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Abstract

Traumatic spinal cord injury (SCI) initiates secondary injury cascades that include, but are not
limited to, inflammation, ischemia, reactive astrogliosis and apoptosis. These mechanisms
contribute to tissue degeneration and limit neural regeneration and repair after injury. To optimize
future therapeutic approaches, it is necessary to identify factors that regulate the early stages of
these endogenous responses in order to limit their deleterious effects. In a pre-clinical in vivo model
of clip compressive/contusive SCI in rats, we found that the active form of bone morphogenetic
protein-4 (BMP4) is transiently and acutely upregulated after injury. BMP4 is a key signaling
protein that regulates embryogenesis and neurodevelopment. BMP4 has also been implicated in
modulating glial scarring and remyelination in sub-acute and chronic SCI in rodents. However, the
role of BMP4 in early injury cascades after SCI is not well understood.

This work sought to elucidate the impact of BMP4 upregulation in acute SCI by utilizing two
BMP inhibitors, noggin and LDN193189. We also utilized primary in vitro systems to determine
the cell-specific effects of BMP4 on spinal cord neural stem/progenitor cells (NPCs),
oligodendrocyte precursor cells (OPCs), astrocytes and neurons. Here, for the first time, we
demonstrate that BMP4 promotes cleaved caspase-3 expression in cultured neurons and
oligodendrocytes and that acute BMP inhibition attenuates apoptosis and lipid peroxidation after
SCI. We also show that BMP4 directly inhibits oligodendrocyte differentiation in NPCs and OPCs
in vitro, and BMP inhibition is sufficient to promote oligodendrocyte differentiation and
preservation in acute SCI. Intriguingly, LDN193189 treatment also increases myelin thickness of
remyelinated axons in chronically injured rats. Importantly, BMP4 potentiates the deposition of
inhibitory chondroitin sulfate proteoglycans (CSPGs) by reactive astrocytes in vitro, and this can
be attenuated with noggin or LDN193189 treatments in SCI rats. Despite these early benefits, our
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work reveals that acute inhibition of BMP antagonism was not sufficient to improve long-term
functional recovery in SCI rats.

Overall, our work provides new insights into the role of BMP4 in acute secondary injury
mechanisms of SCI and recognizes BMP4 as a potential target for combinatorial approaches to

improve endogenous repair processes in the injured spinal cord.
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Chapter 1: Introduction
1.1 Pathophysiology of traumatic spinal cord injury

1.1.1 Epidemiology and clinical impact

Spinal cord injury (SCI) can drastically impair sensory and motor functions depending on the
level and severity of trauma. SCI patients also experience an imbalance between sympathetic and
parasympathetic feedback loops, referred to as autonomic dysreflexia, resulting in hypertension
and bradycardia. For most of human history, the cumulative burden of these deficits contributed
to a high morbidity and shortened life span for patients. However, recent advances in clinical
management of SCI through surgical decompression of the injured spinal cord within the first 24
hr post-injury has improved functional outcome and shortened the duration of hospitalization
(Fehlings et al., 2012; Dvorak et al., 2015). Modern advancements in surgical procedures,
rehabilitation and long-term care have also improved survival and enabled a handi-accessible
lifestyle with relative self-sufficiency in SCI patients. Despite these advances, there is no clinically
approved treatment to significantly improve spinal cord repair processes and regain the impaired
sensory and motor functions in SCI patients. There are approximately 325,000 Canadians and 27
million individuals globally with SCI (James et al., 2019). SCI is most commonly caused by
vehicular or sport-related injuries, falls or violence, with an annual incidence rate of 13-25 new
patients per 100,000 individuals (Singh et al., 2014; James et al., 2019). In Canada, the estimated
lifetime economic burden for each SCI patient ranges between $1.47-$3.03 million ($2.67
billion/year nationally) depending on the severity of injury (Krueger et al., 2013). Therefore, SCI
continues to have major socioeconomic impacts on the patients, their families and the health care
system, and new therapeutic strategies are required to further improve the quality of life for SCI

patients (Krueger et al., 2013; Williams and Murray, 2015).
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1.1.2 Primary spinal cord injury

Traumatic SCI has been divided into two major events: Primary and secondary injury. Primary
injury is the tissue damage immediately following physical trauma to the spinal column,
predominantly caused by a violent fall or vehicular and sports-related accident (Lee et al., 2014).
SCl is classified as either a complete or incomplete injury depending on the degree of tissue sparing
at the lesion site, which greatly influences the degree of recovery in patients (Kirshblum et al.,
2011). There are several types of experimental SCI models that each have their own distinct
advantages for studying pathological responses and repair. For example, the complete or
dorsal/lateral transection SCI model is suitable for evaluating axonal regeneration and plasticity
(Alizadeh et al., 2019). However, the contusive-compressive SCI model is most clinically relevant
as it simulates the most prevalent type of injury observed in human patients (Poon et al., 2007).
Physical trauma to the spinal column can cause vertebrae to dislocate or fracture, thereby
compressing or lacerating the spinal cord and disrupting homeostatic functions (Sekhon and
Fehlings, 2001). The trauma causes neuronal and glial cell death at the impact site, severing of
motor and sensory axons, vascular disruption and loss of blood-spinal-barrier (BSB) integrity
(Alizadeh et al., 2019). This results in acute neurodegeneration that culminates in the formation of
a cavity at the injury site chronically, which is commonly observed in human SCI pathophysiology
(Wozniewicz et al., 1983). Rats are advantageous animals for studying SCI pathophysiology as
they are a small and economic alternative to larger porcine or primate models (Nardone et al.,
2017), and they share similar pathological features (e.g. cavitation) and regenerative capacity
observed in primate and human SCI (Kjell and Olson, 2016). In contrast, mice exhibit several
histopathological hallmarks that are distinct from rats and humans, including their inflammatory

and fibrotic responses (Sroga et al., 2003; Byrnes et al., 2010). Overall, these primary immediate

.



traumatic events are followed by a plethora of secondary injury mechanisms that contribute to
progressive neurodegeneration and limited repair or recovery, which will be discussed in the

following section.

1.1.3 Secondary injury mechanisms

Secondary injury mechanisms are cellular processes that contribute to progressive tissue
degeneration in sub-acute and chronic stages of SCI; these include ischemia, hemorrhaging,
inflammation, glial scarring and cell death (Alizadeh et al., 2019). After injury, there is an efflux
of intracellular stressors into the extracellular space from ruptured cells (e.g. glutamate and
adenosine tri-phosphate (ATP)), which can aggravate these secondary injury mechanisms and
induce cell death in surviving cells (Ankarcrona et al., 1995; Matute et al., 2007). These signals
activate resident microglia and astrocytes, which together with recruited peripheral immune cells,
potentiate inflammation by releasing pro-inflammatory cytokines, chemokines and free radicals in
the lesion (David and Kroner, 2011; Choi et al., 2014). Reactive astrocytes are one of several cell
types that construct the glial scar, a dense impenetrable barrier around the lesion that prevents
unrestricted diffusion of these cytotoxic factors to neighboring healthy tissue (Wanner et al., 2013).
However, surviving neurons and oligodendroglia are still vulnerable to delayed cell death
(Springer et al., 1999; Grossman et al., 2001), and contribute to progressive degeneration of
neighboring healthy tissue that limits functional recovery after SCI (Alizadeh et al., 2019). The
following sections will focus on secondary injury mechanisms and specific cell populations in SCI
pathophysiology relevant to my thesis (Fig. 1.1), though a broader overview can be found here

(Alizadeh et al., 2019).



1.1.3.1 Neuroinflammation

SCI elicits complex innate and adaptive inflammatory responses that are regulated by local and
infiltrating cells at the lesion site. In SCI innate immunity is mediated by reactive astrocytes and
microglia and infiltrating monocyte-derived macrophages and neutrophils (Alizadeh et al., 2019).
These first responders also trigger the adaptive immune response by recruiting and activating T
and B lymphocytes (Ankeny and Popovich, 2009). I will briefly discuss the role of innate immunity
after traumatic SCI, but the contribution of lymphocytes to SCI neuroinflammation, neuropathy
and tissue degeneration is detailed here (Ankeny and Popovich, 2009).

Neutrophils are attracted to the lesion site by pro-inflammatory chemokines released acutely
by reactive astrocytes and microglia, including chemokine C-C motif ligand-2 (CCL2) and C-X-
C motif chemokine ligand-1 and -2 (CXCL1/2) (Pineau et al., 2010). Reactive astrocytes are a
predominant source of these essential chemokines in response to interleukin-1 receptor (IL-1R)
activation and downstream MyD88 signaling (Pineau et al., 2010). Neutrophils promote
inflammatory cell recruitment and activation by releasing interleukin-8 (IL-8), complement factors
and matrix metalloproteinases (MMPs) to degrade the extracellular matrix (ECM) (Baggiolini et
al., 1989; Nguyen et al., 2007; Nguyen et al., 2008). They also contribute to a cytotoxic
microenvironment by secreting tumor necrosis factor-a (TNFa) and reactive oxidative species
(ROS), and indirectly promote neuronal cell death via cell-to-cell contact (Dinkel et al., 2004;
Nguyen et al., 2007). Activated neutrophils can contribute to clearing cellular debris via
phagocytosis after peripheral nerve injury (Lindborg et al., 2017), but it remains unknown if they
have a similar role after SCI.

Microglia are resident immune cells that are uniformly distributed in non-overlapping and

dynamic territories in the central nervous system (CNS) (Nimmerjahn et al., 2005). In contrast,
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macrophages infiltrate the CNS after injury, and they are either derived from circulating
monocytes or peripheral tissues (meninges, choroid plexus, perivascular space) (David and
Kroner, 2011). Resting microglia/macrophages can be differentiated by their relative CD45
expression, but they were previously considered indistinguishable after injury based on
morphology (David and Kroner, 2011). However, recent studies have characterized a novel
microglia-specific surface marker (TMEMI119) that can distinguish reactive microglia from
macrophages in adult mouse and human CNS (Bennett et al., 2016; Ruan et al., 2020), suggesting
that additional defining markers may be identified in the future. Reactive microglia transition from
a stellate-to-amoeboid morphology and migrate to the lesion site in response to extracellular nitric
oxide (NO), ATP or glutamate (Dibaj et al., 2010; Sieger et al., 2012). Reactive
microglia/macrophages are recruited in two distinct waves during sub-acute and chronic stages of
injury (Beck et al., 2010), and their phenotypes can shift along a spectrum between pro-
inflammatory (M1) and anti-inflammatory (M2a, M2b, M2c) profiles in response to environmental
cues (David and Kroner, 2011; Kroner et al., 2014). M1 microglia/macrophages release a host of
pro-inflammatory factors, free radicals and MMPs (Cross and Woodroofe, 1999; Pineau and
Lacroix, 2007; Bermudez et al., 2016), while M2 microglia/macrophages aid in promoting
regeneration by engulfing inhibitory myelin debris or secreting anti-inflammatory cytokines such
as IL-10 or transforming growth factor-p (TGFf) (Zhou et al., 2012; Greenhalgh and David, 2014;
Dyck et al., 2018) (Fig. 1.1). The proportion of M1 and M2 microglia/macrophages is relatively
equal during the first week after SCI in mice, but they become more pro-inflammatory over time
due to the injury microenvironment (Kigerl et al., 2009). Since these cells have an important role
in the repair process, it would be therapeutically advantageous to divert microglia/macrophages

towards a M2 phenotype rather than limit their infiltration into the lesion.



Figure 1.1. Pathological responses of key cell types after traumatic SCI
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The spinal cord is structurally divided into an interior “‘grey matter”, which is highly vascularized
and consists of neuronal cell bodies and glia, and an exterior “white matter” where ascending
and descending axonal tracts are orientated. Astrocytes and microglia are located throughout the
spinal cord, but most of the oligodendrocyte precursor cells (OPCs) and mature oligodendrocytes
are found in the white matter. Neural stem/progenitor cells (NPCs) reside in the ependymal cell
layer where they infrequently proliferate for self-renewal. Glial cells have several important
functions that are necessary to maintain CNS homeostasis, but SCI triggers a drastic change in
the microenvironment that initiates several secondary injury mechanisms. Physical trauma severs
axons and damages oligodendrocytes at the lesion site, leading to demyelination and functional
loss below the level of injury. Reactive astrocytes, microglia and infiltrating macrophages and
lymphocytes potentiate inflammation and cell death by secreting pro-inflammatory and stress-
inducing factors. Both activated NPCs and OPCs are highly proliferative and migrate towards the
lesion after injury; they either succumb to cell death or they are biased to astrocyte differentiation
by inhibitory factors in the microenvironment. To reduce further tissue degeneration, the lesion is
surrounded by fibrotic/glial scar tissue constructed by reactive endogenous and NPC-derived
reactive astrocytes, OPCs, fibroblasts and pericytes.



1.1.3.2 Oxidative stress and lipid peroxidation

Reactive oxygen and nitrogen species (ROS/RNS) are free radicals routinely produced as a
mitochondrial by-product of ATP production via the electron transport chain or by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activity (Block et al., 2007; Shadel and
Horvath, 2015). Common examples of ROS/RNS include superoxide (O2"), hydroxyl radical (OH"
), nitric oxide (NO), peroxynitrite (ONOQO") and hydrogen peroxide (H>0) (Shadel and Horvath,
2015). These free radicals serve a physiological role in the immune system, synapse remodelling
and memory formation, and as intracellular second messenger molecules (Massaad and Klann,
2011; Morgan and Liu, 2011; Shadel and Horvath, 2015). Free radicals must be neutralized by
antioxidant enzymes to prevent them from disrupting mitochondrial metabolism or
damaging/misfolding proteins, lipids and nucleic acids (Cai et al., 2009; Vaishnav et al., 2010;
Nunomura et al., 2012). Neurons are particularly susceptible to ROS-mediated cell death as their
antioxidant NAD+ levels are quickly depleted under stress, which triggers mitochondria
permeabilization and cell death mediated by poly(ADP-ribose) polymerase-1 (PARP1) (Du et al.,
2003). Neuronal metabolism is highly dependent on mitochondrial oxidative phosphorylation to
generate ATP (Herrero-Mendez et al., 2009), which is why excessive ROS can disrupt neurite
outgrowth, glutamate and glucose uptake, and autophagic degradation of damaged proteins and
organelles (Keller et al., 1997; Neely et al., 1999; Nagakannan et al., 2016).

SCI triggers a significant increase in oxidative stress that overwhelms anti-oxidant defenses
during the first two weeks after injury (Vaziri et al., 2004; Visavadiya et al., 2016). This response
is potentiated by inflammatory factors that stimulate ROS production in reactive microglia and
astrocytes, neutrophils and macrophages (Bao et al., 2009; Sheng et al., 2013; Parajuli et al., 2015)

(Fig. 1.1). The generation of O2- and NO leads to the spontaneous formation of more potent
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oxidizing species (e.g. ONOO"), which initiate a chain reaction of lipid peroxidation that ultimately
forms by-products like 4-hydroxynonenal (4-HNE), acrolein or 3-nitrotyrosine (Hall et al., 2016).
These peroxidised phospholipids promote apoptotic cell death by accumulating in mitochondrial
membranes and significantly impairing cellular respiration and calcium buffering, and by inducing
protein misfolding (Singh et al., 2006; Cai et al., 2009; Vaishnav et al., 2010). Administering
antioxidants can alleviate oxidative stress and attenuate tissue degeneration, as reviewed earlier

(Jia et al., 2012), suggesting it is a viable therapeutic strategy for SCI.

1.1.3.3 Cell death

Acute SCl is characterized by progressive degeneration and loss of neurons and glia (Grossman
et al., 2001). Tissue is progressively degenerated as cells are overwhelmed by inflammation,
oxidative stress, glutamate and ATP excitotoxicity (Hermann et al., 2001; Du et al., 2003; Wang
et al., 2004). Chronic tissue degeneration results in cavitation at the lesion site as observed in rat
and human SCI (Poon et al., 2007). There are two general types of cell death that are differentiated
by their underlying mechanisms: necrosis and programmed cell death (Galluzzi et al., 2018).
Necrosis is the uncontrolled breakdown of cells overwhelmed by traumatic stimuli after injury,
while programmed cell death is a regulated process that is divided into subtypes based on their
underlying stimuli or mechanism, including apoptosis, autophagy, or ferroptosis (Galluzzi et al.,
2018).

Necrosis is the earliest form of cell death observed in neurons and glia impacted by immediate
physical trauma or toxic stimuli such as inflammation, ischemic stress and glutamate excitotoxicity
(Vanlangenakker et al., 2008). Necrotic cells are characterized by mitochondrial swelling and

clustering, and the permeabilization and release of lysosomal and cytoplasmic contents (Golstein
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and Kroemer, 2007). A significant consequence of necrosis is the release of pro-inflammatory
factors or damage associated molecular patterns (DAMPs), including high mobility group box-1
(HMGBI1) and ATP, which can induce apoptotic cell death in neighboring cells (Matute et al.,
2007; Kigerl et al., 2018). Apoptosis is programmed cell death mediated by proteolytic caspases
and dependent on ATP consumption. It is characterized by condensed chromatin, cytoplasmic
shrinkage and nuclear fragmentation, and blebbing/invagination of the plasma membrane to form
small vesicles known as apoptotic bodies (Galluzzi et al., 2018). Apoptotic bodies are engulfed by
phagocytes and digested via lysosomal degradation, which removes damaged or aged cells with
negligible disturbance of neighboring cells (Poon et al., 2014). Apoptosis is stimulated by external
or internal pathways triggered by stressors such as inflammation, ROS, DNA damage, or nutrient
deprivation (Galluzzi et al., 2018).

The extrinsic apoptotic pathway is initiated by activated death receptors, including Fas-ligand
receptor (FASR) or TNF receptor superfamily 1A (TNFR1), which induce the formation of a
death-inducing signaling complex (DISC) (Micheau and Tschopp, 2003; Scott et al., 2009). DISC
proteolytically cleaves caspase-8 that in turn activates downstream effectors caspase-3 and -7,
which directly facilitate protein degradation, DNA fragmentation, organellar breakdown and the
formation of apoptotic bodies (Sebbagh et al., 2001; Slee et al., 2001). In contrast, the intrinsic
pathway is initiated by cellular stresses that create a disequilibrium between pro-apoptotic BH3-
proteins (e.g. BID, BIM, PUMA) and pro- or anti-apoptotic members of the BCL2 protein family
(e.g. BAX and BAK or BCL2, respectively) embedded in the mitochondrial outer membrane
(Galluzzi et al., 2018). Briefly, activated BAX and BAK oligomerize into pore-like structures that
increase permeability of the mitochondrial outer membrane and leak cytochrome C and stored Ca?*

into the cytoplasm (Korsmeyer et al., 2000). This process facilitates apoptosis either by activating



a caspase-9-dependent apoptosome or by triggering caspase-independent cell death mechanisms
(Galluzzi et al., 2018). As detailed in a later section, neurons and oligodendrocytes are particularly
susceptible to cleaved caspase-3-mediated apoptosis within hours after SCI (Springer et al., 1999).
Previous studies show that promoting an anti-inflammatory microenvironment or bolstering
autophagy can improve neuronal survival and functional recovery in SCI rats (Festoff et al., 2006;
Zhou et al., 2009; Tang et al., 2014).

Autophagy is an essential cellular process that facilitates the degradation of ubiquitinated or
dysfunctional proteins and organelles for the purpose of recycling substrates or disposing of
noxious factors (Galluzzi et al., 2018). Emerging evidence shows that the autophagic process can
be disrupted in cells after SCI, either by limiting the formation of autophagosomes or their ability
to fuse with protease-rich lysosomes to facilitate degradation (i.e. autophagic flux). For example,
there is evidence that autophagic flux is disrupted between 1-7 days post-SCI in mice as indicated
by accumulated LC3-I/Il (membrane-bound component of autophagosomes) and p62 (recruits
ubiquitinated or damaged proteins/organelles to phagophores) (Liu et al., 2015; Mufioz-Galdeano
et al., 2018). Interestingly, there are conflicting reports that boosting the autophagic response can
positively or negatively impact neuronal survival, tissue preservation and functional recovery in
cultured neurons or in SCI mice (Viscomi et al., 2012; Walker et al., 2012; Tang et al., 2014;
Wang et al., 2014b; Wang et al., 2018). Mufioz-Galdeano and colleagues recently demonstrated
that autophagy was disrupted in neurons, oligodendrocytes, reactive microglia and astrocytes after
SCI; however, reactive astrocytes were uniquely resilient as they were able to compensate injury-
induced impairment of autophagy by upregulating Beclin-1 (essential initiator of autophagy)
(Mufioz-Galdeano et al., 2018). Impaired autophagy can induce apoptosis in neurons in a

mechanism that is at least partially mediated via cleaved caspase-12 and endoplasmic reticulum
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(ER) stress (Liu et al., 2015), yet autophagic cell death is also prevalent in neurons after SCI in
mice (Kanno et al., 2009). Collectively, these findings suggest there is a balance in autophagic flux
that must be restored in a cell specific manner under pathological conditions, and that elucidating
the mechanisms that regulate the balance and interactions between cell death and autophagy can

help develop new neuroprotective and pro-regenerative strategies for SCI.

1.1.3.4 Scar formation

After SCI, the first reparative step is to surround the lesion core in dense scar tissue to limit the
spread of damage. Several cell types are recruited to form this physical barrier and drastically
remodel the ECM around the lesion. The first stage consists of perivascular fibroblasts and
pericytes depositing a matrix of connective tissue (e.g. fibronectin, collagen, laminin) to form a
fibrotic scar in the lesion core (Goritz et al., 2011; Soderblom et al., 2013; Zhu et al., 2015a). The
fibrotic scar serves as a foundation that guides the construction of the glial scar (Hara et al., 2017),
which is formed by pre-existing and precursor-derived reactive astrocytes, microglia and NG2+
oligodendrocyte precursor cells (OPCs) (Adams and Gallo, 2018) (Fig. 1.1). Infiltrating
macrophages also regulate the progression of fibrosis and gliosis by expressing MMP13 and
transforming growth factor-f3 (TGFp) after SCI (Shechter et al., 2011; Zhu et al., 2015b; Song et
al., 2019).

Signal transducer and activator of transcription-3 (STAT3) signaling is an essential pathway
for regulating reactive astrogliosis (Herrmann et al., 2008). Reactive astrocytes are proliferative,
hypertrophic and overlap their processes into a dense barrier surrounding the fibrotic scar and
lesion. STAT3-deficient mice have impaired glial scarring and fail to corral inflammatory cells at

the lesion site (Wanner et al., 2013), indicating that the glial scar is beneficial as it limits the spread
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of inflammation and inhibitory cellular debris to neighboring healthy tissue. When glial scarring
is accelerated by increasing astrocytic STAT3-phosphorylation, either by ablating Socs3 (a
negative regulator of STAT3 signaling) or down-regulating B-integrin, it results in a more compact
lesion and increases the survival of myelinated axons and oligodendrocytes (Okada et al., 2006;
Renault-Mihara et al., 2011). In contrast, there is evidence that suppressing reactive astrogliosis
by knocking out STAT3 or administering ganciclovir, an anti-viral agent that ablates proliferative
reactive astrocytes, increases inflammation and tissue degeneration (Faulkner et al., 2004; Okada
et al., 2006).

Scar-forming astrocytes remodel the ECM by upregulating chondroitin sulfate proteoglycans
(CSPGs). These are a collection of proteoglycans consisting of a core protein fitted with negatively
charged and repetitive glycosaminoglycan (GAG) sidechains (Sherman and Back, 2008). CSPGs
can bind to three known receptors: Leukocyte antigen receptor (LAR), protein tyrosine
phosphatase-sigma (PTPc), and Nogo receptors-1 or -3 (NGR1/3) (Shen et al., 2009; Fisher et al.,
2011; Dickendesher et al., 2012). CSPGs have an integral role in guiding neuronal growth during
development and stabilizing synaptic connections between neurons in perineuronal nets (PNN)
(Snow et al., 1990; Corvetti and Rossi, 2005; Dyck and Karimi-Abdolrezaee, 2015). CSPG
expression is upregulated after SCI by reactive astrocytes and microglia, activated OPCs,
infiltrating Schwann cells (SCs), pericytes and macrophages (Asher et al., 2000; Jones et al., 2002;
McTigue et al., 2006; Gao et al., 2010; Hesp et al., 2018). CSPG expression can be induced in
reactive astrocytes by several factors including TGFp, epidermal growth factor (EGF) and
interleukin-1p (IL-1B) (Smith and Strunz, 2005), and CSPG subtypes can be differentially
expressed and persist chronically up to six months after SCI in rats (Tang et al., 2003). High

concentrations of CSPGs are detrimental to SCI recovery as they inhibit axonal regeneration,
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oligodendrogenesis and promote a pro-inflammatory microenvironment (Filous et al., 2014; Lang
et al., 2015b; Dyck et al., 2018; Dyck et al., 2019). A principal mechanism shared by LAR and
PTPo receptors is RhoA/ROCK-mediated inhibition of Akt and Erk1/2 signaling (Dyck et al.,
2015; Ohtake et al., 2016), and this redundancy explains why knocking out either LAR or PTPc
receptor can improve axonal regeneration and locomotor recovery in SCI transgenic mice (Shen
et al., 2009; Fry et al., 2010; Fisher et al., 2011; Xu et al., 2015). Evidence suggests that CSPGs
inhibit axonal regeneration and induce growth cone collapse via several different mechanisms that
include destabilizing neuronal microfilament structures (Arimura et al., 2005; Fisher et al., 2011),
inhibiting the secretion of CSPG-degrading proteases (Tran et al., 2018), or inhibiting cortactin-
dependent autophagy (Sakamoto et al., 2019; Tran et al., 2020). There are several therapeutic
strategies for neutralizing CSPGs including enzymatic digestion by Chondroitinase ABC
(ChABC) (Bradbury et al., 2002; Massey et al., 2006; Karimi-Abdolrezaee et al., 2010; Carter et
al., 2011; Karimi-Abdolrezace et al., 2012; Alluin et al., 2014b; DePaul et al., 2017),
pharmacological inhibition of TGFf or LAR and PTPc receptors (Kohta et al., 2009; Fisher et al.,
2011; Lang et al., 2015a; Dyck et al., 2018; Dyck et al., 2019) or inhibiting essential biosynthetic
enzymes for CSPGs (Laabs et al., 2007; Keough et al., 2016).

