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Long term functional impairment after rat spinal cord injury (SCI) results from
secondary apoptosis regulated in part, by SCI-induced decreases in protein levels of the
anti-apoptotic protein Bcl-x.. In this dissertation, | assessed the role that Bcl-x_
subcellular re-routing and post-translational phosphorylation play in SCI-induced Bcl-x.
decreases, and evaluated the therapeutic potential of Bcl-x_.administration after SCI.
Immunohistochemical analysis showed non-phosphorylated Bcl-x_ in neurons and
oligodendrocytes, but not in astrocytes and microglia. Bcl-x_ levels decreased in
mitochondria, endoplasmic reticulum, nuclei and cytosolic extracts during the first 24h
after SCI, but with a different time course for each organelle; suggesting an independent
regulation of Bcl-x, shuttling from the cytosol to each compartment in the injured spinal
cords. A membrane-bound phosphorylated form of Bcl-x_ (P-ser®-Bcl-x,) was found in
neurons in the uninjured SC. SCI did not affect P-ser®-Bcl-x, levels in organelles;
however, P-ser®-Bcl-x, appeared in the cytosol early after SCI, suggesting a role for
phosphorylation in SCI-induced decreases of Bcl-x. levels. Vinblastine-induced
apoptosis of neuronal PC12 cells, showed that cytosolic phosphorylated Bcl-x, correlated
with apoptotic cell death of neurons, suggestive of Bcl-x_-phosphorylation as a pro-
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apoptotic event. | found that activated microglia/macrophages robustly expressed Bcl-x
7 days after SCI, and a fraction of this population undergoing apoptosis, expressed P-
ser®-Bcl-x,. Therefore, phosphorylation of Bcl-x, may have two opposite effects in
injured spinal cords: (a) it may decrease levels of the anti-apoptotic Bcl-x,_ in neurons and
therefore contribute to their death and, (b) it may regulate apoptosis in activated
microglia/macrophages, thus curtailing the inflammatory cascades associated with SCI.
To counteract SCI-induced decreases in Bcl-x. and resulting apoptosis, | used a
fusion protein made up of the TAT protein transduction domain and the Bcl-x,_ protein
(Tat-Bcl-x.), or to its anti-apoptotic domain BH4 (Tat-BH4). Intrathecal delivery of Tat-
Bcl-x., or Tat-BH4 for 24h or 7 days after SCI, resulted in a significant decrease in
apoptosis at the site of injury. However, the 7 day delivery of Tat-Bcl-x_ or Tat-BH4
impaired locomotor recovery beyond the drug delivery time. Here | show that the 7 day
application of Tat-Bcl-x_ or Tat-BH4 increased microglia/macrophage activation and/or
survival associated with an increase in neuronal losses. These results suggest that the
anti-apoptotic treatment may shift neuronal apoptosis to necrosis, and initiate an
inflammatory response (microglial activation) in SCI rats. As a result, Tat-Bcl-x, /Tat-
BH4-induced increases in proinflammatory reactions may amplify SCI-induced neuronal
cell death and additionally impair functional recovery. Given that microglial activation
and inflammation are main players in shaping pathological outcomes after SCI, these
results suggest that the therapeutic potential of Tat-Bcl-x_ or Tat-BH4 in injured spinal
cords may be limited. Moreover, chronic treatment of SCI with Tat-Bcl-x, or other anti-

apoptotic treatments targeting Bcl-x, could be detrimental.
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CHAPTER ONE: CELL DEATH AND SPINAL CORD INJURY

Spinal cord injury (SCI) is a major societal health concern affecting 2.5 million
people worldwide (Thuret et al., 2006). More than 130,000 new injuries are reported each
year (Fisher et al., 2006) from which 8,000-10,000 occur in the United States (Dumont et
al., 2002). Although the life expectancy following SCI is improving as a result of advances
in medical and surgical care (Hulsebosch, 2002), SCI has a significant impact on quality of
life and becomes an economic burden, with considerable costs associated with primary care
and loss of income (Burnett et al., 2001;Krause, 2003;Krause and Terza, 2006). There are
no fully restorative therapies for SCI. The design of rational and effective therapies requires
understanding the complex pathophysiological mechanisms that characterize SCI.

Early studies of the pathological events triggered by spinal cord trauma showed
that the outcome of SCI depended not only on the tissue disruption at the time of trauma,
but also on secondary injury processes that could extend for days (Hulsebosch, 2002).
Currently, it is accepted that cell death and secondary degeneration after SCI is the result of
multiple cascades and that an effective therapy must be a combination of agents targeting
multiple processes (Thuret et al., 2006). It is clear that beyond the “necrotic” cell death
produced by the impact to the cord, cells that have received less severe injuries can die by
active processes such apoptosis (Beattie et al., 2000a). Thus, preventing this delayed cell
death must be part of the “cocktail” of targets to improve the functional outcome after SCI.
This dissertation is an attempt to identify the mechanisms that lead to the impairment of
the function of Bcl-x, (a key anti-apoptotic regulator in the CNS), as well as to evaluate
potential of exogenous administration of Bel-x, as a neuroprotective agent after SCI.

In this chapter I will provide a general overview of the main events responsible for
the functional impairment after SCI, in particular cell death. Following, I will describe the

general mechanisms that control apoptotic cell death, with emphasis in the anti-apoptotic
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role of Bel-x, Finally I will present evidence that supports the potential of Bel-x, as an anti-

apoptotic agent in the context of CNS trauma.

SpINAL CoRD INJURY

Because of the specific organization of the spinal cord conveying both sensory
and motor information, SCI leads to a wide range of functional deficits distal to the levels
of injury (Ahn et al., 2006). Human SCI can be divided into four distinct groups: solid
cord injury, contusion/cavity-type injury, laceration, and massive compression (Grill,
2005). Most human spinal cord injuries are produced by the fracture and dislocation of
the spinal column causing contusion and compression (Norenberg et al., 2004). In order
to study the acute and chronic events triggered by trauma, and to test therapeutic agents,
several approaches have been applied to model spinal cord contusions in animals (Young,
2002;Stokes and Jakeman, 2002). Most of the models that reproduce a pathology similar
to that observed in cases of human contusion/compression injury, employ a user-defined
weight, dropped from a defined height or with at defined force above the exposed spinal
cord to induce a rapid localized displacement of cord tissue (Young, 2002;Grill, 2005). As
in human SCI, animal models display graded histological and behavioral loss correlated
with graded severity of the contusion (Basso et al., 1995;Basso et al., 1996;Stokes and

Jakeman, 2002;Scheff et al., 2003).

Pathophysiology of Contusive Spinal Cord Injury

The series of events occurring in both humans (Bunge et al., 1993) and animal
models due to spinal contusion/compression can be divided in three phases (Hulsebosch,
2002;Ahn et al., 2006) including primary (acute), secondary (semi-acute) and chronic
mechanisms (Fig. 1). During the acute phase, a transient blow and/or sustained compressive
event causes tissue displacement resulting in a localized tissue deformation, tissue shear,

severing axons, vascular disruption and loss of blood—spinal cord barrier function (Ahnetal.,
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Fig. 1. Pathophysiology of the secondary damage after SCI. A. The initial trauma to

the cord starts with loss of membrane integrity (depolarization), glutamate release
(excitotoxicity mediated by astrocytes and neurons) and metabolic stress. (Modified from
Schwah, JM, et al, 2006). B. A spinal cord injury expands itself during the first weeks
post-trauma, due to the delayed cell death of neurons and oligodendrocytes rostral and
caudally to the lesion epicenter. Reprinted with permission from Beattie M. TRENDS in
Molecular Medicine. 10(12); 580-583. Copyright © 2004 Elsevier Ltd

2006;Baptiste and Fehlings, 2006). This cellular disruption at the center of impact triggers
a secondary cascade of rostro-caudal tissue destruction that includes ischemia, metabolic
failure due to massive intracellular Ca2+ influx, ionic disregulation, excitotoxicity, free
radical formation, membrane damage by lipid peroxidation and necrotic cell death (Hall
and Braughler, 1993;Beattie et al., 2000b;Schwab et al., 2006). The disruption of the blood-

SC barrier added to necrosis allows for an early infiltration of blood neutrophils (Popovich
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et al., 1999) that can increase rapidly levels of cytokines as TNF-a, and macrophages that
increase the levels of free-oxygen radicals (Fleming et al., 2006). By 24h post-injury,
neuronal death is completed at the lesion epicenter, macrophages have invaded the lesion
and a cavity begins to form (Liu et al., 1997;Stokes and Jakeman, 2002). During the chronic
phase that occurs from weeks to years, injured axons continue to die away from the site
of injury; their distal ends undergo Wallerian degeneration increasing the tissue loss and
the disruption of neural circuits (Liu et al., 1997;Zhang and Guth, 1997;Kerschensteiner
et al., 2005). The formation of cystic cavities filled with fluid and connective tissue is
followed by a proliferation of astrocytes and their processes producing a dense mass of
intracellular glial filaments composed of polymerized GFAP (e.g. glial scar formation),
which fills in all the spaces left by the degenerating axons and myelin (Silver and Miller,
2004;Rosenberg et al., 2005;Zai and Wrathall, 2005). Reactive astrogliosis occurs along
the entire region of axon degeneration including in the region of the axon terminals in the
gray matter (Hulsebosch, 2002;Gomes-Leal et al., 2004).

The inflammatory response also plays an important role in the progression of the
lesion after SCI. Microglial activation begins 1 day after injury and persist up to 6 weeks
(Popovich et al., 1997;Kigerl et al., 2006). Other macrophages enter the cord due to the
disruption of the blood-spinal cord barrier or are attracted by inflammatory cytokines, and
at chronic stages, they continue infiltrating due to increases in white matter permeability
(Zhang et al., 1997;Schnell et al., 1999). By 6 weeks after trauma in rats, there is a two
to three fold increase in cell density at the lesion epicenter (Zai and Wrathall, 2005),
due mostly to proliferation and infiltration of microglia and macrophages (Popovich et
al., 2003;Kigerl et al., 2006). The role of microglia and macrophages in chronic stages
after SCI is controversial, since these cells can secrete molecules that may be beneficial
or deleterious to regeneration (Jones et al., 2005). However, most evidence suggests that

microglial/macrophage response to SCI is responsible for demyelination, oligodendrocyte
4



death and damage to intact axons (Casha et al., 2001;Popovich et al., 2002;Gomes-Leal et

al., 2004;Zai and Wrathall, 2005).

Cell death after SCI: Necrosis vs. Apoptosis

Classically, necrotic cell death is characterized by distortion and degradation
of organelles, cellular swelling and loss of the plasma and nuclear membrane integrity
(Bredesen et al., 2006). This type of death occurs immediately after SC trauma due to the
shearing of membranes that leads to the release of free radicals and excitatory amino acids
by dying neurons and other cells (Zhang et al., 1997;Lu et al., 2000;Beattie et al., 2002). In
contrast, the secondary apoptotic death of neurons and oligodendrocytes is an active and
highly orderly process displaying characteristic morphologic changes that include nuclear
pyknosis, chromatin condensation, DNA fragmentation, cytoplasmic condensation, plasma
membrane blebbing, and exposure of phosphatidylserine (Lu et al., 2000;Beattie et al.,
2000b;Bredesen et al., 2006). The dead cells eventually fragment into membrane bound
apoptotic bodies, which are phagocytosed by macrophages and surrounding cells without
inducing inflammatory response (Hengartner, 2000).

Although apoptosis and necrosis are mediated through distinct pathways, the
same insult can lead to either apoptosis or necrosis depending on its intensity and the
neuronal subpopulation involved (Yuan et al., 2003). For instance, the disruption of the
cord vasculature creates a hypoxic environment, and it is known that hypoxia can induce
cell death by both necrosis and apoptosis (Sastry and Rao, 2000). Also, levels of excitatory
amino acids such as glutamate increase dramatically in the spinal cord after injury. High
levels of glutamate can activate AMPA and NMDA receptors (Nesic et al., 2002) allowing
a Ca?" influx that causes cells to burst in a typical necrotic death. However, cells exposed
to lower levels of glutamate can recover, or die not by necrosis but by apoptosis (Yakovlev

and Faden, 2004).



There is little that can be done to prevent the necrotic death triggered by the
mechanical insult to the cord. However, because is a delayed and programmed process,

the secondary apoptotic cell death provides a timeframe for therapeutic interventions that

ameliorate the cell loss and subsequent functional deficit after SCI.

MOLECULAR REGULATION OF APOPTOSIS

The previous section has given a brief overview of the main events that lead to
the devastating consequences of spinal cord injury. This section explores in more detail
the molecular pathways that control apoptotic cell death in the CNS, in particular, the
apoptotic death of neuronal and oligodendroglial cells that extends for several days after
injury (Beattie et al., 2000a;Beattie et al., 2000b;Grossman et al., 2001).

Cells can initiate the apoptotic process by two known pathways: an intrinsic
(mitochondria-dependent) pathway and an extrinsic (receptor-dependent) pathway (Fig.
2) (Yuan et al., 2003). In both pathways, the final apoptotic features are the result of the
activation of caspases, a family of proteases dependent on a cysteine nucleophile to cleave
motifs possessing aspartic acid (caspase)(Chen and Wang, 2002). Caspases are produced
as inactive zymogens possessing a large and a small subunit preceded by an N-terminal
prodomain. Upstream caspases known as initiators (caspases 8, 9 and 10) are capable of
autocatalytic activation and generally have a long prodomain. Downstream “executioners”
caspases (i.e. caspase 3, 6 and 7) need initiator caspases for their activation by transprocessing
(Earnshaw et al., 1999). The cleavage of many downstream substrates by executioner
caspases substrates leads to morphological changes associated with apoptosis, including
DNA degradation, chromatin condensation, and membrane blebbing. For example, the
cleavage of ICAD (inhibitor of caspase-activated DNAase) by caspase-3 results in the
activation of CAD (caspase-activated DNAase), which leads to the formation of DNA

ladder (Hengartner, 2000).
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Fig. 2. The intrisinc and extrinsic pathways of apoptotic cell death. In the extrinsic
pathway (panel a) Fas is bound by Fas ligand (FasL), recruiting FADD and caspase-

8, and subsequent caspase-8 activation. Caspase-8 activates effector caspases (such

as caspase-3 and 7) by cleavage. Furthermore, the extrinsic pathway interacts with

the intrinsic pathway via caspase-8 cleavage of BID to produce tBID. In the intrinsic
pathway (panel b) signals from plasma membrane, endoplasmic reticulum, cytosol or
nuclei, lead to the mitochondria-outer membrane permeabilization (MOMP), a process
largely regulated by Bcl-2 family members. Cytochrome c is released from mitochodria
inducing conformational change and heptamerization of the cytosolic protein APAF-

1. The heptamer binds caspase-9, resulting in its activation and cleavage of effector
caspases. Reprinted by permission from Macmillan Publishers Ltd. Nature. Bredesen et
al. 443(19), 796-802. Copyright 2006.

In the extrinsic pathway to apoptosis, the activation of death receptors (a subset of

the TNF receptor-TNFR- family, including TNFR 1, CD95, TNF-related apoptosis-inducing
ligand-receptor-1 and 2 [TRAI-R1 and R-2]) causes the recruitment and oligomerization
of the adaptor molecule FADD (Fas-associated death domain) to form the death-inducing
signaling complex (DISC). This complex binds initiator caspases-8 and —10, causing their

dimerization and activation (Putcha et al., 2002).



In the intrinsic (mitochondrial) pathway, the executioner caspases are activated by
the initiator caspase-9. This caspase can only be activated by dimerization with the adaptor
protein Apaf-1, an adapter molecule that exists in the cytosol as a monomer, and depends
on the presence of holocytochrome c for its activation. When cytochorme c is available
in cytosol, it binds to Apaf-1, dATP gains access to a nucleotide binding site in Apaf-1
inducing a conformational change that leads to its oligomerization. This oligomer known
as “apoptosome” recruits and activates initiator caspase-9. The release of holocytochrome ¢
from the mitochondrial intermembrane space is the rate-limiting factor for the generation of
the apoptosome, therefore, the mitochondrial-outer-membrane permeabilizacion (MOMP)
is the critical event responsible for caspase activation in this pathway (Green and Kroemer,
2004;Spierings et al., 2005).

The MOMP represents the “point of no return” of cell death because it can commit
a cell to die even when caspases are not activated (Chipuk et al., 2006). For instance,
under ischemic conditions, channels in the inner mitochondrial membrane open to allow
movement of solutes and ions, a process know as mitochondrial permeability transition
(MPT). This MPT results in a loss of inner membrane function and swelling of the matrix
that can lead to rupture of the outer membrane. In this “caspase-independent” cell death,
loss of mitochondrial permeability allows the release of other apoptogenic factors such
as AIF (apoptosis-inducing factor)(Yakovlev and Faden, 2004). AIF is a mitochondrial
flavoprotein with an oxidoreductase domain localized to the mitochondrial intermembrane
space in living cells that translocates to the cytoplasm and nucleus under certain apoptotic
conditions. AIF can induce nuclear condensation and large-scale DNA fragmentation to
50 kb fragments in a caspase-independent fashion, and it is a downstream mediator of
poly(ADP-ribose) polymerase-1 (PARP-1)-induced neuronal cell death (Yu et al., 2002).

PARP-1 mediates protein ADP ribosylation in response to DNA damage, and its activation



has been found to play a role in neuronal cell death induced by ischemia-reperfusion injury

and in NMDA -induced excitatory neuronal cell death (Yu et al., 2002).

SCI-induced cell death involves caspase-dependent and independent mechanisms

The activation of the cytochrome c-dependent caspase-3 apoptotic cascade in
neuronal and oligodendroglial cell death is a common event in human and animals models
of traumatic spinal cord injury (Crowe et al., 1997;Springer et al., 1999;Springer et al.,
2000;Casha et al., 2001;Knoblach et al., 2005). We have shown increased apoptosis and
caspase-3 activity in a rat model of moderate contusion to spinal cord (Nesic et al., 2001).
Caspases 3, 8 and 9 are activated from 1 to 72 h after injury in neurons and oligodendrocytes
as well as some astrocytes (Citron et al., 2000;McEwen and Springer, 2005). In fact,
inhibitors of caspases have been used to prevent SCI-induced apoptosis with different
success (Barut et al., 2005;Knoblach et al., 2005;Colak et al., 2005).

