minimal motor function (plantar flexion)(Kakulas, 2004).
My findings, in conjunction with others, indicate that a single high dose of the enzyme
may be a viable and less invasive mode of enzyme delivery for therapeutic treatments.
Furthermore, retaining enzyme efficacy in a chronic SCI model, as demonstrated here
and in work by others, also significantly enhances the translational value of this

enzymatic therapy.

Following contusion injury, the biochemical characterization also revealed an
upregulation of overall serine protease activity. Since others and | have shown that
plasminogen activators are chronically elevated, the presence and upregulation of other
serine protease activities at acute and sub-acute time points after SCI require further
studies. One such early study reported the upregulation of the neurotoxic serine protease
prothrombin and its receptor protease-activated receptor gene family (PAR-1) beginning
as early as 8 hours and reaching a maximal level at 24 hours in a rat contusion injury
model (Citron et al., 2000). Furthermore, using gene array analyses of SCI tissue, they
found that several serine proteases were activated by SCI underscoring the need for
further characterization of serine protease activities at acute and sub-acute timepoints

after injury.

Spontaneous recovery was seen in both the WT and tPA KO Pen-treated groups
on day 21 (Figure 33B) indicating endogenous repair pathways are at work (Bareyre et al.,

2004; Courtine et al., 2008). However, consistent with the known interaction of tPA and
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myelin basic protein, my motor balance and supported motor activity results also
demonstrate that in the absence of tPA, higher sensory and motor recovery occurred on
day 21 after injury when the MBP expression is lowest (Abe et al., 2003; Veeravalli et al.,
2009). My results, however, did not achieve statistical significance between the WT and
tPA KO Pen-treated group in contrast to these studies. | believe this difference may have
occurred for technical reasons: a large intragroup variability in the motor behavior
experiment made it difficult to gain statistical power. Moreover, the quantification of
both the white matter, myelin rich, and gray matter regions of the injured spinal cord in
sensory axon measurements may have reduced the significant differences seen only in the
white matter region.

Significantly reduced open field behavior activity was also seen in tPA KO intact
mice consistent with the more extensive battery of exploratory behavior characterization
previously reported by my lab. It was shown that reduced exploratory inhibition defined
as impulsivity and higher anxiety in healthy tPA KO mice were accompanied with
reduced levels of serotonin in several brains regions known for behavioral regulation
(Pothakos et al., 2010). Indeed, significant differences were also seen in unsupported
motor activity between the two genotypes. This can also be attributed to anxiety, because
the tPA KO mice avoided the center of the open field cage where unsupported motor
activity was generally performed, a classical behavior of anxious rodents.

Collectively, my results indicate that ChABC removal of the GAG chains
enhances tPA/plasminogen’s interaction with the core protein. The close proximity of tPA
and plasminogen proteins results in formation of more plasmin which in turn can degrade

the core CSPG proteins and allow for their clearance. Clearance of both the GAG chains
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and core CSPG proteins in vivo allows for improvements in functional recovery. Based
on my findings, | also propose that plasmin could be used therapeutically to enhance

ChABC efficacy.
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Chapter VI- Future Directions
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Although a confirmation of tPA/plasmin’s role in ChABC-mediated repair after
SCI has been demonstrated in this project, only a proof of principle for the therapeutic
efficacy of this pathway was presented. Therefore, it would be important to try a delayed
treatment of plasmin after ChABC injection in WT SCI mice to test for the enhancement
of functional repair mediated by the enzyme. Since ChABC activity lasts no more than 4
days after injection, it would be optimal to inject plasmin 5-7 days after the enzyme

administration to test the efficacy of the dual therapy.

The role of uPA/plasmin system in ChABC-mediated functional repair would be
another important area of investigation. My work revealed that uPA/plasmin system can
degrade neurocan after ChABC cleavage in vitro. However, more in vitro tests need to
be conducted for the interaction of uPA with the other lectican family of CSPG molecules
such as brevican, verscian and aggrecan. As performed in this body of work, an in vitro
confirmation can be followed by in vivo experiments on the role of uPA/plasmin in
ChABC mediated sensory and motor repair. Alternatively, or in conjunction with this
UPA hypothesis, it would be useful to test the effect of ablating both plasminogen
activator activities on ChABC-mediated recovery. ChABC mediated repair is due not
only to the cleavage of inhibitory GAG chains and core proteins, but the GAG chains
themselves play neuroprotective and neurodegenerative roles in repair after SCI (Laabs et
al., 2007; Rolls et al., 2006; Wang et al., 2008). Therefore, it is unlikely that removal of
both plasminogen activators will result in complete ablation of enzyme-mediated
recovery after SCI. However, the data will allow us to assess the extent to which