In contrast to previous literature, Anderson and colleagues recently reported a study that
concluded the astrocytic scar is essential for promoting axonal regeneration (Anderson et al.,
2016). They used two distinct in vivo SCI mouse models that eliminated the astrocytic scar and
observed worse axonal dieback and spontaneous axonal regeneration (Anderson et al., 2016).
When they administered brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) via
implanted hydrogel, they were only able to stimulate axons to regenerate through and beyond the

lesion when the astrocytic scar was intact (Anderson et al., 2016). They argued that reactive
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astrocytes are a significant source of several axon-permissive factors (e.g. laminin, fibronectin)
and growth supportive CSPGs (e.g. NG2, neuroglycan-C) (Nakanishi et al., 2006; Yang et al.,
2006; Anderson et al., 2016). However, the lack of regeneration in the absence of astrocytes could
also be attributed to larger lesion volumes and presumably greater infiltration of inflammatory
cells (Wanner et al., 2013; Anderson et al., 2016). Importantly, they showed that eliminating scar
forming astrocytes had no effect on overall CSPG expression in their SCI models (Anderson et al.,
2016), and that specific CSPG sub-types (brevican, aggrecan, neurocan) were upregulated in
STAT3-CKO mice relative to wild-type SCI mice (Anderson et al., 2016). NG2 is innately
inhibitory to axonal regeneration in the absence of growth supportive matrix such as fibronectin
and laminin, which are co-expressed by cells such as reactive astrocytes and NG2+ glia (Dou and
Levine, 1994; Ughrin et al., 2003; Busch et al., 2010; Filous et al., 2014). In fact, Anderson and
colleagues recently showed that these axon-supporting matrices are necessary to facilitate growth
factor-induced axonal regeneration in the presence of astrocytic scar in SCI mice (Anderson et al.,
2018). Therefore, further investigation is required to elucidate how inflammation or the
distribution of CSPGs and growth supporting matrices may contribute to the lack of axonal
regeneration observed in their previous work (Anderson et al., 2016). Overall, emerging evidence
suggests that it is therapeutically advantageous to use a combinatorial approach to retain the
astrocytic scar while neutralizing inhibitory CSPGs and supplementing neurons with pro-

regenerative and chemotactic factors.
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1.2 Endogenous cell responses and repair after SCI

1.2.1 Neurons and oligodendrocytes

Physical trauma to the spinal cord induces immediate and progressive degeneration of local
neurons and oligodendrocytes as well as long projecting ascending and descending pathways that
result in motor, sensory and autonomic impairment. Neurons are particularly susceptible to cleaved
caspase-3-mediated apoptosis as early as 1 hr after SCI (Springer et al., 1999). The distal portion
of the severed axon undergoes progressive anterograde (Wallerian) degeneration, which is
mediated by Ca**-activated calpain-dependent proteolysis and phagocytosis of myelin debris by
macrophages (Ma et al., 2013; Chen et al., 2015). The proximal segment of the axon remains
connected to the soma of distal supraspinal neurons and can potentially regenerate by restructuring
the cytoskeletal architecture into a growth cone (Hill, 2017). Interestingly, intracellular Ca**
transients and calpain-dependent proteolysis are also required for cytoskeletal restructuring and
growth cone formation (Gitler and Spira, 1998; Kamber et al., 2009). The ability of axons to form
a competent growth cone can differ based on the age and type of neuron, as reflected by their
relative expression of pro-regenerative markers (e.g. GAP-43) (Chierzi et al., 2005). For example,
dorsal root ganglion (DRG) neurons are highly regenerative regardless of their stage of
development, but retinal ganglion cells (RGCs) are less regenerative and their capacity to form
new growth cones declines with age (Chierzi et al., 2005). Unfortunately, there are inhibitory
factors that limit axonal outgrowth after SCI such as CSPGs: they ensnare severed axons as
dystrophic end bulbs that are targeted for axonal dieback by pro-inflammatory macrophages via
cell-to-cell contact and MMP9-dependent mechanisms (Horn et al., 2008; Busch et al., 2009;

Evans et al., 2014; Filous et al., 2014). Axonal regeneration is also inhibited by myelin-associated
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debris that accumulates from damaged axons and oligodendrocytes (Mukhopadhyay et al., 1994;
Chen et al., 2000; Wang et al., 2002).

Oligodendrocytes exhibit a delayed onset (~ 4 hr) in apoptosis after SCI (Springer et al., 1999),
and they are observed in both perilesional and distal regions after compressive SCI (T7-10) within
4 days after injury (Li et al., 1999). Oligodendrocyte cell death can be induced by several factors
after injury including inflammation or glutamate and ATP excitotoxicity (Selmaj and Raine, 1988;
Takahashi et al., 2003; Matute et al., 2007). Progressive loss of oligodendrocytes is detrimental as
it causes demyelination of intact axons, which leads to delocalization of nodal Na*/K* channels
and increased metabolic stress in neurons (Craner et al., 2003; Karimi-Abdolrezaee et al., 2004;
Kiryu-Seo et al., 2010). It should be noted that M2 microglia/macrophages can phagocytose and
digest myelin debris, but macrophages are less efficient at degrading internalized myelin and the
accumulation of lipids leads to cell death or the formation of pro-inflammatory lipid plaques that
persist chronically after injury (Greenhalgh and David, 2014; Wang et al., 2015). In order to
preserve axon integrity and function, a viable strategy is to promote oligodendrogenesis and
remyelination of damaged axons (detailed in a later section). Therefore, it is imperative that future
studies elucidate how to optimize immunomodulation to improve myelin clearance and

preservation/regeneration of neurons, axons and oligodendrocytes.

1.2.2 Astrocytes

Astrocytes are highly diverse and the most abundant glial cell in the CNS, and they serve several
homeostatic functions including ionic and water balance (Nagelhus and Ottersen, 2013; Bellot-
Saez et al., 2017), blood flow (MacVicar and Newman, 2015), synaptic activity (Allen, 2014) and

providing metabolic support to neurons and oligodendrocytes (Camargo et al., 2017; Morita et al.,
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2019). After injury, astrocytes undergo a gradual but significant change in phenotype referred to
as reactive astrogliosis. The heterogeneity and plasticity of reactive astrocytes enables them to shift
between positive or negative modulatory roles in relation to the severity or type of injury stimuli
and proximity to lesion (Sofroniew, 2009; Zamanian et al., 2012; Hirayama et al., 2015). For
example, reactive astrocytes can promote either a pro- or anti-inflammatory phenotype in
microglia/macrophages by releasing different inflammatory factors, such as TNFa and IL-1f or
interleukin-10 (IL-10) and TGFp, respectively (Ledeboer et al., 2002; Choi et al., 2014; Norden et
al., 2014). Reactive astrocytes can increase ROS production in response to inflammation (Sheng
et al., 2013), and they can selectively induce apoptosis in neurons and oligodendrocytes (Kim et
al., 2012; Parajuli et al., 2015). However, they also serve several neuroprotective functions in
response to injury. For example, they can protect neurons from oxidative stress by increasing
nuclear factor E2-related factor 2/antioxidant response element (Nrf2/ARE) signaling (Shih et al.,
2003; Wang et al., 2012). Reactive astrocytes can also upregulate neurotrophic or anti-
inflammatory factors (Bsibsi et al., 2006), and alleviate contact-mediated cell death by
phagocytosing dead cells (Loov et al., 2012; Iram et al., 2016).

The most characteristic role of pre-existing and neural stem/progenitor cell (NPC)-derived
astrocytes is constructing the glial scar. Reactive astrocytes proliferate and migrate towards the
lesion site where they adopt a stellate morphology, become hypertrophic and upregulate
intermediate filaments such as glial fibrillary acidic protein (GFAP), nestin, vimentin and synemin
(Jing et al., 2007). They interdigitate their processes and encapsulate the lesion in dense scar tissue
in a STAT3-dependent mechanism (Wanner et al., 2013). Reactive astrocytes remodel the ECM
by expressing laminin, collagen IV and several sub-types of inhibitory CSPGs and hyaluronan

(Liesi and Kauppila, 2002; Tang et al., 2003; Back et al., 2005; Anderson et al., 2016). As
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previously mentioned, the glial scar is beneficial as it limits the spread of inflammation and toxic
factors to neighboring healthy tissue, but some of these ECM components inhibit axonal
regeneration and remyelination. Overall, reactive astrocytes have a significant role in modulating
the injury microenvironment after SCI, and they are an intriguing therapeutic target given their
plasticity after SCI. Therefore, it is beneficial to identify factors in the injury microenvironment

that regulate reactive astrogliosis.

1.2.3 Neural stem/progenitor cells and oligodendrocyte precursor cells

NPCs and OPCs are precursor populations found in the adult spinal cord. NPCs are relatively
quiescent and reside in the ependymal cell layer around the central canal (Barnabé-Heider et al.,
2010). Activated NPCs proliferate and migrate towards the lesion when exposed to local elevations
in growth-factors, inflammatory cytokines and chemokines after injury (Zai et al., 2005; Ahn et
al., 2006; Kang and Kang, 2008). Multipotent NPCs have the innate capacity to differentiate into
neurons and oligodendrocytes, as demonstrated in vitro (Weiss et al., 1996), which suggests they
can potentially facilitate regeneration. However, activated NPCs predominantly differentiate into
astrocytes and their overall contribution to gliosis is influenced by the type of SCI (Meletis et al.,
2008; Barnabé-Heider et al., 2010). Frisen’s group used FoxJ1-CreER transgenic mice to trace the
lineage of NPC-derived cells and showed their astrocytes contribute to glial scar formation
(Meletis et al., 2008; Barnabé-Heider et al., 2010). NPC-derived astrocytes are localized in the
lesion core in regions devoid of CSPGs, in contrast to pre-existing reactive astrocytes in the
periphery of the scar (Meletis et al., 2008; Barnabé-Heider et al., 2010). Work from the same group
by Sabelstrom and colleagues also showed that NPC-derived astrocytes form a scar tissue that is

critical for tissue preservation and they are a source of several neurotrophic factors after SCI
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(Sabelstrom et al., 2013). Therefore, further investigation is required to elucidate whether these
two distinct populations of reactive astrocytes have differential roles in the glial scar and repair
process after SCI.

OPCs are predominantly found in the white matter and represent approximately 2-9% of the
total cells in the adult rat CNS (Dawson et al., 2003). Adult OPCs self-renew and are a significant
source of new oligodendrocytes (Dawson et al., 2003; Barnabé-Heider et al., 2010), but they also
have other functions in CNS homeostasis. For example, they project peri-synaptic/nodal processes
and express glutamate and gamma-aminobutyric acid (GABA) receptors (Butt et al., 1999;
Habermacher et al., 2019), suggesting a communicative neuron-oligodendroglia relationship. OPC
proliferation is most robust within days of injury, but it persists chronically and occurs in both
perilesional and distal regions after SCI (McTigue et al., 2001; Hesp et al., 2015). It is facilitated
by a lack of contact inhibition with neighboring OPCs and increased bioavailability of growth
factors (Zai et al., 2005; Hughes et al., 2013; Hesp et al., 2015). Activated OPCs can mature and
replace oligodendrocytes to remyelinate damaged axons, but they also help construct the glial scar
and secrete MMP9 to facilitate the infiltration of neutrophils following white matter damage (Seo
et al., 2013; Hackett et al., 2016; Hackett and Lee, 2016). Their capacity for remyelination can
persist chronically in both rat and mice SCI models (Hesp et al., 2015), and OPC differentiation
can be regulated by reactive astrocytes (Talbott et al., 2005; Hammond et al., 2014; Hammond et
al., 2015; Dyck et al., 2019), M2 microglia/macrophages (Miron et al., 2013), and pericytes (De
La Fuente et al., 2017). Damaged axons can also be remyelinated by infiltrating or OPC-derived
SCs (Zawadzka et al., 2010; Ma et al., 2018).

There is evidence that promoting remyelination by oligodendrocytes or SCs can improve

functional recovery in SCI or demyelinating injury models (Felts and Smith, 1992; Najm et al.,
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2015) (Blight and Young, 1989; Govier-Cole et al., 2019). Remyelination is therapeutically
beneficial as it improves axonal conductance by reconstructing aberrant localization of Na+/K+
channels within new nodes of Ranvier (Blight and Young, 1989; Felts and Smith, 1992; Black et
al., 2006; Eftekharpour et al., 2007). However, a recent study has questioned the importance of
spontaneous remyelination by oligodendrocytes (Duncan et al., 2018). Duncan and colleagues
used inducible Myrf-knock out SCI mice to prevent endogenous remyelination by
oligodendrocytes after injury, and found no difference in motor recovery between Myrf-knock out
and wild-type mice, suggesting that spontaneous remyelination by oligodendrocytes has a limited
or negligible role in facilitating motor recovery after SCI (Duncan et al., 2018). They also observed
no compensatory increase in SC myelination (Duncan et al., 2018). It should be noted that
endogenous remyelination can be bolstered therapeutically by transplanting oligodendroglial
precursors (NPCs, OPCs), SCs or olfactory mesenchymal stromal cells, and these approaches have
been associated with improved motor function and/or coordination (Takami et al., 2002; Karimi-
Abdolrezaee et al., 2006; Cao et al., 2010; Yasuda et al., 2011; Lindsay et al., 2017). These benefits
were at least partially attributed to their ability to myelinate damaged axons, as Yasuda and
colleagues demonstrated a lack of functional improvement after transplanting NPCs derived from
myelin-deficient Shiverer mice (Yasuda et al., 2011). It is possible that a threshold of
remyelination must be achieved to promote greater functional recovery, and this was not reached
by endogenous cells due to inhibitory environmental factors after SCI. For example, there is
evidence that oligodendrocyte differentiation and/or remyelination are inhibited by factors such as
myelin debris (Kotter et al., 2006; Plemel et al., 2013), CSPGs (Pendleton et al., 2013; Dyck et al.,
2015; Dyck et al., 2019), hyaluronan (Back et al., 2005), endothelin-1 (Hammond et al., 2014;

Hammond et al., 2015) or bone morphogenetic protein-4 (BMP4) (Samanta and Kessler, 2004;
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Sabo etal., 2011; Wang et al., 2011; Govier-Cole et al., 2019). Reactive astrocytes are a significant
source of BMP4 in the injured rat spinal cord (Wang et al., 2011), and stimulating BMP-Smad1/5/8
signaling inhibits oligodendrogenesis in both NPCs and OPCs (Samanta and Kessler, 2004; Wang
etal., 2011). Recent work has shown that inhibiting BMP-Smad] signaling is a viable strategy for
promoting remyelination after cuprizone-mediated demyelination in mice (Sabo et al., 2011;
Govier-Cole et al., 2019). These studies collectively suggest that reactive astrocytes modulate
oligodendrogenesis in the injured spinal cord, and activation of BMP signaling may present an
underlying mechanism of these effects. This thesis has focused on the role of BMP signaling in

SCI. In the following sections, I will describe BMPs in the developing and adult spinal cord.

1.3 Bone morphogenetic proteins
1.3.1 Overview of bone morphogenetic proteins (BMPs)

1.3.1.1 Diversity and function

BMPs were first discovered by Marshall Urist, who showed that demineralized human cortical
bone matrix had the innate capacity to induce ectopic bone and cartilage formation weeks
following implantation into various tissues of rodents (Urist, 1965; Urist and Strates, 1971). This
effect was nullified by pre-treating the implanted matrix with trypsin, suggesting it was mediated
by novel proteinaceous factors. In the 1980’s, BMPs were purified from bovine and human bones
and digested protein fragments were partially sequenced (Sampath and Reddi, 1983; Wang et al.,
1988; Wozney et al., 1988; Celeste et al., 1990). These novel BMP1-7 were identified as members
of the TGFp gene superfamily and capable of inducing bone formation (Sampath and Reddi, 1983;
Wozney et al., 1988; Celeste et al., 1990; Sampath et al., 1990). BMP proteins are highly conserved

and have a similar capacity to induce bone formation in matrices across species including rat,
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bovine, monkey and humans (Sampath and Reddi, 1983). Other members of the TGF superfamily
include TGFB1-3, glial derived neurotrophic factor (GDNF), inhibins, activins, lefty, nodal and
anti-Miillerian hormone (Wang et al., 2014a).

There are 15 BMP isoforms (BMP1-15) sub-divided into distinct subgroups based on their
sequence homology (Wang et al., 2014a). BMP2, BMP4, BMP6, BMP7 and BMP9 have the
greatest capacity to induce osteogenesis or cartilage formation (Luu et al., 2007). BMP2 and BMP4
have the highest degree of homology as they are derived from a recent gene duplication event
(Duret et al., 1994). Homozygous mutants of BMP2 and BMP4 are embryonic lethal due to failures
in amnion/chorion and cardiac development or impaired gastrulation and mesoderm formation,
respectively (Winnier et al., 1995; Zhang and Bradley, 1996). Mutations in BMP signaling also
impair later stages of development in bones, limbs and various organs (Wang et al., 2014a). For
example, conditional knockout of cardiac BMP2 leads to heart failure in embryonic mice due to
retarded growth and fluid accumulation (Ma et al., 2005), while BMP11 knockout mice exhibit
severe defects in kidney formation (Esquela and Lee, 2003). Despite their homology, BMP2 and
BMP4 have distinct roles under certain contexts. For example, conditional knock-out studies
distinguished BMP2 as a non-redundant factor, relative to BMP4, for regulating proliferation and
maturation of chondrocytes and bone fracture healing (Tsuji et al., 2006; Shu et al., 2011).
Evidence also suggests that BMP2 and BMP4 differentially regulate hypoxic stress and endothelial
response to pulmonary hypertension in mice (Frank et al., 2005; Anderson et al., 2010). Some
BMP isoforms serve antagonistic roles or have distinct functions. For example, BMP1 is a novel
MMP that is an essential proteolytic enzyme for maturing procollagens I-III, V and XI and laminin
(Kessler et al., 1996; Vadon-Le Goff et al., 2015). It also activates TGFf and other BMP isoforms

by directly cleaving their pro-domain complexes or their inhibitors (Marqués et al., 1997; Wardle

-2



et al., 1999; Ge et al., 2005; Ge and Greenspan, 2006; Delolme et al., 2015). In contrast, BMP3 is
a divergent and antagonistic isoform that shares only ~40% homology with BMP2 and BMP4-7
(Katoh and Katoh, 2006). BMP3 negatively regulates bone density by limiting osteogenesis and
inhibiting differentiation of osteoprogenitors into osteoblasts by binding and inactivating activin

A receptor type 2b (ACVR2b) (Daluiski et al., 2001; Kokabu et al., 2012).

1.3.1.2 Transcription and ligand processing

In 1998, Metz and colleagues studied BMP4 cDNA from a Xenopus genomic DNA library and
showed that it consisted of at least three exons and two introns (Metz et al., 1998). The BMP4
gene is transcribed from one of two alternative promoter sequences, although the proximal element
near exon 1 is most critical for BMP4 expression (Metz et al., 1998). Interestingly, the proximal
promoter is ubiquitously active in both ventral and dorsal regions (-116 to -96), while the distal
promoter (-255 to -116) is more active in ventral regions. This suggests these two distinct
promoters have a role in the spatial/temporal regulation of BMP4 expression, in addition to the
intron 2 that contains additional auto-regulatory elements (Metz et al., 1998). Later, Ghosh-
Choudhury and colleagues demonstrated that the BMP2 gene was similarly structured and
identified presumptive binding sites for several transcription factors such as homeodomain (HOX),
serum response factor (Srf), specificity protein-1 (SP1), nuclear factor-kB (NF-kB), E2 factor
(E2F) and c-Myc (Ghosh-Choudhury et al., 2001). Importantly, there is evidence that BMP2,
BMP4 and BMP7 can activate positive and negative feedback mechanisms to amplify their
respective expression and that of others during development. For example, it is suggested that
maternally-derived BMP2 is important for initiating BMP4 transcription during late blastula/early

gastrulation in Xenopus embryos (Schuler-Metz et al., 2000), while it has also induced BMP2
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mRNA transcription in cultured 2T3 osteoblast cells (Ghosh-Choudhury et al., 1996). Intriguingly,
BMPs can differentially regulate the expression of other isoforms via negative and positive
feedback loops during chick eye development (Huang et al., 2015). Using pre-lens explants from
embryonic chicks (HH8), Huang and colleagues demonstrated that administration of noggin, an
endogenous inhibitor of BMPs, significantly increased BMP2 and BMP4 expression, but had no
effect on BMP7 (Huang et al., 2015). In contrast, administration of recombinant BMP4 or BMP7
significantly increased BMP7 mRNA transcription in chick embryo explants, while they had the
opposite effect on BMP2 and BMP4 mRNA levels (Huang et al., 2015). BMP4 auto-regulatory
transcription seems to be dependent on enhancer elements in the 5 untranslated region (UTR) (-
206 to -156) and intron 2 (+1815 to +1918), as mutations in these sequences limited BMP4-
induced upregulation in BMP4 transcription in Xenopus embryos (Schuler-Metz et al., 2000).
Several signaling pathways and transcription factors have been characterized as modulators of
BMP transcription (Fig. 1.2). Ghosh-Choudhury and colleagues identified phosphoinositide-3-
kinase (PI3K)/Akt signaling as a key pathway for BMP2 autoregulation, as phosphorylated Akt
facilitated the nuclear translocation of phosphorylated Smad1/5/8 in a kinase-independent manner
in 2T3 osteoblasts (Ghosh-Choudhury et al., 2002). Studies have characterized other positive
regulators of BMP2/4 transcription including myocyte enhancer factor 2A (MEF-2A) (Ghosh-
Choudhury et al., 2003), Xvent-2 (Schuler-Metz et al., 2000) and C-Jun/Activator Protein-1 (AP-
1) (Knochel et al., 2000). Interestingly, there are conflicting reports as to whether the NF-xB
pathway has a promoting or inhibitory influence on BMP transcription. Zhu and colleagues
demonstrated that BMP4 transcription is antagonized in TNFa-treated human lung A549 epithelial
cells, as activated NF-xB recruited p65/RelA and inhibited transcriptional activator SP1 (Zhu et

al., 2007). However, Graham and colleagues later showed that NF-kB can bind directly to BMP2
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promoter and act synergistically with BMP2-Smadl and PI3K/Akt signaling to increase BMP2
expression in TNFa-treated metastatic prostate cancer (C4-2B) cells (Graham et al., 2009).
Therefore, it is possible that NF-kB differentially regulates BMP2 and BMP4 transcription, or that
its effect may be contextually dependent on other pathways or cell type. In contrast, Wnt8/j-
catenin signaling is a pathway that antagonizes BMP4 transcription during corneal and CNS
development in Xenopus and mouse embryos (Baker et al., 1999; Gomez-Skarmeta et al., 2001;
Zhang et al., 2015). This effect is at least partially mediated by induction of Xirol expression, a
repressor that binds to BMP4 promoter and inhibits transcription (Gomez-Skarmeta et al., 2001).
Overall, these findings demonstrate that BMP transcription is tightly regulated during development
by several autoregulatory and independent mechanisms, though it remains unclear whether these
regulatory pathways are maintained in the adult or injured CNS.

Precursors of BMPs consist of a N-terminal signal peptide, a pro-domain and a C-terminal
mature peptide (Harrison et al., 2011). They have highly conserved pro-domains ranging between
165-451 amino acids, although major deviations are observed in BMP3, BMP5, BMP6 and
BMP10, BMP11 (Harrison et al., 2011; Shi et al., 2011). Consensus sequence sites between pro-
and mature domains are recognized and cleaved by pro-protein convertase subtilisin/kexin-like
proteases (e.g. furin, PACE4, PC6/PCB6, PC7) at the cell surface or intracellularly (Susan-Resiga
et al., 2011). The amino acid sequence of BMP pro-domains determines their susceptibility to
cleavage by a given protease. In Xenopus embryos, for example, BMP4 is differentially processed
at two distinct sites: S1 (optimal cleavage site near the mature ligand) and S2 (sub-optimal
cleavage site in the pro-domain) (Nelsen and Christian, 2009), as illustrated in Fig. 1.2. In the
trans-Golgi network (TGN), BMP4 is initially cleaved at S1 site (-RXKR-) by furin, PACE4, PC6

or PC7 to produce a mature peptide (Molloy et al., 1994; Sopory et al., 2006; Nelsen and Christian,
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2009). The sequential cleavage at S2 site (-RXXR-) occurs in an acidic paranuclear post-TGN
compartment mediated by proteases (Xiang et al., 2000; Nelsen and Christian, 2009). Sopory and
colleagues also demonstrated that BMP4 and BMP2 processing in Xenopus is dependent on a
conserved amino acid sequence between the S1 and S2 sites (i.e. linker domain), which induces
conformational changes required for S1 cleavage and secretion of a biologically active ligand
(Sopory et al., 2006). These structural elements are not conserved in all isoforms as BMP7, for
example, does not have a conserved S1 site or linker domain (Sopory et al., 2006). There is
evidence that BMP processing can differ further based on the cell type or tissue region. For
example, Susan-Resiga and colleagues showed that furin is the most efficient convertase that
cleaves BMP10 at a single motif (-RIRR-) in the heart of adult mice (Susan-Resiga et al., 2011),
while BMP4 is cleaved at both S1 and S2 sites equally by furin and PC6, as previously discussed
(Nelsen and Christian, 2009). Moreover, previous studies have shown that furin, PACE4 and PC6
mRNA are expressed by neurons and/or glia in the developing and adult rat brain, but they exhibit
unique expression profiles in a region or cell-type specific manner (Day et al., 1993; Zheng et al.,
1994; Dong et al., 1995; Zheng et al., 1997). For instance, furin mRNA is highly expressed in the
hippocampus of adult rats, while PACE4 is absent in this region (Day et al., 1993; Dong et al.,
1995). Moreover, furin and PACE4 are expressed in both neurons and glia, but PC6 is expressed
only in neurons (Day et al., 1993; Dong et al., 1995).