Trauma to the CNS also induces the activation of caspase-independent cell death
pathways, involving nuclear translocation of AIF and endonuclease G (Zhang et al., 2002).
Recently it has been shown that SCI-induced oxidative stress induces AIF and Endonuclease
G translocation from the mitochondria to the nuclei in apoptotic motoneurons 1 and 3 days
after trauma (Yu et al., 2006). Since the convergence point between caspase-dependent and
independent pathways is the regulation of the MOMP, an apoptosis-regulator that works
upstream of caspase-activation by regulating the MOMP may be an effective candidate to

prevent SCI-induced cell death.

Bcl-2 family of proteins are key regulators of cell death in the CNS

The Bcl-2 family of proteins play a major role in regulating the MOMP (Tsujimoto,
2003;Danial and Korsmeyer, 2004;Sharpe et al., 2004). The Bcl-2 family has been divided
into 3 subclasses based on the presence of one or more conserved regions termed Bcl-2

homology (BH) 1-4 domains (Petros et al., 2004), generally corresponding to a helices
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which dictate structure and function (Fig. 3). The BH3-only proapoptotic members (Bim,
Bid, Bad, Bik, Noxa, Puma, Bmf, Hrk) serve as upstream sentinels that selectively respond
to a wide variety of damage signals (including DNA damage, growth factor withdrawal), and
its activity is controlled by either transcriptional control or posttranslational modification
(Tsurutaetal.,2004;Kuwana et al., 2005). The “multidomain” proapoptotic members (BAX,
BAK) possess BH1-3 domains and constitute a requisite gateway to the intrinsic pathway
(Sharpe et al., 2004;Reed, 2006) . In response to diverse stimuli, transient interactions
of BH3-only pro-apoptotic members of the Bcl-2 family, such as tBid and Bim, with the
multidomain pro-apoptotic members, such as Bax and Bak, result in the oligomerization of
Bax and Bak and the permeabilization of the outer mitochondrial membrane and the efflux
of cytochrome ¢ (Kuwana et al., 2005;Chipuk et al., 2006). The antiapoptotic members
include Bcl-2, Bel-x; (Boise et al., 1993;Gonzalez-Garcia et al., 1994), Mcl-1, Al, and
Bcl-w and display conservation in all four BHI-4 domains. These proteins are crucial
for preventing cell death since they sequester BH-3-only proteins (Zimmermann et al.,
2005) and probably the activated multidomain proteins, preventing the MOMP (Hou et al.,
2003;Zhu et al., 2004).

Although Bcl-2 and Bel-x; share some structural and functional characteristics,
they might play different roles depending on the cell type, their subcellular location, their
ability to interact with other Bcl-2 members and their susceptibility to post-transcriptional
modifications. In the central nervous system (CNS), both Bcl-2 and Bel-x, are present
during embryonic development (Fujita et al., 2000;Itoh et al., 2003;Savitt et al., 2005).
However, the expression of Bcl-2 is decreased in populations of neurons in the adult CNS
remaining mostly in the peripheral nervous system while Bcl-x, expression is highly
expressed during adulthood (Gonzalez-Garcia et al., 1994;Alonso et al., 1997;Parsadanian
et al., 1998;Hamner et al., 1999). Immunohistochemical analysis of the central nervous

system of rats at various postnatal ages have shown that Bcl-x, expression is strong in
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Fig 3. Bcl-2 family of proteins. Bcl-2 family members possess up to four Bel-2 homology
domains (BH1—4) corresponding to a-helical segments (denoted by colored boxes).
Some members also possess a carboxy-terminal hydrophobic transmembrane (TM)
domain (denoted by a red box). According to their BH domains, they can be subdivided
into two categories: anti-apoptotic members and pro-apoptotic members. In general,
anti-apoptotic Bel-2 family members display sequence conservation in all four BH
domains. Pro-apoptotic members can be assigned to two subsets based on sequence
conservation: the more fully conserved 'multi-domain' members and a divergent subset
of 'BH3-domain only' members. The BH3-only proteins cannot induce apoptosis in

the absence of Bax and Bak. The BH1, BH2, and BH3 region of the anti-apoptotic and
maybe of the BH multi-domain sub-family generate a hydrophobic pocket which can
interact with the BH3 domain of the pro-apoptotic proteins. Most of the Bcl-2 family
members possess a carboxy-terminal transmembrane domain (TM) implicated in their
targeting to intracellular membrane. In Bax and Bcl-w, the C-terminal tail is engaged in
the hydrophobic pocket and should fit to allow insertion in the membrane. Reprinted by
perimission from Macmillan Publishers Ltd: Nature genetics, 28, 113 — 118, copyright
(2001)
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neuron-like cell bodies in the brain and the spinal cord, particularly the superficial layers
of the dorsal horn (Mizuguchi et al., 1996). Bcl-x, also colocalizes with immunoreactive
astrocytes located throughout the white matter regions of the brain (Alonso et al., 1997).

Since little is known about the particular role of Bcl—xL in the adult CNS and in response

to trauma, the next section will describe the current knowledge about Bel-x, function and
regulation in different cell types, and in some cases, its similarity with the best known role
of Bcl-2. Moreover, this section will lead into the next section which describes the potential

of Bel-x, as an antiapoptotic therapy after SCI and the final goal of this dissertation.

Bcl-xL structure

The overall structure of Bcl-x, consists of eight -helices connected by loops of
varying length (Aritomi et al., 1997). Two hydrophobic central helices (5 and 6) form
the protein core. It contains a C-terminal transmembrane (TM) fragment and a pair of
hydrophobic alpha helices (alpha5-alpha6) similar to the membrane insertion fragments
of the ion-channel domain of diphtheria toxin (Garcia-Saez et al., 2004). Two basic amino
acids flank both ends of the transmembrane domain and constitute the signal targeting
Bcl-x, to the mitochondrial outer membrane (MOM) (Kaufmann et al., 2003). The BHI,
BH2, and BH3 regions are proximal to one another and define the top of an elongated
hydrophobic groove on the surface of the protein (Fig. 4), that is the interaction site with
the BH3 domain of proapoptotic members such as Bak and Bad (Petros et al., 2004). The
BH4 domain, a conserved sequence located near the N-terminus, forms an helix and is

required for the anti-death activity of Bel-x, (Shimizu et al., 2000b;Sugioka et al., 2003).

Bel-x_function at different subcellular compartments

Although the anti-apoptotic properties of Bel-x, have been characterized in various
cell-culture systems, the functions of Bcl-x, at the molecular level are still controversial

(Fig.5). Current models suggest that both Bcl-2 and Bcl-x, heterodimerize with and
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Fig 4. Rat Bcl-x, protein sequence and BH domains (A) Swissprot Access Number
P53563 . B. Ribbon structure of soluble portion (Met' to Gly') of rat Bcl-x, . The Bcl-2
homology regions are indicated by different colors: yellow for BH1 (Glu'*-Gly'**), red
for BH2 (Pro'*’-Tyr'?), green for BH3 (Val®**-Leu®), and purple for BH4 (Ser*-Trp*!).
The helices al, 02, a3, a4, a5, a6, a7, and a8 correspond to Ser*-Lys®’, Ala*-Arg'®,
Ser!%-Leu!'2, Tyr'20-Phe'™!, Trp'¥-Asp'*, GIn'®-His!”’, Glu'™-Asn'$5, and Gly'¥’-Leu'®*,
respectively (Aritomi et al., 1997). Copyright 2006 by The American Society for
Biochemistry and Molecular Biology

sequester BH3-only proteins, preventing them from activating pro-apoptotic Bax and Bad
(Grad et al., 2000;Jeong et al., 2004). Other evidence suggest that Bel-2 and Bcel-x, may
modulate the activities of pro-apoptotic Bcl-2 members (Bax) by interfering with essential
organelle targeting or membrane-integration processes, (Ganju and Eastman, 2002) or by
sequestering Bax in the cytosol in an inactive stage (Reed, 2006). In vitro studies of wild type
and Bcl-x, mutants have shown that in contrast to Bcl-2 (always associated with organelles-
membrane) the soluble form of Bel-x, exists in the cytosol as a homodimer and that this
dimeric form is important for Bel-x, insertion into the mitochondria and its bioactivity
(Jeong et al., 2004). Homodimer formation occurs through the BH-3 binding pocket and

the C-terminal hydrophobic anchor of Bel-x,  (Tsujimoto, 2003). It has been proposed that
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Fig. 5. Functions of Bcl-x, at different organelles to prevent apoptosis. In the cytosol,
Bel-x, binds BH-3 only proapoptotic proteins and prevents them to activate Bax/Bak.
Bel-x, can protect cells by regulation of the mitochondrial voltage-dependent anion
channel (VDAC) during the formation of the mitochondrial permeability pore (MPP).
Recently, a new role for Bel-x, in the modulation of intracellular Ca2+ levels at ER by
interaction with ER resident pore-forming molecules has been proposed (Bredesen et al.,
20006) .

upon apoptotic stimuli, pro-apoptotic Bad triggers Bcl-x, to the mitochondrial membrane
in vivo and in vitro by disrupting Bel-x, homodimers (Jeong et al., 2004). Additionally,
since Bcl-x, is able to bind Apaf-1, it has been suggested that cytosolic Bel-x; could act
preventing oligomerization of Apaf-1 and subsequent caspase activation in healthy cells
(Yajima and Suzuki, 2003).

Most studies agree that the anti-apoptotic activity of Bel-x; occurs at mitochondria,
either by blocking pro-apoptotic proteins or by a direct action on the mitochondrial function
that can be independent ofits interaction with other Bcl-2 members (Chengetal., 1996;Vander
Heiden et al., 1997;Minn et al., 1999;Hammond et al., 2001;WANG et al., 2004). For
instance, Bel-x; can protect cells by regulation of the mitochondrial voltage-dependent
anion channel (VDAC) during the formation of the MPT (Shimizu et al., 2000a;Vander

Heiden et al., 2001). Bcl-x; prevents mitochondrial multiple conductance channel opening,
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cytochrome c release and caspase-3 like activity following 6-Hydroxydopamine treatment
in the human neuroblastoma cell line SH-SY5Y (Jordan et al., 2004). In non-neuronal cells,
Bcl-x, protects from growth factor deprivation and TNF-a induced apoptosis by increasing
ATP levels and sustaining mitochondrial ATP levels (Vander Heiden et al., 1999;Gottlieb
et al., 2000).

Although mitochondrial alterations represent a major step in the initiation of
apoptosis, increasing evidence implicates the endoplasmic reticulum as an important
organelle in the initiation of apoptosis (Reimertz et al., 2003;Faitova et al., 2006;0Oakes
et al., 2006). The ER-mediated apoptosis occurs either in concert with mitochondria or
occurs by a mechanism independent of the mitochondrial pathway (Pinton and Rizzuto,
2006) and seems to be mediated mainly by the modulation of intracellular Ca*" levels
(Foyouzi-Youssefi et al., 2000). It has been proposed that Bel-2 (and probably Bcl-x,)
reduce ER Ca?' levels thus modulating the efficacy of apoptotic mediators that use Ca*"
as an activator/potentiator factor (Pinton et al., 2000). The mechanism by which Bcl-2 or
Bcel-x, modulate ER Ca*" permeability are controversial, but several authors suggest that
Bel-x, or Bcl-2 could facilitate Ca*" leakage from the ER by forming a channel, either
by oligomerizing or by interacting with other Bcl-2 family members (Thomenius et al.,
2003;0akes et al., 2005). Alternatively, Bel-2 and Bel-x; could interact with endogenous
ER-channels or pore-forming proteins residents in the ER (Ng and Shore, 1998;Tagami et
al., 2000). Supporting this model, Foskett’s group (2005) demonstrated that Bel-x, directly
binds to the Inositol 1,4,5-trisphosphate receptor (InsP3R) ER Ca** release channel and in
single channel electrophysiollogy assays with isolated nuclei, addition of Bcl-x, sensitized
the InsP3R to low agonist doses, then reducing ER Ca*" concentration and stimulating

mitochondrial bioenergetics (White et al., 2005).
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Post-translational modifications of Bcl-x, that regulate its anti-apoptotic function

Bcel-x, contains an unstructured loop between the BH3 and BH4 regions that is
non-conserved among Bcl-2 family proteins (Aritomi et al., 1997). This loop contains
recognition sites for caspase-mediated cleavage and phosphorylation, mechanisms that
appear to regulate the function of Bel-x, (and Bcl-2) after different insults in multiple cell
lines (Ojala et al., 2000;Liang et al., 2003;Muhlethaler-Mottet et al., 2004;Upreti et al.,

2006). However, the occurrence of such modifications in the CNS and in the injured spinal

cord has not been addressed.

Cleavage

Cheng et al, observed that endogenous and overexpressed Bcel-x, was cleaved by
endogenous caspases during cell death induced by IL-3 withdrawal (Cheng et al., 1997).
Bcl-x, was cleaved between Asp®' and Ser® (i.e HLAD61S) and between Asp’ and Ala”
(i.e SSLD76A) by caspases-3/CPP32 (Cheng et al., 1997;Fujita et al., 1998). Cleavage
produced two ~18 KD fragments that can be detected by western blot following apoptotic
insult. The smaller cleaved fragment results from the removal of NH-2 terminal 15 amino
acid (aa 62 to 76) of the larger cleaved fragment. Interestingly, the proteolytic attack on
Bel-x, has been found to convert Bcel-x, into a pro-apoptotic protein (Figueroa, Jr. et al.,
2003;Jonas et al., 2004). The cleavage fragments are structurally and functionally similar
to the Bax-like death agonist lacking the BH4 domain and promoting apoptotic cell death
(Chengetal., 1997;Fujitaetal., 1998). Then, Bel-x, protein cleavage by caspases accelerates
apoptotic cell death not only by decreasing the expression level of the death-antagonist
Bel-x, but also by increasing the expression level of the death-agonist 18kDa Bcl-x
fragments (Clem et al., 1998;Fujita et al., 1998;Kirsch et al., 1999). Several investigators
have reported the loss of Bcl-x, protein expression during apoptosis in cell lines; however,

further information on the fate of the Bcl-xL in vivo has not vet been reported.
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Phosphorylation

Bel-x, contains sequences surrounding Ser*®, Ser®, Thr*” and Thr'" that resemble
consensus motif for stress-activated protein kinase/c-Jun N-terminal Kinase (SAPK/
JNK) substrate (Kharbanda et al., 2000;Basu and Haldar, 2003). Using isolated and
bioenergetically competent rat brain mitochondria, Schroeter et al (2003) demonstrated
that JNK catalyzes the phosphorylation of both Bel-x; and Bcl-2 (Schroeter et al., 2003),
but the mechanism(s) by which phosphorylation impairs the anti-apoptotic role of Bcl-
2 or Bel-x, are still controversial. Most studies agree that phosphorylation results in a
reduction in anti-apoptotic function (Ojala et al., 2000;Simizu et al., 2004;Tamura et al.,
2004), possibly by abrogating the ability of Bel-2 or Bel-x, to bind Bax or other Bcl-2
family members (Ishikawa et al., 2003;Schroeter et al., 2003). Moreover, it has been found
that Bcl-2 phosphorylation preceded proteasome-dependent degradation of Bcl-2 protein
in mitotic arrested cells after microtubule damage (Chadebech et al., 1999). Additionally,
Grethe et al found p38 MAPK-dependent ser-thr phosphorylation and proteasome-
dependent degradation of Bel-x in response to TNF-induced apoptosis of endothelial cells
(Grethe et al., 2004). Studies of Bcl-2 phosphorylation under physiological conditions in
human colon, tonsil and other tissues have been reported, and a recent study demonstrated
that Bcl-2 phosphorylation in the BH4 domain precedes caspase-3 activation and cell death
in a model of neonatal cerebral hypoxia and ischemia (Hallin et al., 2006).

The signals that trigger Bel-x, phosphorylation seem to be related to the disruption
of microtubule network (Poruchynsky et al., 1998) and DNA damage (Kharbanda et al.,
2000). SAPK/INK phosphorylate Bcl-2 and Bcl-x, in vitro in response to microtubule
disarraying agents such as taxol and vinblastine (Fan et al., 2000). While Bcl-2 can be
phosphorylated onmultiple Ser/Thre residues (Tamuraetal., 2004), Bel-x| is phosphorylated

only on Ser® following taxol exposure of cancer cells. Bcl-x, can also be phosphorylated
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at Thr*” and Thr'" in response to DNA damage induced by ionizing radiation in vitro
(Kharbanda et al., 2000). However, microtubule inhibitors characteristically stimulate ser®
Bcl-x, phosphorylation in vitro, where as other apoptotic stimuli do not (Du et al., 2005).

To date, no studies have addressed the role of Bcl-x, phosphorylation in vivo in the normal

or injured CNS.

BCL-XL AS AN NEUROPROTECTIVE TARGET AFTER SCI

The previous section showed that multiple mechanisms could impair Bel-x, function
and introduced the first objective of this dissertation that is to identify the mechanisms
by which the antiapoptotic function of Bel-x; could be impaired after SCI and therefore,
contribute to the delayed cell death. This section leads to the final goal of this dissertation
and it is the potential use of Tat-Bcl-x, to prevent of cell death after SCI.

We propose that downregulation of Bel-x, anti-apoptotic function (i.e by trauma-
induced phosphorylation), could be responsible, at least in part, for the delayed cell death
occurring after SCI. Several findings support the importance of Bcl-x, in preventing cell
death in the injured CNS. For instance, sections of rhizotomized spinal cord showed a
dramatic decrease in the number of intensely Bcl-x, immunostained axon-like fibers
innervating the superficial layers of the dorsal horn ipsilateral to the lesion (Alonso et al.,
1997). Also, conditional Bcl-x, overexpression protected postnatal and adult neurons from
traumatic hypoxia (Matsuoka et al., 2002;Wen et al., 2002), and metabolic injury (Xu et
al., 1999;Shinoura et al., 2000;Matsuoka et al., 2002;Panickar et al., 2005). Furthermore,
exogenous Bcl-x; has been shown to be highly effective in protecting against cell injury
in a variety of injuries such as ischemia (Asoh et al., 2002;Cao et al., 2002b), oxidative
stress (Cherbonnel-Lasserre and Dosanjh, 1997) hypoglycemia (Panickar et al., 2005),
neurotrophin deprivation (Vander Heiden et al., 1999) and excitotoxicity (Matsuoka et al.,

2002).). Since most of these stresses take place in the injured spinal cord, is expected that
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restoring Bel-x, function could be a key factor in preventing SCl-induced cell death. In
support of this hypothesis, short-term administration of Bcl-x -fusion protein to the injured
spinal cord significantly increases neuronal survival within 24h after spinal injury (Nesic-

Taylor et al., 2005).