ChABC-mediated repair can be attributed to plasminogen activators.
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The neurite outgrowth assay used in this project employed a complex ex vivo glial
scar to test the role of tPA/plasmin system in ChABC mediated repair. This assay can be
optimized and the specific mechanism of ChABC mediated repair clarified in three
specific ways. An ex vivo glial scar environment is composed of many other inhibitory
molecules such as Nogo-A, myelin associated glycoproteins (MAG), oligodendrocyte-
myelin glycoprotein (OMgp), Sema4D, and Ephrin B3 (Schwab et al., 2006). Neurite
outgrowth response due to ChABC can be optimized in this complex assay environment
by using blockers of myelin and axon guidance inhibitory molecules. Since NG2 protein
is present as both a secreted ECM protein and surface receptor on OPC and macrophages,
it would be important to determine to what extent the ECM NG2 protein degradation
specifically contributes to ChABC mediated neurite outgrowth? Growing cortical
neurons on OPCs and microglia/macrophages pre-treated with ChABC will measure
neurite outgrowth due to cleavage of surface NG2 protein. Calculating the difference
between neurite outgrowth on an ex vivo glial scar and neurite outgrowth on OPCs and
macrophages will provide the final cortical neuron outgrowth due to ChABC mediated
cleavage of NG2 ECM protein. Finally, the cortical neuron response measured in this
dissertation did not distinguish between the specific types of neurite processes (axons or
dendrites). To better understand the mechanism of ChABC mediated repair, it would
also be worthwhile to determine the extent of dendritic and axonal outgrowth in the

neurite assay resulting from ChABC treatment.

Although BDA-labeled motor axon tracing could not be performed due to the
mice's high mortality beyond 30 days, an alternative dye called fluorescent-dextran amine

can be used in the future to measure the role of tPA/plasmin in ChABC mediated motor
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outgrowth. Dextran-amines only requires a 7 day incubation period and therefore, can be
injected 21 days after injury and spinal cord isolated on day 28 post-SCI allowing for a

measure of motor axons within the experimental timeline.

One could argue that the motor behavior experiments (motor coordination and
supported motor activity) tested both the upper limb strength and lower limb recovery
after SCI in rodents instead of a pure lower limb recovery. Although the behavioral
assays include a measure of both regions, a review of literature reveals that after SCI,
forelimb corticospinal neurons extend into the formally hindlimb cortex and cause
enhanced forelimb function due to endogenous repair strategy (and potentially other
therapeutic approaches such as ChABC)(Ghosh et al., 2010). Therefore, it is conceivable
that both forelimb strength and hindlimb function were measured in these behavior
experiments, since both are actively responding to SCI and therapy. Nevertheless, to
tease out motor recovery occurring only in the lower limbs, a hanging wire test can be
used to directly measure upper limb strength in SCI mice and the difference between the
two types of recovery (lower and upper limbs motor recovery vs upper limbs motor

recovery only) calculated to isolate a pure lower limbs recovery response.

To enhance the translational value of ChABC repair, a single intraspinal dose of
the enzyme was performed in this work. It would, however, also be worthwhile to test
the same hypothesis using a continuous drug delivery mode, such as osmotic pump of the
ChABC enzyme and checking for attenuation of tPA activity in tPA KO mice.
Therapeutically, one can also try a delayed continuous infusion of plasmin after ChABC
injection in WT SCI mice to further augment the repair response. This delivery mode is
especially important for plasmin since it has a short half-life in vivo.
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Finally, ChABC-mediated regenerative repair is not only relevant in the context
of SCI, but has also been shown in brain injury (Moon et al., 2001), retinal injury (Inatani
et al., 2001; Pizzorusso et al., 2006) and the aging brain (Hafidi et al., 2004; Jenkins and
Bachelard, 1988), where CSPG protein expressions are upregulated. Therefore, it would
be important to test if the plasminogen activators are playing a role downstream of
ChABC mediated repair in these different regions of the CNS. Ultimately, the questions
that need to be answered by these experiments are: in addition to the cleavage of GAG
chains, is the degradation of the core CSPG proteins important in all cases of ChABC
mediated functional, meaningful repair and does the plasminogen activator/plasmin
pathway universally degrade CSPG core proteins after ChABC cleavage of GAG chains

in all regions of the CNS?
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