Interestingly, there is evidence that BMP processing can differentially impact ligand secretion
in a species-specific manner. Cui and colleagues showed that selective inactivation of the S2 site,
but leaving the linker domain intact, yielded a less biologically active form of BMP4 in Xenopus
(Cui et al., 2001). A subsequent study showed that deleting both the S2 site and the linker domain

in BMP4 yielded a similar result in several mammalian cell lines, but it prevented the secretion of
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a biologically active BMP4 ligand in Xenopus (Sopory et al., 2006). The S2 site also has a unique
regulatory role for BMP4 bioavailability by influencing its half-life and diffusion range (Cui et al.,
2001; Ohkawara et al., 2002; Degnin et al., 2004). This is attributable to a high density of
hydrophobic residues in BMP pro-domains that, following the cleavage at S1, facilitate non-
covalent binding between the cleaved BMP4 pro-domain and mature peptide (Sengle et al., 2008b;
Sengle et al., 2008a). Cleavage at the S2 site disrupts this complex and allows the dissociation of
the mature BMP4 peptide (Degnin et al., 2004; Nelsen and Christian, 2009). Sengle and colleagues
demonstrated that BMP7 is secreted as a stable complex with its pro-domain only for it to be
displaced after binding to BMPRII (Sengle et al., 2008a), which suggests BMP pro-domains do
not interfere with receptor activation. This contrasts a subsequent study that showed TGFp is
unable to bind its receptor when bound by its pro-domain (Shi et al., 2011). However, if the S2
site is mutated to prevent the dissociation of the BMP pro-domain, the half-life and diffusion range
of the bioactive ligand is reduced as this complex is more susceptible to entrapment at the cell
surface by heparin sulfate proteoglycans (HSPGs), which triggers internalization and degradation
(Degnin et al., 2004; Jiao et al., 2007). Fibrillin microfibrils have a similar role in the developing
bone, as they bind and sequester BMP4 and BMP7 to delay osteoblast maturation, and they are
critical for proper bone formation (Nistala et al., 2010). Further investigation is required to
elucidate whether BMP processing and bioavailability is differentially regulated in cells of the

developing or adult CNS.
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Figure 1.2. Schematic of BMP4 transcription, processing and signaling
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Figure 1.2. Schematic of BMP4 processing and signaling

Expression of BMPs is positively and negatively regulated by several signaling pathways
and transcription co-factors, including phosphatidylinositol-3-kinase (PI3K)/Akt, nuclear factor-
kB (NF-kB), microRNAs (miRNAs) and autoregulatory BMP-Smad1/5/8. BMPs are synthesized
as an inactive dimeric precursor consisting of three domains that are cleaved sequentially at one
or two distinct sites (S1 and/or S2), which modulate their bioavailability and range of effect. These
cleavage sites are recognized by several pro-protein convertases (furin, PACE4, PC6, PC6B, PC7)
that are compartmentalized intracellularly. After S1 site is cleaved in the trans-Golgi network
(TGN), the pro-domain remains non-covalently associated with the ligand. The precursor is
shuttled to an acidic post-TGN compartment where the S2 site is exposed and cleaved, allowing
the pro-domain to dissociate and release the active ligand via vesicular exocytosis. Secreted BMP
dimers act as autocrine or paracrine signals whose efficacy is modulated by the extracellular matrix
(ECM), ligand antagonists or cell-bound co-receptors. BMPs bind and recruit Type I and
constitutively active Type II receptors, which trans-phosphorylate and activate canonical
(Smadl/5/8) and non-canonical (Smad2/3, MAPK/p38, JNK, PI3K/Akt, Rho-ROCKI)
downstream signaling pathways. Phosphorylated Smad1/5/8 binds with co-factors, such as Smad4,
which translocate to the nucleus and elicit changes in gene expression. BMP signaling can
modulate cellular behaviour in coordination with both positive and negative intracellular
mediators, such as STAT3/CBP/p300 or HDACS3, respectively.

1.3.1.3 Receptors and downstream signaling

There are three BMP Type I receptors (BMPR1a, BMPR1b and ActR-1) and constitutively
active Type II receptors (BMPR2, ActR-2A, ActR-2B) (Miyazono et al., 2005). They are
transmembrane receptors consisting of three distinct domains, including an intracellular domain
with serine/threonine kinase activity (Miyazono et al., 2005). BMP ligands bind to either Type I
or II receptors based on their innate receptor affinity. For example, BMP4 binds equally to
BMPR1a and BMPR1b, but BMP7 binds less efficiently to BMPR1a (ten Dijke et al., 1994).
Ligand binding initiates receptor complex formation between Type I and constitutively active
Type II receptors (Fig. 1.2), which trans-phosphorylate each other and activate downstream
signaling. BMP ligands can activate canonical (Smad1/5/8) and non-canonical signaling pathways
(Smad2/3, mitogen-activated protein kinase (MAPK)/p38, c-Jun N-terminal kinase (JNK),

PI3K/Akt or Rho-ROCKI1 GTPases) in a cell-dependent manner (Mazerbourg et al., 2004;
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Konstantinidis et al., 2011; Tian et al., 2012; Rocher and Singla, 2013). Phosphorylated Smad1/5/8
binds to an essential co-factor Smad4, which together translocate to the nucleus and recruit co-
activators p300/CREB-binding protein (CBP) or GCNS5 to elicit changes in gene expression
(Pearson et al., 1999; Kahata et al., 2004). Targeted downstream signaling pathways can vary
depending on the sequence of receptor binding/recruitment or by binding to preformed receptor
dimers. For example, Nohe and colleagues demonstrated that BMP2 can activate either Smadl or
MAPK/p38 signaling in COS7 cells in vitro depending on whether it binds to pre-formed
BMPRI:II heteromeric complex or to BMPRI first (Nohe et al., 2002).

BMP signaling can be regulated at the cell surface by repulsive guidance molecules (RGMa,
RGMb/DRAGON, RGMc/hemojuvelin), which are glycophosphatidylinositol (GPI)-anchored
proteins that interact with both BMP ligand and receptor to increase the diversity of recruited BMP
Type II receptors and potentiate Smad1/5/8 downstream signaling (Babitt et al., 2005; Samad et
al., 2005; Babitt et al., 2006). RGMs also facilitate the association of BMP receptor complexes
with neogenin, a cell surface protein that increases BMP-Smadl/5/8 signaling during
chondrogenesis in mice (Zhou et al., 2010). Despite their previously described role in facilitating
BMP4 degradation (Degnin et al., 2004), HSPGs can also increase mature ligand stability and

recruit BMPRII to potentiate BMP signaling (Kuo et al., 2010).

1.3.1.4 Inhibitors of BMP signaling

During development, BMP concentration gradients are established by HSPGs and BMP
inhibitors such as noggin, chordin and BMP-binding endothelial regulator (BMPER) (Paine-
Saunders et al., 2002; Jasuja et al., 2004; Serpe et al., 2008), as illustrated in Fig. 1.2. These

inhibitors bind directly to BMP ligands and prevent receptor activation, but it has recently been
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shown that high concentrations of noggin can also trigger endocytosis and degradation of BMP4
(Zimmerman et al., 1996; Kelley et al., 2009). BMPER is a secreted BMP-binding protein with a
biphasic modulatory role in both Drosophila and mouse endothelial cells (Serpe et al., 2008;
Kelley et al., 2009). Kelley and colleagues showed that BMP2-mediated signaling was potentiated
when the stoichiometric ratio between BMPER and BMP2 was lower than 2:1 (Kelley et al., 2009).
But when this ratio was exceeded, it instead promoted clatherin-mediated endocytosis and
lysosomal degradation of BMP2 (Kelley et al., 2009). In contrast to RGMs, there are inert BMP
pseudo-Type I receptors such as BMP and activin membrane-bound inhibitor (BAMBI), which
lacks a cytoplasmic serine/threonine-kinase domain and antagonizes BMP signaling by
competitively binding both Type I and II receptors (Onichtchouk et al., 1999). Recent evidence
showed BAMBI expression was upregulated in human granulosa-lutein cells when treated with
BMP2 (Bai et al., 2017), suggesting this pseudo-receptor can serve a negative auto-feedback role.
BMP signaling can also be antagonized at the transcript level by microRNAs (miRNA), which
recognize target sequences in the 3’UTR and reduce translation of Smadl or BMP ligand
transcripts (Icli et al., 2013; Kureel et al., 2014). Alternatively, BMP signaling can be antagonized
intracellularly by inhibitory Smads (I-Smads), Smad6 and Smad7, or Smad-interacting protein
(SIP1). I-Smads antagonize BMP signaling either by binding to Type 1 receptors or to
phosphorylated Smad]1 to prevent co-localization with Smad4 (Imamura et al., 1997; Hata et al.,
1998). Smad6 can also directly repress BMP-targeted gene expression in the nucleus by recruiting
transcriptional co-repressor C-terminal binding protein (CtBP) (Lin et al., 2003), Smad ubiquitin
regulatory factor-1 (Smurfl) (Murakami et al., 2003) or Tob (Yoshida et al., 2003). SIP1 directly
binds and neutralizes Smadl, but it also upregulates Smad7 expression to antagonize both BMP-

and TGFB-mediated Smad signaling (Verschueren et al., 1999; Weng et al., 2012). In contrast,

-31 -



Smad6 specifically antagonizes BMP-Smadl signaling by interacting with Smadl or BMP Type I
receptors (Hata et al., 1998; Goto et al., 2007), but only weakly inhibits TGFf/activin-mediated
signaling (Ishisaki et al., 1999; Hanyu et al., 2001). BMP2 and BMP7 induce Smad6 expression
in vitro in several cell lines via a BMP-responsive element in the Smad6 promoter region that is
recognized by phosphorylated Smad1/5 and cAMP response element-binding protein (CREB)
(Takase et al., 1998; Ishida et al., 2000; Ionescu et al., 2004). Therefore, [-Smads can provide

negative feedback in response to BMP signaling.

1.3.2 Expression and role of BMPs during spinal cord development

1.3.2.1 Significance of BMPs in spinal cord development

Knock-out studies show BMP signaling regulates several stages of embryonic development
including gastrulation, left-right asymmetry, skeletal, limb and CNS development (Zhao, 2003).
Of note, BMPs have a significant role in regulating the decision to form neural or non-neural tissue.
Neural tissue originates from the dorsomedial ectoderm and its formation requires active fibroblast
growth factor (FGF) signaling and repressed BMP signaling in vertebrates, which is achieved by
a concentration gradient of dorsally-derived noggin and chordin (Piccolo et al., 1996; Zimmerman
et al., 1996; Delaune et al., 2005). During gastrulation in Xenopus, BMP1 counteracts this gradient
by degrading chordin and liberating other BMP isoforms to promote ventralization (Wardle et al.,
1999). The induction of primitive streak formation is temporally dependent on chordin-mediated
inhibition of BMP4 (Streit et al., 1998), but dorsally-derived BMP4 is essential for subsequent
stages of CNS development (neural tube formation and closure) (Liem Jr et al., 1995). Once the

neural tube has closed, spinal cord development is spatially governed by distinct signals including
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Sonic hedgehog (Shh) ligands (ventral floor plate and notochord), retinoic acid, Wnts and BMP
ligands (dorsal roof plate and ectoderm) (del Corral et al., 2003; Liu and Niswander, 2005).
Patterning of the dorsal and intermediate spinal cord requires several BMP isoforms expressed
in the dorsal roof plate of the neural tube (Liu and Niswander, 2005). In the developing chick
spinal cord, the spatial expression profile for every isoform is not homologous. For example,
Andrews and colleagues showed that BMP4 expression was restricted to the roof plate, while
BMP7 was expressed in dorsal and intermediate regions (Andrews et al., 2017). The dorsal spinal
cord has six parallel layers of dorsal and intermediate interneurons (dI1-6) that interpret and relay
different types of information (Lai et al., 2016). Andrews and colleagues recently demonstrated
that BMP4, BMP6 and BMP7 differentially modulated their cell cycle progression, termination
and phenotype in cultured mouse embryonic stem cells and/or the chick spinal cord (Andrews et
al., 2017). Importantly, they demonstrated that increasing the concentration of BMP ligands
increased the efficiency of differentiation in vitro, but it had no effect on fate selection (Andrews
et al., 2017). This indicates that BMPs direct neuronal identity independent of their concentration,
in contradiction to previous findings that suggested the duration of BMP exposure can also
influence their dorsalized fate (Tozer et al., 2013). This new model is supported by previous
findings that showed knocking down of BMP4 expression with short-hairpin RNA (shRNA)
reduced the number of dI1 neurons, while BMP7-knock down reduced dI1, dI3 and dI5 neurons
in chick spinal cord (Le Dréau et al., 2012). In contrast, the ventral spinal cord consists of five
progenitor domains (p3, pMN, p2, pl, p0) that mature into ventral interneurons (V3-0) and motor
neurons (MN). BMP antagonism is essential for ventral patterning of the spinal cord, as BMP-

Smad1/5/8 signaling antagonizes Shh-induced ventralization of NPCs (Liem et al., 2000;
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Sterneckert et al., 2005). This is supported by in vivo studies in null mutant mice that showed

noggin was essential for proper ventral patterning and somite formation (McMahon et al., 1998).

1.3.2.2 Gliogenic switch: Role of BMP in stem cell development

During later stages of neurodevelopment (E14.5), there is a reduction in neurogenesis as NPCs
shift towards gliogenesis. BMP-Smad1/5/8 signaling limits neurogenesis by upregulating inhibitor
of differentiation-1 (Id1) expression, which is an inhibitory helix-loop-helix (HLH) factor known
to degrade pro-neurogenic factors (Yanagisawa et al., 2001; Vinals et al., 2004). The gliogenic
switch is also perpetuated by Notchl and nuclear factor 1o (NF1A) (Ge et al., 2002; Kang et al.,
2012; Mutoh et al., 2012; Bansod et al., 2017), and neuronally-derived cardiotrophin-1 (CT1),
ciliary neurotrophic factor (CNTF) and leukemia inhibitor factor (LIF) (Bonni et al., 1997; Ochiai
et al., 2001; Barnabé-Heider et al., 2005).

Fibrous and protoplasmic astrocytes are generated consistently from ventral (p1-3) and dorsal
(dI5-6) progenitors in mouse spinal cord (Fogarty et al., 2005; Hochstim et al., 2008; Vue et al.,
2014). Astrogenesis is governed by several signaling pathways including BMP-Smadl, STAT3,
MAPK/Erk and Bl-integrin expression (Nakashima et al., 1999; Fukuda et al., 2007; Li et al.,
2012; Pan et al., 2014). Smadl and STAT3 pathways communicate by forming a synergistic
complex with coactivator CBP/p300 to promote astrocyte differentiation (Nakashima et al., 1999;
Fukuda et al., 2007). However, independent treatment with LIF/noggin or BMP4 can promote two
GFAP+ phenotypes reflecting distinct states of maturity. Bonaguidi and colleagues showed that
LIF/noggin treatment induced a precursor-like bipolar morphology that increased proliferation and
upregulated stem cell marker expression (LeX" or Sox1"/GFAP") (Bonaguidi et al., 2005). In

contrast, BMP4 treatment alone promoted a mature stellate morphology and phenotype while
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limiting proliferation (Bonaguidi et al., 2005). Later, it was found BMP4 treatment also increased
astrocyte maturity by upregulating aquaporin-4 and S1008 expression, and limited cell
proliferation by down-regulating EGF receptor expression (Scholze et al., 2014). These data show
the importance of LIF/STAT3 and BMP/Smad]1 cooperation in facilitating astrocyte development,
and that they each have unique regulatory roles in self-renewal and terminal differentiation.
OPCs are generated in two temporally and spatially distinct stages. Knockout studies in
Nkx6.1-null mice demonstrated that the first wave is derived from pMN at E12, while the second
wave originates from dI3-dI5 progenitors between E13.5-15.5 (Liu et al., 2003; Cai et al., 2005).
FGF and Shh pathways are ventrally-derived signals that coordinate the timing and progression of
oligodendrogenesis in the developing mouse spinal cord (Farreny et al., 2018; Hashimoto et al.,
2018). Dorsally-derived BMP-Smadl signaling antagonizes OPC differentiation in
dorsal/intermediate regions of the spinal cord by inducing 1d2/1d4 expression, which complex with
transcription factors Oligl/2 and co-factor E2A to prevent nuclear translocation and oligogenic
gene expression (Samanta and Kessler, 2004). Implanting BMP4-soaked beads restricted ventral
expansion and maturation of oligodendrocytes by antagonizing Shh-signaling in embryonic mouse
spinal cord explant cultures and Xenopus embryos (Miller et al., 2004; See et al., 2004), and they
inhibited expression of key myelin proteins including myelin basic protein (MBP), proteolipid
protein (PLP) and 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP) (See et al., 2004). An
inhibitory role of BMPs in oligodendrogenesis was further supported when the dorsal expansion
of oligogenic precursor cells was facilitated by grafting noggin-overexpressing cells into the
developing chick spinal cord (Mekki-Dauriac et al., 2002). Histone deacetylase-3 (HDAC3) also
has an important role in limiting the inhibitory effects of BMP and STAT3 signaling on oligogenic

precursor cells by competitively binding to p300/CBP and increasing Olig2 and myelin protein
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expression (Zhang et al., 2016). Overall, BMP-Smadl signaling is a key regulator of spinal cord
development and precursor maturation, and it potentially exerts similar effects in the healthy or

injured adult CNS.

1.3.3 Expression and role of BMP isoforms in adult spinal cord

BMP receptors and ligands are expressed in the adult rat spinal cord, but there is limited insight
into their functional significance. In the spinal cord, BMPR1a is expressed ubiquitously at a low
intensity, while BMPR1b is expressed relatively higher in the grey matter except for the ependymal
cell layer (Miyagi et al., 2012). BMPRII is moderately expressed consistently in both the grey and
white matter in the spinal cord (Miyagi et al., 2012). BMP Type I and II receptors co-localize with
neurons, astrocytes, oligodendrocytes and microglia, suggesting that BMP responsiveness is
ubiquitous in the spinal cord (Miyagi et al., 2012). Seven BMP isoforms have been characterized
in the healthy adult rat spinal cord: BMP2-7 and BMP11 (Setoguchi et al., 2001; Miyagi et al.,
2012; Kusakawa et al., 2015; Yamashita et al., 2016; Hayashi et al., 2018; Hayashi et al., 2019).
Quantitative RT-PCR analysis has also detected BMP9, BMP12 and BMP13 mRNA, but they have
not been co-localized to a specific region or cell population (Enzmann et al., 2005).

BMP4 is highly expressed in the ependymal layer and grey matter relative to the white matter,
while BMP2 is ubiquitously expressed throughout the healthy spinal cord (Miyagi et al., 2012).
BMP2/4 are expressed by neurons, astrocytes, oligodendrocytes and ependymal cells, but not
microglia/macrophages (Miyagi et al., 2012). BMP5, BMP6 and BMP11 are similarly expressed
and distributed throughout the rat spinal cord (Kusakawa et al., 2015; Hayashi et al., 2018; Hayashi
et al., 2019), but of those three, only BMP6 is expressed by oligodendrocytes (Hayashi et al.,

2019). In situ hybridization also shows BMP7 mRNA expression is limited to oligodendrocytes in
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the healthy rat spinal cord (Setoguchi et al., 2001), and antagonistic BMP3 is co-localized to
neurons, astrocytes and ependymal cells but not oligodendrocytes (Yamashita et al., 2016).
Intriguingly, there is evidence that BMP4 and other isoforms are differentially localized between
dorsal laminae, neuropil or different sub-cellular structures (e.g. nuclei, soma, dendrites, axons)
(Miyagi et al., 2012; Kusakawa et al., 2015; Yamashita et al., 2016; Hayashi et al., 2018; Hayashi
et al., 2019). Further investigation is required to determine the significance of these distributions

and if they regulate any neuronal or glial homeostatic functions.

1.3.4 Expression and role of BMPs after SCI

BMP2, BMP4 and BMP7 have distinct temporal and spatial expression patterns after SCI in
rodents, which may reflect differences in injury model or severity (Setoguchi et al., 2001;
Setoguchi et al., 2004; Chen et al., 2005; Xiao et al., 2010; Park et al., 2013; Hesp et al., 2015;
Duran et al., 2017). BMP expression has been identified in mature neurons, oligodendrocytes,
astrocytes, ependymal cells and microglia/macrophages after injury (Setoguchi et al., 2001; Chen
et al., 2005; Xiao et al., 2010; Park et al., 2013). Previous works suggest BMP4 mRNA or protein
expression peak between 2-14 days and may remain elevated up to 35-days after injury in mice
(Chen et al., 2005; Xiao et al., 2010; Park et al., 2013). In contrast to mice, a recent transcriptomic
study showed that BMP1, BMP2, BMP4-7 and BMP Type I/Il receptor mRNA can remain
elevated up to 6 months in SCI rats (Duran et al., 2017), suggesting BMP-Smad1 signaling may
be more diverse and persist chronically after injury in rats. To my knowledge, there are no studies
evaluating BMP6 or BMPS-15 expression and function after SCI, but a few of these isoforms have

been described in animal models of Alzheimer’s disease (AD), cerebral ischemic reperfusion or
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traumatic brain injury (TBI) (Zhang et al., 2006b; Crews et al., 2010; Yan et al., 2012; Feng and
Hu, 2018).

BMPs appear to regulate astrocytes through BMPR1 signaling receptors (Fig. 1.3). Evidence
shows that conditional knock-out of astrocytic BMPRla or BMPR1b have significant and
opposing effects on glial scar integrity and inflammation after compressive SCI in mice (Sahni et
al., 2010). Sahni and colleagues showed that knocking out astrocytic BMPRI1b resulted in
increased activation of BMPR1a, which accelerated glial scar formation and sequestration of
inflammatory cells (Sahni et al., 2010). In contrast, overactivity of BMPR1b signaling impaired
glial scar maturation and functional recovery in BMPR 1a knockout mice with SCI (Sahni et al.,
2010). These outcomes were attributed to their differential regulation of miR-21 processing and
astrocyte hypertrophy (Sahni et al., 2010). North and colleagues similarly showed that functional
recovery after SCI was impaired in FoxJ1CreER B1-integrin-null mice due to increased activity of
BMPR1b-Smadl and -p38 signaling in activated NPCs and subsequent astrocyte differentiation
(North et al., 2015). These findings suggest BMPs are key modulators of astrogenesis and glial
scar integrity, but they also influence ECM remodelling. Ectopic delivery of BMP4 induces
astrocytic CSPG expression both in vitro and following injection into naive rat spinal cords (Fuller
et al., 2007), demonstrating how BMP4 could foster an inhibitory microenvironment that limits
repair process (Fig. 1.3).

There are conflicting reports of whether BMPs directly modulate axonal regeneration after
SCI. Intrathecal delivery of noggin has improved axonal sprouting in corticospinal tract and
locomotor recovery without affecting glial scar integrity in 4 weeks post-SCI rats (Matsuura et al.,
2008). However, recent in vitro studies showed that BMP-Smad1 signaling promoted neurite

outgrowth in explant DRG or hippocampal neuron cultures (E12.5-18.5), and over-expressing
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BMP4 in the DRG promoted axon regeneration and improved functional recovery after SCI in
mice and rats (Parikh et al., 2011; Farrukh et al., 2019). These observations suggest that distinct
neuronal populations may respond differently to BMP signaling.

BMP4 signaling antagonizes the maturation of myelinating oligodendrocytes during
development, and evidence suggests it may have a similar role after injury (Fig. 1.3). Wang and
colleagues showed that reactive astrocytes were a significant source of BMP2 and BMP4 up to
one month after SCI in rats, and their conditioned media induced astrocyte differentiation in
cultured OPCs (Wang et al., 2011). There is a correlation between increased BMP4 and 1d2/4
mRNA transcription and down-regulated pro-oligogenic markers (Soxl11, Hes5) in sub-
acute/chronic SCI mice (Hesp et al., 2015). Furthermore, BMP4 has proven to limit OPC
maturation and remyelination in models of demyelinating lesions (Sabo et al., 2011; Petersen et
al., 2017; Govier-Cole et al., 2019). BMP4 expression is also increased in active and chronically
inactive human MS lesions (Harnisch et al., 2019), suggesting BMP4 may be a clinically relevant
target to promote remyelination.