Exogenous administration of Bcl-x in the injured CNS

To overcome the problems related to delivery of the protein into the CNS, several proteins
including Bel-x; have been linked to “protein transduction domains (PTD)”(Soane and
Fiskum, 2005a). These are sequences of about 11 amino acids which are able to pass the
blood-brain barrier and into cell membranes (Schwarze et al., 1999;Wadia and Dowdy,
2005). Among several PTDs, the sequence derived from HIV trans-activator of transcription
(TAT) can transduce peptides and larger proteins into the brain after systemic administration
(Nagahara et al., 1998;Murriel and Dowdy, 2006).

The mechanism of TAT-mediated protein internalization is not completely
understood, but it is known that cell heparin sulfate proteoglycans are mediators of
TAT-fusion proteins attachment to cell membranes in vivo (Wadia and Dowdy, 2005) .
Since heparin sulfates are present on the surface of several cell types, Tat-peptides and
conjugated proteins are able to penetrate a wide variety of cells including neurons, glial
and endothelial cells (Schwarze et al., 1999). Upon attachment, Tat-fusion proteins seem to
be internalized through caveolar endocythosis (Potocky et al., 2003) or macropynocytosis
(Wadia et al., 2004;Kaplan et al., 2005) in non-neuronal cells. In neurons, Soane et al
(2005) demonstrated that TAT-mediated protein internalization occurs though a lipid raft-
dependent endocytic process (Soane and Fiskum, 2005b).

The process of fusion-protein intracellular activity is unknown, but several studies
have demonstrated their biological activity in vivo (Diem et al., 2005) and in vitro (Soane

and Fiskum, 2005b). In particular, it has been shown that intravenous delivery of TAT-Bcl-
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x, fusion protein efficaciously reduces brain injury in adult models of cerebral ischemia
(Asoh et al., 2000;Kilic et al., 2002;Cao et al., 2002a); and is protective against neonatal
hypoxic-ischemic brain injury in rats (Dietz et al., 2002;Yin et al., 2006). Furthermore, the
BH4-Bcl-x;, domain fused to Tat (TAT-BH4) can prevent apoptotic changes of isolated
mitochondria (Shimizu et al., 2000b) and is able to reduce spontaneous caspase activation
and cytotoxicity caused by IL-1 in several cell types (Klein et al., 2004), and inhibits
apoptosis induced by several mechanisms in vitro and in vivo (Klein et al., 2004;Hotchkiss

et al., 20006).

ExPERIMENTAL RATIONALE AND HYPOTHESIS

It has been shown that Bel-x, mRNA and protein levels decrease after SCI (Nesic-
Taylor etal., 2005) and Bcl-x, may be inactivated by phosphorylation or cleavage that yields
pro-apoptotic fragments. Thus, transcriptional downregulation and post-transcriptional
inactivation of Bcl-x, are two main mechanisms leading to apoptosis of neurons and
oligodendrocytes after SCI. Therefore, interventions leading to increased local levels of
active Bcl-x, should decrease apoptotic cell death and improve functional recovery after
SCI.

Given this hypothesis, the goal of my dissertation is to further elucidate a role
for Bel-x, in SCl-induced cell death by identifying the mechanisms that underlie the
impairment of its antiapoptotic funtion during the acute phase of trauma, and by evaluating
its effect as a potential neuroprotective therapy. I demonstrate that phosphorylated and
unphosphoryalted forms of Bcl-x, are present in different subcellular compartments in the
uninjured spinal cord, and that Bcl-x; subcellular localization of both forms is modulated
early after trauma (Chapter 3). Furthermore, I found evidence that relate phosphorylation of
Bcl-x, as a pro-apoptotic event in the injured spinal cord and in an in vitro model (Chapter

3). Finally, I have found evidence that administration of exogenous Bcl-x, (Tat-Bel-x, ) and
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its anti-apoptotic domain BH4 (Tat-BH4-Bcl-x, ) into the injured spinal cord decrease the
apoptotic cell death following SCI, but do not improve the long term locomotor recovery
after SC trauma (Chapter 4). These data suggest that phosphorylation can impair the anti-
apoptotic function of Bcl-x, and that administrating exogenous Bcl-x, in the injured spinal

cord could lead to a delayed cell death rather than preventing cell death in the long term.
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CHAPTER TWO: MATERIALS AND METHODS

EXPRESION AND PURIFICATION OF TAT-BCL-X_FUSION PROTEIN AND TaT-BH4 PEPTIDE

The P-Tat-HA-Bcl-x, expression vector (a generous gift from Dr. R.Pastori, Miami,
FL, with permission of Dr. S.F. Dowdy, St Louis, MO) was generated by cloning the coding
region of human Bcl-x_ in frame with the TAT peptide into the pTAT-HA bacterial expression
vector (Klein et al., 2004). The vector pTAT-HA has an N-terminal 6-histidine leader
followed by the 11-amino-acid TAT-protein transduction domain, a hemaglutinin (HA) tag
and a polylinker (Nagahara et al., 1998). To produce the fusion protein, the plasmid was
transformed into E. coli BL21 competent cells and incubated overnight on Carbenicillin
(100ug/ml)-selective LB plates. A single colony was inoculated in LB selective medium
and protein expression was induced by incubation with IPTG (ImM final concentration)
for 1h. Bacteria were lysed by sonication and denatured in 8M urea. The supernatant was
subjected to metal affinity chromatography using a Ni-NTA column. Salt was removed
by gel filtration and protein identity was confirmed by western blotting using antibodies
against Bel-x, and the HA-tag as described below. This procedure was performed by the
protein expression and purification core facility at UTMB.

The Tat-BH4 peptide HIV-TAT

-B-Ala-Bel-x, BH4, . (Calbiochem, La Jolla,

48-57 4-23

CA) containing the conserved N-terminal homology domain (BH4) of Bel-x, (amino acids

4 - 23) is linked to a 10-amino acid HIV-TAT . _ sequence with a -alanine residue as a

48-57

spacer.

CeLL CULTURE

PCI12 rat pheochromocytoma cells were maintained in RPMI 1640 medium

Sigma-Aldrich, St Louis, MO) supplemented with 5% FBS (Fetal bovine serum, JHR
g
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Biosciences, Lenexa, KS), 5% DHS (Donor horse serum, JRH Biosciences, Lenexa, KS),
100U/ml penicillin, 100mg/ml streptomycin (Glbco, Invitrogen, US), in a 5% CO,/ 95%
air environment.

For differentiation, exponentially growing PC12 cells were seeded at 10*cells/ml
and allowed to adhere overnight. Cells were then treated with NGF (50ng/ml) for 7 days,

changing the medium every 2 days.

CELL IMMUNOCHEMISTRY AND TUNEL STAINING

For immunofluorescence analysis of Bcl-x, phosphorylation in apoptotic cells,
PC12 cells were plated on glass coverslips (Warner Instruments, Inc) pre-coated with
0.5mg/ml water solution of poly-D-lysine (Sigma, St. Louis, MO) and differentiated as
described previously. After 7days of differentiation, medium containing 200nM vinblastine
(Sigma) was added and cells were incubated for 24h. At indicated times, cells were fixed on
freshly prepared 3.7% paraformaldehyde for 10 min at 4°C, and then incubated with 10%
normal goat serum (NGS, Gibco, BRL, Life technologies), 0.3% Bovine serum albumin
(BSA, Sigma, St. Louis, MO) 0.4% Triton X-100 (St. Louis, MO) to block nonspecific
binding. Rabbit polyclonal Anti-Bcl-x, (1:500, CS-7195, Cell signaling, Danvers, MA);
rabitt polyclonal anti-P-ser®Bcl-x, (1:500, Biosource, Camarillo, CA); were incubated
alone or in combination with mouse monoclonal anti-Cytochrome C Oxidase IV (COX-IV,
1:2000, Abcam, Cambridge, MA) overnight at 4°C. After rinsing in PBS, the slides were
incubated with secondary anti-rabbit IgG AlexaFluor 568 and anti-mouse IgG AlexaFluor
488 (1:1000, Molecular Probes, Eugene, OR) diluted in TBST for 1h. Slides were mounted
in medium with DAPI (Vector Laboratories, Burlingame, CA). Total number of cells (blue
nuclei staining with DAPI), and P-serBcl-x, expressing cells (red) were counted in three

20X fields from 3 different coverslips from control and vinblastine treated-cells.
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To assess cell death, cells were double immunostained with P-ser®2-Bcl-2 anitbody
(1:200) and counterstained with TdT fluorescenin (Tunel assay TACS In situ Kit, R&D
systems, Minneapolis, MN) as follows. After fixation, cells were permeabilized with
Cytonin (R&D Kit) for 1h at room temperature, washed in 1 X PBS and incubated overnight
at 4°C with primary antibody (P-ser®Bcl-x , 1:200) diluted in 1% NGS, 0.3% BSA,
0.4% Triton X-100. After washing, cells were incubated with secondary anti-rabbit IgG
AlexaFluor 568 (1:1000) for 1h at room temperature, and then washed 3 times with PBST.
Cells were incubated for Imin in 1X TdT labeling buffer and then incubated with 50ul of
Labeling reaction mix (containing TdT dNTP mix, TdT enzyme, Mg++, TdT Buffer) for
1h at 37°C. After washing, cells were incubated with Strept-Fluor solution for 20 min at
room temperature, then washed in 1X PBS and mounted in medium with DAPI. With this
method, apoptotic cells appear green under the fluorescein filter (495nm) and all the cells

nuclei appear blue with DAPI staining.

RAT SpinaL Corbp ConNTusioN MoDEL

Weight-matched Sprague-Dawley male rats (175-200g, 200-225¢g) were obtained
from Harlan Laboratories (Indianapolis, IN) and housed at UTMB Animal Care facilities
until surgery-weight was reached (225-240g). All rats were anesthetized with 35 mg/kg
pentobarbital (Nembutal Sodium, Abbott Laboratories, Chicago, IL) intraperitoneally, and
subjected to laminectomy over spinal segments T10. A moderate spinal contusion injury
over the spinal segment T10 was performed with the Infinite Horizon spinal cord impactor
(single time, 150 Kdynes producing a 0.8mm displacement) as described previously (Nesic-
Taylor et al., 2005). The wound was closed by suturing the muscle and fascia and the skin
closed with surgical staples. Following injury, animals were injected subcutaneously with
SmL of 0.9% sterile saline and placed on a heating pad to maintain body temperature.

Animals were kept under anesthesia and sacrificed if sampling occurred during the next
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hours. Animals received prophylactic antibiotic (Baytril, 2.7mg/Kg twice a day for 5 days),
analgesic (Buprenorphin, 0.1mg/Kg twice a day for 3 days) and saline (5ml, daily for 5
days) to prevent dehydration. Bladders were voided manually twice a day until normal
function returned. Sham-treated animals were exposed to the same procedure without the
contusion injury. All procedures complied with the recommendations in the NIH Guide for
the Care and Use of Laboratory Animals and were approved by the UTMB Animal Care

and Use Committee.

INTRATHECAL DELIVERY OF DRUGS IN THE RAT SPINAL CORD

Animals that were used in experiments involving intrathecal catheters also received
a partial laminectomy of the thirteenth thoracic vertebrae before being impacted by the IH
device. Avoiding damage to the spinal cord, the dura was raised with an extrafine forceps and
cut with fine scissors. Sterilized polyethylene tubing (32G/PE-60; Rethaco, LLC, Allison
Park, PA) was inserted into the intrathecal space through the punctured dura at T13-L1 and
extended so that the tip of the catheter was directly beneath the T11 vertebrae. The catheter
was connected to a primed miniosmotic pump that was placed in a subcutaneous pocket
made over the sacral vertebrae caudal to the incision. The catheter was secured by suture
and superglue to both the L1-L2 vertebral junction and the fascia over the paravertebral
muscles at the incision margin, the wound was closed by suturing muscle and fascia and
the skin closed with surgical staples.

Tat-Bcl-x, and Tat-BH4 were dissolved in saline (vehicle) and filtrated throughout
a 0.2um sterile filter. The specific doses and delivery rate of either drug or vehicle into the
spinal cord were achieved by using mini-osmotic pumps (Alzet, Durect Co. Palo Alto, CA)
1003D (24h) or 1007D (7days) as detailed in chapter 4. To prime the pumps, the interior
container was filled with either Tat-Bcl-x , Tat-BH4 or saline and incubated overnight at

37°C. Animals surviving for 60 days were anesthetized and the catheter was retrieved from
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the spinal cord by day 7. Post-surgical antibiotic and pain relievers were administered as

previously described.

PROTEIN EXTRACTION AND SUBCELLULAR FRACTIONATION FROM RAT SPINAL CORD SEGMENTS

For protein extractions, rats were perfused with PBS and spinal cord-segments were
immediately frozen in liquid nitrogen. The tissue was homogenized in ice-cold Buffer M
(250 mM sucrose, 20 mM Hepes, | mM EDTA, 1 mM EGTA, 1 mM dithiotheitol, 1 mM
PMSF, pH 7.4, protease inhibitor cocktail and phosphatase inhibitor cocktail 2 (Sigma,
Saint Louis, MO) using a Dounce homogenizer. To obtain different subcellular fractions
the homogenate was centrifuged three times at 800X g for 20 min (Eppendorf 5810R
centrifuge) to collect nuclei and cell debris (pellet). The supernatant was set aside and the
pellets collected at each step were pooled and washed two times with 500 pul of Buffer M to
separate the nuclei from complete cells and cytosolic proteins. Nuclear pellets were mixed
in a vortex plate at 1,400 rpm, 4°C for 20 min in 70 pl of nuclear extraction buffer (10 mM
Hepes, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 2 pg/mL
antipain, 2 pg/mL chymostatin, 2 pg/mL pepstatin, 2 ng/mL leupeptin). After centrifuging
at 10,000 x g for 10 minutes, the nuclear proteins contained in the supernatant were aliquoted
and the pellet discarded. The supernatant-containing cytosolic proteins, mitochondria and
endoplasmic reticulum (ER) was centrifuged at 8,000 X g for 20 min (Eppendorf 5810R
centrifuge). The resultant pellet, containing intact mitochondria, was washed two times
by titration with Buffer M and suspended into 40 ul of mitochondrial extraction Buffer
(Active Motif CN40015, Carlsbad CA). The cytosolic fraction was finally separated from
ER by centrifuging at 100,000 x g for 1 h. The last pellet containing ER was resuspended in
the same lysis buffer used to disrupt mitochondria (Active Motif CN40015, Carlsbad CA).

All procedures were performed at 4°C. Protein concentrations were determined by using
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the BioRad Protein Assay, according to the manufacture’s instructions (BioRad, Hercules,

CA).
MEASUREMENT OF APOPTOTIC CELL DEATH IN SPINAL CORD TISSUES BY ELISA

Levels of apoptotic cell death 24h and 7 days after spinal cord injury were examined
by commercially available sandwich technique ELISA kit (Roche Applied Science,
Germany). The assay measures the amount of oligonuclesomes released to the cytosol, an
event that occurs during apoptotic cell death, but not during necrotic processes. Briefly,
80 pg of cytosolic extract from spinal cords were added to ELISA microplates covered
with an anti-histone antibody. Complexes formed by the antibody and histones present in
cytosolic oligonucleosomes were detected by a second peroxidase-conjugated antibody
against DNA. Oxidized peroxidase enzymatic products in the microplate wells were read

at 405 nm absorbance in a MRX Miroplate Reader (Dynex Technologies, INC).

WESTERN BLOTTING

Protein extracts were boiled for 5 min in Laemmli buffer (100 mM Tris, pH 6.8,
250 mM 2-mercaptoethanol, 4% SDS, 0.01% bromophenol blue, 20% glycerol). Equal
amounts of protein (40 ng) were separated by using 10%—-15% SDS-polyacrylamide gel
electrophoresis and electrotransferred overnight (4°C, 25volts) onto a Immobilon-P®
membrane (Millipore, Billerica, MA). Membranes were then blocked in 5% nonfat milk
in PBS and then probed with different antibodies (3% BSA replaced nonfat milk when
antibodies against phosphorylated proteins were used). The primary antibodies were diluted
in 1% Blocking buffer as follows: rabbit polyclonal Anti-Bel-x, (1:1000, SC-7195, Santa
Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal Anti-Bel-x, (1:2000, CS-7195,
Cell signaling, Danvers, MA); rabitt polyclonal anti-P-ser®Bcl-x, (1:1000, Biosource,
Camarillo, CA); rabbit polyclonal anti- HA-tag (1:4000, Abcam Cambridge, MA) mouse

monoclonal anti-Cytochrome C Oxidase IV (COX-IV, 1:2000, Abcam, Cambridge, MA)
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and mouse monoclonal anti-calnexin (1:2000, Abcam, Cambridge, MA). Secondary
antibodies anti Mouse-IgG or rabbit IgG conjugated with HRP (Bio Rad, Hercules, CA)
were used accordingly. Visualization ofthe proteins was accomplished using an enhanced
chemiluminescence detection kit (ECL, Amershan Biosciences, UK). The relative amount
of immunoreactive protein in each band was determined by scanning densitometric analysis
of the X-ray films. Autoradiographs were scanned (canonScan 4200F) and densitometry
was performed with AlphaEasy v5.5 Software. Density readings were normalized against
control samples on the same-blot. When membranes were reprobed, the bound antibodies
were incubated in stripping buffer (Pearce, Rockford, IL) for 15 min, followed by two
washes in TBS for 20 minutes.

Control peptide experiments were performed by incubating samples according to
the western protocol described, with the exception that the primary antibody is preabsorbed
with 5 pg of control peptide at room temperature for two hours before use.

To test the specificity of the P-ser®-Bcl-x antibody used in western blot assays,
identical cytosolic samples were transferred to two membranes and incubated overnight at
30°C with either 500 units of calf intestine phosphatase (Roche Applied Science, Germany)
in the manufacturer-supplied reaction buffer or reaction buffer alone. The membranes
were washed 5 times with TBS-T and immunoblots using P-ser®-Bcl-x, antibody were

performed as described above.

SPINAL CORD PROCESSING FOR HISTOLOGICAL ANALYSIS

Rats were intracardially perfused with 300ml of 0.1M PBS, followed by 500 mL of
4% paraformaldehyde in 0.1 M phosphate buffer. The spinal cords were removed and post
fixed in 4% paraformaldehyde for 2 h at 4°C, then rinsed and cryoprotected in 30% sucrose
in phosphate buffer for 48 h at 4°C. Spinal cords were cut in 1.5cm segments centered at the

lesion site and equivalent segments of different experimental groups were embedded in a
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single block in OCT (Optima Cutting Temperature) medium (Fisher Scientific, Suwannee,
GA). Transverse serial sections (10pum) through the complete segment were mounted on

glass-slides and frozen at —20°C.

DouBLE-IMMUNOFLUORESCENT LABELING OF SPINAL CORD SECTIONS

Slides were rinsed three times in Tris-phosphate-buffer 0.3 % Triton-X (TBST), pH
7.4, for 10 min and then blocked with 5% normal goat serum, 1% BSA (Sigma, St. Louis,
MO) TBS for 30 min at room temperature (RT). The samples were incubated overnight
with IgG primary antibodies diluted in TBST 1% BSA, 1% NGS as indicated. Rabbit
polyclonal anti-Bel-x;, SC-7195 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
monoclonal anti-Bel-x, E-1018 (1:200 Epitomics, Burlingame, CA), rabbit polyclonal
anti-Bcl-x, CS-2762 (1:200, Cell Signalling), rabbit polyclonal anti P-ser®*-Bel-x, (1:200,
Biosource, Camarillo, CA), rabbit polyclonal anti HA-tag against exogenous Tat-Bcl-x,
(1:1000, Abcam, CA) were used alone or in combination with mouse monoclonal antibody
recognizing neurons (NeuN, 1:5000, Chemicon, Temecula, CA); oligodendrocytes (Ab-7-
CC1, 1:100 Oncogene, Boston, MA); microglia (OX-42 Anti-rat CD11b, 1:200, Serotec,
Raleigh, NC); astrocytes (GFAP, 1:500, Serotec, Raleigh, NC); neuron-specific B-III
tubulin Tuj-1 (Covance Research products, Berkeley, CA); phosphorylated nurofilaments
M and H (1:1000, Chemicon, Temecula, CA) and mitochondria (COX-IV 1:1000, Abcam,
Cambridge, MA). When using more than one antibody, these were premixed at final
concentrations prior to use. After rinsing three times in TBS for 10 min, the slides were
incubated with secondary anti-rabbit IgG AlexaFluor 568 and anti-mouse IgG AlexaFluor
488 (1:1000, Molecular Probes, Eugene, OR) diluted in TBST for 1h. Sections were
coverslipped using mounting medium with DAPI (Vector Laboratories, Burlingame, CA).
Negative controls omitting the primary antibodies were performed each time. Imaging

was performed using laser scanning confocal microscopy (Nikon Eclipse 800 with Roper
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CoolSnap FQ monochrome digital camera, Nikon DXM1200 color digital camera and
Laser sharp 2000 software). For confocal analysis, up to 10 sequential optical sections
were collected over an optical scanning plane of 10 pm and then stacked to create the final

image.
COMPETITION ASSAYS ON SPINAL CORD SECTIONS

Competition assays to test the specificity of the anti-P-ser® Bcl-x, antibody were
performed by incubating the sections according to the described protocol, with the exception
that the primary antibody was preabsorbed either with 500 pg of non-phosphorylated
Bcel-x, control peptide or 500ug of phosphorylated Bcl-x, control peptide, at room
temperature for two hours before use. Aditionally, to discard a possible cross-reaction with
phosphorylated neurofilaments, some slides were incubated overnight with a 10 fold excess
of anti-neurofilament M and neurofilament H phosphorylated forms antibody (Chemicon,

Temecula, CA) either prior to or concomitant with the anti-P-ser®-Bcl-x, antibody.

MICROGLIA AND MACROPHAGES IMMUNOHISTOCHEMISTRY

Frozen sections were dried for 2h at room temperature followed by 2h at 37C. After
rinsing with 0.2M PB for 1 min, sections were blocked with 4% horse serum (HS) in 0.1M
PBS for 1h at room temperature. Mouse monoclonal antibody against OX-42 or ED-1
(1:400; Serotec) diluted in 0.1M PBS 1% HS was incubated overnight at 4C in humidified
chambers. After rinsing, sections were incubated overnight with biotinylated secondary
antibody (rat-preabsorbed, 1:400 in 0.1M PBS; Vector Laboratories, Burlingame, CA).
After rinsing, endogenous peroxidase acitivity was quenched by incubating with 6%
H,0,/methanol for 15 min. The reaction was visualized with Elite ABC-reagent for 1h
(Vector Laboratories, Burlingame, CA) followed by DAB substrate (Vector Laboratories,
Burlingame, CA). Sections were dehydrated in ascending alcohols, cleared in xylene and

mounted in synthetic resine (permount).

30



QUANTITATIVE ANALYSIS OF IMMUNOHISTOCHEMISTRY

Neuronal survival was evaluated by counting Neu N staining cells at the dorsal
and ventral horn 4mm rostral and 4mm caudal to the lesion epicenter. Total number of
NeuN/DAPI staining cells present in a 20X objective at both dorsal and ventral horn of two
sections spaced by 200pum were counted and averaged per animal.

Microglia/macrophage density analysis was performed by measuring the
proportional area (PA) of immunoreactive cells relative to the total sample area as reported
by Popovich et al (2006). The immunoreactivity expressed as proportional area (PA) has
been shown to be an accurate measurement for changes in number and size of labeled
microglia in the rat spinal cord. Briefly, images of three consecutive sections containing
the lesion epicenter or 4mm rostral to the epicenter, stained with OX-42, were analyzed by
using the Image Pro-Express analysis system. At the lesion epicenter, the intensity of OX-
42 staining over a 3mm? area (containing all the cross section of the cord) was measured for
three consecutive sections per animal. At the rostral sections, intensity of OX-42 staining
of a 0.25mm? area was measured at the dorsal funiculus, ventral horn and lateral funiculs
in 3 consecutive sections per animal. The final PA value for animal, represent the average

of values obtained for the 3 consecutive sections at a given area.

BEHAVIORAL ASSESMENT

Open-field locomotor testing using the Basso-Bettie-Bresnahan (BBB) locomotor
rating scale was performed daily for the first 14 days after injury and once every two
weeks thereafter for 6 weeks. Rats were tested pre-operatively and trained to locomote
in an open field. All the animals were coded and behavioral analyses were performed for
an investigator blinded with respect to the treatment groups. The BBB scale is a 21 point
ordinal scale that assigns scores based in behavioral categories. Recently, a transformation

of the BBB scale that pools scores 2/3/4 in the lower part of the scale, was reported to
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enhance the metric properties of the scale, allowing the application of parametric statistic
techniques (Ferguson et al., 2004). Thus, we report the combined transformed BBB scores

for left and right hindlimbs tallied by groups and plotted as a function of time after injury.

STATISTICAL ANALYSIS

Group-mean of western blot densitometric values, immunohistochemical and
morphometric measures were compared by using one-way ANOVA and Tukey’s honestly
significant difference test for post-hoc analysis. Changes in transformed BBB scores over
time were analyzed using repeated-measures two-way analysis of variance (ANOVA) with
treatments and time as factors, followed by Bonferoni Pots-hoc analysis. Results were

considered statistically significant at P<0.05. All data points represent group mean =+ SD.
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CHAPTER THREE: PHOSPHORYLATION OF BCL-XL AFTER
SPINAL CORD INJURY

INTRODUCTION

Traumaticspinal cordinjuryinducesdelayed celldeathofneuronsand oligodendroglia
at and around the site of injury with accompanying loss of motor and sensory functions.
Delayed cell death beyond the impacted site displays apoptotic features (Beattie et al.,
2000a); regulated in part by antiapoptotic Bcl-2 and Bcl-x, proteins (Parsadanian et al.,
1998;Sastry and Rao, 2000;Zaidi et al., 2001) Although the precise function of Bcl-2 and
Bcl-x, has not been fully defined for the central nervous system (CNS), we and others
have shown that Bel-x, is the most robustly expressed pro-survival Bcl-2 molecule in adult
spinal neurons and glia (Alonso et al., 1997;Qiu et al., 2001;Nesic-Taylor et al., 2005) and
that Bel-x, mRNA and protein levels decrease promptly after spinal cord injury (SCI) (Qiu
etal., 2001;Nesic-Taylor et al., 2005). We have shown that administration of Bel-x, -fusion
protein to the injured spinal cord significantly increases neuronal survival (Nesic-Taylor et
al., 2005). Thus, interventions that reverse SCI-induced decreases in Bcl-x, activity could
also reduce delayed cell death and alleviate functional impairment. A definitive knowledge
of the mechanism(s) that regulate Bcl-x, levels in injured spinal cord is essential to the
development and implementation of such therapeutic approaches.

Unlike the constituvely membrane-bound Bcl-2, Bel-x| is present in the cytoplasm,
from where it transfers to mitochondria as part of an anti-apoptotic process (Gross et
al., 2000;Jeong et al., 2004). A major function of Bcl-x, is to modulate mitochondrial
membrane permeability and prevent release of apoptotic mediators from the intermembrane
mitochondrial space into the cytoplasm (Gross et al., 2000;Nomura et al., 2003;Tsujimoto,
2003;Sharpe et al., 2004). Bel-x, anti-apoptotic activity depends in part on its association
with pro-apoptotic proteins, including Bax and Bad (Grad et al., 2000;Jeong et al.,
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2004;Kuwanaetal.,2005;Uoetal.,2005). Bel-x, can also preserve mitochondrial membrane
permeability and prevent apoptosis by inactivating mitochondrial voltage dependent anion
selective channel (VDAC) (Shimizu et al., 2000;Jonas et al., 2003;Jonas et al., 2004).

Bcl-x, contains sequences that are likely candidates for phosphorylation by stress-
activated protein kinases (Basu and Haldar, 2003). Phosphorylation of these Bcl-x, sites
precedes cell death induced by microtubule disruption in cancer cell lines (Du et al., 2005),
and in isolated rat brain mitochondria, it has been shown that INK-depedent phosphorylation
of Bcl-2 and Bcel-x, induce release of cytochrome C from mitochondria (Schroeter et al.,
2003). Also, p38 mitogen activated protein kinase (MAPK)-dependent phosphorylation
and proteasome-dependent degradation of Bcl-x, is part of TNF-induced apoptosis in
endothelial cells (Grethe et al., 2004). SCI induces the upregulation and activation of
kinases, including p38 MAPK (Crown et al., 2006), and p38 MAPK activation leads to
neuronal death after SCI (Wang et al., 2005). However, the role of phosphorylation in the
regulation of Bcl-x, anti-apoptotic activity after SCI, or any other CNS injury, has not been
characterized.

Here we report Bel-x, and P-ser®-Bcl-x, levels in different subcellular compartments
in sham-treated and injured spinal cords. The results suggest that Bel-x, phosphorylation
and decreases in Bcl-x, in different subcellular compartments may contribute to the failure
of Bel-x, in preventing apoptosis after trauma. Our results suggest that phosphorylation of
Bcl-x, is a pro-apoptotic event in neurons in Vitro and also after SCI, in association with
its presence near disrupted neurofilaments. We also found that SCI triggered expression of
Bcl-x, in activated glial cells, and induced phosphorylation of Bcl-x, in a subpopulation of

activated microglia/macrophages undergoing apoptosis
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ExpPERIMENTAL DESIGN

To study the levels of Bcl-x, and P-ser®Bcl-x, in the injured spinal cord, a total of
66 rats were distributed as detailed in Table 1. Sham and injured animals were subjected
to laminectomy at spinal segment T10 and injured animals were exposed to the moderate
contusion injury as described in chapter 2. As indicated, animals were perfused with
PBS and three spinal cord segments Smm length containing the site of injury (T10), or
immediately rostral (T9) or caudal (T11) were used for protein extractions and western blot
analyses. For immunohistochemical analysis, SC segments 1 cm long containing the lesion

epicenter were serially cut in 10 um frozen sections as detailed in the methods section.

Table. 1. Description of experimental groups
Sham SC Injured SC

Time after injury n(WB) n(IHQ) n(WB) n(IHQ) Total

15 min 4 4 8
1h 4 4 8
2h 3 3 6
4h 4 4 8
24h 4 3 5 3 15
3 days 4 4 8
7 days 4 3 4 14
Total 27 6 27 6 66

n(ELISA, WB), number of animals for which Bcl-x, levels were
quantified by western blot. n(IHC), number of animals used for
immunohistochemistry analysis.

Time course analysis of Bcl-x, and P-ser®Bcl-x, protein levels were assayed by
immunoblot and densitometric analysis of bands was performed. To calculate the changes

in expression levels over time compared to sham values after injury, individual optical
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density (OD) measurements were normalized to the average optical density of the sham-
treated group at each time point. Normalized data were assessed by a one-way analysis of
variance (ANOVA) to compare changes of protein levels over time in different subcellular
compartments of injured animals using GraphPad software. P<0.05 was considered
significant. Correlation analyses were used to evaluate the trend of changes in Bel-x, and
P-ser®-Bcel-x, in the different cellular compartments over time after SCI.

In vitro analysis of Bcl-x, phosphorylation was performed in NGF-differentitaed

PC12 cells as described in Chapter 2.

REsuLTs

Characterization of antibodies used to detect unphosphorylated (Bcl-x ) and
phosphorylated Bcl-x .

The reactivity of antibodies to Bcl-x, in the rat spinal cord was assessed by western
blot assays and immunohistochemistry (Table 2). Rat spinal cord homogenates were used
as antigen bearing samples to test commercially available antibodies against different Bcl-
X, epitopes. As shown in Fig. 6A, rabbit polyclonal antibodies against the C-terminus of
Bel-x, (sc-7195, E-1018) showed a single 29 Kd protein band, while a polyclonal antibody
against a short sequence surrounding Asp®' of human Bel-x, (CS-2762) showed a 29 and 31
KdMW doublet thought to reflect the different isoforms or post-transcriptional modifications
of Bcl-x, (Basu and Haldar, 2003). An antibody against a phosphorylated form of Bel-x,
(P-ser®-Bcel-x , Biosource), known to occur in cell lines undergoing apoptosis, detected a
single band at 31 Kd. This 31 Kd species was no longer detected when membranes were
pre-incubated with calf alkaline phosphatase (not shown).

Thereactivityofanti-Bcl-x antibodieswasfurtherevaluatedbyimmunohistochemistry
using naive rat spinal cord sections. Since antibody SC-7195 showed a very weak reactivity

in immunofluorescence, a rabbit monoclonal antibody against a similar epitope of human
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Table 2. Bcl-x, antibodies used in this study
Antibody Source Epitope recognized ~ Western Blot ~ Immunolabeling
Anti Bcl-x,  Rabbit Residues 126-188 29 Kd * Low reactivity

L
SC-7195 polyclonal human Bel-x,
Anti Bcl-x,  Rabbit Bcl-x, loop region 29 and 31 Kd  In cell bodies,

L

CS-2762 polyclonal (Asp®'-Ser®?) of neurites, axons
human Bel-x,

Anti Bel-x,  Rabbit Peptide in loop 29 Kd Strong punctuated

(E-1018) region between in cell bodies,
BH3-BH4 of human weak in axons
Bel-x,

Anti P-ser®>-  Rabbit Peptide surrounding 31 Kd* Strong in axons,

Bel-x, polyclonal phosphorylated Ser® weak punctuated
of human Bel-x pattern in cell

bodies

* Since antibody SC-7195 and P-ser®-Bcl-x, detected different single forms of Bcl-
x, in the spinal cord, these were chosen to measure levels of unphosphorylated and
phosphorylated Bcl-x, by western blot.

Bel-x, (E1018) was assayed. This antibody strongly stained cell bodies, but not axons, in
gray and white matter (Fig 6B), while antibody CS-2762 stained cell bodies and axons in
gray and white matter. Staining of P-ser®-Bcl-x, was strong in axons and neurites but weak
in cell bodies in gray and white matter.

To evaluate if phosphorylated Bcl-x; was associated with microtubular structures
present in neurons, we used sections double-labeled with neuron-specific B-I11 tubulin (Tuj-
1), an antibody that does not identify B-tubulin found in glial cells. As shown in Fig 6C,
Bel-x, (CS-2762) and P-ser®>-Bcl-x, showed a robust co-localization in axons labeled with
Tuj-1 in both gray and white matter. To test the specificity of the P-ser®-Bcl-x, staining,
we performed competition assays with an antibody against phosphorylated neurofilaments
(NeuF/H), known to be abundant in axons. When spinal cord sections were pre-incubated
with an excess of antibody against phosphorylated Neurofilament H and L (neuF/H), neither

the intensity nor the distribution of P-ser>-Bcl-x, labeling was modified, suggesting that the
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A Sham Injured B. Gray matter White matter

SC SC
Bolx_(CS-2762) — WM WS — 31 Kd
—29Kd Bcl-x,
Bel-x, (SC-7195) — e w20 Kd (E-1018)

Bel-x, (E-1018) — e s — 29 Kd
P-ser?Bcl-x, — T W — 31 Kd

Bcl-x,
(Cs-2762)

P-ser®?Bcl-x

Bcl-x_
(Cs-2762)

P-ser®?Bcl-x_

Fig.6. Reactivity of antibodies to Bel-x; and P-serBcl-x, in rat spinal cord. A.
Antibodies against unphosphorylated (sc-7195, E-1018, CS-2762) and phosphorylated
Bel-x, (P-ser®-Bcel-x, ) were assayed by western blotting on spinal cord homogenates.
Antibody CS-2762 detected two bands of 29 and 31 Kd approximately, while antibody
SC-7195 and E-1018 detected only the 29 Kd form. B. Immunofluorescence staining of
naive rat spinal cord with antibody CS-2762 showed Bcl-x, distributed throughout cell
bodies and axons in gray and white matter; E-1018 stained mainly cell bodies and P-ser®-
Bel-x, strongly stained axons. C. Double immunofluorescence staining shows strong
co-localization of P-ser”Bcl-x, and Bcl-x; (CS-2762) with neuron-specific 3-III tubulin
(Tuj-1) occuring through neurite-like structures in both white matter and gray matter.
Colozalization is observed as a yellow/orange staining in the merge panel. Confocal
images are a projection of 10 slices 1pum apart over a 10pm section. Scale bars: 10 pm.
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observed staining did not result from a cross-reaction with phosphorylated neurofilaments.
Furthermore, pre-absorption of spinal cord sections with P-ser®-Bcl-x, antigenic peptide
(a phosphorylated sequence containing 12 residues surrounding Ser® of the rat Bcl-x,)
completely abolished P-ser”Bcl-x, immunostaining, while the unphosphorylated version

of this peptide did not (not shown).