The impact of BMP signaling on pathological responses can be influenced by intracellular and
extracellular antagonists, as detailed in previous sections (Fig. 1.2). Hampton and colleagues
amplified BMP signaling by administering a noggin-neutralizing antibody after spinal stab injury
in mice, and they observed a significant increase in the overall number of OPC-derived astrocytes
in perilesional tissue (Hampton et al., 2007). However, ectopic delivery of noggin has had limited
success in attenuating astrocyte differentiation and gliosis in SCI mice. Xiao and colleagues
delivered noggin via mini osmotic pump and found no change in overall GFAP expression despite
a reduction in Smadl/5/8 phosphorylation (Xiao et al., 2010). Furthermore, transgenic

overexpression of noggin has yielded mixed success in diverting transplanted NPCs or OPCs
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towards a mature oligogenic fate and promoting functional recovery in SCI mice (Setoguchi et al.,
2004; Enzmann et al., 2005). Interestingly, Park and colleagues administered agmatine, a
decarboxylated derivative of arginine, to SCI mice and found it increased BMP2 and BMP7 while
down-regulating BMP4 expression in neurons and glia (Park et al., 2013). They found agmatine
treatment improved oligodendrogenesis and remyelination, attenuated reactive astrogliosis and
neuronal cell death, and improved functional recovery relative to untreated SCI mice (Park et al.,
2013). These findings suggest BMP isoforms may have differential roles after injury, and that their

selective modulation could be advantageous in future therapeutic strategies.
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Figure 1.3. Modulatory effects of BMP signaling on endogenous cell responses after SCI
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BMP2, BMP4 and BMP7 expression and signaling are significantly increased after injury.
BMPs positively (green) or negatively (red) modulate several endogenous cell types to promote
(thick arrow) or inhibit (dotted arrow) responses after injury. BMP4 and/or BMP2 promote
astrocyte differentiation in activated neural stem/progenitor cells (NPCs, blue) and
oligodendrocyte precursor cells (OPCs, orange). In NPCs, this is facilitated by the dissociation of
pl-integrin and BMPRI1b, which permits the latter to translocate into lipid rafts and amplify
Smadl/5/8 signaling. BMP4 also induces Schwann cell differentiation in activated OPCs in
demyelinating lesions devoid of astrocytes. BMP4 and BMP?2 also inhibit oligodendrogenesis and
remyelination by antagonizing OPC maturation and downregulating their expression of key
myelin proteins. BMP signaling regulates glial scar integrity and maturation in a receptor-specific
manner, while BMP4 and BMP7 also induce expression of inhibitory chondroitin sulfate
proteoglycans (CSPGs) in reactive astrocytes. Further investigation is required to elucidate the
role of BMP signaling in regulating axonal regeneration, but evidence suggests BMP4 can inhibit
or promote regeneration of corticospinal or sensory axon tracts, respectively.
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1.4 Thesis overview

1.4.1 Study rationale

Endogenous cell replacement and repair is limited after SCI due to a dysregulated
microenvironment. Emerging evidence shows that endogenous and transplanted NPCs
predominantly differentiate into reactive astrocytes unless they are supplemented with therapeutic
factors such as growth factors (Karimi-Abdolrezaee et al., 2006; Labombarda et al., 2011; Alluin
et al., 2014b), immunomodulatory agents (Festoff et al., 2006; Karimi-Abdolrezaee et al., 2006;
Dyck et al., 2018; Kataria et al., 2018), or factors that neutralize or degrade CSPGs and myelin
debris (Mi et al., 2007; Karimi-Abdolrezaee et al., 2010; Karimi-Abdolrezaee et al., 2012; Church
et al., 2017; Dyck et al., 2019). Reactive astrocytes and the glial scar have a neuroprotective role
by forming a physical barrier around the lesion site to sequester inflammatory cells and toxic debris
(Sahni et al., 2010; Wanner et al., 2013). However, the glial scar also contains a high concentration
of inhibitory CSPGs that limit axon regeneration and oligodendrogenesis (Shen et al., 2009;
Pendleton et al., 2013; Lang et al., 2015b; Dyck et al., 2019), while promoting inflammation and
cell death in OPCs (Dyck et al., 2018). Better understanding of how endogenous cell responses are
regulated in acute SCI will aid in identifying targeted therapies for SCI.

BMP4 is a key morphogen that regulates several stages of CNS development and promotes
astrocyte differentiation by antagonizing pro-oligogenic gene expression in precursor cells
(Samanta and Kessler, 2004; See et al., 2004). Several studies identify BMP4 as a potential
regulator of reactive astrogliosis and inhibitor of remyelination in demyelinating lesions or sub-
acute and chronic SCI (Fuller et al., 2007; Sahni et al., 2010; Sabo et al., 2011; Govier-Cole et al.,
2019). To date, there has been little insight into the significance of transient BMP4 upregulation

on secondary injury mechanisms in acute stages of SCI. Therefore, this thesis sought to elucidate
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the role(s) of BMP4 in modulating early cell responses by targeting BMP4 during the acute stage

of SCI in rats.

1.4.2 General hypothesis and research objectives

The overall goal of my PhD thesis was to understand the role of an acute and transient upregulation
in BMP4 in modulating secondary injury mechanisms and recovery after SCI.
Hypotheses:
1. BMP4 inhibits oligodendrogenesis by limiting survival, differentiation and maturation of
activated NPCs and OPCs, thereby limiting the remyelination process.
2. BMP4 potentiates astrocyte differentiation, reactive astrogliosis and CSPG production that

directly and indirectly limits remyelination after SCI.

Specific research objectives:
1. Investigate the impact of BMP4 on endogenous precursor cell response in culture and
following rat SCI.
2. Investigate the effects of BMP4 on reactive astrogliosis and glial scar formation.
3. Investigate the role of BMP4 on cell death and/or oxidative stress.
These questions were addressed in a published research manuscript that is reported in Chapter 2

of this thesis.
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Chapter 2: Acute upregulation of bone morphogenetic
protein-4 regulates endogenous cell response and promotes
cell death in spinal cord injury

This collaborative work was published as an original article in Experimental Neurology (PMID
31881217, Experimental Neurology. 2019 Dec; 325 Online ahead of print. DOI
10.1016/j.expneurol.2019.113163)
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2.1 Abstract

Traumatic spinal cord injury (SCI) elicits a cascade of secondary injury mechanisms that
induce profound changes in glia and neurons resulting in their activation, injury or cell death. The
resultant imbalanced microenvironment of acute SCI also negatively impacts regenerative
processes in the injured spinal cord. Thus, it is imperative to uncover endogenous mechanisms that
drive these acute injury events. Here, we demonstrate that the active form of bone morphogenetic
protein-4 (BMP4) is robustly and transiently upregulated in acute SCI in rats. BMP4 is a key
morphogen in neurodevelopment; however, its role in SCI is not fully defined. Thus, we elucidated
the ramification of BMP4 upregulation in a preclinical model of compressive/contusive SCI in the
rat by employing noggin, an endogenous antagonist of BMP ligands, and LDN193189, an
intracellular inhibitor of BMP signaling. In parallel, we studied cell-specific effects of BMP4 on
neural precursor cells (NPCs), oligodendrocyte precursor cells (OPCs), neurons and astrocytes in
vitro. We demonstrate that activation of BMP4 inhibits differentiation of spinal cord NPCs and
OPCs into mature myelin-expressing oligodendrocytes, and acute blockade of BMPs promotes
oligodendrogenesis, oligodendrocyte preservation and remyelination after SCI. Importantly, we
report for the first time that BMP4 directly induces caspase-3 mediated apoptosis in neurons and
oligodendrocytes in vitro, and noggin and LDN193189 remarkably attenuate caspase-3 activation
and lipid peroxidation in acute SCI. BMP4 also enhances the production of inhibitory chondroitin
sulfate proteoglycans (CSPGs) in activated astrocytes in vitro and after SCI. Interestingly, our
work reveals that despite the beneficial effects of BMP inhibition in acute SCI, neither noggin nor
LDN193189 treatment resulted in long-term functional recovery. Collectively, our findings

suggest a role for BMP4 in regulating acute secondary injury mechanisms following SCI, and a
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potential target for combinatorial approaches to improve endogenous cell response and

remyelination.

2.2 Introduction

Traumatic spinal cord injury (SCI) results in an imbalanced microenvironment in the spinal
cord within hours and days of injury (Alizadeh et al., 2019). The complex secondary injury
mechanisms start with the disruption of vasculature and the blood-spinal cord-barrier (BSB) after
primary mechanical SCI that lead to dramatic changes to the cellular and molecular composition
of the injured spinal cord (Ahuja et al., 2017; Alizadeh et al., 2019). Response of resident glia and
infiltration of leukocytes into the spinal cord induces inflammation, astrogliosis, and oxidative
stress causing neuronal and oligodendroglial injury and tissue degeneration (Karimi-Abdolrezaee
and Billakanti, 2012; Orr and Gensel, 2018). Reactive astrocytes, in particular, are highly
proliferative and surround the lesion to restrict inflammation and noxious stimuli (Wanner et al.,
2013). However, activated astrocytes are a major source of inhibitory factors such as chondroitin
sulfate proteoglycans (CSPGs), which impede neural regeneration, cell replacement and
remyelination and induce oligodendroglial death (Shen et al., 2009; Cregg et al., 2014; Ohtake et
al., 2016; Dyck et al., 2019). Oligodendrogenesis is an endogenous repair process after SCI that
occurs spontaneously and is important for remyelination (McTigue and Tripathi, 2008; Alizadeh
et al., 2015; Hesp et al., 2015). In the adult injured spinal cord, oligodendrogenesis is attributed to
the populations of multipotent neural precursor cells (NPCs) and adult oligodendrocyte progenitor
cells (OPCs) (Alizadeh et al., 2015). Our group and others have shown that the behaviour of OPCs
and NPCs is highly influenced by dysregulated microenvironment of SCI (Wang et al., 2011;

Karimi-Abdolrezaee and Eftekharpour, 2012; Karimi-Abdolrezaee et al., 2012; Gauthier et al.,
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2013b; Dyck et al., 2019). To this end, efforts have been made to promote the regenerative
response of spinal cord precursor cells following SCI by unravelling injury mechanisms that
regulate their behaviour within their injury microenvironment.

Emerging evidence suggests that expression of bone morphogenetic protein-4 (BMP4) is
highly upregulated in acute SCI lesions and in demyelinating conditions (Fuller et al., 2007; Ara
et al., 2008; Xiao et al., 2010; Sandner et al., 2013; Cui et al., 2015; Govier-Cole et al., 2019).
BMP4 is a morphogen and a member of the transforming growth factor (TGF)-p superfamily with
a well-established role in regulating neural tube patterning and glial differentiation during
neurodevelopment. BMPs bind and dimerize with BMP Type I (BMPR1a/R1b) and Type II
receptors to activate canonical Smadl/5/8 signaling and lesser studied non-canonical
MAPK/Erk1/2 and PI3K/Akt pathways (Gallea et al., 2001; Barneda-Zahonero et al., 2009). In the
developing CNS, BMP4 inhibits oligodendrogenesis at a transcriptional level, while promoting
astrocyte differentiation in NPC population (D'Alessandro and Wang, 1994; Miller et al., 2004;
Samanta and Kessler, 2004). Transplantation of NPCs that express noggin, an endogenous
inhibitor of BMPs, promotes differentiation of NPCs into neural lineages after SCI (Setoguchi et
al., 2004). Moreover, studies in demyelinating lesions demonstrate that inhibition of BMPs by
noggin or LDN193189, an intracellular inhibitor of BMP signaling, promotes oligodendrocyte
differentiation and improves chronic remyelination (Sabo et al., 2011; Govier-Cole et al., 2019).
Therefore, upregulation of BMP4 after SCI may contribute to a non-permissive niche for
oligodendrogenesis and remyelination. Currently, ramifications of BMP4 dysregulation on acute
secondary injury mechanisms in SCI remain largely unclear.

In the present study, in a clinically relevant model of contusive/compressive SCI in rats, we

have observed a robust and transient upregulation of the active form of BMP4 protein in acute
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phase of injury. We have used recombinant BMP4 peptide and two inhibitors of BMP signaling
(noggin and LDN193189) to study the role of BMP4 in rat SCI and primary in vitro models. We
demonstrate that BMP4 negatively regulates the differentiation and maturation of spinal cord
NPCs and OPCs into myelin-expressing oligodendrocytes in vitro. Inhibition of BMPs in acute
SCI can enhance oligodendrogenesis, oligodendrocyte preservation and myelin thickness in the
injured spinal cord. Importantly, upregulation of BMP4 is associated with lipid peroxidation and
caspase-3 mediated cell death in acute SCI, which can be remarkably ameliorated by noggin and
LDN193189 treatments. Moreover, BMP4 promotes astrocyte reactivity and induces their
production of inhibitory CSPGs, which can be attenuated by noggin and LDN193189. Despite the
beneficial effects of noggin and LDN193189 treatments, our studies indicated no long-term
improvement of functional recovery in chronic SCI. Collectively, our study identifies BMP4 as an
early regulator of oligodendrogenesis, cell death and astrocyte reactivity after SCI, and a potential

target for combinatorial approaches to improve remyelination in the injured spinal cord.

2.3 Materials and methods

2.3.1 Animals and animal care

All animal experimental protocols were approved by the Animal Ethics Committee of the
University of Manitoba in accordance with the policies established by the Canadian Council of
Animal Care (CCAC). A total of 105 female Sprague Dawley (SD) rats (250g) were used for SCI
studies (Table 2.1). For in vitro studies, we used 20 postnatal (1-3 days) SD rat pups for primary
cortical astrocytes and oligodendrocyte precursor cell cultures, and 4 time-pregnant SD rats for
embryonic day 18 (E18) primary cortical neuron cultures. Rats were provided by Central Animal

Care at the University of Manitoba. For primary spinal cord neural stem/progenitor cell cultures,
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a total of 20 adult mice (6-8 weeks of age, enhanced yellow fluorescent protein (YFP)-expressing
transgenic mice [strain129-Tg(ACTB-EYFP)2Nagy/J]) were used from a colony (CAG-EYFP Tg)
maintained at a local facility of the University of Manitoba, Winnipeg, Canada. The initial
founders of 129-Tg(ACTB-EYFP)2Nagy/J colony were generously provided by Dr. Andras Nagy
(Lunenfeld-Tanenbaum Research Institute, Toronto, Ontario, Canada). Animals were housed in
standard plastic cages and had easy access to soft paper bedding, food pellets and drinking water

under a 12 hr light/dark cycle.

Table 2.1. Number of animals per experimental group in SCI studies

Assessment
Time-point Experimental Group WB/SB IHC  Semi-thin Total
Uninjured 4 - - 4
1-day SCI-Untreated 4 4
3-day SCI-Untreated 4 4
5-day SCI-Untreated 4 4
3-day SCI-Vehicle 4 6 - 10
SCI-Noggin (1.2ug/day) 5 4 - 9
SCI-LDN193189 5 4 - 9
(1.25mg/day)
3-day SCI-Vehicle 4 7 - 11
SCI-Noggin (2.4ug/day) 4 6 - 10
SCI-LDN193189 4 5 - 9
(2.5mg/day)
10-weeks | SCI-Vehicle - 4 5 9
SCI-Noggin (2.4ug/day) - 4 5 9
SCI-LDN193189 - 4 5 9
(2.5mg/day)
Un-injured - - 4 4
Sum 105

WB/SB, Western or slot blot; IHC, immunohistochemistry

2.3.2 Rat model of compressive spinal cord injury

We used a clinically relevant model of clip-compression SCI in adult female rats (Dyck et al.,
2018; Gauthier et al., 2013; Karimi-Abdolrezaee et al., 2010; Karimi-Abdolrezaee et al., 2012;
Rivlin & Tator, 1977). Briefly, rats were deeply anesthetized under sterile conditions and the
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surgical area was shaved and sterilized with 70% ethanol and povidone iodine. The thoracic spinal
column (T4-T9) was exposed by a midline incision and retraction of skin and superficial muscle.
These animals were laminectomized (T6-8) and injury was induced by spinal cord compression at
the level of T7 for 1min using a 35g modified aneurysm clip (University Health Network, Toronto,
Ontario, Canada). After the clip was removed and the surgical wounds were sutured, pain was
mitigated by a pre-surgical injection of meloxicam (Metacam, Boehringer Ingelheim Burlington,
Ontario, Canada, 2mg/kg), a post-surgical injection of buprenorphine (Vetergesic, 0.03 mg/kg
Champion Alstoe Animal Health, Whitby, ON, Canada) and three additional doses of
buprenorphine with 8 hr intervals. To alleviate post-surgical dehydration, animals received
subcutaneous injections of 0.9% saline (5ml). Also, Clavamox® (Amoxicillin plus Clavulanic
Acid, Pfizer) was delivered orally via drinking water starting 2 days prior to surgery and up to 3
days post-operation to prevent trauma-induced hematuria and bladder infections. SCI rats received
daily inspections for signs of discomfort or illness, and their bladders were expressed three times

a day until they regained full urinary control.

2.3.3 SCI Experimental groups and treatments

Animals were randomly assigned to four experimental groups: (1) Uninjured control; (2)
SCI/vehicle control; (3) SCI/Noggin (received 1.2-2.4pg/day noggin (R&D Systems, 6057-NG)
in vehicle solution containing 0.1% bovine serum albumin, BSA, in 0.1M phosphate buffer saline,
PBS intrathecally delivered by mini osmotic pump implanted at time of injury (ALZET 1003D, 3-
day); and (4) SCI/LDNI193189, (received 1.25-2.5mg/day LDN193189 (Sigma-Aldrich,
SMLO0559) in 100% dimethyl sulfoxide, DMSO, diluted in 0.9% saline through two daily
subcutaneous injections). SCI/vehicle control group received noggin and LDN193189 vehicle

solution in the same manner. Animals also received one intraperitoneal injection of 5-bromo-2’-
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deoxyuridine, BrdU (50mg/kg, prepared in NaOH, filtered sterile) immediately following injury,
and additional injections every 12 hr until experimental end-point. A final injection of BrdU was
given 2 hr prior to experimental endpoint. Information on experimental groups, endpoints and

sample size can be found in Tables 2.1-2.2.

Table 2.2 Experimental paradigm for in vivo SCI studies

Treatment duration for chronic
SCI studies (D0-7)

SCI ‘ ‘
" Dayo  mmmm)  pay3  EEEN)  Dpay7  Semmmm)  Day70

Treatment duration for acute Immunohistochemistry Weekly Immunohistochemistry
SCI studies (day 0-3) Western and slot BB_B Semi-thin myelin
BrdU injections) ~ blotting scoring index analysis

Experimental groups:
1. Uninjured tissue
2. SCI + Vehicle
3. SCI + Noggin (1.2 or 2.4ug/day for acute studies; 2.4ug/day for chronic studies)
4. SCI+LDNI193189 (1.25 or 2.5mg/day for acute studies; 2.5mg/day for chronic studies)

Sample size: N = 3-7 rats/group for acute histological and molecular analyses, N = 9 rats/group for
chronic functional analysis (N=4 for histology, N=5 for semi-thin preparation)

2.3.4 Tissue processing

At each experimental endpoint, rats were deeply anesthetized and were transcardially perfused
with ice-cold 0.1M PBS. For Western and slot blot analysis, a Smm length of the spinal cord
centered at the injury epicenter was excised and homogenized in 1% NP40 buffer (Calbiochem,
492015) with SIGMAFAST™ protease (Sigma, S8820) and PhosSTOP phosphatase (Roche,
04906845001) inhibitors. For immunohistological analyses, SCI rats were perfused with ice-cold
2.5% paraformaldehyde (PFA) for tissue fixation and submerged in 10% sucrose in 2.5% PFA

overnight at 4°C for post-fixation and cryoprotection. Tissues underwent further cryoprotection in
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20% sucrose in PBS for two more days at 4°C. A 2cm section of spinal cord centered at the injury
epicenter was cut and embedded in optimal cutting temperature compound OCT (Tissue-Tek®,
Electron Microscopy Sciences, 102094) and frozen solid over dry ice. Tissues were cross-
sectioned by cryostat (Leica Biosystems GmbH) at a thickness of 35um, and serial sections were
mounted onto Superfrost® Plus Micro Slides (Fisher Scientific) and stored at -80°C until

immunostaining.

2.3.5 Immunohistochemistry on tissue sections

Frozen tissue sections were processed for immunohistological analysis and Luxol Fast Blue
(LFB) and Hematoxylin and Eosin (H&E) staining, as we previously described (Karimi-
Abdolrezaee et al., 2012; Alizadeh et al., 2017; Dyck et al., 2018). The sections were incubated
with primary antibodies overnight at 4°C (Table 2.3), followed by incubation with appropriate
secondary antibodies including goat anti-chicken 488, anti-mouse 568 or anti-rabbit 647 Alexa
Fluor (1:400; Invitrogen, Life Technologies Inc, ON, Canada) for 1 hr. In a double immunostaining
procedure, the tissue sections were treated with a second primary antibody and then incubated with
an appropriate secondary antibody. Following each incubation stage, tissue sections were washed
four times with 0.1M PBS for 10min. Finally, all slides were stained with 4,6-diamidino-2-
phenylindole (DAPI, Sigma D8417) for 30min at room temperature to identify cell nuclei, washed
and cover-slipped with Mowiol mounting media (Sigma, 81381). For BrdU immunodetection,
sections underwent acid pretreatment, blocking and antibody incubation as we previously
described (Gauthier et al., 2013a; Dyck et al., 2018; Kataria et al., 2018). In a double
immunostaining procedure, acid treatment and BrdU immunostaining were conducted last. In our

immunohistochemical procedures, the specificity of all antibodies was validated through
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implementation of negative controls (omitting primary antibody from staining protocol) and

positive controls (cells or tissues known to express the antigen).

Table 2.3. List of antibodies used for protein and immunostaining analysis

Antibody Targeted Species Application Dilution Factor Source (CAT#)
BMP4 Mouse WB 1:100 Santa Cruz (sc-12721)
IHC
BrdU Mouse IHC 1:400 BD Pharmigen (555627)
ICC 1:600
Btubulin-I1II | Mouse ICC 1:300 Sigma (T8660)
Cleaved Rabbit WB 1:1000 Cell Signaling (9664)
Caspase-3 ICC 1:150
CS56 Mouse SB 1:500 Sigma (C8035)
(CSPGs) IHC 1:150
E06 Mouse SB 1:1000 Avanti (330001S)
GAPDH Rabbit WB 1:1000 Santa Cruz (sc-47724)
GFAP Mouse WB 1:10,000 Sigma (G3893)
Rabbit ICC/THC 1:800/1:500 DAKO (Z0334)
Chicken IHC 1:500 AVES (GFAP)
HMGBI1 Rabbit WB 1:1000 Sigma (H9539)
Ibal Rabbit WB 1:1000 WAKO (016-20001)
Rabbit IHC 1:600 WAKO (019-19741)
IL-1B Rabbit WB 1:1000 Serotec (AAR15G)
MBP Rabbit ICC 1:500 Millipore (AB980)
Nestin Chicken ICC 1:600 AVES (NES)
NeuN Mouse IHC 1:150 Chemicon (MAB377)
NF200 Rabbit IHC 1:500 Sigma (N4142)
04 Mouse ICC 1:200 R&D (MAB1326)
Olig2 Rabbit IHC 1:500 Chemicon (AB9610)
ICC 1:1000
PDGFRp Rabbit IHC 1:100 Santa Cruz (sc-432)
pSmad1/5/8 | Rabbit WB 1:1000 Cell Signaling (D5B10)
ICC 1:800
TNFa Rabbit WB 1:1000 Serotec (AAR33)

WB, Western blot; SB, slot blot; IHC, immunohistochemistry; ICC, immunocytochemistry;
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2.3.6 Imaging and immunohistological analysis of SCI tissues

Co-immunostaining of GFAP, CS56 and Ibal was completed at injury epicenter and
perilesional tissue (+/- 1mm) in all SCI groups at 3 days post-injury (dpi) and 10 weeks post-injury
(wpi). Immunostaining of BMP4 was assessed up to 6mm rostral and caudal from injury epicenter
in both untreated and treated SCI rats at 3dpi. These analyses were conducted based on our
previously described protocol (Alizadeh et al., 2017). All tissue sections were processed in parallel
under identical conditions and imaged using Zeiss Axiolmager M2 fluorescence microscope
(Zeiss) with consistent exposure time. Each cross-section was imaged entirely using a 10x
objective with Zen tiling software (Zeiss). After background was automatically removed,
immunointensity above the threshold was quantified for each tissue cross-section using NIH
Imagel software (imagej.nig.gov), while excluding meninges. Immunointensity was normalized
to total area of the sections using the following formula: total immunointensity of tissue
section/total area of tissue section. Additionally, qualitative immunostaining of BMP4 was
conducted at 2mm caudal to injury epicenter with specific cell populations as labeled by GFAP
(astrocytes), NF200 (neurons), Olig2 (oligodendrocyte lineage), Ibal (microglia/macrophages),
and PDGFR-f (pericytes). Representative images were taken using a 63x oil-immersion objective,
and co-localization was confirmed by Z-stacking. All tissue quantification was completed by an

examiner who was blinded to experimental groups.

2.3.7 Assessment of proliferating and apoptotic cells in SCI tissue

Co-immunostaining of Olig2, GFAP and BrdU was conducted on spinal cord cross sections
to evaluate endogenous cell proliferation amongst oligodendroglia and astrocytes in acute (3dpi)
SCI. We performed this analysis at approximately 3mm rostral to the injury epicenter where all

injured rats had an intact central canal and ependymal layer, the region that endogenous NPCs
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reside. In each rat, we quantified an average cell count of approximately 400 DAPI+ cells. All
tissue sections were processed in parallel under identical conditions and imaged at 20x
magnification using Zeiss Axiolmager M2 fluorescence microscope (Zeiss). We quantified
proliferating astrocytes (GFAP+/BrdU+) and oligodendrocytes (Olig2+/BrdU+) relative to total
BrdU+ cells. We also studied cell preservation in non-BrdU labeled pre-existing astrocytes
(GFAP+/BrdU-) or oligodendrocytes (Olig2+/BrdU-) relative to total cells (DAPI+/BrdU-). All
analyses were completed by an examiner who was blinded to experimental groups. Co-
immunostaining of NeuN (neurons) or APC (oligodendrocytes) with cleaved caspase-3 (ClCasp3)
was conducted at 1 and 2mm rostral to injury epicenter in spinal cord cross sections at 3dpi to
evaluate apoptosis amongst neurons and oligodendroglia in acute SCI. All tissue sections were
processed as described above for assessment of cell proliferation. We quantified apoptotic neurons
(NeuN+/ClCasp3+/DAPI+) and oligodendrocytes (APC+/ClCasp3+/DAPI+) relative to total
neurons or oligodendrocytes (NeuN+/DAPI+ or APC+/DAPI+). In all cell quantifications, DAPI

was used to identify cell nuclei.

2.3.8 Semi-thin sectioning and tissue analysis

Semi-thin tissue analysis was performed in 10-week post-SCI rats as we previously described
(Kataria et al., 2018). G-ratio was defined as the ratio between the diameter of the axon and the
fiber diameter (including myelin sheath). For each rat, four regions (dorsal column, ventral column
and two laterals) were imaged independently at 1mm rostral to injury epicenter using 63x oil-
immersion objective with Zen tiling software (Zeiss). Ten digital images were captured of non-
overlapping microscope fields (375um?) randomly within each region, with a total of forty images
per animal. A grid was superimposed over each individual field using grid overlay feature of

ImagelJ software. The tile width was set to 250mm? resulting in 10 equidistant vertical lines. We
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counted and assessed the g-ratio of each axon that was crossed by a vertical line, and at least 500

axons were counted for each animal by an examiner blinded to their experimental group.

2.3.9 Neurological assessment by BBB open field locomotor scoring

Basso, Beattie, Bresnahan (BBB) locomotor rating scale was used to evaluate longitudinal
hindlimb motor function weekly up to 10wpi. Briefly, SCI rats were placed individually on a flat
and enclosed surface and permitted a few minutes to acclimatize to their surroundings. After
which, the 22-point (0-21) BBB scale was used to assess hindlimb locomotor recovery including
joint movements, stepping ability, coordination, and trunk stability. Rats were observed for 4-5
minutes and given a score denoting the degree of motor function. The tests were performed by two

examiners who were blinded to the animals’ treatments.

2.3.10 Histological assessment of chronic SCI lesion

For assessing tissue preservation in chronic SCI rats, we used LFB/H&E staining of serial
cross sections at Imm intervals that spanned the injury epicenter by up to 4mm rostrally and
caudally, and imaged each section using a 10x objective with Zeiss Axiolmager M2 and tiling
function of Zeiss Zen software. We quantified tissue preservation using NIH ImagelJ software as
follows: [(total area — cavity area) / total area] x 100 as we described previously (Alizadeh et al.,

2017).

2.3.11 Isolation, culture and treatment of primary spinal cord NPCs

NPCs were isolated from the spinal cords of adult YFP+-transgenic mice as previously
described (Meletis et al., 2008; Gauthier et al., 2013a; Dyck et al., 2015). Briefly, mice were deeply
anesthetized and euthanized by cervical dislocation. Segments of mouse spinal cord tissue were

digested and triturated in papain enzymatic mixture (37°C for 50 min) by fire polished Pasteur

- 56 -



pipette. After a brief centrifugation, cells were resuspended in papain inhibitor solution
(Worthington Biochemical Corp., LK003160) and filtered through a 70um strainer and a 7.5%
BSA gradient solution in 0.1M sterile PBS. Cells were resuspended in neurobasal growth media
and seeded on uncoated T25 flask. Resulting neurospheres were passaged weekly by mechanical
dissociation in the same media.

For BMP4 experimentation, dissociated NPCs from passages 3-7 (P3-7) were plated at 10-
20x10°* cells per well onto 8-well glass multi-chambers (LabTek II, Fisher, 125658) coated with
matrigel (VWR, CACB354230). NPCs were maintained in fresh growth media overnight and
switched to basal serum (1% fetal bovine serum; FBS) or serum-free and growth factor-free media
with or without treatment for 1-, 2-, 5- or 7-days, with half of their media volume refreshed every
2-3 days. Treatments included BMP4 (10-150ng/ml) (rhBMP4; ABM, Z100105; ddH>O + 0.1%
BSA) with or without noggin (50-150ng/ml) or LDN193189 (50nM-1.5uM). Prior to treating cells,
noggin and BMP4 were incubated together in media for 10 min at 37°C to optimize associative
inhibition. Additionally, cells were pre-treated with LDN193189 alone for 30min at 37°C to
promote cellular uptake and binding to BMP Type 1 receptors. After 30 min, the media was
completely refreshed with treatment LDN193189 media including BMP4. NPCs proliferation was
assessed under control or BMP4 conditions for 48 hrs using BrdU (20uM), which was added to
media for the final 24 hrs. To assess cell viability, NPCs were treated with control (basal media,
DMSO), and BMP4 (50-150ng/ml) or LDN193189 treatment (50nM-1.5uM) for 24 hrs. We
evaluated cell viability either by LIVE/DEAD assay (LIVE/DEAD® Viability/Cytotoxicity Kit;
Thermo Fisher, 1.3224) or WST-8 assay (CCK-8, Dojindo Molecular Technologies Inc., CK04)
according to the manufacturer’s instructions. Images of 8-10 randomly chosen fields were taken

under 20% objective with a Zeiss fluorescent microscope with 494 nm (green, Calcein) and 528
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nm (red, EthD-1) excitation filters. For analysis, the percentage of live cells was determined by
quantifying the total number of LIVE (green) cells compared with the total number of LIVE
(green) and DEAD (red) cells in analyzed fields as we described previously (Dyck et al., 2019).
For WST-8 assay, CCK-8 reagent was added directly to NPC media in 96-well plates and
incubated at 37°C for 4 hr. Absorbance was measured at 450nm using a Synergy™ H1 hybrid

multi-mode 96-well plate reader. Media alone (no cells) served as blank control.

2.3.12 Isolation, culture and activation of primary cortical astrocytes

Primary glial cells were isolated from cortices of postnatal SD rats (P1-3) as we described
previously (Alizadeh et al., 2017). Rat pups were deeply anesthetized by isoflurane inhalation,
sterilized with 70% ethanol and euthanized by decapitation. Cortices were mechanically
dissociated and seeded at low-density in uncoated T75 flasks with 20% horse serum media for one
day, after which they were switched to astrocyte DMEM selection media with 5% horse serum
(supplemented with 1M sorbitol, L-glutamine, PSN). Astrocytes were maintained for ten days,
with half the media refreshed every three days, prior to being switched to glucose media with 5%
horse serum until fully confluent (approximately 21 days post-culture). To reduce microglial
contamination, astrocyte cultures were shaken for 6 hr at 37°C and media was completely
discarded and refreshed to remove floating microglia. Then, purified astrocytes were seeded onto
uncoated six-well plates. Once astrocytes reached 70-80% confluency, they were serum-deprived
overnight prior to 3-day treatment with either BMP4 (25-100ng/ml), noggin (150ng/ml),
LDN193189 (100-250nM), TGFp (25ng/ml) (rhTGFB; R&D Systems, 240-B) or interleukin-13

(IL-1B, 50ng/ml) (rrIL-1B; R&D Systems, 501-RL-010) and tumour necrosis factor-o (TNFa,
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50ng/ml) (rr'TNFa; Shenandoah, 300-18) following protocols as described above for cultured

NPCs.

2.3.13 Isolation, culture and treatment of primary cortical oligodendrocyte precursor cells
Primary OPCs were derived from cortices of postnatal SD rats (P1-3), as described previously
(Kataria et al., 2018; Dyck et al., 2019). Briefly, the cortices were minced and incubated in papain
solution for 1.5 hr at 37°C, and cells were isolated as previously described above for NPCs. The
cells were resuspended in DMEM-FBS media (20% FBS, sodium pyruvate (Invitrogen, 11360-
070), L-glutamine and PSN) and seeded onto T75 flasks. Media was completely refreshed every
2-3 days up to time of confluency at 10 days post-culture. Confluent mixed cultures were shaken
at 200rpm for 1 hr at 37°C, discarding and refreshing media to remove dislodged microglia, and
shaking continued overnight (18-20 hr) at 200rpm and 37°C. Suspended cells were collected,
passed through a 40um filter and centrifuged at 1500rpm for 10 min. Cells were seeded at 1x10*
cells/cm? in OPC DMEM growth media onto PDL-coated 8-well glass multi-chambers and
maintained for 7-days in culture, with half the media being refreshed every 2-3 days. To evaluate
maturation of OPCs into myelinating oligodendrocytes, cultured OPCs were treated for 7-days
with or without BMP4 (10-100ng/ml) in basal media including T3 (3,3',5-Triiodo-L-thyronine
sodium salt; Sigma-Aldrich, T6397). To evaluate cell death, mature oligodendrocytes underwent

a 24 hr treatment with identical conditions and protocols as described above.

2.3.14 Isolation, culture and treatment of primary cortical neurons
Primary cortical neurons were derived from cortices of embryonic (E18) SD rat. Cortices were

isolated and incubated in papain solution for 15-20 min at 37°C. Then, the supernatant was
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discarded and tissues were resuspended in Iml aCSF and 1x DNase (Sigma, D5025) and
mechanically dissociated by fire polished Pasteur pipette. Enzymatic activity was neutralized by
adding Iml FBS and cells were filtered through a 40um strainer. The cells were diluted in Sml
neuronal media consisting of Neurobasal-A (Gibco, 10888-022), 1% B27 supplement (Gibco,
17504-044), PSN and L-glutamine, followed by a brief centrifugation. Cells were seeded at 1x10°
cells/well into PDL-coated 8-well glass multi-chambers and maintained for 7-days in culture, with
half the media being refreshed every 2-3 days. Cortical neurons underwent a 3-day treatment, with

identical conditions and protocols as described above.

2.3.15 Immunostaining procedures for in vitro cultures

Cultured cells were fixed with 3% PFA for 20 min and washed with PBS at room temperature.
The cultures were blocked and incubated with antibodies in identical solution described for in vivo
immunohistological analyses with the exclusion of Triton-X (0.3%) for secondary antibody
incubations. The only exceptions were Smad1/5/8 phosphorylation in NPCs and cleaved caspase-
3 in cortical neurons and oligodendrocytes. Smadl/5/8 phosphorylation required a 10min
incubation with cold methanol (MeOH, 100%) at -20°C following PFA fixation, blocking with 5%
normal goat serum (NGS) and 0.3% Triton-X, and pSmad1/5/8 antibody incubation in 1% BSA
and 0.3% Triton-X. Cleaved caspase-3 antibody required blocking in 5% NGS and antibody
incubation in 1% BSA and 0.3% Triton-X. All relevant details pertaining to primary antibodies
are provided in Table 3. For all immunocytological assays, fluorescence images of 4-8 random
fields were taken with 10-20x magnification, respectively. Overall, a minimum of 200 cells were

counted for each condition.
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2.3.16 Western and slot blotting

Protein content was determined in spinal cord tissue, cell lysate and conditioned media by
Lowry assay (Sigma, L.3540). For Western blotting, a total of 10-40ug per sample was loaded onto
10-15% Tris-glycine gels and transferred onto nitrocellulose or polyvinyl fluoride (PVDF)
membranes using Trans-Blot® Turbo Transfer system (BioRad, 2.5V for 10min). Membranes
were blocked for 1 hr at room temperature with either 5% non-fat milk or BSA in Tween-20 Tris-
buffered saline (0.2% TBST) and incubated for 2 hr at room temperature or overnight at 4°C with
primary antibodies diluted in blocking solution (Table 3). Membranes were washed and incubated
with horseradish peroxidase-conjugated (HRP) goat anti-mouse or -rabbit secondary antibodies
(1:4000) for 1 hr at room temperature. For slot blot analysis, 3-10ug of protein from spinal cord
tissue or astrocyte conditioned media was loaded onto nitrocellulose membrane using the Bio-
Dot® slot blot system and similar blocking and antibody incubation protocols as described above.
Slot blot analysis was used to evaluate CSPGs expression and lipid peroxidation, as it is a more
suitable analysis for these markers (Zhang et al., 2014; Alizadeh et al., 2017; Dyck et al., 2018).
For Western and slot blot analyses, targeted bands were detected with Clarity™ Western ECL
substrate (BioRad, 1705060) using MicroChemi 4.2 (DNR Bio-imaging Systems) following
manufacturer’s specifications. Densitometry analysis of protein bands was conducted using NIH
Imagel software. To control for variances in protein loading, results were normalized to total

protein (Ponceau stain) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression.

2.3.17 Statistical analysis and randomization
Statistical analysis was completed for all in vitro and in vivo assessments using SigmaStat

software. Student t-test or One-Way ANOVA followed by Holm-Sidak post hoc was used to
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determine significance between two or more treatment groups. For SCI immunohistological and
behavioural analyses, we employed Two Way ANOVA repeated measures followed by Holm-
Sidak post hoc. Student test was used to determine significance for semi-thin g-ratio analysis
between untreated and treated groups. Significance was noted if *p<0.05. All data is expressed as
mean + standard error of mean (SEM). To ensure integrity of results, proper blinding and

randomization was applied for all assessments.

2.4 Results

2.4.1 Active BMP4 expression is transiently upregulated in acute SCI

In a clinically relevant model of mid-thoracic compressive/contusive SCI in the rat (Karimi-
Abdolrezaee et al., 2006; Karimi-Abdolrezaee et al., 2010; Alizadeh et al., 2017; Dyck et al.,
2018), we demonstrate that SCI results in acute and transient upregulation of BMP4 protein in the
injured spinal cord. We conducted a time-point analysis for protein expression of pro- and active
forms of BMP4 at 1-, 3- and 5-days post-injury (dpi), which represent acute phase of injury in our
rat SCI model. Our Western blot analysis, on spinal cord homogenate of a Smm length of the spinal
cord centered at the injury epicenter, showed temporally distinct expression profiles for pro- and
active BMP4 levels. While our analysis of injured spinal cord tissue showed a slight but
insignificant increase in expression of pro-BMP4 up to 5dpi relative to uninjured tissue (Fig. 2.1A),
there was a pronounced and significant increase in active form of BMP4 protein at 1dpi that peaked
at 3dpi (3.2-fold) and returned to its basal levels by 5dpi (Fig. 2.1B). Immunohistological staining
of spinal cord cross sections at 3dpi showed that BMP4 expression was widely distributed at the
injury epicenter and adjacent segments (Fig. 2.1C). Interestingly, in areas farther from the injury

epicenter (3mm rostral and caudal points), upregulated level of BMP4 was predominantly confined
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to the gray matter regions. In uninjured segments of the spinal cord (6bmm from the injury
epicenter), BMP4 expression was negligibly detected. These immunohistochemical data
confirmed the specificity of our Western blot data, showing upregulated BMP4 within the injured
spinal cord tissue. Our co-immunostaining between BMP4 and various cell markers in the injured
spinal cord at 3dpi showed that BMP4 expression was localized predominantly in astrocytes
(GFAP+), neurons (NF200+), and oligodendroglia (Olig2+) (Fig. 2.1D-M). There was negligible
co-localization of BMP4 with microglia/macrophages (Ibal+) or pericytes (PDGFRpB+) (Fig.
2.1IN-S). Co-localization and specificity of BMP4 to each cell-type was verified by Z-stacking
analysis, as illustrated with astrocytes (Fig. 2.1G). Our parallel in vivo experiments also showed a
significant increase of BMP4 protein in conditioned media of activated astrocytes after 72 hr
treatment with IL-1B and TNFa (Fig. 2.1T), two prominent pro-inflammatory cytokines that
potentiate reactive astrogliosis in acute SCI (Barna et al., 1990; Herx and Yong, 2001; Yang et al.,
2005). These in vivo and in vitro data indicate that activated astrocytes contribute to BMP4
upregulation after SCI. Lastly, we conducted a time-point analysis of phosphorylated Smad1/5/8,
the canonical signaling pathway for BMP ligands, in the injured spinal cord tissue by Western blot.
We found a significant increase in Smad1/5/8 phosphorylation at 3dpi, which remained elevated

up to 5dpi (Fig. 2.1U), confirming increased activation of BMP signaling in acute SCI.

- 63 -



Figure 2.1. Active form of BMP4 protein is transiently upregulated in acute SCI in the rat.
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Figure 2.1. Active form of BMP4 protein is transiently upregulated in acute SCI in the rat.
(A-B) Temporal expression of pro- and active forms of BMP4 protein were analyzed in rat
contusive/compressive SCI at 1-, 3- and 5-days post-SCI using Western blotting on Smm of spinal
cord homogenate centered at the injury epicenter. While pro-BMP4 remained relatively unchanged
in all experimental groups compared to uninjured (Uninj) spinal cord (A), active BMP4 was
transiently and significantly upregulated between 1-3dpi and returned to its basal levels by 5dpi
(B). N=3 rats/time point. Data represented as mean + SEM expressed as fold change normalized
to uninjured group, *p<0.05, One Way ANOVA followed by Holm-Sidak post hoc test. (C)
Immunohistological analysis in serial cross sections (epicenter+/-6mm) of the injured spinal cord
confirmed upregulation of BMP4 expression at the epicenter and perilesional areas in both gray
and white matter. BMP4 immunointensity was highest at the injury epicenter and declined in more
distal sections. (D-S) Representative immunostaining of the injured spinal cord at 3dpi showed co-
localization of BMP4 with astrocytes (GFAP+, D-G), neurons (NF200+, H-J), and oligodendroglia
(Olig2+, K-M) at 2mm caudal to injury epicenter, while microglia/macrophages (Ibal+, N-P) and
pericytes (PDGFRB+, Q-S) showed negligible expression of BMP4. Representative images of
neurons and non-neuronal cells were taken in gray and white matter, respectively. (T) Western
blot analysis of BMP4 in conditioned media from primary astrocytes treated with pro-
inflammatory cytokines, IL-18 and TNFa (50ng/ml), showed increased BMP4 expression in
reactive astrocytes at 3-days post-treatment. N=5 independent experiments. Data represented as
mean + SEM expressed as fold change normalized to treated group. *p<0.05, Student t-test. (U)
Western blot analysis for phosphorylated Smad1/5/8, the canonical signaling pathway of BMP
ligands, in the injured spinal cord tissue showed a significant increase relative to the uninjured

spinal cord tissue, which peaked as early as 3dpi and remained elevated up to 5dpi. GAPDH was
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used as a loading control for Western blot analysis, and results are shown as fold change relative
to uninjured tissues. N=4 rats/time point. Data represented as mean + SEM expressed as fold

change normalized to uninjured group, *p<0.05, Student t-test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.

2.4.2 BMP4 reduces proliferation of spinal cord NPCs and promotes their differentiation

into astrocytes in vitro

In the developing CNS, BMP4 modulates proliferation and astrocyte differentiation of
embryonic and adult rodent NPCs from the sub-ventricular zone (SVZ) (D'Alessandro and Wang,
1994; Samanta and Kessler, 2004) and human fetal spinal cord (Weible and Tailoi, 2007).
Following SCI, our group and others have shown that activated NPCs are biased towards an
astrocytic fate within the injury microenvironment (Meletis et al., 2008; Barnabé-Heider et al.,
2010; Karimi-Abdolrezaee et al., 2012). Thus, we asked whether upregulation of BMP4 may direct
astrocyte differentiation of endogenous spinal cord precursor cells in the injured spinal cord. To
this end, we confirmed that BMP4 significantly reduced proliferation of primary spinal cord
derived NPCs in vitro, and promoted their differentiation into astrocytes. After 2-day treatment,
BMP4 (50-100ng/ml) significantly reduced the percentage of BrdU-labeled proliferating NPCs in
a concentration dependent manner (15-26% BrdU+/DAPI+) relative to serum-free control
condition (50%) (Fig. 2.2A-D). After 5 days under serum-free control condition, we found that
23% of NPCs differentiated into astrocytes (GFAP+/DAPI+), while 68% remained

undifferentiated (Nestin+/DAPI+) (Fig. 2.2E-O). Inversely, BMP4 (50-100ng/ml) significantly
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increased the percentage of GFAP+ astrocytes (85-87%) relative to control, with few NPCs
remaining undifferentiated Nestin+ (5-9%). For oligodendrogenesis, presence of BMP4 reduced
fate specification of NPCs towards an oligodendrocyte lineage (Olig2+). Under baseline control
condition (1% FBS), after 7-day differentiation, we found that 10% of NPCs differentiated into
Olig2+/DAPI+ cells, which was significantly reduced to 1.9% and 1.3% under 50 and 100ng/ml
BMP4, respectively (Fig. 2.2P-X). Interestingly, our analysis of NPC viability using a
LIVE/DEAD assay indicated that BMP4 (50-150ng/ml) had no effect on cell survival as the
number of live (Calcein-AM+, green) and dead (ethidium homodimer-1+, red) cells remained
unchanged after 24 hr relative to control condition under all examined concentrations of BMP4

(50, 100, 150 ng/ml) (Supplemental Fig. 2.1A-F).
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Fig. 2.2. BMP4 reduces proliferation and promotes astrocyte differentiation of spinal cord

NPCs in vitro.
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Figure 2.2. BMP4 reduces proliferation and promotes astrocyte differentiation of spinal cord
NPC:s in vitro. Quantitative immunofluorescent analysis of proliferation (A-D) and differentiation
(E-X) of primary spinal cord derived NPCs treated with BMP4 (10-100ng/ml) is depicted. (A-D)
When NPCs were treated with BMP4 (50-100ng/ml) for 2 days, the percentage of BrdU+
proliferative NPCs to the total DAPI+ (for nuclei) cells was significantly reduced in a
concentration dependent manner relative to untreated (control) NPCs. (E-O) BMP4 (50-100ng/ml)
increased the percentage of differentiated astrocytes (GFAP+) relative to untreated control NPCs
(E), which coincided with a decrease in the percentage of undifferentiated NPCs (GFAP-/Nestin+)
(F). (P-X) BMP4 (50-100ng/ml) also decreased the percentage of differentiated oligodendrocytes
(GFAP-/Olig2+) relative to control NPCs. All markers were analyzed as a percentage of total cells
(DAPI+). N=3 independent experiment. Data represented as mean percentage + SEM, *p<0.05,

One Way ANOVA followed by Holm-Sidak post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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Supplemental Figure 2.1. Proof-of-concept data that BMP4 is not cytotoxic to spinal cord
NPCs in vitro and LDN193189 at 250 nM inhibits BMP4-signaling without significant

cytotoxicity to spinal cord NPCs in vitro.
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Supplemental Figure 2.1. Proof-of-concept data that BMP4 is not cytotoxic to spinal cord
NPCs in vitro and LDN193189 at 250 nM inhibits BMP4-signaling without significant
cytotoxicity to spinal cord NPCs in vitro. (A-F) Cell viability was assessed in spinal cord NPCs
after 24 h treatment with BMP4 (50-150 ng/ml) by LIVE/DEAD assay. We found no significant
change in the number of live (Calcein AM+, green) or dead cells (ethidium homodimer-1+, red)
in BMP4-treated NPCs at any examined concentration relative to untreated control condition. N =
3 independent experiments. (G) Western blot analysis of Smadl/5/8 phosphorylation was
performed in cell lysate of spinal cord NPCs treated with BMP4 (50 ng/ml) with or without
LDN193189 (50-250 nM) after 1 h treatment. Smad1/5/8 phosphorylation was attenuated in NPCs
treated with BMP4 and LDN193189 (50-250 nM) in a dose-dependent manner. N = 3 independent
experiments. GAPDH was used as a loading control. (H) Cell viability was evaluated using WST-
8 assay in spinal cord NPCs treated with LDN193189 (50 nM-1.5 uM) relative to control (base
media) or DMSO vehicle (250 nM) after 24 h treatment. Cell viability was decreased in NPCs
treated with LDN193189 at concentrations exceeding 500 nM relative to control. N = 3
independent experiments. Data shown as mean + SEM expressed as fold change relative to basal
control or BMP4-treated groups. *p<.05, One Way ANOVA followed by Holm-Sidak post hoc

test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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2.4.3 Noggin and LDN193189 attenuate BMP4-mediated astrocyte differentiation and

Smad1/5/8 signaling in primary spinal cord derived NPCs in vitro

Next, we validated the efficacy of two inhibitors, noggin and LDN193189, in attenuating
BMP4-specific effects using our primary spinal cord NPC culture system. Noggin is a well-known
tissue inhibitor of BMP ligands (McMahon et al., 1998; Lim et al., 2000), while LDN193189
inhibits BMP signaling by targeting BMP type 1 receptors (Boergermann et al., 2010). Our
immunostaining confirmed that noggin and LDN193189 treatments successfully attenuated BMP4
mediated increase of astrocyte differentiation in spinal cord NPCs in vitro (Supplemental Fig.
2.2A-G). Co-treatment of noggin (150ng/ml) with BMP4 (50ng/ml) at a ratio of 3:1 was able to
reverse BMP4-mediated increase in astrocyte differentiation of NPCs to the control basal level in
a concentration-dependent manner (11% GFAP+/DAPI+) relative to BMP4 (50ng/ml) alone (62%
GFAP+/DAPI+) (Supplemental Fig. 2.2E). Therefore, this noggin:BMP4 ratio (3:1) was utilized
in all in vitro analyses. Likewise, LDN193189 (250nM) attenuated BMP4-mediated increase in
astrocyte differentiation (24% GFAP+/DAPI+) relative to BMP4 alone (Supplemental Fig. 2.2G).
Of note, the concentration of LDN193189 (250nM) was selected based on its efficacy in inhibiting
BMP4-mediated astrocyte differentiation and Smad1/5/8 phosphorylation without inducing
cytotoxicity (Supplemental Fig. 2.1G-H). Additionally, we confirmed specificity of LDN193189
and noggin treatments in suppressing BMP4 function in NPCs by assessing downstream
Smad1/5/8 phosphorylation (Supplemental Fig. 2.2H-L). Our immunocytochemical analysis for
Smad1/5/8 phosphorylation revealed that LDN193189 (250nM) or noggin (150ng/ml) co-
treatment with BMP4 dramatically reduced the percentage of pSmad1/5/8+/DAPI+ NPCs (8% and

4%, respectively) relative to BMP4 (50ng/ml) alone (99%), confirming their efficacy in inhibiting
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BMP4 function (Supplemental Fig. 2.2J-L). Based on these data, noggin and LDN193189 were

determined to be suitable pharmacological approaches for targeting BMP4 in at SCI.