Subcellular distribution of Bcl-x_and P-sers? Bcl-x_in neurons in vitro

To further corroborate the existence of phosphorylated Bcl-x, in neurons, we
performed immunocytochemical labeling of NGF-differentiated PC12 pheochromocytoma
cells with antibodies against Bel-x, (CS-2762, recognizing both Bcl-x, isoforms) and P-
ser®Bcel-x,. When cultured on low serum supplemented with NGF, PC12 cells acquire
a neuronal phenotype characterized by extended, long cellular processes (Gollapudi and
Oblinger, 1999;Vyas et al., 2004). As shown in Fig. 7 both Bcl-x, and phosphorylated
Bcl-x, (in red) stained NGF-differentiated PC12 cells in a punctuated pattern suggestive of
mitochondrial localization. Double immunolabeling with the mitochondrial marker COX-
IV showed Bel-x, and phosphoBcl-xl staining mitochondria in cell bodies and developing
neurites (Fig 7A). Furthermore, double staining of P-ser®’Bcl-x, with an antibody against
phosphorylated neurofilaments (NeuF/H) show phosphorylated Bcl-x; along neurites, but
did not strongly colocalize with phosphorylated neurofilament abundant in the growth cones
or the forming neurites (green)(Riederer et al., 1997), supporting our previous observation
that the staining did not result from a cross-reaction with phosphorylated neurofilaments

(Fig. 7B).

Cellular and subcellular distribution of Bcl-x,_and P-ser®-Bcl-x_in the uninjured
rat spinal cord.

In order to ascertain the role of Bcl-x, phosphorylation in the uninjured spinal

cord, we assessed the presence of Bel-x, and P-ser>-Bcl-x, in different cell phenotypes by
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Bcl-x, (CS 2762)

P-ser®2-Bcl-x,

- | P-Neu F/H " P-ser®-Bcl-x,

Fig.7. Bel-x, and P-ser®Bcl-x, staining in neurons in vitro. Rat pheocytochrome PC-

12 cells differentiated with 100uM NGF for 5 days showed a neuronal-like phenotype
forming long neurites. A. Double immunofluorescence staining with antibody CS-2762
showed Bcl-x, (red) distributed throughout cell bodies in a punctuated patterns, and
colocalizing with mitochondria (COX-1V, green). B. P-ser®Bcl-x, (red) localized in
mitochondria (COX-IV, green). C. P-serBcl-x, (red) staining occurrs through forming
neurites, but did not colocalized with phosphorylated neurofilaments (NeuF/H), occurring
at the growth cones in developing neurites. Nuclei are stained with DAPI (blue).
Colozalization is observed as a yellow/orange staining in the merge panel. Scale bars: 10
pm.
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immunohistochemistry. Consistent with our published results (Qiu et al., 2001;Nesic-Taylor
et al., 2005), double labeling of spinal cord sections showed Bcl-x, present throughout
spinal cord neurons (NeuN, Fig 8A,B) and oligodendrocytes (CC-1, Fig. 8A,C), but not
astrocytes (GFAP, Fig, 8A) or microglia (0X-42; Fig. 8A). P-ser-Bcl-x, was present in
a punctuated pattern in neuronal cell soma (Fig. 8D,E) but absent from the cell bodies of
oligodendrocytes, astrocytes or microglia (Fig. 8D).

In agreement with the subcellular localization of Bel-x, in differentiated PC12
cells, double immunolabeling of spinal cord sections with mitochondrial marker COX-1V
showed Bcl-x, and P-serBcl-x, colocalizing with mitochondria in neurons in the ventral
horn. Bel-x, staining was stronger in cytosolic mitochodria while P-ser®Bcl-x, mostly
colocalized with axonal mitochondria (Fig.9). Bcl-x, staining was also strong surrounding
neuronal nuclei.

To further characterize the subcellular distribution of both the unphosphorylated
and the phosphorylated forms of Bel-x, in the uninjured spinal cord, we used western blot
analyses of cytosolic, heavy mitochondrial (M), endoplasmic reticulum (ER) and nuclei
(N) enriched subcellular fractions obtained from uninjured rat T10 spinal segments. To
check for cross-contamination, fractions were probed with antibodies against established
subcellular markers including lamin B1 (nuclei) and cytochrome C oxidase IV (COX-IV,
mitochondria). While Bcl-x;, was present in all subcellular fractions, P-ser®Bcl-x, was
only present in mitochondrial, ER and nuclear, but not cytosolic fractions (Fig.10). Taken
together, our results suggest that, opposite to unphosphorylated Bel-x , phosphorylated

Bcl-x, is restricted to membrane-bound organelles.

Subcellular distribution of Bcl-xL after spinal cord injury

To evaluate the effect of spinal cord injury on Bel-x, shifts to the different organelles,

we measured Bcel-x, protein levels in cytoplasmic, mitochondrial, ER and nuclear fractions
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Fig. 8 Cell type distribution of Bel-x, and P-ser”Bcl-x, in uninjured rat spinal cord.

A. Double immunolabeling of uninjured spinal segment T10 with Bcl-x, (red) and
neuronal and glial markers (green) showed Bel-x, co-localizing with neurons (NeuN)
and oligodendrocytes (CC-1) but not with reactive astrocytes (GFAP) or microglia (OX-
42). Scale bars: 50 pm. B. High resolution imaging showed Bcl-x, in neurons (NeuN)
in the ventral horn. Scale bars: 10 pm. C. High resolution imaging showing Bcl-x, in an
oligodendrocyte in white matter. Scale bars: 10 pm
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D. P-ser®Bcl-x staining in uninjured spinal cord
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Fig. 8. (Continued) D. Double immunolabeling of uninjured spinal cord with an
antibody against human P-ser®- Bel-x, (red) in axons of neurons (NeuN) but not in glial
cells (CC1, GFAP, OX-42). Scale bars: 50 pm. E. High resolution imaging showed P-
ser®- Bcl-x, in a neuron (NeuN) in the ventral horn. Scale bars: 10 um. Confocal high
resolution images were generated by the projection of 10 images spanning 10um in the Z-
direction. Nuclei are stained blue (DAPI). Colocalization is observed as a yellow/orange
staining in the merge panel.
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P-ser®“Bcl-x,

Fig. 9 Subcellular localization of Bcl-x, and P-ser®- Bel-x, in uninjured spinal cord.
Double immunofluorescence staining and confocal imaging of uninjured spinal cord
showed Bcl-x, and P-ser”Bcl-x, colocalizing with cytosolic and axonal mitochondria
(COX-IV) in neurons in the ventral horn. Colocalization is observed as a yellow/orange
staining in the merge panel. Bel-x, also colocalizes with nuclei (stained blue, DAPI).
Confocal high resolution images were generated by the projection of 10 images spanning
10um in the Z-direction. Scale bars: 10 um
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Fig. 10. Subcellular localization of Bel-x, and P-ser®- Bcl-x, in uninjured spinal cord
protein extracts. Representative western blot of subcellular fractions extracted from
four sham-treated spinal cords (1, 2, 3, 4). Protein extracts were probed with antibodies
against P-ser®-Bcl-x, and Bcl-x; (SC-7196) respectively. Unphosphorylated Bel-x,
(29Kd) was found in all subcellular fractions; while P-ser®- Bcel-x, band (31Kd) was
present in mitochondrial, nuclear and endoplasmic reticulum (ER) enriched extracts but
not in the cytosolic fraction. The purity of the fractions was assessed with antibodies
against subcellular markers including Lamin B1 (nuclei) and cytochrome oxidase IV
(COX-1V, mitochondria).

44



from sham-treated and contused rat spinal cords at the injured spinal segment (T10), at 15
min, 1, 2,4, 12, 24 h, 3 and 7 days after SCI (Fig. 11). Bcl-x, levels in the sham-treated
animals at each time point for each subcellular fraction were not statistically different
(P=0.7), but SCI did decrease cytosolic Bel-x, levels as early as 2 h and for up to 3 days
after injury (Fig. 11A, B). However, the time course of SCI-induced Bcl-x, changes in the
other subcellular compartments did not reflect the expected Bel-x, shift from the cytosol
to the mitochondria. Mitochondrial Bel-x, levels decreased at 12 and 24 h post-injury;
ER Bcl-x, was downregulated at 24 h and 3 days and nuclear Bcl-x, decreased within 2 h
after trauma (Fig. 11C) These results suggest that decreases in Bcl-x, at each compartment
occur at different rates after SCI.

Analysis of SClI-induced changes in Bcl-x, levels around the site of injury during
the first 24 h, showed that, compared with T10, there was a delay in the onset of decreases
in cytosolic Bcl-x, levels rostrally and caudally to the site of injury (Fig. 11D). These
results are consistent with secondary apoptotic “waves” radiating away from the site of
injury.

To evaluate if the decreases in Bcl-x, protein levels seen in western blot assays
were concomitant with a decreased expression of Bcl-x, in neurons and oligodendrocytes
(the main populations expressing Bel-x, in the uninjured spinal cord), we performed double
immunohistochemical analysis of Bel-x, and NeuN or CC-1, in spinal cord sections from
sham-treated or injured animals, 24 h after injury. In comparison with sham-treated spinal
cord, there was a significant decrease in the intensity of Bel-x, staining in surviving neurons
located 2mm rostral to the lesion epicenter; but there were no significant changes were
observed in the Bcl-x, expression in oligodendrocytes at this time point (Fig.12). Thus,
the overall decreases in Bel-x; protein levels occurring during the first 24h post-trauma
correlate with decreased Bcel-x, in neurons and support the hypothesis that neuronal Bel-x

depletion is a pro-apoptotic event.
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Fig. 11. Time course of SCI-induced changes in Bcl-x, levels based on western blot
analyses. At the indicated time points, cytosolic, mitochondrial, endoplasmic reticulum
(ER) and nuclear enriched fractions from sham-treated and contused-rat spinal cords
segments (5 mm long) were assessed for Bcl-x, expression. A. SCl-induced significant
decreases in Bel-x, levels in cytosolic fraction from 1 to 24h after injury. By day 7, Bcl-
x, levels are comparable to that of sham-treated spinal cords. B. Representative Western
blot showing cytosolic Bcl-x, levels at the site of injury, in 3 sham and 3 injured spinal
segments T10 (site of injury), 24h and 7 days after trauma. C. SCI-induced Bcl-x;
changes in subcellular fractions at site of injury during first week after trauma. SCI-
induced decreases in Bel-x, levels peaked at 12 and 24h in mitochondrial fraction (blue);
at 24h in endoplasmic reticulum and at 2 and 4h in nuclear fractions. D. Cytoplasmic
levels of Bel-x, in rostral (T9) and caudal (T11) segments to the lesion epicenter during
the first 24h after trauma. Values are Mean OD + SD normalized to the sham treated
group (see methods). For clarity purposes, X-axis is categorical and it does not represent
a time-scale. Dotted lines represent the average standard deviation of Bcl-x, levels at
all subcellular fractions of sham-treated SC. *p<0.05 compared to sham treated group
(repeated measures Anova with post-hoc corrections).
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Subcellular distribution of P-ser®-Bcl-x _after spinal cord injury

To assess if phosphorylation is involved in the downregulation of Bel-x| after injury,
we performed western blot analyses of P-ser®-Bcl-x, expression levels in all subcellular

compartments. As shown in Fig. 13 (A,B), SCI caused a dramatic increase in cytosolic

A. Bel-x_ staining in neurons 24h after SCI

Sham SC

24 h after
injury

B. Bcl-x_staining in oligodendrocytes 24h after SCI

Sham SC
DAPI CC-1 Bcl—xL
24 h after|
injury
DAPI CC-1 Bcl—xL

Fig. 12. Bel-x, expression in neurons and oligodendrocytes 24h after SCI. A. Double
immunolabeling of a section 3mm rostral to the lesion epicenter segment showed the
decreased expression of Bel-x, (red) in surviving neurons (NeuN) in the ventral horn 24h
after injury, in comparison to sham-operated spinal cords. B. Double immunolabeling of
an equivalent section showed a similar expression of Bel-x, (red) in oligodendrocytes in
white matter (CC-1) 24h after injury, in comparison to sham-operated spinal cords. Scale
bars: 10 um.
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P-ser®-Bcel-x, without significantly affecting its expression levels in mitochondria, ER
or nucleus during the first 24 h after trauma. In agreement with these results, double
immunostaining of spinal cord sections 2mm rostral to the lesion epicenter, showed P-
ser-*-Bcl-x, in the cytoplasm of neurons, 24 h after trauma (Fig. 13C) . Therefore, the
presence of phosphorylated Bel-x, in cytosol at early time points after injury could explain
the decreases in cytosolic Bel-x, in neurons and contribute to the impairment of its anti-
apoptotic function (Fig 14A). Furthermore, during the first 24h, the levels of P-ser®>-Bcl-x
and Bel-x, in organelles (shown only for mitochondria, Fig. 14B) appeared to be inversely
proportional to each other, consistent with cycles of phosphorylation and dephosphorylation

taking place at organelles after SCI.

Phosphorylation of Bcl-x,_in apoptotic neurons in vitro

To further test the hypothesis that Bel-x; phosphorylation correlates with apoptosis
in neurons, we determined weather Bel-x, phosphorylation occurs in neurons undergoing
apoptosis in vitro. It has been shown that drugs that alter microtubule kinetics (i.e
vinblastine) induce apoptosis in differentiated cells of neuronal origin(Kim et al., 2002).
In PC12 cells, microtubule disassembly has been reported to be an early step during the
execution phase of apoptosis(Nuydens et al., 2000). Thus, we exposed NGF-differentiated-
PCI12 cells to 200nM vinblastine for 24h, and measured its effect in the expression levels
of P-ser®Bcl-x, . Vinblastine treatment decreased the number of cells about 27% (235.5
+ 8.9 DAPI stained nuclei per 20X field) in comparison to non-treated control (319.0 +
13 per 20X field) (P<0.001). As shown in Fig 15(A,B), vinblastine treatment significantly
increased the number of differentiated PC12 cells expressing cytosolic P-ser®Bcl-x
(P<0.001). Furthermore, some cells over-expressing P-ser®Bcl-x, also had condensed

nuclei (Fig. 15C) suggestive of apoptosis. However, double immunofluorescence analyses

using TUNEL staining showed that only a fraction of the P-ser”Bcl-x, expressing cells
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Fig. 13. Time course of SCI- changes in phosphorylated Bcl-x, at different subcellular
compartments. A. Quantitation of P-ser®-Bcl-x, levels based on western blot analyses
showed Bel-x, in the cytosolic fraction as early as 15m after trauma. No significant
changes were found in P-ser®Bcl-x, levels at mitochondria, ER or Nuclei. Values are
Means + SD normalized to sham group. Dotted lines represent the average standard
deviation of P-ser>-Bcl-x, levels at all subcellular fractions of sham group. *p<0.05
compared to sham treated group (repeated measures Anova with post-hoc corrections).
B. Representative Western blot showing P-ser®-Bcl-x, levels in 3 sham-treated and 3-
contused spinal cords at T10, 24h after trauma. C. Double immunolabeling of a section
3mm rostral to the lesion epicenter segment showed P-ser®-Bcl-x, (red) in the cytoplasm
of a neuron (NeuN) in the ventral horn 24h after injury. High resolution confocal image
was generated by the projection of 10 images spanning 10um in the Z-direction. Scale
bar: 10 pm
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Fig 14. Time course of SCI-induced Bcl-x; and P-ser”-Bcl-x, levels in subcellular
fractions. Time course of SCI-induced Bcl-x, and P-ser®-Bcl-x, changes in A. Cytosol
and B. Mitochondria were plotted for comparison. Values are Mean OD + SD normalized
to the sham treated group (see methods). Dotted lines represent the average standard
deviation of P-ser>-Bcl-x, levels at all subcellular fractions of sham-treated SC. *p<0.05,
compared to sham treated group (Repeated measures Anova with post-hoc corrections).
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colocalized with fragmented DNA, suggesting that phosphorylation of Bel-x, occurs early
in the apoptotic process, probably before the final step of DNA fragmentation takes place
(Fig 15D).

Taken together, these results suggest that Bel-x, phosphorylation is an early event
in neuronal apoptosis, and supports the hypothesis that phosphorylation of Bcl-x, has

apoptotic consequences after SCI

Cell specific expression of Bcl-x,_and P-ser®-Bcl-x_one week after SCI

The bulk of neurons and oligodendrocytes (the cell populations normally expressing
Bcl-x, ) are lost by day 7 at the lesion epicenter (Zai and Wrathall, 2005), and Bel-x| levels
were expected to remain at the SCI-induced low levels. However, by day 7 after injury
Bcel-x, levels in all compartments returned to control levels comparable to sham levels
(Fig 11). This observation is consistent with there being new cell populations that were
responsible for the increases in Bel-x ; or that spared cells were stimulated to increase
Bcl-x, levels. Double immunolabeling of spinal cord sections at the T10 epicenter (site of
injury) with Bel-x, and cell type markers showed that OX-42 positive cells (macrophages
and microglia), GFAP (astrocytes) and CC1 (oligodendrocytes) were the predominant cell
populations that expressed Bel-x, seven days after injury (Fig. 16A).