Supplemental Figure 2.2. Noggin and LDN193189 attenuate BMP4-mediated astrocyte

differentiation and Smad1/5/8 signaling activation in cultured NPCs.
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Supplemental Figure 2.2. Noggin and LDN193189 attenuate BMP4-mediated astrocyte
differentiation and Smad1/5/8 signaling activation in cultured NPCs. (A-G) Quantitative
immunocytochemical analysis was completed in cultures of spinal cord NPCs to evaluate the
efficacy of noggin (50, 100, or 150 ng/ml) and LDN193189 (250 nM) in inhibition of BMP4-
induced (50 ng/ml) astrocyte differentiation at 5 days post-treatment. (A) BMP4 significantly
increased the percentage of differentiated GFAP+ astrocytes relative to basal control. Noggin
treatment significantly attenuated BMP4-mediated astrocyte differentiation only when co-treated
at aratio of 3:1 (150 ng/ml noggin: 50 ng/ml BMP4). (E) Representative image indicates noggin-
mediated attenuation in astrocyte differentiation of NPCs as confirmed by a decrease in GFAP
expressing astrocytes. (G) LDN193189 (250 nM) pre- and co-treatment with BMP4 also
significantly attenuated astrocyte differentiation in NPCs relative to BMP4 alone. (H-L)
Immunocytochemical analysis confirmed that BMP4 (50 ng/ml) induced Smadl/5/8
phosphorylation in all spinal cord NPCs after 1 h treatment (H), which was significantly attenuated
when combined with LDN193189 (250 nM) or noggin (150 ng/ml) (K-L). N = 3 independent
experiment. All data represented as mean percentage + SEM, *p<.05, One Way ANOVA followed

by Holm-Sidak post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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2.4.4 Administration of LDN193189 attenuates active BMP4 expression in acute SCI

We employed noggin and LDN193189 to determine the impact of BMP4 upregulation in acute
SCI. We evaluated two doses of noggin (1.2 or 2.4pg/day) and LDN193189 (1.25 or 2.5mg/day)
and analyzed the acute outcomes of injury at 3dpi relative to uninjured and vehicle treated SCI
groups. Of note, 3dpi represents the timepoint when active BMP4 was found significantly
upregulated in our rat SCI (Fig. 2.1B). Our Western blot analyses showed that noggin and
LDN193189 treatments differentially modulate expression of active BMP4 in the injured spinal
cord (Fig. 2.3A-B). Intriguingly, both doses of LDN193189 treatment significantly attenuated
active BMP4 expression by 80% relative to vehicle group, while neither dose of noggin had any
effect (Fig. 2.3A-B). Lastly, complementary immunohistochemical analysis reaffirmed that
LDN193189 treatment (2.5mg/day) significantly attenuated BMP4 immunointensity in the injured
spinal cord at 1.5 mm rostral and all the examined caudal points (1.5, 3 and 4.5 mm) to injury

epicenter relative to vehicle SCI group (Fig. 2.3C-S).
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Fig. 2.3. Systemic LDN193189 treatment attenuates active BMP4 expression in the injured

spinal cord.
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Figure 2.3. Systemic LDN193189 treatment attenuates active BMP4 expression in the injured
spinal cord. (A-B) Western blot analysis of active BMP4 protein was performed on tissue
homogenate of the injured spinal cord from SCI untreated (Vehicle), SCl/noggin-treated (1.2 or
2.4ug/day) and SCI/LDN193189-treated (1.25 or 2.5mg/day) groups at 3 days post-injury (3dpi)
relative to uninjured (Uninj) tissue. Both doses of LDN193189 significantly decreased expression
of active BMP4 relative to vehicle group, while noggin had no significant effect (A-B). N=3-5
rats/treatment. Data shown as mean + SEM expressed as fold change normalized to vehicle group.
*p<0.05, One Way ANOVA followed by Holm-Sidak post hoc test. (C-S) Quantitative
immunostaining of BMP4 was performed on spinal cord tissue serial cross sections
(epicenter+4.5mm) of SCI untreated (Vehicle), SCl/noggin-treated (2.4ug/day) and
SCI/LDN193189-treated (2.5mg/day) rats at 3dpi. BMP4 immunointensity was significantly
reduced in the injured spinal cord tissue with LDN193189 treatment near and caudal to lesion
epicenter relative to vehicle group (S). N=5-7 rats/treatment. Data shown as average optical density

+ SEM. *p<0.05, Two Way ANOVA followed by Holm-Sidak post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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2.4.5 Noggin and LDN193189 treatments promote oligodendrogenesis in acute rat SCI

BMP4 is known to inhibit oligodendrocyte differentiation in NPCs and maturation of OPCs in
the developing CNS (Mekki-Dauriac et al., 2002; Samanta and Kessler, 2004; Bilican et al., 2008).
Here, using noggin and LDN193189, we sought to examine whether upregulated level of BMP4
in acute SCI influences oligodendrogenesis in the injured spinal cord. We used thymidine analog
BrdU to label cells that had divided during the treatment period after SCI. We quantified the
number of BrdU labeled oligodendroglia (BrdU+/Olig2+) and astrocytes (BrdU+/GFAP+) in the
injured spinal cord of vehicle, noggin and LDN193189 treated SCI rats at 3dpi (Fig. 2.4A-D). Our
analyses identified that noggin (1.2ug/day) treatment significantly increased oligodendrogenesis
(Olig2+/BrdU+) by 3.6-fold relative to vehicle group (Fig. 2.4E). LDN193189 (1.25mg/day) and
noggin (2.4ug/day) treatments also enhanced preservation of existing non-BrdU labeled
oligodendrocytes (Olig2+/BrdU-) by 2.7- and 1.5-fold respectively, compared to vehicle treated
group (Fig. 2.4G-H). Our quantification revealed no effect of noggin and LDN193189 treatment
on proliferating astrocytes (GFAP+/BrdU+) (Fig. 2.41-J); however, LDN193189 (2.5mg/day)
increased non-proliferating astrocytes (GFAP+/BrdU-) by 1.6-fold relative to untreated (vehicle)
SCI rats (Fig. 2.4L). These data suggest upregulation of BMP4 seems to limit oligodendrogenesis

in the spinal cord during acute phase of SCI.
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Figure 2.4. Administration of noggin and LDN193189 increases oligodendrogenesis in acute

SCI.
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Figure 2.4. Administration of noggin and LDN193189 increases oligodendrogenesis in acute
SCI. (A-L) Quantitative immunohistological analysis of endogenous cell differentiation was
performed on spinal cord cross sections at 3.5mm rostral to injury epicenter of SCI/Vehicle,
SCI/noggin-treated (1.2 or 2.4ug/day) and SCI/LDN193189-treated (1.25 or 2.5mg/day) groups at
3 days post-injury (3dpi). (A-D) Representative immunostaining shows co-localization of BrdU
with astrocytes (GFAP+, arrow) or oligodendroglia (Olig2+, flared arrow) in the injured spinal
cord. The proportion of BrdU+-labeled oligodendroglia was significantly increased with noggin
(1.2ug/day) treatment relative to vehicle group (E). Oligodendrocyte preservation (BrdU-/Olig2+)
was also enhanced with LDN193189 (1.25mg/day) and noggin (2.4ug/day) treatments (G-H). We
found no significant changes in the proportion of BrdU+ proliferating astrocytes (BrdU+/GFAP+)
(I-J), but LDN193189 (2.5mg/day) treatment seemed to increase existing astrocytes (BrdU-
/GFAP+) relative to vehicle group (L). N=3-6 rats/treatment. Data represented as mean + SEM
expressed as fold change normalized to vehicle group. *p<0.05. Student t-test between vehicle and

each treatment group.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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2.4.6 Acute upregulation of BMP4 activity contributes to increased CSPG expression in rat

SCI

BMP4 is known for its role in promoting astrocyte differentiation in the developing CNS
(Gross et al., 1996). Evidence also suggests BMP4 modulates reactive astrogliosis and integrity of
the glial scar in rodent models of SCI and demyelinating spinal cord lesions (Fuller et al., 2007,
Sahni et al., 2010). Availability of BMP4 is shown to potentiate expression of CSPGs in mature
astrocyte cultures and following direct injection into the rat spinal cord (Fuller et al., 2007). Here,
we examined whether upregulated levels of endogenous BMP4 contribute to astrogliosis and
production of inhibitory CSPGs in acute SCI. Western blot analysis of astrocytes at 3dpi showed
no apparent changes in GFAP expression in the injured spinal cord after LDN193189 and noggin
treatment compared to vehicle group (Fig. 2.5A-B). Our slot blot analysis of spinal cord tissue
indicated that CSPG production was significantly increased in the SCI lesion in vehicle group at
3dpi relative to uninjured tissue. Interestingly, noggin (1.2ug/day) and LDN193189 (1.25 and
2.5mg/day) treatments attenuated this response by 38%, 57% and 53%, respectively (Fig. 2.5C-
D). Furthermore, our complementary immunohistochemical analysis of CSPG protein expression
showed that noggin (1.2 and 2.4ug/day) and LDN193189 (1.25mg/day) significantly reduced
CSPG immunointensity at the injury epicenter and/or adjacent regions rostrally and caudally
relative to vehicle group (Fig. 2.5E-R). In agreement with our SCI experiments, our
complementary in vitro analysis in primary astrocyte cultures showed that BMP4 (25-100ng/ml)
treatment had no significant effects on GFAP expression after 72 hr treatment relative to control
(Fig. 2.5S). However, exposure to BMP4 significantly increased CSPG production in astrocytes
by 2-2.5-fold (Fig. 2.5T-U), which was entirely returned to its normal levels with noggin

(150ng/ml) and LDN193189 (100-250nM) co-treatments (Fig. 2.5T-U). Since BMPs are members
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of the same superfamily as TGFf (Kingsley, 1994), a classical inducer of CSPG production in
astrocytes (Schachtrup et al., 2010; Jahan and Hannila, 2015), we next examined whether noggin
and LDN193189 had any effects on TGFP mediated increase of CSPG production in astrocytes
(Fig. 2.5V). We found no apparent effects of LDN193189 on TGFp function, indicating the
specificity of BMP4 effects in these experiments. Collectively, our findings suggest that while
BMP4 is not a major contributor to astrogliosis, its increase specifically contributes to the
upregulation of CSPGs by reactive astrocytes in the acute phase of SCI.

Given that transient upregulation of active BMP4 expression coincides with the start of robust
microgliosis and macrophage accumulation in rat SCI (Alizadeh et al., 2018; Dyck et al., 2018),
we also examined markers of inflammation at 3dpi in vehicle, noggin- and LDN193189-treated
groups relative to uninjured spinal cord. Our Western blot analysis of the injured spinal cord
showed a significant increase in Ibal expression (a marker of microglia/macrophages) in vehicle
group relative to uninjured tissue, which was attenuated with LDN193189 (1.25 and 2.5mg/day)
treatment by 50% and 46%, respectively, relative to vehicle SCI group (Supplemental Fig. 2.3A-
B). Analysis of pro-inflammatory cytokines, tumour necrosis factor-a (TNFa) and interleukin-1§
(IL-1pB), showed induced expression of these cytokines after SCI in our vehicle group at 3dpi
relative to uninjured tissue, as expected (Supplemental Fig. 2.3C-F). However, neither dose of
noggin nor LDN193189 had any significant effect on these pro-inflammatory cytokines,

suggesting that BMPs do not play a significant role in modulating acute inflammation in rat SCI.
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Figure 2.5. Noggin and LDN193189 treatments attenuate injury-induced upregulation of

CSPGsinr

at SCI.
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Figure 2.5. Noggin and LDN193189 treatments attenuate injury-induced upregulation of
CSPGs in rat SCI. (A-B) Western blot analysis of GFAP expression was performed on tissue
homogenate of the injured spinal cord from SCI/Vehicle, SCI/noggin-treated (1.2 or 2.4ug/day)
and SCI/LDN193189-treated (1.25 or 2.5mg/day) groups at 3 days post-injury (3dpi) relative to
uninjured (Uninj) tissue. GFAP expression was increased in vehicle group at 3dpi relative to
uninjured tissue, and this was partially attenuated with LDN193189 (2.5mg/day) treatment to the
point that it was not significantly different from the uninjured group (B). N=3-5 rats/treatment. (C-
D) Slot blot analysis showed chondroitin sulfate proteoglycan (CSPG) expression was
significantly increased in vehicle group at 3dpi relative to uninjured tissue, and it was attenuated
with noggin (1.2ug/day) and LDN193189 (1.25 and 2.5mg/day) treatments. N=4-5 rats/treatment.
(E-R) Quantitative immunostaining of CSPG was also performed on tissue cross sections
(epicenter+lmm) of all experimental groups at 3dpi. (E-G) CSPG immunointensity was
significantly reduced with noggin (1.2 and 2.4ug/day) and LDN193189 (1.25mg/day) treatments
at and near injury epicenter relative to vehicle group. N=4-6 rats/treatment. Data shown as mean
optical density + SEM. *p<0.05, Two Way ANOVA followed by Holm-Sidak post hoc test. (S)
Western blot analysis of GFAP expression in cell lysate of primary astrocytes treated with BMP4
(25-100ng/ml) showed that BMP4 moderately, but insignificantly, elevated GFAP expression at
3-days post-treatment relative to untreated (control) astrocytes. N=3 independent experiments. (T-
U) Slot blot analysis of CSPGs in conditioned media of primary astrocytes treated with BMP4
(50ng/ml), noggin (150ng/ml) and LDN193189 (50-250nM) indicated that BMP4 (50ng/ml)
potentiated CSPG expression in astrocytes after 3-days treatment, and noggin (150ng/ml) and
LDN193189 (100-250nM) co-treatments significantly attenuated this BMP-mediated response.

(V) Proof-of-concept data that LDN193189 (100-250nM) had no significant effects on TGFf
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(25ng/ml) mediated increase in CSPG expression in astrocytes. N=3-4 independent experiments.
GAPDH expression or total protein (ponceau) were used as a loading control for protein analysis,
in cell lysate and conditioned media, respectively. Data is shown as mean + SEM expressed as
fold change normalized to basal control. *p<0.05, One Way ANOVA followed by Holm-Sidak

post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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Supplemental Figure 2.3. Inhibition of BMPs does not have a significant effect on

inflammation in acute SCI in the rat.
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Supplemental Figure 2.3. Inhibition of BMPs does not have a significant effect on
inflammation in acute SCI in the rat. (A-F) Western blot analysis of Ibal and pro-inflammatory
cytokine expression was performed on tissue homogenate of the injured spinal cord from SCI
untreated (Vehicle), SCl/noggin-treated (1.2 or 2.4 pg/day) and SCI/LDN193189-treated (1.25 or
2.5 mg/day) groups at 3 days post-injury (3dpi) relative to uninjured (Uninj) tissue. (A-B) Ibal
expression increased in vehicle group at 3 dpi relative to uninjured tissue, but this response was
attenuated with LDN193189 (2.5 mg/day) treatment. (C-F) Western blot analysis showed
increased expression of pro-inflammatory cytokines, TNFa and IL-1f, at 3 dpi in vehicle group
relative to uninjured tissue. Neither noggin nor LDN193189 had any significant effects on TNFa
and IL-1P expression. N =4-5 rats/treatment. GAPDH was used as a loading control. Data is shown
as mean + SEM expressed as fold change normalized to vehicle group. *p<.05, One Way ANOVA

followed by Holm-Sidak post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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2.4.7 Administration of noggin and LDN193189 attenuates cell death and lipid

peroxidation in rat SCI

SCI results in neuronal and glial apoptosis in the acute injury microenvironment (Liu et al.,
1997; Dyck et al., 2019). Neurodevelopmental studies suggest that BMP4 has a pro-apoptotic role
in embryonic neuroblasts, ventral progenitor cells and neural crest cells (Graham et al., 1994;
Gomes and Kessler, 2001; Israsena and Kessler, 2002). Therefore, we examined whether
upregulated levels of endogenous BMP4 contribute to cell death in acute SCI. Western blot
analysis showed induced expression of pro-apoptotic cleaved caspase-3 expression in vehicle SCI
group at 3dpi compared to uninjured tissue (Fig. 2.6A-B). This response was significantly
attenuated with noggin (1.2ug/day) and LDN193189 (1.25 and 2.5mg/day) treatments relative to
vehicle group by 75%, 100% and 64%, respectively (Fig. 2.6A-B). We further investigated the
effects of noggin and LDN193189 on lipid peroxidation in acute SCI (Springer et al., 1997). Our
slot blot analysis of spinal cord tissue showed increased expression of E06, a marker of lipid
peroxidation, in vehicle group at 3dpi relative to uninjured tissue (Fig. 2.6C-D). Both noggin
(1.2ug/day) and LDN193189 (1.25mg/day) treatments significantly attenuated this response by
38% and 57% respectively, relative to vehicle group (Fig. 2.6C). Analysis of high mobility group
box-1 (HMGBI) expression, a global marker of neuronal injury and necrosis (Kawabata et al.,
2010), showed increased expression in vehicle group at 3dpi relative to uninjured tissue. However,
neither noggin nor LDN193189 treatments had any significant effect (Fig. 2.6E-F).

Neurons and oligodendrocytes are both susceptible to apoptotic cell death after SCI (Springer
et al., 1999; Dyck et al., 2019). To study cell specific effects of BMP4, we quantified the number
of apoptotic neurons (NeuN+/ClCasp3+) and mature oligodendrocytes (APC+/ClCasp3+)

between 1 and 2mm rostral of injury epicenter in vehicle, noggin- and LDN193189-treated SCI
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rats at 3dpi (Fig. 2.6G-P). Our analysis showed a decreasing trend in apoptotic neurons with
LDN193189 (1.25 and 2.5mg/day) treatment relative to vehicle group; although it was not
statistically significant (Fig. 2.6G-H). Neither noggin nor LDN193189 treatments had any
apparent effect on oligodendrocyte apoptosis in our assessments (Fig. 2.6L-M). However, our
complementary in vitro analysis showed that BMP4 (50-150ng/ml) increased cleaved caspase-3
expression in both primary oligodendrocytes and neurons in vitro after 24- and 72-hr treatments,
respectively, relative to control (Fig. 2.7A-T), and this response was attenuated with noggin (3:1
ratio) co-treatment (Fig. 2.7A,K). BMP4 did not have a significant effect on cleaved caspase-3
expression in cortical neurons after 24-hr treatment (data not shown). Altogether, these data
suggest that upregulation of BMP4 is a contributing factor to cell death and lipid peroxidation in

acute SCI.
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Figure 2.6. Noggin and LDN193189 treatments reduce cell death and lipid peroxidation in

rat SCI.
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Figure 2.6. Noggin and LDN193189 treatments reduce cell death and lipid peroxidation in
rat SCI. (A-B) Western and slot blot analysis of cell death and oxidative stress were performed
on tissue homogenate of the injured spinal cord from SCI/vehicle, SCI/noggin- (1.2 or 2.4ug/day)
and SCI/LDN193189-treated (1.25 or 2.5mg/day) groups at 3 days post-injury (3dpi) relative to
uninjured (Uninj) tissue. (A-B) Expression of cleaved caspase-3 expression, a cellular marker of
apoptosis, was increased in vehicle group at 3dpi relative to uninjured tissue, and this response
was attenuated with noggin (1.2ug/day) and LDN193189 (1.25 and 2.5mg/day) treatments. N=3-
4 rats/treatment. (C-D) Slot blot analysis showed noggin (1.2ug/day) and LDN193189 (1.25mg)
treatments attenuated E06 expression, a marker of lipid peroxidation and oxidative stress, relative
to vehicle group (C). N=4-5 rats/treatment. (E-F) Western blot analysis showed noggin (1.2 or
2.4ug/day) and LDN193189 (1.25 or 2.5mg/day) had no significant effect on high mobility group
box-1 (HMGBI1) expression, a marker of necrosis and neuronal apoptosis, relative to vehicle
group. N=3-4 rats/treatment. *p<0.05, One Way ANOVA followed by Holm-Sidak post hoc test.
GAPDH was used for normalization as a loading control for all Western blot analysis. Total protein
(ponceau) was used for normalization as a loading control for slot blot analysis. (G-P) Quantitative
immunohistological analysis of neuronal (NeuN+/ClCasp3+) and oligodendrocyte
(APC+/ClCasp3+) cell death was performed on spinal cord cross sections at 1 and 2mm rostral to
injury epicenter in all experimental groups at 3dpi. LDN193189 treatments reduced the proportion
of apoptotic neurons (NeuN+/ClCasp3+), though significance was not reached relative to vehicle
group (G-H). Neither noggin nor LDN193189 treatments had any effect on oligodendrocytes cell
death (APC+/ClCasp3+) relative to vehicle group at 3dpi (L-M). N=4-7 rats/treatment. Data is

shown as mean + SEM expressed as fold change normalized to vehicle group.
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Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.

Figure 2.7. BMP4 promotes caspase-3-mediated apoptosis in oligodendrocytes and neurons

in vitro.
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Figure 2.7. BMP4 promotes caspase-3-mediated apoptosis in oligodendrocytes and neurons
in vitro. (A-T) Immunocytological analysis of cleaved caspase-3-mediated apoptosis in cultured
primary rat mature oligodendrocytes and cortical neurons following treatment with BMP4 (50,
100 or 150ng/ml) with or without noggin (150 or 300ng/ml). BMP4 significantly increased cleaved
caspase-3 expression in mature oligodendrocytes (MBP+/ClCasp3+) and neurons
(BtubIll+/CICasp3+) after 1- and 3-day treatments, respectively, relative to basal control (A, K).
This response was effectively attenuated by noggin co-treatment (3:1 ratio). N=3-5/condition. All
data is shown as mean percentage + SEM. *p<0.05, One Way ANOVA followed by Holm-Sidak

post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.

2.4.8 Administration of LDN193189 enhances myelin thickness in chronic SCI

Given our data showing that inhibition of BMPs promote oligodendrogenesis and
oligodendrocyte preservation at acute stage of SCI, we next sought to determine the long-term
effects of noggin and LDN193189 on axonal preservation and remyelination in chronic SCI. We
delivered noggin (2.4 pg/day) and LDN193189 (2.5 mg/day) during the first week of SCI, when
BMP4 is upregulated, and studied axonal density and myelin g-ratio in semi-thin sections of the
injured spinal cord at 10 weeks post-injury (wpi) (Fig. 2.8A-D). As expected, axonal density was
significantly decreased in vehicle treated SCI group (46 axons/mm?) relative to uninjured rats (214

axons/mm?). However, noggin (55 axons/mm?) or LDN193189 (51 axons/mm?) treatment had no
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beneficial effects on axonal density (Fig. 2.8E-F). For remyelination, we studied the mean g-ratio,
defined as the ratio of axon to fiber (axon + myelin) diameter, in white matter of the injured and
healthy spinal cord. As expected, injured spinal cord axons showed myelin thinning after injury as
indicated by a significant increase in their mean g-ratio in vehicle group (0.752+0.003) relative to
axons in the uninjured spinal cord (0.69+0.007, dotted line) (Fig. 2.8G-H). Importantly,
LDN193189 treatment resulted in a significant reduction in mean g-ratio (i.e. thicker myelin)
(0.72940.007) relative to vehicle group (Fig. 2.8H), indicating an overall increase in
remyelination. However, we found no significant difference in mean g-ratio between noggin and
vehicle groups. We also analyzed a scatter plot of g-ratio as a function of axon diameter for
individual myelinated axons but found there was no significant correlation between axon diameter
and g-ratio across treatment groups (Fig. 2.81-J). Of note, our analysis of frequency distribution of
g-ratio (between 0.6-0.86) showed there was a significant reduction in percentage of thinly
myelinated axons (ratio >0.81), and an increasing trend in thicker myelinated axons (0.61-0.7), in
LDN193189-treated rats relative to vehicle group (Fig. 2.8K-L). Our complementary in vitro
studies in primary cultures of oligodendrocytes also showed that BMP4 (100ng/ml) reduced
maturation of oligodendrocytes (16% reduction) to myelin-expressing cells (O4+/MBP+) relative
to control after 7-days in culture (Fig. 2.8M-0). These data suggest early inhibition of BMPs with

LDN193189 treatment appears to improve remyelination of preserved axons in chronic SCI.
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Figure 2.8. LDN193189 improves myelin thickness in chronic SCI in the rat.
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Figure 2.8. LDN193189 improves myelin thickness in chronic SCI in the rat. (A-D)
Representative semi-thin sections stained with toluidine blue show the extent of myelination at
Imm rostral point from lesion epicenter in SCl/vehicle, SCl/noggin- (2.4ug/day) and
SCI/LDN193189-treated (2.5mg/day) groups at 10 weeks post-injury (wpi) relative to uninjured
tissue sections. (E-F) Quantitative analysis of axonal density showed a significant reduction in
axon count in all experimental SCI groups relative to uninjured tissues, which remained unchanged
with noggin or LDN193189 treatment. (G-H) Quantitative g-ratio analysis showed that mean g-
ratio of myelinated axons increased after SCI in all experimental groups relative to uninjured tissue
(dotted line), suggestive of axon demyelination and remyelination. LDN193189 treatment
significantly decreased mean g-ratio (i.e. increase in myelin thickness) relative to vehicle group
(H). *p<0.05, Student t-test. G-ratio was defined as the ratio of axon diameter to fibre diameter
(axon + myelin). (I-J) Scatter plots illustrate the relationship between g-ratios of individual
myelinated axons and their respective axon size. The linear regression of g-ratios is represented
by the sloped dotted line for vehicle (black), noggin (red) and LDN193189 (green) groups. There
was no significant correlation between axon diameter and g-ratio across treatment groups. (K-L)
Analysis of frequency distribution of g-ratios between 0.6-0.86 (interval of 0.05) showed a
significant decrease in thinly myelinated axons (>0.81), and an increasing trend in thicker
myelinated axons (0.61-0.65, P=0.065; 0.66-0.7, P=0.05), in LDN193189-treated rats relative to
vehicle group. N=4-5 rats/treatment. All data shown as mean + SEM. *p<0.05. Statistical analysis
by Student t-test. (M-O) Quantitative immunofluorescent analysis of maturation in primary
cortical OPCs treated with BMP4 (10-100ng/ml) is depicted. When OPCs were matured in
presence of BMP4 (100ng/ml) for 7 days, the percentage of myelin-expressing oligodendrocytes

(MBP+/04+) was significantly reduced relative to untreated (control) OPCs (M). N=4 independent
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experiments. Data represented as mean percentage + SEM. *p<0.05. One Way ANOVA followed

by Holm-Sidak post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.