One week after injury, P-ser-*-Bcl-x levelsinthe cytosolic fraction decreased, which
agrees with the neuronal loss that had occurred at the site of impact. Immunohistochemical
analysis of phoshphorylated Bel-x, with cell type markers showed P-ser®-Bcl-x, to be
absent in GFAP and CC-1 staining cells (not shown) however, there was a subpopulation
of microglia (OX-42) with condensed nuclei that expressed high levels of P-ser®>-Bcl-x
(Fig. 16B).
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Fig. 15. Bcl-x, phosphorylation in apoptotic neurons in vitro. PC12 cells were NGF-
differentiated for 5 days and then exposed to 200nM of Vinblastine for 24h. A.
Representative image showing the expression of P-ser®Bcl-x (red) in control and
vinblastine-treated PC12 cells. Nuclei are stained with DAPI. Scale bar: 100 um. B.
Vinblastine-treatment significantly increased the number of cells expressing cytosolic P-
ser-Bel-x, . Plotted data represent the percentage of cytosolic P-ser®-Bcl-x, expressing
cells respect to the total number of nuclei (stained with DAPI) in a 20X field. (*) P<0.001
compared to non-treated control cells. Data were analyzed using unpaired t-student

test. C. High magnification imaging of vinblastine treated PC-12 cells, shows cytosolic
P-ser®-Bcel-x, highly expressed in cells with condensed nuclei (DAPI), suggestive of
apoptotic cell death. Scale bar: 10 um. D. Apoptotic-DNA fragmentation was visualized
by Tunel immunoflurescence assay, concomitant with P-ser”Bcl-x, staining. High
resolution confocal image shows cells expressing P-ser®-Bcel-x, in the cytosol (red) with
a positive tunel-staining (green nuclei). Scale bar: 10 pm
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A. Bcl-x staining 7 days after injury at lesion epicenter
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Fig 16. New cell populations express Bel-x, 7 days after trauma. A. Double
immunolabeling of Bel-x, (red) with glial markers showed Bcl-x, co-localizing with
oligodendrocytes (CC-1) and microglia/macrophages (OX-42) but not with astrocytes
(GFAP) 7 days after trauma at the lesion epicenter. B. Double immunolabeling of P-
ser®Bcl-x, expression and OX-42 showed a population of macrophage/microglia with
condensed nuclei expressing P-ser®*Bcl-x; High resolution confocal images were
generated by the projection of 10 images spanning 10um in the Z-direction. Scale bars:
10 um, except for low magnification images (scale bar 350 um). Nuclei are stained blue
(DAPI) and colocalization appears purple.
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Discussion

Apoptosis is an important mediator of the secondary damage that occurs after SCI
(Liu et al., 1997;Beattie et al., 2000b). We and others have shown that Bcl-x is highly
expressed in neurons and oligodendrocytes in the uninjured spinal cord (Qiu et al.,
2001;Nesic-Taylor et al., 2005) and that Bcl-x, levels decrease significantly as early as 1h
after SCI at the lesion epicenter (Nesic-Taylor et al., 2005), thus preceding the neuronal
cell death that is fairly complete 24h after SCI (Liu et al., 1997;Grossman et al., 2001;Qiu
et al., 2001). SCI-induced Bel-x, decreases spread away from the lesion epicenter over
time (Fig. 13D) consistent with the time course of delayed spreading of neuronal death
after SCI in segments surrounding site of injury (Beattie et al., 2000a). In agreement with
this hypothesis, we showed a significant decrease in the levels of Bel-x, staining 24h after
injury (Fig.12) in surviving neurons rostral to the injury epicenter, suggesting that Bcl-
X, decreases precede neuronal cell death. Furthermore, decreases in Bel-x, during the
first 24h (Fig.11) reflect changes in neuronal Bcl-x, levels but not oligodendrocyte Bel-
x, levels suggesting that SCI-induced changes in oligodendrogial Bcl-x, occurs after the
first 24h after trauma. This is consistent with the reported delayed death of glial cells that
extends over weeks after injury (Shuman et al., 1997;Casha et al., 2001;Grossman et al.,
2001;Warden et al., 2001;McEwen and Springer, 2005).

We have shown that exogenous application of Bel-x, fusion protein spares neurons
after SCI (Nesic-Taylor et al., 2005), supporting the hypothesis that decreases in Bel-x
levels are likely to contribute to SCI-induced cellular losses. Here, we characterized SCI-
induced posttranslational phosphorylation of Bcl-x, (P-ser>-Bcl-x, ), and the differential
distribution/shuttling of Bcl-x, and P-ser-Bcl-x, among the various subcellular
compartments. Our results suggest that SCI-induced modifications and redistributions of

Bcl-x, may have an important role in regulating apoptotic cell loss at and around the lesion
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site. Furthermore, we present evidence that suggests that Bcl-x, phosphorylation has pro-

apoptotic consequences in neurons in vitro and in vivo.

Subcellular distribution of Bcl-x_and P-ser®?-Bcl-x, in the uninjured rat spinal cord.

Shuttling of Bcl-x, may play different roles in different organelles.

Although recent studies have shown that Bcl-2 proteins are present in the endoplasmic
reticulum (ER) and nuclei in cell lines (Ng and Shore, 1998;Tagami et al., 2000), the
localization of Bcl-x, in subcellular compartments other than cytosol and mitochondria in
the CNS has not been previously reported. Our results show that in the uninjured spinal cord,
Bcl-x, is present in all compartments: cytoplasm, mitochondria, nuclei and ER, at levels
that cannot be explained by simple cross-contamination among fractions. The presence
of Bel-x, in mitochondria is well known (Zamzami et al., 1998;Jonas et al., 2003;Garcia-
Saez et al., 2004;Jonas et al., 2004), but its shuttling to nuclear and/or ER fractions is a
novel finding. The Bel-x, transmembrane domain contains a localization signal that targets
Bcl-x, to mitochondria, but not to nuclei or ER, as reported for cells in vitro (Kaufmann
et al., 2003). It is thus possible that ER Bcl-x, localization occurs through the interaction
of Bel-x, with ER resident proteins, including other Bel-2 family members (Morishima
et al., 2004). For example, it has been shown that Bcl-x, interacts with the ER-associated
proteins Inositol Phosphate-3 receptor (IP3R), Bap31 and RTN-XL in vitro (Ng and Shore,
1998;Tagami et al., 2000;White et al., 2005).

The role of nuclear or ER Bcl-x, in uninjured spinal cords is also unknown. Recent
studies have suggested that nuclear Bcl-2 may control and be controlled by cell cycle
kinetic changes associated with cellular proliferation (Lu et al., 1994;Hoetelmans et al.,
2000;Hoetelmans et al., 2003;Hoetelmans, 2004). Thus, it is possible that the nuclear Bcl-
x, in spinal cord plays a role in neuronal proliferation during development. In the ER, both

Bcl-2 and Bel-x, bind to IP3R, modify its sensitivity to IP3, and modulate Ca* release from
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intracellular stores (Foyouzi-Youssefi et al., 2000;Pinton et al., 2000;White et al., 2005).
Therefore, it is tempting to speculate that ER Bcl-x, plays a role in Ca’* homeostasis in the
spinal cord, and that disturbance of ER Bcl-x, impairs Ca** homeostasis and consequently

affects neuronal survival after spinal cord injury (Bassik et al., 2004).

Translocation of P-ser®-Bcl-x_and its possible roles in different organellae.

Our finding that the uninjured spinal cord contains a phosphorylated form of Bel-x,
that is abundant, but restricted to certain subcellular organelles agrees with the hypothesis
that the organelle-specific actions of Bel-x, involve post-translational modifications.
Interestingly, it has been shown that Bcl-2 is consitutively phosphorylated at Ser®” in
human normal blood cells, but it is dephosphorylated by protein phosphatase 2A (PP2A)
in human tumor cell lines (Simizu et al., 2004). Furthermore, the localization of Bcl-2
on mitochondria is required for the dephosphorylation by PP2A (Tamura et al., 2004).
Our finding that phosphorylated Bcl-x, is also expressed in mitochondria in differentiated
neuronal PC12 cells, further support the hypothesis of a role for Bcl-x; phosphorylation in
the normal functioning of neurons.

It has been shown that phosphorylation of Bel-2 in the loop region (equivalent to that
in Bcl-x, ) inhibits its anti-apoptotic role. Phosphorylated Bcl-2 localizes mainly to the ER
and is unable to bind pro-apoptotic proteins (Bassik et al., 2004;Upreti et al., 2006). Since
these studies have only been perfomed in transformed cell lines overexpressing Bcl-2, little
is known about the phosphorylated Bcl-x, in the CNS. We found phosphorylated Bel-x,
to be mainly present in axonal mitochondria suggesting that in the uninjured spinal cords,
Bcl-x, phosphorylation may be involved in the maintenance and stability of the axonal
cytoarchitecture. Consistent with this hypothesis, Kretz et al. showed that excess Bel-x,

dramatically increases axonal elongation of adult retinal ganglion cell cultures (Kretz et
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al., 2004). Our finding that P-ser>-Bcl-x, was expressed in mitochondria along the newly

formed neurites in NGF-differentiated PC12 cells in vitro further support this hypothesis.

Subcellular distribution of Bcl-x,_after spinal cord injury

The anti-apoptotic role of Bcl-x, may depend in part on its subcellular location:
in the cytosol Bcl-x;, might form homodimers or bind BH-3-only domain pro-apoptotic
members of the Bcl-2 family, while in mitochondria it can block Bax activity (Shimizu
et al.,, 2000;Abe et al., 2004;Jeong et al., 2004). Thus, decreases in cytosolic and/or
mitochondrial Bel-x, and/or misrouting to different cell compartments could be responsible
for the impaired anti-apoptotic activity of Bel-x, after SCL.

To evaluate the extent to which SCI-induced Bcl-x, downregulation reflects re-
routing among compartments, we analyzed SCl-induced decreases in Bcl-x, protein
levels in different subcellular fractions. Interestingly, SCI-induced Bcl-x, decreases in
the cytosolic fraction during the first 24h after SCI did not reflect Bel-x, translocation
from cytosol to mitochondria. SCl-induced decreases in Bcl-x, levels in the cytosol and
mitochondria showed different time profiles that were not synchronized, suggesting
that downregulation of Bcl-x, in cytosol and mitochondria are independently regulated
processes. In contrast, Bel-x, decreases in mitochondria mirrored concomitant increases in
nuclear or ER levels and vice versa. These results suggest that SCI induces Bcl-x, shuttling
from mitochondria to nuclei/ER thus preventing Bel-x, from exerting its anti-apoptotic

function at mitochondria.

Phosphorylation of Bcl-x,_correlates with neuronal apoptosis in vitro and after SCI

It has been shown that phosphoryation of Bcl-x, is associated with apoptotic cell
death in vitro (Poruchynsky et al., 1998;Basu and Haldar, 2003;Xue et al., 2003). Agents
that promote apoptosis by causing microtubule disruption or stabilization, induce Bcl-x,
phosphorylation (Poruchynsky et al., 1998;Fan et al., 2000;Nuydens et al., 2000;Brichese
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et al., 2002;Basu and Haldar, 2003;Bassik et al., 2004;Grethe et al., 2004;Upreti et al.,
2006); however, the role of Bel-x; phosphorylation in post-mitotic neurons has not been
investigated.

Bcl-x, phosphorylation in vitro has been associated with the activation of p38 MAPK
(Grethe et al., 2004). It is likely that the increased activity of kinases after SCI (Wang et al.,
2005;Crown et al., 2006) may stimulate phosphorylation of Bel-x, in neurons resulting in
overall decreases in anti-apoptotic Bcl-x, levels. Given that we found significant increases
in cytosolic phosphorylated Bel-x, after SCI, we believe that phosphorylation of cytosolic
Bcl-x, in neurons may either prevent anti-apoptotic Bcel-x, activity in both cytosol and
mitochondria, or be directly pro-apoptotic. Phosphorylation of Bel-2 and Bel-x, occurs
before the appearance of morphological apoptotic features, indicating that elimination of
Bcl-2 function may be a pre-requisite for cell death (Ojala et al., 2000). Consistent with
this hypothesis, cytosolic P-serBcel-x, levels increased as early as 15 min after SCI, while
DNA fragmentation and caspase activation has been demonstrated by 4h after injury.

To determine whether there is a correlation between phosphorylation of Bel-x,
and neuronal apoptosis, we used an in vitro model of NGF-differentiated neuronal PC12
cells exposed to vinblastine. Similar to the reported Bel-x, phosphorylation in response to
microtubule inhibitor-induced apoptosis in vitro (Du et al., 2005), vinblastine treatment
induced cell death in differentiated PC12 cells, and a significant expression of cytosolic
P-ser®Bcl-x, in cells showing condensed nuclei. Interestingly, cells that were in advanced
stages of the apoptotic process (TUNEL positive) had a lower intensity of P-ser®Bcl-x
in cytosol, consistent with the hypothesis that Bcl-x, phosphorylation occurs early in the
apoptotic process. Recently Du et al (2005) demonstrated that cycles of phosphorylation
and dephosphorylation of Bcl-x, and Bcl-2 take place in cancer cell lines exposed to
vinblastine, and suggested that reversal of phosphorylation, not phosphorylation per se,

acts as a switch for apoptotic induction (Du et al., 2005). In agreement with this hypothesis,
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we found that levels of P-ser®-Bcl-x, and Bcl-x, during the first 24h after SCI in the cytosol
and mitochondria (Fig. 14) are inversely proportional to each other, suggesting that cycles
of phosphorylation and dephosphorylation may take place in those compartments in the
injured SC.

Therefore, we hypothesize that SCI-induced phosphorylation and dephosphorylation
of Bcl-x, occur in response to the neuronal microtubule-disruption following spinal cord
trauma and results in neuronal apoptosis. In this scenario, phosphorylated Bel-x; found
in the axonal mitochondria in the uninjured spinal cord would play a key role in the
surveillance of neuronal integrity in vivo, while phosphorylation and dephosphorylation
cycles after SCI may contribute to the apoptotic death of neurons.

If the phosphorylation affects Bel-x, shuttling to other organelles, there would be a
negative correlation between increases of phosphorylated Bel-x, in one compartment and
concomitant decreases in some other organelle. However, SCI-induced fluctuations in P-
ser®-Blc-x, levels showed a similar (“positively correlated”) time course for all organelles
(Fig.13), suggesting that mechanisms other than phosphorylation may regulate re-shuttling
of P-ser®-Bcl-x, among the different compartments in injured spinal cords Consistent with
our findings, Du et al (2005) has shown that vinblastine induced- Bel-x, phosphorylation

does not promote subcellular re-shuttling of Bel-x, .

Glial expression of Bcl-x, and P-ser®*-Bcl-x,_after SCI

Our immunofluorescence analyses showed that astrocytes and microglia in uninjured
spinal cords do not express Bcl-x, . In contrast, 7 days after injury, microglia/macrophages
at the lesion epicenter in injured spinal cords showed robust presence of Bel-x; Similarly,
brain areas affected by neurodegeneration in patients with Alzheimer disease have shown
high expression of Bcl-x, in activated microglia (Drache et al., 1997), suggesting that

activated glia in diseased or injured CNS may have increased Bcl-x, expression, thus
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allowing them to resist pro-apoptotic stimuli existing in injured CNS. Given that increased
expression of Bcl-x, in activated glia takes place several days after the initial Bel-x;, down-
regulation, therapeutic approaches to spare neurons/oligodendrocytes that counteract SCI-
induced decreases in Bel-x;, would have to target neurons and oligodendrocytes within that
time window (1-7days). If prolonged, therapies that are based on increasing Bel-x, levels
in injured spinal cords may amplify glial activation, which predictably are not beneficial
(Popovich et al., 2002).

We also found phosphorylated Bcel-x, in a population of OX-42 positive cells, but
not in GFAP-positive astrocytes. However, co-expression of OX-42 and P-ser®-Bcl-x, was
found only in microglia/macrophages showing nuclear condensation, suggestive of cells
undergoing apoptosis (Fig 8). Thus, phosphorylation of Bcl-x, may also be involved in
apoptotic death of microglia following SCI, which has been reported to occur from 24h
to 21 days after injury (Shuman et al., 1997). Therefore, Bel-x, may help activated glia
to resist the pro-apoptotic environment after SCI, in contrast to P-ser>-Bcl-x, which may
precede their death.

In summary, phosphorylation of Bcl-x, may have two opposite effects in injured
spinal cords: (a) trigger death of neurons and thus contribute to the SCI-functional
impairment, or (b) regulate apoptosis of activated microglia/macrophages and thus curtail
the inflammatory cascades associated with SCI (Popovich et al., 2002). Taken together,
our results show that SCI perturbs Bel-x; subcellular localization and post-translational
modifications and gives rise to new Bcl-x, expression patterns in activated glia. These
findings should be taken into account when anti-apoptotic therapies are designed to interfere

with Bcl-2-like activities, or when results of anti-apoptotic therapies are interpreted.
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CHAPTER FOUR: DETRIMENTAL EFFECTS OF ANTI-
APOPTOTIC TRETMENTS IN SPINAL CORD INJURY

INTRODUCTION

Mechanical trauma to the spinal cord triggers events resulting in death of neurons
and glial cells over several weeks after the initial injury (Liu et al., 1997;Ahn et al., 2006).
In the early acute phase, there is a cascade of excitatory amino-acid-induced Ca*" entry and
energy failure, nitric oxide (NO) production, oxidative stress and membrane breakdown that
leads to early necrotic cell death (Park et al., 2004;Bao and Liu, 2004;Bao et al., 2006), that
is followed by apoptosis-mediated cell death of neurons and glia (Beattie et al., 2000;Lu et
al., 2000;Park et al., 2004). Neuronal apoptosis begins as early as 4h near the site of impact
and persists for the first 24h after trauma, while neuronal and oligodendroglial apoptosis
lasts for a couple of weeks in areas away from the injury site (Liu et al., 1997;Shuman et
al., 1997;Casha et al., 2001). Since the functional outcome after spinal cord injury (SCI)
is largely dependent on the extent of secondary cell death, it has been suggested that the
prevention of delayed apoptosis after SCI is likely to have a beneficial effect by reducing
the extent of tissue damage(Schwab et al., 2006). With the belief that the final steps of
apoptotic death are highly conserved and likely to be mediated by a similar set of caspases,
inhibitors of caspases have been used to prevent SCl-induced apoptosis with variable
success (Barut et al., 2005;Knoblach et al., 2005;Colak et al., 2005). However, apoptotic
cell death is known to be triggered through different pathways, caspase-dependent and
caspase-independent, that both converge at the mitochondria (Yuan et al., 2003). For
example, the release of mitochondrial cytochrome c is indispensable for the activation
of caspases (Hengartner, 2000); while the release of mitochondrial apoptosis-inducing
factor (AIF) leads to DNA fragmentation in a caspase-independent fashion(Yakovlev and

Faden, 2004). Main regulators of apoptotic processes in mitochondria are members of
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Bcl-2 family of proteins. The Bcl-2 family of proteins, containing pro-apoptotic (Bax,
Bad, Bid) and anti-apoptotic (Bcl-2, Bcl-x, ) members, is central to the regulation of both
caspase-dependent and caspase-independent apoptosis, by modulating the mitochondrial
outer membrane permeability (Tsujimoto, 2003;Sharpe et al., 2004). Among the Bcl-2
family, Bcl-x, is the principal anti-apoptotic member in the postnatal and adult central
nervous system (Gonzalez-Garcia et al., 1994;Gonzalez-Garcia et al., 1995;Alonso et al.,
1997;Parsadanian et al., 1998); and is highly expressed in neurons and oligodendrocytes in
the rat spinal cord (Qiu et al., 2001;Nesic-Taylor et al., 2005;Cittelly et al., 2005).