2.4.9 Noggin and LDN193189 treatments do not provide long-term benefits on functional

recovery or tissue preservation in chronic SCI

Considering the early benefits of noggin or LDN193189 treatment after SCI, we also evaluated
long-term functional recovery, tissue preservation and glial scarring in vehicle, noggin- and
LDN193189-treated SCI rats at 10wpi. We performed weekly assessment of locomotion using
open field BBB analysis over a 10-week period after SCI. Our data showed that SCI rats reached
a plateau with an average BBB score of 8-9 by 5 or 6wpi (Fig. 2.9A-B) and there was no difference
in hindlimb motor recovery across vehicle, noggin- and LDN193189-treated SCI rats during our
10-week BBB assessment. We also assessed the degree of tissue preservation in SCI groups using
morphometric analysis of spinal cord tissue cross sections stained with LFB+HE (Fig. 2.9C-Q).
Generally, all SCI groups exhibited less than 14% preserved tissue at the injury epicenter at 10wpi.
We found no difference in tissue preservation among vehicle, noggin- and LDN193189-treated
groups (Fig. 2.9R-S). Lastly, our immunohistochemical analysis of GFAP and CSPG in
chronically injured spinal cord showed no difference among vehicle, noggin- and LDN193189-
treated SCI groups (Supplemental Fig. 2.4A-V), suggesting that the formation of the glial scar can

progress chronically despite the early attenuation of CSPG deposition by inhibition of BMPs.
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Altogether, these findings indicate that targeting the acute upregulation of BMP4 as a solitary
treatment does not result in significant long-term improvement in the recovery of function and scar

formation in chronic SCI.

Figure 2.9. Acute BMP inhibition has no long-term beneficial effect on functional recovery

or tissue preservation in chronic SCI.
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Figure 2.9. Acute BMP inhibition has no long-term beneficial effect on functional recovery
or tissue preservation in chronic SCI. (A-B) Hindlimb locomotor function was assessed every
week by BBB open field scale in SCI untreated (vehicle), SCI/noggin-treated (2.4ug/day) and
SCI/LDN193189-treated (2.5mg/day) groups up to 10 weeks post-injury (wpi). Treatments were
delivered during the first week post-injury, which coincided with acute and transient upregulation
of active BMP4. Weekly assessments showed all experimental groups reached a plateau in score
(8.8-9.6) between 5-6wpi and noggin or LDN193189 treatments did not improve the injury-
baseline BBB score. (C-S) Analysis of tissue preservation using LFB-H&E co-stained serial cross
sections (epicenter+/-3mm) showed no improvement in tissue integrity with noggin or
LDN193189 treatments relative to vehicle group (R-S). N=9 rats/treatment for functional analysis
and N=4 rats/treatment for tissue preservation analysis. Data represented as mean + SEM, *p<0.05,

Two Way ANOVA followed by Holm-Sidak post hoc test.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.
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Supplemental Figure 2.4: Acute inhibition of BMPs has no effect on reactive astrogliosis in
the chronic SCI rat. (A-V) Quantitative immunostaining of GFAP and CSPG was performed in
spinal cord tissue cross sections (epicenter+Imm) of SCI untreated (vehicle), SCl/noggin-treated
(2.4 ng/day) and SCI/LDN193189-treated (2.5 mg/day) groups at 10 weeks post-injury. There was
no significant difference in GFAP or CS56 immunointensity with noggin or LDN193189
treatments relative to vehicle group. N = 4 rats/treatment. Data shown as average optical density

+ SEM.

Reprinted figure: Christopher G. Hart, Scott M. Dyck, Hardeep Kataria, Arsalan Alizadeh, Pandian
Nagakannan, James A. Thliveris, Eftekhar Eftekharpour and Soheila Karimi-Abdolrezaee. Acute
upregulation of bone morphogenetic protein-4 regulates endogenous cell response and
promotes cell death in spinal cord injury. Experimental Neurology. 2019 Dec; 113163. ©
Elsevier Inc.

2.5 Discussion

Acute SCI represents a complex pathophysiology that results in a dysregulated
microenvironment. Currently, there are gaps in our understanding of the underlying endogenous
mechanisms that contribute to the secondary injury cascade after SCI. In the present study, we
demonstrate that SCI triggers an acute and transient upregulation of active form of BMP4. In a
clinically relevant model of compressive/contusive SCI in the rat, pharmacological inhibition of
BMPs using noggin and LDNI193189 promoted preservation of oligodendrocytes and
oligodendrogenesis. Our direct in vitro assessments suggest that BMP4 promotes astrocyte
differentiation, while limiting oligodendrogenesis of spinal cord NPCs. BMP4 also impedes
maturation of OPCs into myelinating oligodendrocytes. Intriguingly, we provide new evidence

that BMP4 promotes caspase-3 mediated cell death in oligodendrocytes and neurons in vitro and
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targeting BMPs in SCI remarkably attenuates the injury-induced expression of cleaved caspase-3
and lipid peroxidation. Importantly, increase in active BMP4 contributes to upregulation of
inhibitory CSPGs in SCI, and this effect appears to be through direct modulation of reactive
astrocytes. While acute inhibition of BMPs does not translate to long-term neurological recovery
and tissue preservation, it seems to promote myelin thickness in chronically injured spinal cord
white matter. Altogether, our findings have uncovered a role for BMP4 as an endogenous
modulator of acute events after SCI.

BMP4 is a key regulator of neural stem cell differentiation and spinal cord patterning in
neurodevelopment. BMP4 blocks neuronal and oligodendroglial differentiation by inducing the
expression of helix-loop-helix transcriptional inhibitors of differentiation-1 (Id1) and 1d2/4 in
NPCs in the developing CNS (Yanagisawa et al., 2001; Samanta and Kessler, 2004), while it
potentiates astrocyte differentiation through Smad1/5/8 and STAT3-p300 cross-talk signaling
(Nakashima et al., 1999; Hong and Song, 2014). BMP4 can also drive astrogenesis amongst OPCs
by inhibiting their differentiation and maturation into myelinating oligodendrocytes (See et al.,
2004; Cheng et al., 2007; Wang et al., 2011). In the healthy adult rat spinal cord, BMP4 and its
receptors are widely expressed (Miyagi et al., 2012). In agreement with our studies in rat SCI,
increased expression of BMP4 has been also reported in SCI mice and in lysolecithin (LPC)-
induced demyelination in rats (Fuller et al., 2007; Sahni et al., 2010; Xiao et al., 2010; Wang et
al., 2011; Hesp et al., 2015). However, our study is the first to make a distinction between the pro-
and biologically active form of BMP4. Like other members of TGFf superfamily, an inactive
BMP4 precursor undergoes post-translational processing by various pro-protein convertases,
which recognize two distinct and sequentially cleaved sites within the pro-domain that modulate

BMP4 ligand activity and range (Cui et al., 2001; Nelsen and Christian, 2009). In Xenopus oocytes,
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it was demonstrated that the pro-domain of BMP4 is first cleaved at an optimal cleavage motif (-
R-X-R/K-R-, S1 site) to yield a biologically active dimer of 35-kD pro-domain and 15-kD mature
BMP4 peptides linked by non-covalent association (Degnin et al., 2004). The pro-domain is
additionally cleaved and produces a small linker domain and large (32-kD) pro-domain (Sopory
et al., 2006), which liberates the mature BMP4 ligand and increases its bioactivity (Degnin et al.,
2004). We found a robust upregulation of active BMP4 between 1-3 days post-SCI, which is
associated with increased phosphorylation of BMP canonical Smadl/5/8 pathway. Pro-BMP4
protein expression remains relatively stable, which may reflect a transient increase in BMP4
processing after injury. We identified astrocytes, oligodendrocytes and neurons as main sources of
BMP4 in the injured spinal cord. While the underlying cause of transient BMP4 upregulation after
SCI requires further elucidations, current evidence suggests that activated astrocytes contribute to
BMP4 upregulation in SCI. Astrocytes expressed BMP4 in the injured spinal cord and in vitro
when treated with IL-18 and TNFa, two pro-inflammatory cytokines relevant to acute SCI in rats.
Our findings are in agreement with previous studies that showed astrocytes were significant
sources of BMP2/4 when isolated from rats with contusive SCI (Wang et al., 2011). We found that
microglia/macrophages did not express BMP4 in SCI, and upon activation in vitro (data not
shown). Miyagi and colleagues also previously showed that microglia/macrophages do not express
BMP2/4 in the adult rat spinal cord (Miyagi et al., 2012). However, expression of BMP4 has been
reported in activated microglia/macrophages in demyelinating lesions of experimental
autoimmune encephalitis (EAE) and contusive SCI in mice (Ara et al., 2008; Xiao et al., 2010).
These data suggest that contribution of microglia/macrophages to BMP4 upregulation in SCI needs

further investigation.
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We demonstrate that inhibition of BMPs with either noggin or LDN193189 protects
oligodendrocytes and enhances generation of new oligodendrocytes after SCI. Oligodendrogenesis
is attributed to activation of both NPCs and OPCs in SCI (Meletis et al., 2008; Barnabé-Heider et
al., 2010; Hesp et al., 2015). Our direct in vitro investigations confirmed that BMP4 modulates
both NPCs and OPCs. In spinal cord NPCs, BMP4 limits oligodendrogenesis while promoting
astrocyte differentiation. In addition to oligodendrogenesis, our in vitro studies clearly showed the
negative impact of BMP4 on maturation of oligodendrocytes into a myelinating phenotype, which
is in agreement with previous work (See et al., 2004; Wang et al., 2011). Thus, our studies
collectively suggest a role for BMP4 as a negative regulator of oligodendrogenesis in acute SCI.
However, it is noteworthy to highlight that our BrdU phenotyping assessment was not able to
differentiate the effects of BMP4 on oligogenic capacity of NPCs verses OPCs in our pre-clinical
rat SCI, as both populations are proliferative and would incorporate BrdU after injury. To allow
this differentiation, transgenic mouse models are required in future investigations for lineage
tracing of NPCs and OPCs. Nonetheless, our long-term SCI studies showed inhibition of BMP
signaling promotes remyelination in the chronically injured spinal cord. Improved remyelination
may have resulted from enhanced preservation and/or oligodendrogenesis that we observed at the
acute stage. Emerging evidence from demyelinating CNS lesions have also shown promising
effects of noggin and LDN193189 treatments on remyelination (Sabo et al., 2011; Govier-Cole et
al., 2019). Furthermore, recent work shows elevated expression of noggin in remyelinating human
MS lesions relative to chronic inactive demyelinated lesions (Harnisch et al., 2019). It is plausible
that BMP inhibition may improve remyelination through Schwann cells. It has been shown that
Schwann cells can be transdifferentiated from OPCs through a BMP4-Wnt-Sosctdc1-dependent

mechanism in demyelinating lesions of rodents (Ulanska-Poutanen et al., 2018); however, it is
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only detected in regions relatively devoid of astrocytes (Talbott et al., 2006; Ulanska-Poutanen et
al., 2018). Whether BMPs exert the same effects in SCI requires further investigation to
differentially characterize the role of BMP4 in regulating oligodendrocyte verses Schwann cell
myelination.

BMP4 promoted fate specification of adult derived spinal cord NPCs towards an astrocytic
lineage in vitro; however, noggin and LDN193189 treatments had no significant effect on the
number of proliferating BrdU positive astrocytes in the injured spinal cord. This finding may
reflect the low number of NPC derived astrocytes in the injured spinal cord among the highly
proliferative population of pre-existing astrocytes that undergo reactive astrogliosis and
incorporate BrdU. As we discussed earlier, genetic tracing of NPCs is required to determine the
explicit role of BMP4 in regulating astrogenesis of NPCs after SCI. Based on our rat SCI data,
neither noggin nor LDN193189 treatments affected overall GFAP expression after SCI, suggesting
that inhibition of BMPs does not prevent astrogliosis per se. Previous work also suggested that
noggin would be insufficient to attenuate reactive astrogliosis in sub-acute SCI (Matsuura et al.,
2008; Xiao et al., 2010). Similarly, neither noggin nor LDN193189 treatments influenced the
presence of microglia/macrophages in acute SCI and had no effects on the expression of pro-
inflammatory TNFa and IL-1p. Thus, our current evidence does not suggest any apparent role for
BMP4 in acute neuroinflammation.

Increased BMP4 expression appears to be an underlying mechanism of CSPG upregulation in
acute SCI through modulation of astrocyte reactivity. Although GFAP expression of astrocytes
remained unchanged under noggin and LDN193189 treatments, BMP inhibition resulted in a
significant reduction in CSPGs after SCI. In pure cultures of astrocytes in absence of any other

injury stimuli, exposure to BMP4 was sufficient to significantly induce CSPG release by
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astrocytes. Of note, CSPGs are major inhibitory components of the extracellular matrix in SCI
with several deleterious effects (Karimi-Abdolrezaee et al., 2010; Karimi-Abdolrezace and
Billakanti, 2012; Karimi-Abdolrezaee et al., 2012; Dyck et al., 2015; Lang et al., 2015b; Dyck et
al., 2018; Dyck et al., 2019). More relevantly, our recent SCI studies unraveled that activation of
CSPGs and their signaling receptors promotes caspase-3 mediated cell death and limits
oligodendrogenesis and maturation of oligodendrocytes in the injured spinal cord (Dyck et al.,
2019). Therefore, it is plausible that improved oligodendrogenesis following BMP inhibition could
be, in part, due to reduction in CSPGs expression in SCI. Moreover, decrease in cleaved caspase-
3 under noggin and LDN193189 treatments may also reflect their effects in reducing CSPGs in
SCI. Taken together, BMP4 seems to modulate oligodendrocytes replacement and survival through
both direct and indirect mechanisms that need further investigations.

Despite the early promising effects of BMP inhibition in SCI, we observed no long-term
functional benefits in rats that received noggin and LDN193189 treatments. Our results are in
contrast with another study that observed significant improvements in BBB scores of rats that
received noggin treatment at a slightly higher dose for 2 weeks after contusive SCI (Matsuura et
al., 2008). The authors attributed this improvement to increased axonal sprouting in the
corticospinal tract. However, this study contrasts another report that showed AAV-mediated
overexpression of BMP4-Smad] signaling can promote axonal sprouting in primary adult dorsal
root ganglion (DRG) neurons and neurite outgrowth in explant cultures of embryonic (E18.5)
hippocampal neurons (Parikh et al., 2011), and potentiate sensory axon regeneration in SCI mice
and rats (Parikh et al., 2011; Farrukh et al., 2019). AAV-BMP4-treated rats also exhibited
improved electrophysiology and performance at horizontal ladder walking (Farrukh et al., 2019).

The lack of improved functional recovery in our studies could potentially reflect limitations of our
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in vivo strategy with utilizing pan-BMP inhibitors. The commonly used noggin and LDN193189
do not specifically target BMP4. Noggin is a highly potent inhibitor of BMP-2 and -4 (Zimmerman
et al., 1996; Gazzerro et al., 1998), but it also has lower affinity for BMP-5, -6, -7, -13 and -14 in
both in vitro or in vivo models (Chang and Hemmati-Brivanlou, 1999; Baade Ro et al., 2004;
Seemann et al., 2009; Song et al., 2010). LDN193189 is a competitive inhibitor that binds to
intracellular kinase domains of BMP Type 1 receptors, with some inhibition of ALK1 and ALK2
receptors (Yu et al., 2008b), and attenuates BMP-2, -6 and -14 mediated downstream Smad and
non-Smad signaling (Boergermann et al., 2010). Therefore, general inhibition of BMPs may
impede beneficial actions of other BMP isoforms. Previous work by de Rivero Vaccari and
colleagues indeed showed that BMP7 improves neuronal preservation by increasing MAPK-p38
signaling and NMDAR expression in the ventral horn of rats with SCI (de Rivero Vaccari et al.,
2009), while it also improved functional recovery and increased neurogenesis in a rat stroke model
induced by middle cerebral artery occlusion (MCAO) (Chou et al., 2006). Moreover, both BMP-
6 and -7 can attenuate apoptosis in primary rat cerebellar granular neurons under nutrient-deficient
or excitotoxic conditions (Yabe et al., 2002). Transplantation of astrocytes derived from BMP4-
differentiated embryonic mouse and human glial restricted precursors (GRPs) promotes axonal
regeneration and functional recovery (Davies et al., 2008; Davies et al., 2011). Additionally,
conditional knockout of astrocytic BMPR1a or BMPR1b exert opposing effects on glial scar,
resulting in impaired or accelerated scar formation and inflammatory sequestration, which
influences axon preservation and functional recovery in SCI in mice (Sahni et al., 2010). These
controversial findings suggest that BMP/BMPR 1a signaling can be also neuroprotective and pro-
regenerative and that future studies may benefit from selective strategies minimizing the impact

on beneficial BMP mediated responses in SCI. Alternative BMP4-specific strategies may use anti-
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BMP4 blocking antibodies or targeted siRNA knockdown that have been employed in vitro
(Wislet-Gendebien et al., 2004) or in developing Xenopus and mouse in vivo (Gratsch et al., 2003;
Miller et al., 2004). However, the feasibility and efficacy of BMP4 inhibition using these strategies
in adult SCI rats has yet to be examined.

In conclusion, our present work identifies BMP4 as an early modulator of secondary injury
mechanisms after SCI. We demonstrate that acute inhibition of BMPs can enhance
oligodendrogenesis, oligodendrocyte preservation and remyelination. Importantly, we have
uncovered that BMP4 induces lipid peroxidation and apoptosis in neurons and oligodendrocytes
directly, and potentially by indirect mechanisms through induction of CSPGs by reactive
astrocytes. Despite the beneficial effects of targeting BMP4 in acute SCI, this strategy did not
translate into long-term functional recovery in rats with chronic SCI. This is likely due to the
presence of other inhibitory factors that drive injury mechanisms in subacute and chronic SCI.
Given our new findings, we propose that acute inhibition of BMPs may serve as an early

neuroprotective strategy in combinatorial strategies for SCI.
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Chapter 3: Discussion

3.1 General overview of findings

This thesis sought to evaluate the impact of BMP4 upregulation on secondary injury
mechanisms and specifically on endogenous cell response after traumatic SCI. We employed a
pre-clinical rat model of compressive/contusive SCI and targeted BMP4 by administering noggin
or LDN193189 (two general inhibitors of BMP signaling). We used parallel in vitro assays with
primary cultures to evaluate the effects of BMP4 on spinal cord NPCs and cortical OPCs,
astrocytes and neurons. First, we observed a dramatic upregulation in active BMP4 expression
between 1-3 days after SCI, which returned to basal levels after 5 days (Hart et al., 2019);
intriguingly, this response was neutralized with LDN193189 treatment (Hart et al., 2019). We
showed that BMP4 limited proliferation and oligodendrogenesis in NPCs, and instead diverted
them towards an astrocytic fate in vitro (Hart et al., 2019). BMP4 also limited the maturation of
OPCs into myelin-expressing oligodendrocytes (Hart et al., 2019), but had no effect on their
proliferation (data not shown). Administration of BMP inhibitors promoted oligodendrogenesis
and oligodendrocyte preservation within days of injury and fostered chronic remyelination after
SCI (Hart et al., 2019). We also found that BMP4 induced astrocytic CSPG expression in vitro and
in the injured spinal cord, as its expression was attenuated acutely by noggin or LDN193189
treatment (Hart et al., 2019). We showed BMP inhibition can attenuate cleaved caspase-3
expression and lipid peroxidation in SCI rats (Hart et al., 2019), identifying a novel role of BMP4
in modulating apoptosis and oxidative stress. Our in vitro assays confirmed BMP4 induces
caspase-3 mediated apoptosis in cortical neurons and mature oligodendrocytes, but neither of these
populations were significantly rescued in vivo with noggin or LDN193189 treatment (Hart et al.,

2019). Despite the beneficial effects detailed above, acute delivery of noggin and LDN193189 had
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no effect on inflammation or tissue preservation, glial scarring and behavioural recovery in chronic
SClI rats. Overall, our findings show that BMP4 is a contributing factor that modulates several key
injury mechanisms in acute stages of SCI and may be considered in future combinatorial

approaches to improve neuroprotection and remyelination.

3.2 General discussion

3.2.1 BMP4 and endogenous cell response in SCI

Previous works have characterized BMP4 expression in several models of CNS injuries,
including demyelinating lesions (Ara et al., 2008), SCI (Chen et al., 2005; Hesp et al., 2015), sub-
cortical small vessel disease (SVD) (Uemura et al., 2018), and AD (Li et al., 2008). Our in vivo
analysis showed that the active form of BMP4 is transiently and robustly increased within days of
injury, and that it is most prevalent in proximity to the injury epicentre (Hart et al., 2019).
Interestingly, we found that LDN193189 treatment attenuated this response (Hart et al., 2019),
which may suggest the existence of a potential auto-regulatory feedback loop that governs BMP4
expression or processing after SCI in rats. This is supported by previous works demonstrating that
BMP ligands have the capacity to induce transcription of BMP2, BMP4 and furin under in vitro
and in vivo conditions (Ghosh-Choudhury et al., 1996; Schuler-Metz et al., 2000; Ghosh-
Choudhury et al., 2001; Ghosh-Choudhury et al., 2002; Chang et al., 2015). A recent publication
by Chen and colleagues demonstrated that knocking out high temperature requirement A-1
(HtrA1), a BMP4-induced serine protease expressed by reactive astrocytes, can impact both BMP4
ligand processing and stability after TBI in mice (Chen et al., 2018). Therefore, it is possible that
LDN193189 attenuates the expression of BMP4 processing enzymes such as HtrAl or furin

(Hajebrahimi et al., 2008).
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BMP-Smadl signaling is a key developmental pathway that promotes gliogenesis among
spinal cord progenitor cells (See et al., 2007). BMP4 antagonizes oligodendrogenesis in NPCs and
OPCs by upregulating Id2/4 expression, which attenuates the expression of oligogenic factors such
as Oligl/2 or myelin-associated proteins (Yanagisawa et al., 2001; Samanta and Kessler, 2004;
See et al., 2004; Cheng et al., 2007). In agreement, our in vitro assays showed recombinant BMP4
antagonized oligodendrocyte differentiation and maturation in both NPCs and OPCs (Hart et al.,
2019). It should be noted that these effects may be BMP4-specific, as knocking out both BMP
Type I receptors has been shown to decrease the number of astrocytes and oligodendrocytes in the
developing spinal cord of mice (See et al., 2007). This suggests that some BMP isoforms may be
neutral or have a pro-oligogenic effect. Nevertheless, we found that BMP inhibition increased
oligodendrogenesis and oligodendrocyte preservation acutely after SCI (Hart et al., 2019).
Intriguingly, we also found acute and transient delivery of LDN193189 improved remyelination
(i.e. myelin thickness) in chronic stages of SCI (Hart et al., 2019). Previous works have detailed
similar benefits by inhibiting BMP-Smadl signaling in models of contusive SCI and
demyelinating lesions (Sabo et al., 2011; Petersen et al., 2017; Govier-Cole et al., 2019; Li et al.,
2019).