Manipulation of the levels of Bcl-2 proteins could provide new treatment paradigms
that prevent apoptosis associated with SCI. Conditional Bcl-x, overexpression protected
postnatal and adult neurons from traumatic hypoxia (Matsuoka et al., 2002;Wen et al.,
2002), and metabolic injury (Xu et al., 1999;Shinoura et al., 2000). Furthermore, exogenous
Bcl-x, has been shown to be highly effective in protecting against cell injury in response to
several injuries such as ischemia (Cao et al., 2002b), oxidative stress (Cherbonnel-Lasserre
and Dosanjh, 1997) hypoglycemia (Panickar et al., 2005), neurotrophin deprivation (Vander
Heiden et al., 1999) and excitotoxicity (Matsuoka et al., 2002). We have also found that
Bcl-x, levels are significantly reduced after SCI and that short-term administration of Bcl-
x,-fusion protein to the injured spinal cord significantly increases neuronal survival within
24h after spinal injury (Nesic-Taylor et al., 2005). However, the long-term effects of such
anti-apoptotic therapy have not been assessed in rat model of SCI.

In our previous study (Nesic-Taylor et al., 2005), we used a Bcl-x, fusion protein,
a construct in which Bel-x, was fused into a 254 amino acid nontoxic derivative (lethal
factor, LFn) of anthrax toxin to render the Bcl-x, cell permeable (Liu et al., 2001). The
transduction of LFn-Bcl-x; requires the binding of the LFn domain to another anthrax
toxin component, protective antigen (PA)(Liu et al., 2001), which binds to an unidentified

cell surface receptor and mediates the transports of the Bcl-x, fusion protein into the
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cell (Friedlander, 1986). In the present study, we chose TAT-mediated delivery of Bel-x,
because it offered several important advantages over the anthrax-toxin delivery system
(Yin et al., 2006). First, TAT-mediated protein transduction in the CNS does not require
co-administration of helper proteins. The TAT sequence is only 11 amino acid residues
long, which does not substantially increase the size of the fusion protein and thus, is less
likely to interfere with the activity of the transduced protein (Cao et al., 2002a). Tat-Bcl-x
has been shown to rapidly transduce into mammalian cells (Nagahara et al., 1998)) via an
endocytosis-mediated, but receptor-independent mechanism (Potocky et al., 2003;Wadia
et al., 2004;Kaplan et al., 2005). In addition, the ability of the Tat peptide to bind to
ubiquitous targets such as heparan sulfate, chondroitin sulfate, or even phospholipid heads
in the lipid bilayer (Wadia and Dowdy, 2005) allows for consistent transduction into
multiple cell types (Schwarze et al., 1999).The anti-apoptotic BH4 domain of Bcl-x, has
also been fused to the Tat—peptide (Sugioka et al., 2003) , providing an additional tool to
asses the anti-apoptotic activity of Bcl-x,. Thus, Tat-Bel-x, is a useful tool to evaluate
the long-term effects of exogenously administered Bel-x, into the injured rat spinal cords.
In the present work, we found that administration of exogenous Bcl-x, (Tat-Bcel-x,) and
its anti-apoptotic domain BH4 (Tat-BH4-Bcl-x,) into the injured spinal cord decreased
apoptotic cell death 24h and 7 days after SCI. However, long-term administration (7 days)
of exogenous Bcl-x, impaired locomotor recovery and increased neuronal loss to a greater
extent than SCI alone. Furthermore, long-term administration of TAT-Bcl-x, significantly
increased microglia/macrophage levels in injured spinal cords compared to vehicle treated
SCI rats, suggesting an enhanced inflammatory reaction induced by Tat-Bcl-x, treatment.
Taken together, these results would suggest that delayed effects of anti-apoptotic therapy
maybe pro-inflammatory and detrimental over time, although the initial effects 24h after

SCI could be beneficial.
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ExpPERIMENTAL DESIGN

To study the effect of Tat-Bcl-x, and Tat-BH4 in the injured spinal cord, a total of
105 rats were distributed as detailed in Table 3. Sham and injured animals were subjected
to laminectomy at T10 and T13-L1 and injured animals were exposed to the moderate
contusion injury as described in Materials and methods. Sterile 0.9% saline solution was

used as vehicle.

Table. 3. Description of experimental groups

Time after Groups Drug n n n Total

injury delivery (E,WB) (H,IHC) (BBB)

24h Sham + Vehicle lul/hr for 4 3 NA 7
Sham + Tat-Bel-x, ~ 24h 4 - NA 4
Injury + Vehicle ~ 10ug/day 5 3 NA 8
Injury + Tat-Bcl-x, 5 3 NA 8

7days Sham + Vehicle 0.5ul/hr for 7 3 NA 10
Injury + Vehicle 7 days 7 3 NA 10
Injury + Tat-Bel-x,  >v&/day: 7 3 NA 10
Injury + Tat-BH4 7 3 NA 10

60 days Sham + Vehicle 0.5ul/hr for 3% 3 10 10
Injury + Vehicle 7 days 3% 3 10 10
Injury + Tat-Bel-x,  >u&/day. 3% 3 8% 10
Injury + Tat-BH4 3* 3 10 10

TOTAL 48 105

* Only WB analysis but no Cell death ELISA was performed in this group. # An
additional injury at the site of catheter implantation was observed at the time of
perfusion in two Tat-Bel-x, treated animals. Data from these animals were omitted
from the analysis. n(ELISA, WB), number of animals for which apoptotic cell death
was measured by ELISA and analysis of Bel-x| levels were quantified by western
blot. n(H, IHC), number of animals used for histology and immunohistochemistry
analysis. n (BBB), number of animals for which BBB scores were obtained. NA, Not
applicable
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REsuLTs

Intrathecal administration of Tat-Bcl-x _increases total Bcl-x levels in injured spinal
cords.

To examine the ability of intrathecally delivered Tat-Bel-x, to transduce cells
located in deep layers in the spinal cord, we delivered 10ug of Tat-Bcl-x (1pl/hr, during
24h) or vehicle into the intrathecal space of contused-spinal cord rats, and measured
the levels of exogenous Tat-Bcl-x, by immunohistochemistry and Western blot assays.
Immunofluorescence labeling using an antibody against the hemaglutinin (HA) -tag present
in the fusion protein, showed Tat-Bcl-x, to be throughout white and gray matter (Fig 17A)
in transverse spinal cord sections located 3mm rostral to the lesion epicenter (T10), 24h
after trauma.

We have shown that SCI induces decreases in Bcl-x levels in cytosol and
mitochondria that correlate with apoptotic cell death of neurons occurring 24 h after trauma
(Nesic-Taylor et al., 2005;Cittelly et al., 2005). To determine if the delivery of exogenous
Tat-Bcl-x, counteracts SCl-induced decreases in Bcl-x , we performed Western blot
analysis of Bcl-x, levels in cytosolic and microsomal extracts (containing mitochondria
and endoplasmic reticulum) of 1 cm long spinal cord segments that contained the site of
injury T10 (Fig. 17B). We analyzed spinal cords from three groups of rats: sham rats that
received vehicle for 24h, SCI rats that received vehicle, and SCI rats treated with Tat-Bcl-
x, . As expected, SCI induced decreases in Bel-x, protein levels, while Tat-Bel-x, treatment
restored Bel-x, levels in SCl-treated rats to levels compared to those of sham-treated rats,

in both cytosolic and microsomal fractions (Fig 17B).

Anti-apoptotic effects of Tat-Bcl-x

241 ArFTER SCI. To examine the antiapoptotic activity of Tat-Bcl-x;, we measured

the levels of oligonucleosomes in the cytosol of uninjured and injured spinal cords, using
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A. HA-Tat-Bcl-x_staining B. Western blot measurement of
total Bcl-x_ levels
Injury + Vehicle Injury + Tat-Bcl-x

1.59 )
[ Sham + Vehicle
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Injury + Tat-Bcl-x,

White matter

Bcl-x, Fold change normalized
to sham value

Cytosolic Microsomal

Ventral Horn

Fig.17. Protein transduction of Tat-Bcl-xL in the injured spinal cord 24h after trauma. A.
Immunofluorescence staining of a transverse section of spinal cord 3mm rostral to lesion
epicenter, 24h after injury using an antibody against HA-tag. The HA immunoreactivity
was strong in gray and white matter in Tat-Bcl-x -treated, but not vehicle-treated spinal
cords. Scale bar: 50 um.B. Quantitation of cytosolic and microsomal Bcl-x levels based
on western blot analyses. We used an antibody against a sequence surrounding Asp61

in the loop region of Bcl-x, that recognized both endogenous Bel-x, and Tat-Bcl-x, .
Total Bel-x, levels at cytosolic and microsomal fractions increased in Tat-Bcl-x, treated
animals to levels comparable to those of sham spinal cords. Bcl-xL expression values
were normalized to sham values and presented as mean = SD. n=4/5 per group as
indicated in table 1. (*) p<0.05 compared to sham-vehicle group; $ p<0.05 compared to
the injury-vehicle treated group; Two way ANOVA with Tukey’s post-hoc correction).

Elisa cell death assay. A total of 10ug of Tat-Bel-x, or vehicle was intrathecally delivered
over 24h after SCI (1ul/hr, 24ul ). The presence of cytosolic oligonucleosomes was tested
in protein extracts of thoracic spinal cords segments (1 cm long) containing the site of
injury (T10). Vehicle-treated injured spinal cords showed significant increases in cytosolic
oligonucleosomes when compared to sham rats treated with vehicle (Fig. 18), in agreement
with our earlier reports (Nesic et al., 2001;Qiu et al., 2001;Nesic-Taylor et al., 2005) that
showed that significant apoptotic cell death occurs during the first 24 h after injury. As
expected, Tat-Bel-x, treatment significantly decreased levels of cytosolic oligonucleosomes,

confirming the anti-apoptotic effectiveness of Tat- Bel-x .
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* Fig. 18. Tat-Bcl-x _decreased apoptosis 24h
1.501 after injury. The release of oligonucleosomes to
the cytosol during the first 24h after trauma was
evaluated in cytoplasmic extracts from spinal
cords of sham-vehicle treated (n=4), injury-
vehicle(n=5) or injury-tat-Bcl-x, (n=5) treated
rats. Apoptotic cell death was significantly
reduced in Tat-Bcl-x| treated rats in comparison
to vehicle-treated rats. Data represent mean + SD
Sham Injury Injury (*) p<0.05 compared to sham-vehicle group. (})
vehiele venice  TaBX. p() 05 compared to the injury-vehicle treated
group (Two way Anova with Tukey’s post-hoc
correction).

1.004

0.504
T

Oligonucleosome release to cytosol
(OD 405 nm)

0.00

7 pAvs AFTER SCI . To assess effects of longer lasting administration of Tat-Bel-x
to counteract late SCI-induced Bcl-x; decreases we intrathecally delivered 35ug of Tat-
Bel-x, at a rate of 0.5ul/hr for 7 days (5Sug/day). Cytosolic fractions were extracted from the
1 cm-spinal cord segments containing the epicenter of the lesion (T10). In agreement with
our previous results (Fig. 18), Tat-Bcl-x, administration significantly increased cytosolic
levels of Bcl-x, at seven days (1.67+0.32 fold increase in comparison with SCI-vehicle
treated cords, p<0.05; n=7 per group). As shown in Fig. 19, cytosolic oligonucleosomal

levels were significantly reduced after Tat-Bcl-x| treatment.

Tat-BeL-x, vs. TaT-BH4. We have shown that SCI induces phosphorylation of endogenous
Bel-x,, and thus possibly inactivates anti-apoptotic effects of Bcl-x (Cittelly et al., 2005).
Therefore, we hypothesized that some fraction of the exogenous Tat-Bel-x;, may also
undergo phosphorylation and thus prevent its full anti-apoptotic effect. To assess whether
phosphorylation diminishes anti-apoptotic effect of Tat-Bcl-x; we used Tat-BH4 peptide,
a construct that contains only the BH4 (Bcl-2 homology 4) antiapoptotic domain of Bcl-

x,. and measured its ability to prevent apoptosis in the injured spinal cords. A total of
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Fig. 19. Tat-Bcl-x, and Tat-BH4 decreased apoptosis 7 days after injury. Elisa assays
were use to measure the levels of oligonucleosomes in the cytosol 7 days after SCI in
spinal cords isolated from four groups of rats: (a) sham-and vehicle treated (n=7); (b)
SCI+vehicle (n=5); or (c) SCI+Tat-Bcl-xL (n=5); and (d) SCI+Tat-BH4 (n=5). In all
measurements we used 1cm-long thoracic segments containing the site of injury, T10.
Both Tat-Bcl-xL and Tat-BH4 treatment significantly decreased apoptosis compared to
vehicle-treated animals. Data represent mean = SD. (* p<0.05 compared to sham-vehicle
group; (I p<0.05 compared to the injury-vehicle treated group; Two way ANOVA with
Tukey’s post-hoc correction).

35ug of Tat-BH4 was intrathecally delivered at a rate of 0.5ul/hr (Sug/day) for 7 days and
cytosolic fractions were extracted as previously described (see Fig. 18). As shown in Fig
19, Tat-BH4 induced decreases in cytosolic oligonucleosomes levels to a similar extent of
that of Tat-Bcl-x, treatment. This result would suggest that significant phosphorylation of
Tat-Bel-x, is unlikely, and that full anti-apoptotic effect of the exogenously applied Bel-x

was achieved.

Effect of Tat-Bcl-x_and Tat-BH4 on locomotor recovery.

It is known that treatments that significantly spare spinal cord tissue after SCI also
improve locomotor recovery (Pearse et al., 2004;Colak et al., 2005;Yates et al., 2006).
To evaluate whether antiapoptotic activity of Tat-Bcl-x, and Tat-BH4 had an effect on

hindlimb locomotor recovery after SCI, we intrathecally administered Tat-BH4 or Tat-
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Bcel-x, (Sug/day ) to injured spinal-cords for 7 days after SCI. Locomotor function was
measured daily for 14 days, and then biweekly for 60 days. Vehicle-treated sham rats did
not show visible impairments in locomotor function at any time. Consistent with published
reports, an injury induced with 150 Kdynes impact force caused complete paralysis of the
hind limbs in the first days after SCI that partially improved over time, as reflected in the
increased BBB scores over a two month period (Fig. 20). However, locomotor recovery of
SCl-rats treated with either Tat-Bcl-x, or Tat-BH4 did not improve, but rather worsened in
comparison to vehicle-treated SCI rats. As shown in Fig. 20, BBB scores were significantly

lower from days 4 to 9 (P<0.05) in both Tat-Bcl-x, and Tat-BH4 treated animals.

Effect of Tat-Bcl-, on neuronal loss.

To evaluate whether impaired locomotor recovery results from additional loss of
neurons in Tat-Bcl-x -or Tat-BH4 -treated SCI rats, we counted the number of neurons
labeled with the neuronal specific marker, NeuN in sections located 4mm rostral to the
lesion epicenter. As shown in Fig. 21A, the number of neurons was significantly lower in
Tat-Bcl-x, - and Tat-BH4-treated SCI rats, compared to the vehicle treated-SCI rats. This
result suggests that while anti-apoptotic treatment protected neurons from apoptotic cell
death, it did not prevent them from dying, likely due to necrosis. Thus, it is possible that
the anti-apoptotic activity of Tat-Bcl-x, and Tat-BH4 shifted neuronal death from apoptosis
to necrosis, and thus amplified neuronal death due to necrosis-induced inflammatory

reactions.

Effect of Tat-Bcl-x and Tat-BH4 on microglia/macrophage activation

To test the hypothesis that both Tat-Bcl-x, and Tat-BH4 induced increased
inflammatory reaction in injured spinal cords, we quantified the density of microglia/
macrophages 4 mm rostral to the lesion epicenter (the same region where we counted

the number of neurons), by measuring the proportional area of cells expressing OX-42,
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Fig. 20 Impaired locomotor recovery in Tat-Bcl-xL and Tat-BH4-treated rats.
Transformed BBB scores for left and right hindlimb per animal were averaged and
analyzed as combined score. Plotted data represent the mean =SEM per time point

of combined BBB score of Tat-Bcl-x, (n=8); Tat-BH4 (n=9) and vehicle treated

(n=9) injured rats. Rats treated with either Tat-Bcl-x, or Tat-BH4 showed a decreased
locomotor recovery during the first 10 days after injury in comparison to vehicle treated
animals. (*) p<0.05 compared to vehicle —treated group. Transformed data were analyzed
using Two-ways Repeated measures ANOVA with Bonferoni post-hoc corrections).

corresponding to the area of tissue occupied by immunohistochemically stained cellular
profiles within a defined target area (Popovich et al., 1997). As shown in Fig. 5B, C (Left
panel), SCI rats treated with either Tat-Bcl-x, or Tat-BH4 showed a robust and significant
increase in the total intensity of OX-42 staining in a 3mm?area (containing all the cross section
of the cord) in comparison to vehicle-treated injured spinal cords (Fig 21B, C), indicating an
increased inflammatory reaction in Tat-Bcl-x; and Tat-BH4 treated SCI rats. Furthermore,
consistent with the spatial and temporal profile of microglial/ macrophage activation/
infiltration after rat SCI (Popovich et al, 1997), an increased OX-42 immunolabeling in a
0.25mm? area at the dorsal horn, ventral horn and lateral funiculus was observed rostral to
the lesion epicenter 7 days after injury. However, OX-42 immunolabeling was significantly
higher in Tat-Bel-x, and Tat-BH4 treated SCI rats. Intense OX-42 labeling in gray matter
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Fig. 21. Neuronal and microglial/
macrophage densities after Tat-Bcl-xL
and Tat-BH4 treatment. A. Quantitative
analysis of NeuN-labeled cells in the
dorsal and ventral horn. Neurons were
counted 4mm rostral to the lesion
epicenter in sections of Tat-Bel-x,
(n=3); Tat-BH4 (n=3) and vehicle-
treated rats (n=3) 7 days after SCI. The
number of Neu-N-positive cells was
significantly lower in Tat-Bel-x, and
Tat-BH4 treated injured spinal cords in
cord (*p<0.05). B. Semi-quantitative
analysis of OX-42 staining 4mm rostral
to lesion epicenter in Tat-Bel-x, (n=3);
Tat-BH4 (n=3) and vehicle-treated rats
(n=3) 7days after SCI. Data represent
the proportional area of OX-42
staining in a 3mm? region (total OX-42
labeling) or a 0.25mm? region at the
dorsal horn, ventral horn and lateral
funiculus. (See methods for details
of quantification methods). Sections are adjacent to those used for Neu N counting. C.
Representative example of OX-42 staining of microglia and macrophages 4mm rostral
to the lesion epicenter, 7 days after injury. Left panel: cross sectional OX-42 staining
showing increased microglia/macrophage activation in Tat-Bel-x, and Tat-BH4 treated
injured spinal cords in comparison to vehicle-treated injured spinal cords. Scale bar:
350 um. Right panel: high magnification of the area marked in the left panel as squares,
shows intense labeling of OX-42 in long processes and round cell bodies surrounding
gray matter cells, likely neurons, in Tat-Bcl-x, and Tat-BH4 treated-injured spinal cords,
and a moderate OX-42 labeling in vehicle treated injured spinal cords.
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was observed surrounding neurons in the damaged spinal cords. In treated cords, OX-42
labeling stained hypertrophic cell bodies with short pseudopodic processes or round cells

presenting morphology of activated microglia/macrophages (Fig 21 C).