Transplantation studies have demonstrated that NPCs and OPCs can promote remyelination of
damaged axons, which correlates with improved functional recovery after SCI (Karimi-
Abdolrezaee et al., 2006; Cao et al., 2010; Yasuda et al., 2011; Nagoshi et al., 2018; Nori et al.,
2018) . In our study, however, neither of our treatment groups showed any improvement in long-
term functional recovery relative to vehicle-SCI rats, despite LDN193189 treatment enhancing
remyelination (Hart et al., 2019). These outcomes could be explained by the difference in

therapeutic approaches, as those previous studies transplanted large volumes of exogenous cells
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while our study used approaches to promote activation of endogenously present precursor cells
after injury. Moreover, transplanted NPCs and OPCs are significant sources of growth factors,
immunomodulatory factors and supplement endogenous remyelination (Zhang et al., 2006a;
Yasuda et al., 2011). These studies also provided combinatorial treatments with NPC or OPC
transplantation that further improved the injury microenvironment (e.g. growth factors,
immunosuppression, CSPG degradation). Future studies are warranted to investigate whether
combining acute BMP inhibition with one or more of these alternative strategies may elicit long-

term functional recovery in SCI rats.

Alternatively, acute BMP inhibition could have a negative impact on the responsiveness of
SCs after SCI. SCs can enter the spinal cord and remyelinate damaged axons and persist
chronically in parallel with oligodendrocytes after injury (Guest et al., 2005). Existing in vitro
evidence suggests that BMP2 and BMP4 can also directly transdifferentiate adult OPCs into SCs
(Crang et al., 2004), which is observed in vivo in demyelinating lesions devoid of astrocytes
(Ulanska-Poutanen et al., 2018). A recent study has emphasized a role of OPC-derived SCs in
spontaneous remyelination and functional recovery after SCI (Bartus et al., 2019). Therefore, it is
possible that acute BMP inhibition inadvertently impaired SC-derived recruitment or
remyelination and limited the potential for functional recovery, which was not addressed in this

thesis.

3.2.2 BMP4 and reactive astrogliosis in SCI

In our study, we confirmed that recombinant BMP4 increased astrocyte differentiation in
cultured NPCs, and this effect was successfully attenuated with noggin or LDN193189 co-

treatments (Hart et al., 2019). However, our in vivo analysis showed that neither treatment changed
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the number of new astrocytes (BrdU+/GFAP+) generated after SCI (Hart et al., 2019). It is possible
that our in vivo analysis was confounded by pre-existing reactive astrocytes, which are highly
proliferative after SCI (Wanner et al., 2013). Setoguchi and colleagues showed that overexpressing
noggin in transplanted NPCs only rescued a fraction from differentiating into astrocytes (~15%
GFAP-) in SCI mice (Setoguchi et al., 2004). These findings also suggest that astrogenesis can be
sustained by activating BMP-independent pathways.

BMP-Smad] signaling is one of several signaling pathways that regulate reactive astrogliosis
and glial scar formation. For example, STAT3 is an essential transcription factor that promotes
proliferation, hypertrophy and GFAP expression in scar-forming astrocytes (Herrmann et al.,
2008; LeComte et al., 2015). While we did not evaluate STAT3 phosphorylation in our study, Xiao
and colleagues previously showed that noggin treatment had no effect on STAT3 phosphorylation
in SCI mice (Xiao et al., 2010). Inflammation is a key inducer of reactive astrogliosis and STAT3
signaling in acute SCI (Herx and Yong, 2001; Okada et al., 2004; Liddelow et al., 2017). We
showed that LDN193189 treatment reduced total Ibal expression (a marker of inflammatory
microglia/macrophages) relative to the vehicle SCI group, but the expression of pro-inflammatory
cytokines TNFa and IL-1P were unaffected by noggin or LDN193189 treatments (Hart et al.,
2019). Another group showed anti-inflammatory TGFp can also induce astrocyte differentiation
in NPCs in a Smad2/3-dependent manner (Giannakopoulou et al., 2011). Therefore, it is plausible
that BMP signaling does not contribute to inflammatory cell recruitment or immunomodulation
after SCI in rats, and that the acute inflammatory microenvironment reinforced glial scarring even
in the presence of BMP antagonists. However, studies in other systems outside the CNS have
provided contradicting evidence that BMP signaling can promote inflammatory cell recruitment

and serve in an immunomodulatory role (Rocher and Singla, 2013; Helbing et al., 2017; Martinez
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et al., 2017; Pardali et al., 2018). Helbing and colleagues previously demonstrated that endothelial
cells upregulate BMP4 expression in response to inflammation, and that BMP4 facilitated the
infiltration of blood-derived leukocytes under in vitro and in vivo conditions by destabilizing
endothelial tight junctions (Helbing et al., 2017). Of note, this in vitro model showed that BMP4
alone was not a chemotactic factor, as it did not increase leukocyte transmigration in transwell
chambers without endothelial cells (Helbing et al., 2017). In contrast, Pardali and colleagues later
showed in vitro that BMP2 induced chemotaxis in human monocytes, and that it upregulated the
expression of cell-adhesion proteins in endothelial cells that facilitated the attachment and
infiltration of inflammatory cells (Pardali et al., 2018). Moreover, there is evidence that BMP4 and
BMP7 or BMP2 can promote or antagonize an anti-inflammatory M2 phenotype in
monocyte/macrophages, respectively (Rocher and Singla, 2013; Martinez et al., 2017; Pardali et
al., 2018). In consideration of these findings, further investigation is required to clarify the
immunomodulatory role of BMP signaling in the acute inflammatory response after SCI in rats.
Of note, there may be a risk that inhibiting BMPs could develop a less supportive phenotype
in NPC-derived astrocytes. A few studies argue that glial restricted precursor-derived and BMP4-
differentiated astrocytes (GDABMP4) have a pro-regenerative or neuroprotective phenotype after
transplantation into models of SCI and Parkinson’s disease (PD), respectively, as detailed here
(Haas et al., 2012; Proschel et al., 2014; Shih et al., 2014). GDABMP are a unique source of
periostin (ECM protein), for example, which supports axon regeneration in vivo and neurite
outgrowth in the presence of myelin debris or CSPGs in vitro (Shih et al., 2014). However, further
investigation is required to determine if these pro-regenerative GDABMP* are generated

endogenously and if their absence would have a significant impact on recovery after SCI.
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Glial scar formation is modulated by several distinct signaling pathways (Kang and Hébert,
2011). Our study showed that acute BMP inhibition had no effect on total GFAP expression in
acute or chronic SCI rats, and BMP4 alone was insufficient to significantly induce GFAP
expression in cultured astrocytes (Hart et al., 2019). These findings suggest that BMP4 may not
be important for reactive astrogliosis and glial scar formation after SCI. This notion is also
supported by other studies that showed intrathecal delivery of noggin had no effect on GFAP
immunointensity in SCI mice or rats (Matsuura et al., 2008; Xiao et al., 2010). However, BMP
signaling is shown to modulate the integrity of the glial scar in a Type I receptor-specific manner
(Sahni et al., 2010). Briefly, astrocytic BMPR1a activation accelerates glial scar formation and
sequestration of inflammatory cells, while BMPR b has detrimental effects on both measures and
functional recovery in SCI mice (Sahni et al., 2010). Interestingly, Chen and colleagues showed
that BMP4 induces the expression of HtrAl via BMPRI1a in forebrain astrocytes, which is
necessary for effective wound closure and resolution of inflammation after TBI (Chen et al., 2018).
It is possible that a BMP4-BMPR1a-HtrA1 cascade has a similar beneficial role in modulating
glial scarring after SCI in rats.

Importantly, we showed that BMP inhibition attenuated the expression of inhibitory CSPGs
during acute stage of SCI (Hart et al., 2019). Our complementary in vitro analysis also confirmed
that BMP4 induced CSPG expression in cultured astrocytes (Hart et al., 2019). We further
demonstrated the specificity of LDN193189 treatment in blocking BMPs in vitro as it had no effect
on CSPG expression in TGFp-treated astrocytes (Hart et al., 2019). Together, these findings
suggest upregulation of BMP4 contributes to a less permissive SCI microenvironment by
potentiating early CSPG deposition after SCI. This hypothesis is supported by previous work that

showed BMP4 and BMP7 promote CSPG expression when injected into the naive rat spinal cord
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(Fuller et al., 2007). However, it was recently shown that BMP4-inducible HtrA1 antagonizes
TGFp activation and suppresses neurocan expression (a subtype of CSPGs) in cultured astrocytes
(Chen et al., 2018). Consequently, BMP4 may differentially regulate distinct sub-types of CSPGs
in naive and reactive astrocytes, but this requires further clarification in the context of SCI. In our
study, while acute BMP inhibition reduced deposits of CSPGs during the acute phase of SCI, it
had no impact on long-term CSPG deposition in the chronic glial scar (Hart et al., 2019). This was
not unexpected, as CSPG production is a sustained, longstanding process in SCI and upregulation
of BMP4 is one of many factors that contributes to CSPG production and glial scar formation after
SCI. Thus, acute and transient inhibition of BMP4 is not evidently sufficient to suppress long-term
production of CSPGs. This also suggests that additional strategies are necessary to maintain

improvements chronically in future combinatorial approaches.

3.2.3 BMP4 and cell death in SCI

A major finding of our study is that acute BMP inhibition attenuated apoptosis following SCI,
and that availability of BMP4 directly induced cleaved caspase-3 expression in cultured cortical
neurons and oligodendrocytes (Hart et al., 2019). Our study also demonstrated that noggin and
LDN193189 treatments attenuated lipid peroxidation, which is a by-product of oxidative stress
and promotes apoptosis after SCI (Xu et al., 2005).

BMP4 is a pro-apoptotic factor during certain stages of embryogenesis, limb and eye
development (Graham et al., 1994; Yokouchi et al., 1996; Trousse et al., 2001; Musto et al., 2015).
BMP4 induces the expression of Msh homeobox gene-2 (Msx2), a key transcriptional repressor
that promotes apoptosis in embryonic stem cells and NPCs during neurodevelopment (Marazzi et
al., 1997; Israsena and Kessler, 2002). Msx2 is also upregulated in the grey and white matter at 4

days post-SCI in mice, and it co-localizes with neurons and astrocytes (Chen et al., 2005).
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However, it remains unclear if Msx2 is similarly pro-apoptotic in these adult cells after injury.
There have been few and conflicting reports of BMP4 modulating cell death in the healthy or
injured adult CNS. Previously, Sabo and colleagues showed that administering BMP4 increased
cleaved caspase-3 mediated apoptosis near demyelinating lesions in the corpus callosum of mice,
but this response did not reach statistical significance (Sabo et al., 2011). In contrast, Chou and
colleagues reported that BMP4 can improve survival of embryonic motor neurons in response to
glutamate excitotoxicity (Chou et al., 2013).

Neurons and oligodendrocytes are two key populations prone to cell death after SCI, and their
loss contributes directly to functional impairment (Shuman et al., 1997; Yong et al., 1998). Our in
vitro assay showed BMP4 can directly induce cleaved caspase-3 expression in cultured cortical
neurons and mature oligodendrocytes (Hart et al., 2019). Moreover, our assessments in SCI
showed noggin and LDN193189 reduce the overall expression of SCI-induced cleaved caspase-3
when assessed with immunoblotting. However, cell specific immunohistological analysis of
cleaved caspase-3 expression in neurons or oligodendroglia showed no significant effects of
noggin and LDN193189. Of note, we observed a decreasing trend in neuronal apoptosis with
LDN193189 treatment relative to vehicle-treated SCI rats, but it was not statistically significant
(Hart et al., 2019). These findings suggest that BMP4 can induce cell death in neurons and
oligodendrocytes as shown in our direct in vitro assay. However, BMP4 is one of several possible
modulators of apoptotic cell death in the acute injury microenvironment after SCI, and apparently
its inhibition is not sufficient to significantly block apoptosis in these cells, at least with the dose
of noggin and LDN193189 that we used in our studies. For example, STAT3 signaling is a
regulatory pathway that increases lysosomal protease expression and facilitates lysosomal-

mediated cell death in the mammary gland (Kreuzaler et al., 2011; Martinez-Fabregas et al., 2018),
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and lysosomal dysregulation is a contributor to cell death after SCI (Ellis et al., 2005; Liu et al.,
2018). Therefore, STAT3 could be a potential target in future combinatorial studies, along with
BMP4, that aim to optimize neuroprotection acutely after SCI.

Based on the literature, BMP signaling may increase oxidative stress and cell death by
restricting iron efflux in neurons. Iron is a highly reactive metal ion that serves several catalytic
functions, but its bioavailability is tightly regulated to limit ROS production and cellular damage.
Systemic iron homeostasis is regulated primarily in the liver by hepatocytes which, in response to
inflammation, release hepcidin (a peptide hormone) in a BMP-Smadl-dependent manner
(Steinbicker et al., 2011). Steinbicker and colleagues demonstrated that administering LDN193189
attenuated hepcidin expression by hepatocytes in vitro and in IL-6-treated mice (Steinbicker et al.,
2011). Hepcidin regulates iron bioavailability by binding to iron transporters (e.g. FPN1) at the
cell surface, triggering their internalization and degradation (Nemeth et al., 2004). A recent study
showed that hepcidin expression is upregulated in the spinal cord of experimental autoimmune
encephalomyelitis (EAE) mice (Zarruk et al., 2015). BMP4 expression is also upregulated by glial
cells and macrophages in the spinal cord of EAE mice (Ara et al., 2008), as well as in active and
chronically inactive MS lesions in humans (Harnisch et al., 2019). As previously described, BMP-
Smad] signaling has been characterized as antagonistic to oligodendrogenesis and remyelination
after injury. However, there has been no defined role for BMPs in regulating hepcidin expression
or iron homeostasis after traumatic SCI or EAE. In vitro and in vivo studies show inflammation
induces hepcidin expression in brain-derived reactive astrocytes (Urrutia et al., 2013; You et al.,
2017), which in turn limits neuronal capacity to release iron and triggers apoptosis in LPS-treated

mice (You et al.,, 2017). In contrast, Zhou and colleagues showed that hepcidin is also
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neuroprotective to hemin-treated cortical neurons (Zhou et al., 2017), suggesting a BMP-hepcidin
cascade can be beneficial under a hyperferremic microenvironment.

While our study focused on neuronal and oligodendrocyte cell death due to their therapeutic
relevance in SCI, endothelial cells are also lost at the lesion site early after injury (Casella et al.,
2006). Kiyono and Shibuya demonstrated that BMP4 induces Msx1/2 expression and promotes
apoptosis in human umbilical vein endothelial cells (Kiyono and Shibuya, 2003). Previous studies
also showed that BMP4 increases ROS production in mammalian endothelial cells by activating
NAPDH oxidase or upregulating cyclooxygenase-2 (COX-2) via BMPR1a and MAPK/p38 and
JNK signaling, which promote cellular dysfunction, DNA fragmentation and cleaved caspase-3
mediated apoptosis (Wong et al., 2010; Tian et al., 2012). BMP4-induced ROS also oxidizes
proteins by reacting with metal ions in human or rodent endothelial cell cultures, and these
carbonylated proteins either serve as signaling molecules or are targeted for proteasome-dependent
degradation (Wong et al., 2008; Wong et al., 2014). Wong and colleagues noted that several
degraded proteins were integral enzymes for glycolysis, ATP production and protein folding
(Wong et al., 2014), which could also contribute to BMP4-mediated cellular dysfunction or cell
death. Previous studies demonstrated that BMP7 and BMP2 also induce ROS production in
sympathetic neurons and osteoblasts by activating Nox2 and Nox4, respectively (Mandal et al.,
2010; Chandrasekaran et al., 2015). Therefore, future studies are necessary to further elucidate the
role of BMPs and their upstream and downstream partners in cell death and oxidative stress after

SCIL.
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3.3 Study limitations

As with all scientific research, there were limitations in our work that could be addressed to
appropriately interpret the results and provide directions for future investigations and
optimizations.

One limitation in our study is that we sought to evaluate the role of BMP4 in vivo by
administering noggin or LDN193189 (general BMP signaling inhibitors) in SCI rats. Thereby, it
is likely that these inhibitors are antagonizing all BMP isoforms in the SCI microenvironment,
some of which have demonstrated neuroprotective effects after SCI (i.e. BMP7) (de Rivero
Vaccari et al., 2009; Wang et al., 2016). Despite their lack of specificity, noggin and LDN193189
have been utilized widely in the literature to target BMP4 in vitro and in vivo (Sabo et al., 2011;
Uemura et al., 2018; Govier-Cole et al., 2019). Furthermore, we complemented our SCI studies
with in vitro analyses that confirmed the direct effects of exogenous BMP4 peptide on neural cells.
In these in vitro studies, both noggin and LDN193189 treatments were successful in significantly
or completely attenuating BMP4-dependent responses. Therefore, we believe that our culture
experiments provide sufficient evidence that supports a role for BMP4 upregulation in regulating
acute SCI mechanisms. To specifically address the role of BMP4 in SCI, BMP4 knockout mice
are necessary, which will be discussed in the following section as future directions. It is worthwhile
to mention that unlike mouse SCI, rat compressive/contusive SCI is a highly relevant model for
therapeutic development. Therefore, the rat preclinical model was selected for these studies due to
its therapeutic values.

Another limitation in our study is that it did not identify the mechanism(s) by which BMP4
modulated apoptosis after SCI. We showed that BMP signaling has a role in promoting cleaved

caspase-3 expression and lipid peroxidation in SCI rats, and BMP4 alone increased cleaved
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caspase-3-mediated apoptosis in primary cortical neuron and oligodendrocyte cultures (Hart et al.,
2019). These findings identify BMP4 as a potential modulator of cell death after SCI and alludes
to oxidative stress as a likely mediator. As mentioned above, genetic models are required to better
understand molecule mechanisms underpinning BMP4 effects.

Lastly, our study implemented an in vivo cell differentiation model using BrdU incorporation
after SCI. Our group has previously used this technique to approximate precursor cell fate as
activated NPCs and OPCs are highly proliferative after SCI (Karimi-Abdolrezaee et al., 2012;
Dyck et al., 2019), however it is unable to explicitly discern the origins of new oligodendrocytes
and astrocytes. Another strategy would be to use transgenic nestin-Cre®*T? and PDGFRa-CreERT?
mice to trace NPCs and OPCs, respectively, in in SCI studies (Faiz et al., 2015; Baxi et al., 2017).
However, as mentioned above, this strategy is less therapeutically relevant because rats, but not
mice, share an overall pathological response that is comparable to human SCI patients (Jakeman
et al., 2000; Metz et al., 2000; Sroga et al., 2003). Therefore, while we were unable to distinguish
between NPC and OPC-derived cells after SCI, we characterized the effect of acute BMP
inhibition on total oligodendrogenesis in a clinically relevant model of SCI and used in vitro assays
to evaluate the direct effects of BMP4 on NPC and OPC differentiation individually. Our
laboratory has recently established nestin-Cre"?1? and PDGFRa-Cre®®? mice lines that can be

used to address these questions in future studies.

3.4 Future directions

My PhD thesis has characterized BMP4 as an early modulator of oligodendrogenesis and glial
scarring in SCI rats, and we identified a novel role for BMP4 in modulating cell death and lipid

peroxidation in the acute SCI microenvironment. Based on these results, we propose that BMP4
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antagonism could serve as a treatment in a combinatorial approach to synergistically promote
neurological recovery.

Several steps can be taken next to further clarify the regulatory role of BMP4 after SCI. For
our in vivo analysis, the first logical step would be to determine if/how tissue and behavioural
outcomes are affected by concurrent administration of noggin and LDN193189 treatments. Given
that these treatments differ in mode of delivery (intrathecal vs. systemic) and action (ligand vs.
receptor binding) (Zimmerman et al., 1996; Sanvitale et al., 2013), it is possible that they could
act synergistically to target BMP-Smadl signaling. Future studies could also use alternative
strategies to acquire more BMP4-specific information about the acute SCI microenvironment by
using BMP4 specific siRNA, BMP4-neutralizing antibodies or conditional BMP4-KO transgenic
models. A group recently developed a pair of llama-derived BMP4-specific antibodies that exhibit
higher specificity and efficacy in in vitro systems comparable to other commercially available
antibodies, noggin and LDN193189 treatments (Calpe et al., 2016). This may present a future
opportunity for collaboration. Also, as previously described, our study could benefit from
complementary in vivo fate mapping of NPC and OPC lineages in noggin or LDN193189-treated
transgenic nestin-Cre®?T? and PDGFRa-Cre?T? SCI mice.

Next, it would be reasonable to evaluate how acute BMP inhibition impacts SC differentiation
and recruitment after SCI (Blight and Young, 1989; Felts and Smith, 1992), and whether BMP4
upregulation influences the relative contribution of oligodendrocytes (MBP+ or PLP+) and SCs
(PO+ or MPZ+) to remyelination after SCI. SCs are shown to contribute to remyelination of
damaged axons in human SCI patients (Guest et al., 2005).

Lastly, further investigations can be built on our findings to elucidate the mechanism by which

BMP4 modulates oxidative stress and apoptosis after SCI. One candidate target would be iron
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overload. As discussed earlier, the literature suggests that BMP4 may promote neuronal apoptosis
by increasing iron overload (Steinbicker et al., 2011; Urrutia et al., 2013; Zarruk et al., 2015; You
et al., 2017). This could be confirmed in our in vivo model by evaluating whether acute BMP
inhibition has any effect on hepcidin and/or iron transporter expression via Western blot analysis.
Furthermore, recombinant BMP4 can be delivered intrathecally (with or without iron chelators) to

detect changes in endogenous ROS production and apoptosis in the naive rat spinal cord.

3.5 Clinical implications

Traumatic SCI is a debilitating form of injury that affects nearly 86,000 Canadians, and there
are approximately 180,000 new patients globally every year (Noonan et al., 2012; Lee et al., 2014).
There are currently no therapeutic strategies that protect or repair damaged tissue and significantly
improve recovery in SCI patients. The most effective strategy to minimize tissue damage is to
surgically decompress the spinal cord as early as possible after injury (Fehlings et al., 2012;
Dvorak et al., 2015). Acute administration of methylprednisolone sodium succinate (MPSS) (an
anti-inflammatory steroid) is the only clinically-approved treatment for SCI patients, and it was
originally hailed as a viable therapeutic strategy to improve neurological recovery (Bracken et al.,
1990; Bracken et al., 1997; Bracken, 2001). However, the efficacy and long-term benefits of this
treatment has been questioned by experimental and clinical studies in the last two decades
(Rabchevsky et al., 2002; Evaniew et al., 2016; Fehlings et al., 2017). For example, meta-analyses
of MPSS administration in acute traumatic SCI patients suggest it may increase their risk of
developing gastrointestinal bleeds or infection (Aguayo, 2015; Evaniew et al., 2016). Given the
complexity of the SCI microenvironment, it is likely that a multi-faceted approach is required to

target several barriers to repair at once (Karimi-Abdolrezaee et al., 2006; Karimi-Abdolrezaee et
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al., 2010; Alluin et al., 2014a; DePaul et al., 2017; Liu et al., 2017; Nori et al., 2018). Therefore,
identifying new targets that modulate one or more secondary injury mechanisms is required to
optimize future therapeutic strategies.

Our study used a clinically relevant model of compressive/contusive SCI in rats, which exhibits
a pathophysiology resembling that of human SCI patients (Metz et al., 2000; Poon et al., 2007).
Our model showed that BMP4 is transiently upregulated within days of SCI (Hart et al., 2019),
and it has previously been shown to limit oligodendrogenesis and remyelination in demyelinating
lesions (Cate et al., 2010; Sabo et al., 2011; Wang et al., 2011; Govier-Cole et al., 2019), and
modulate glial scar integrity and axonal regeneration after SCI (Matsuura et al., 2008; Sahni et al.,
2010; Farrukh et al., 2019). Considering the relevance of early therapeutic intervention, our study
has illustrated the potential of acute and transient BMP inhibition as part of future combinatorial
approaches to improve functional recovery in SCI patients. For example, acute BMP inhibition
may foster a more permissive SCI microenvironment and bolster regenerative processes if
combined with growth factors, immunomodulators and/or transplanted NPCs or OPCs.

In the last two decades, several pre-clinical studies have identified BMP signaling as a viable
therapeutic target in a plethora of systemic pathologies, including fibrodysplasia ossificans
progressive (FOP) (Shore et al., 2006; Yu et al., 2008a), cancer (Balboni et al., 2013; Owens et al.,
2015), anemia (Steinbicker et al., 2011; Mayeur et al., 2015) and atherosclerosis (Derwall et al.,
2012; Saeed et al., 2012). Relative to our study, other groups have described similar detrimental
roles of BMP4 in other CNS disorders such as MS (Harnisch et al., 2019), amyotrophic lateral
sclerosis (ALS) (Shijo et al., 2018), AD (Li et al., 2008), stroke (Samanta et al., 2010) and age-
related neurological decline (Meyers et al., 2016). Of note, these pre-clinical studies demonstrate

the potential impact of developing pharmacological tools to safely antagonize BMP signaling.
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Unfortunately, there is currently no BMP4 antagonist that is clinically approved for use in treating
human patients. However, several patents have been filed for LDN193189 and other pyrazolo-
(1,5-a)-pyrimidine analogs due to their potent and specific inhibition of BMP receptors (Hopkins,
2016), which increases the clinical relevance of our current study. We demonstrated that systemic
delivery of LDN193189 can attenuate BMP4 expression in the injured rat spinal cord, and it can
directly or indirectly limit BMP-mediated responses during the acute stage of injury. Another study
also demonstrated that intravenous or oral administration of LDN193189 can yield detectable
levels of the molecule in circulating blood serum and inhibit BMP-Smad1/5/8 signaling in the liver
of mice (Mayeur et al., 2015). The efficacy of systemic delivery for LDN193189 is promising for
future therapeutic strategies as non-invasive strategies are often more attractive than local or viral
delivery. Overall, our study identifies BMP4 as a critical modulator of endogenous cell responses
and survival in early stages of SCI, and presents LDN193189-mediated inhibition of BMP4 as a
potential therapeutic strategy for other neurodegenerative diseases that share similar pathological

hallmarks of SCI.
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