DiscusioN

Anti-apoptotic Tat-Bcl-x,_ and Tat-BH4 impaired functional recovery after SCI.

Using intrathecal delivery we demonstrated that Tat-Bel-x, restored Bel-x, levels
in both cytosolic and microsomal fractions of SCI rats during the 24h or 7 days delivery
period, thus confirming that our chosen concentration and delivery method of Tat-Bcl-x,
were effective. To confirm that anti-apoptotic effect of Tat-Bel-x, that we observed was due
to its role in protecting mitochondrial permeability, we used Tat-BH4 peptide. Bcl-2 and
Bcl-x, possess four conserved Bel-2 homology (BH) domains, designated BHI1 through
BH4(Aritomi et al., 1997;Petros et al., 2004). It has been shown that the BH4 domain of
Bcl-x, is essential for the prevention of apoptotic mitochondrial changes (Shimizu et al.,
2000;Sugioka et al., 2003). Our results showed that both Tat-Bcl-x, and Tat-BH4 treatment
significantly decreased levels of cytosolic oligonucleosomes to a similar extent, thus
confirming that anti-apoptotic effects of Tat-Bcl-x| in injured spinal cords was solely due to
its well known protective role in mitochondria. We also used the BH4 construct because Tat-
BH4 is not susceptible to phosphorylation or cleavage, both processes capable of reducing
anti-apoptotic effects of Bcl-x, (Kharbanda et al., 2000;Brichese et al., 2002;Simizu et
al., 2004;Tamura et al., 2004). Bcl-x, possesses an unstructured loop between BH3 and
BH4 that contains recognition sites for phosphorylation and caspase-mediated cleavage,
mechanisms that appear to regulate the function of Bel-x, after different insults in multiple
cell lines (Fuyjita et al., 1998;0jala et al., 2000;Figueroa, Jr. et al., 2003). We have also

shown that SCI induces phosphorylation of endogenous Bcl-x; and thus possibly inactivate
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its anti-apoptotic effect (Cittelly et al., 2005). Therefore, it was possible that a fraction
of the exogenous Tat-Bel-x; undergoes phosphorylation in injured spinal cords, and thus
prevents its full anti-apoptotic effect. Our results showed that both Tat-Bcl-x, and Tat-
BH4 treatment significantly decreased levels of cytosolic oligonucleosomes to the same
extent suggesting that phosporylation of Tat-Bel-x; did not occur and that the Tat-Bel-x;
treatment increased local levels of functional Bel-x, . Thus, the full anti-apoptotic effect of
the exogenous Bcl-x, was achieved.

In agreement with other reports (Kilic et al., 2002;Dietz et al., 2002a;Hotchkiss et
al., 2006), Tat-Bcl-x, significantly reduced total apoptotic death at 24h and 7 days after
SCI, thus suggesting that the recovery of functions may be improved in Tat-Bcl-x, or Tat-
BH4-treated SCl rats. This expectation was also based on the reports of other anti-apoptotic
treatments targeting Bcl-2 and Bcl-x; that showed beneficial effects on the functional
recovery after CNS trauma (Cao et al., 2002a;Yin et al., 2006). Surprisingly, the recovery of
locomotor function of SCl-rats treated with Tat-Bcl-x, or Tat-BH4 did not improve during
the first 14 days, but rather worsen in comparison to vehicle-treated SCI rats. After day 14,
SCI rats in all groups reached BBB scores above 14, which can not be analyzed with the
transformation applied (Ferguson et al., 2004). To the best of our knowledge, this is the first

report showing negative effects of long-term anti-apoptotic treatments after SCI.

Tat-Bcl-x, and Tat-BH4 increased neuronal loss and microglial activation

In agreement with the negative effect of the long-term delivery of Tat-Bel-x, and
Tat-BH4 on the recovery after SCI, we also found additional losses of neurons in the Tat-
Bcel-x, or Tat-BH4 treated SCI rats 7 days after injury. Since both treatments decreased
SCI-induced apoptotic levels at seven days (Fig. 19), neuronal losses likely occurred
through necrotic cell death. It has been shown in excitotoxic models of acute SCI that

necrotic neuronal death early after trauma is linked to increased microglial activation in
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gray matter (Gomes-Leal et al., 2004). Thus, it is possible that the anti-apoptotic activity
of Tat-Bel-x, and Tat-BH4 shifted neuronal death from apoptosis to necrosis, and possibly
amplified neuronal death due necrosis-induced inflammatory reactions. Consistent with
this hypothesis we found an increase in neuronal death in Tat-Bel-x, (30%) and Tat-
BH4 (48%) treated injured spinal cords compared to vehicle-treated injured spinal cords.
Necrosis initiates inflammatory responses via activation of microglia and macrophages
which release soluble factors including nitric oxide, free radicals, proteolytic enzymes,
arachidonic acid metabolites, tumor necrosis factor, interleukin-1, cyclooxygenase -2
and prostaglandins (PG) (Schnell et al., 1999;Popovich et al., 2002;Beattie, 2004;Ahn et
al., 2006). A large body of evidence suggests that these microglial molecules can induce
neuronal cell death (Beattie, 2004;Skaper et al., 2006;Gibbons and Dragunow, 2006), and
in turn, promote further microglial activation (Gomes-Leal et al., 2004). As shown in
Fig 21C, enhanced labeling of OX-42 in rounded cells and hypertrophic cell with thin
processes, indicative of activated macrophages and microglia, was found in perineuronal
spaces enclosing neurons through gray matter in Tat-Bcl-x, and Tat-BH4 treated SCI
rats, compared to vehicle treated SCI rats. This supports our hypothesis that both anti-
apoptotic agents trigger positive feedback loops between neuronal necrosis and microglial
activation. Alternatively, it is also possible, that Tat-Bcl-x, and Tat-BH4 treatments directly
affected microglial/macrophage survival in injured spinal cords. It is known that SCI-
induced microglial activation that peaks at 7 days after SCI in rats undergoes apoptotic cell
death (Popovich et al., 1997). Thus, it is possible that Tat-Bcl-x, and Tat-BH4 decreased
microglial/macriphage apoptosis, which, may have increased the number of dying neurons
in injured spinal cords. It would be interesting to determine in future studies whether all
cell types in injured spinal cords (neurons and glia) are equally susceptible to the anti-
apoptotic effect of Tat-Bel-x, and Tat-BH4 after SCI, and whether this susceptibility may

be a helpful tool in designing more effective anti-apoptotic treatments.
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Given that microglial activation and inflammation are main players in shaping
pathological outcomes after SCI, in part by inducing cell death (Popovich et al.,
2002;Gonzalez et al., 2003;Beattie, 2004) our result suggest that the therapeutic potential
of Tat-Bcl-x, or Tat-BH4 in injured spinal cords may be limited. Although a promising
therapeutic tool in stroke and neurodegenerative diseases (Asoh et al., 2002;Dietz et al.,
2002b;Yin et al., 2006), our results also indicate that chronic treatment of SCI with Tat-

Bcl-x, or other anti-apoptotic treatments targeting Bcl-x, could be detrimental.
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CHAPTER FIVE: SUMMARY AND FUTURE DIRECTIONS

SUMMARY

Long term deficits following moderate contusion to the spinal cord are due in part
to significant secondary cell death of neurons and oligodendroglia at and around the site of
injury. Apoptosis in the CNS is tightly regulated by members of the Bcl-2 family including
anti-apoptotic Bel-x; Bel-x, is the most robustly expressed pro-survival Bcl-2 molecule
in adult spinal neurons and glia, and Bel-x, mRNA and protein levels decrease after SCI.
However, the exact mechanism(s) of Bcl-x; anti-apoptotic activity in the spinal cord and
the extent to which Bcl-x, anti-apoptotic activity is impaired after SCI are unknown. It has
been suggested that the anti-apoptotic role of Bel-x; may be impaired by phosphorylation,
cleavage (that yields pro-apoptotic fragments), or misrouting to subcellular organelles
(endoplasmic reticulum- ER, nuclei). In this dissertation, I characterized the mechanisms
that play a role in Bel-x, -inactivation and apoptosis after SCI by measuring Bel-x, protein
levels and phosphorylation status at different subcellular compartments in sham-treated
and injured- spinal cords, during the first 24h and up to seven days after trauma (Chapter
3).

Consistent with the hypothesis that Bel-x, regulates cell survival of neurons and
glial cells before and after SCI, double staining with Bel-x; and NeuN (neurons) or CC-1
(oligodendrocytes) showed that Bel-x| is expressed throughout spinal cord in neurons and
oligodendrocytes, but not in astrocytes or microglia. At 24h after injury, staining of Bcl-
x, decreased in those surviving neurons surrounding the lesion epicenter, supporting the
hypothesis that Bel-x; decreases precede neuronal cell death after SCI. The time course of
SCI-induced decreases in Bel-x, was different for cytosolic, mitochondrial, ER and nuclear
extracts suggesting an independent regulation of Bcl-x, shuttling among compartments

after injury.
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Interestingly, I found a phosphorylated form of Bcl-x, (p-Ser-Bcl-x ) in
mitochondrial, nuclear and ER fractions of sham SC but not in the cytosolic fraction.
Immunohistochemical analysis revealed that phosphorylated Bcl-x, was present only in
organelles in neurons, where it was preferentially expressed throughout neurites and axons
in the uninjured spinal cord. After injury, P-ser®®Bcl-x appeared in the cytosolic fractions
(as measured by western blot) and strongly stained some neuronal cell bodies (observed
in the lesion-periphery), concomitant with SCI-induced decreases in cytosolic Bcl-x,.
Since the increases in cytosolic P-ser®-Bcel-x, occurred without evident changes in the
levels of phosphorylated Bcl-x, at organelles, it is likely that cytosolic Bel-x, undergoes
phosphorylation early after SCI. To determine if phosphorylation of Bcl-x, contributes
to the impairment of Bcl-x, anti-apoptotic function, I used an in vitro model of apoptotic
cell death induced by vinblastine, a compound known to induce apoptosis in neuronal and
non-neuronal cell lines, which also induces Bcl-x; and Bcl-2 phosphorylation. Consistent
with the observations in injured spinal-cord neurons, NGF-differentiated-PC12 cells
undergo cell death after 24h vinblastine treatment, with significant increases in cytosolic P-
ser®Bcl-x, levels and nuclear condensation. Interestingly, only a few cells were found that
showed both DNA-fragmentation (measured by TUNEL assay) and p-ser®Bcl-x, staining,
suggesting that phosphorylation of Bcl-x, is an early event in the path to cell death.

The second goal of this dissertation was to evaluate the therapeutic potential of Bcl-
x -administration after SCI (Chapter 4). To counteract SCI-induced decreases in Bel-x, and
the resultant apoptosis, I used intrathecal delivery of the TAT protein transduction domain
fused to Bel-x, (Tat-Bel-x, ), or its anti-apoptotic domain BH4 (Tat-BH4). Considering that
phosphorylation of Bcl-x; could prevent exogenous Bel-x, from exerting its antiapoptotic
role, I also used Tat-BH4 peptide, a construct that contains the anti-apoptotic domain of
Bcel-x, but lacks the phosphorylation sites. Even though I found evidence for the anti-

apoptotic function of both Tat-Bcl-x, and Tat-BH4 24h or 7 days after SCI, long-term
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delivery (7 days) of these proteins impaired locomotor recovery and increased neuronal loss
to a greater extent than SCI alone. Furthermore, the long-term administration of TAT-Bcl-
x, significantly increased microglia/macrophage levels in injured spinal cords compared
to vehicle treated SCI rats, suggesting an enhanced inflammatory reaction induced by Tat-
Bcl-x, treatment. These results suggest that the anti-apoptotic treatment may shift neuronal
apoptosis to necrosis, and initiate an inflammatory response (microglial activation) in SCI
rats. As a result, Tat-Bcl-x /Tat-BH4-induced increases in proinflammatory reactions may
amplify SCI-induced neuronal cell death and additionally impair functional recovery.
Moreover, chronic treatment of SCI with Tat-Bcl-x, or other anti-apoptotic treatments
targeting Bel-x; could be detrimental.

Paradoxically, one of the advantages of using Tat-mediated delivery of Bel-x, could
have increased its deleterious effects after SCI. Since Tat-Bcl-x, can transduce a variety
of cells, it is possible that the survival of macrophages/microglia benefited from the long-
term delivery used here. In the first part of this dissertation (Chapter 3), I have shown that
activated microglia/macrophages robustly express Bcl-x, 7 days after SCI, and it has been
shown that this cell population increases as early as 1 day after injury. Thus, it is possible
that the long-term delivery of Tat-Bcl-x, and Tat-BH4 had targeted not only neurons but
also microglia, thus contributing to the exacerbated inflammatory response. Thus, to be
effective in the spinal cord model, anti-apoptotic therapies should be designed to target
neurons and later oligodendrocytes, limiting the therapeutic potential of Tat-Bcl-x, or Tat-

BH4 in injured spinal cords.

FUTURE DIRECTIONS

What is the role of Bcl-x, phosphorylation in the normal CNS?

One of our unexpected findings was the presence of phosphorylated Bcl-x,

in the uninjured spinal cord. To the best of my knowledge, this is the first report of a
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phosphorylated form of Bcl-x, in the normal CNS, particularly in neurons. While it was not
the goal of this dissertation, several observations suggest that phosphorylated Bcl-x; could
play an important role in neuronal differentiation and axonal function, probably roles that
can represent functions different to apoptosis-prevention. First, the subcellular localization
of this Bcl-x, form was restricted to organelles throughout the developing neurites in NGF-
differentiated PC12 and spinal cord axons. Second, our preliminary results showed levels
of phosphorylated Bcl-x, to increase over the time during the NGF-induced differentiation
of PC12 cells and the RA-induced differentiation of neuroblastoma cells (SK-N-SH-SYS5Y),
and one of the hallmarks of differentiation to a neuronal phenotype is the formation and
elongation of neurites.

Several reports support our interpretation: a) staurosporine-induced differentiation of
neuroblastoma SH-SY5Y show elongated neurites, concomitant with increases in Bel-x, but
not Bcl-2 mRNA levels (Pregi et al., 2006); b) adenovirus-mediated-Bcl-x, overexpression
in RGCs retinal explants increased both numbers and total length of emerging neurites
and, in axotomized RGCs of adult rats in vivo, Bcl-x, promoted intraretinal axon sprouting
and fiber growth into the proximal optic nerve stump (Kretz et al., 2004) ; c). Malik et
al, showed that the axons of AAV-Bcl-X -transduced RGCs remained morphologically
intact after transection of the optic nerve (Malik et al., 2005); d) grafted mouse embryonic
stem cells overexpressing Bel-x, differentiated into midbrain dopamine neurons, exhibited
more extensive fiber outgrowth with long and numerous processes (Shim et al., 2004).
However, none of these studies addressed the phosphorylation status of overexpressed Bcl-
x,; therefore, it is not possible to evaluate if the increase in neurite formation or axonal
sprouting correlates with levels of Bcl-x, phosphorylation. For instance, it would be
interesting to evaluate if overexpression of a Bcl-x, mutant lacking the phosphorylation

site is able to promote neurite formation to a similar extent.
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Interestingly, Tagami et al suggested a mechanism by which Bel-x, (not specifically
phosphorylated Bcl-x, ) could regulate neurite outgrowth. They demonstrated that RTN/XL,
a protein of the reticulon family (RT) interacts with Bcl-x, at the ER. Since RTN/XL is the
rat homologue of NogoA, a myelin associated protein that inhibits axonal regeneration,
these authors suggest that neurite outgrowth could be inhibited by an intrinsic neuronal
Nogo-A/RTN-xL, and that Bcl-x, may promote neurite outgrowth by sequestering Nogo/
RTN-xL at the ER (Tagami et al., 2000). However, to probe this hypothesis, the putative
NogoA/RTNXL protein must be first identified in neuronal ER, and then its Bel-x, binding
properties further confirmed.

The presence of P-ser”Bcl-x, at the axonal mitochondria and the fact that
microtubule disruption induces Bcl-x, phosphorylation, suggests a role for Bcl-x, in
response to cytoskeletal disturbance, and might explain the high levels of phosphorylated
Bcel-x, present after SCI. Given that neuronal axons display a granular appearance with
disarray of their neurofilaments and an unusual abundance of intracellular organelles
(including mitochondria) and abortive growth cones, phosphorylation of Bel-x, after SCI
could represent a failed attempt of the neurons to regenerate that leads to apoptosis by
diminishing the pool of anti-apoptotic Bcl-x . In fact, it has been proposed that failed
attempts to regenerate triggers apoptosis in neurons.

Finally, the mechanisms by which Tat-Bel-x, and Tat-BH4 increased microglial
activation and neuronal death are still undefined. I previously mentioned the possibility
of a direct effect on microglial survival by Tat-Bcl-x, and Tat-BH4. However, it is also
possible that the anti-apoptotic effect observed in this study shifted apoptosis to necrosis. Is
it possible that Tat-Bcl-x, and Tat-BH4 can become cell-death inducers? I cannot exclude
the possibility that exogenous Tat-Bcl-x, underwent cleavage by activated caspases,

resulting in a cleavage fragment that augmented cell death.
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However, the differences in the levels of neuronal death between Tat-Bcel-x, and
Tat-BH4 treated animals, suggest that this is not a likely scenario since Tat-BH4 (not
susceptible to cleavage) induced a bigger neuronal loss. Given the technical difficulties
associated with the study of the intracellular distribution of exogenous Tat-Bcl-x, and Tat-
BH4 after SCI, and its susceptibility to phosphorylation and caspase-mediated cleavage, in
vitro studies might be more useful. They could be used to determine if Tat-Bel-x, treatment
indeed induces cell death by shifting apoptosis to necrosis in injured spinal cord neurons.
Also, if this signaling is due to modifications converting Bcl-x, into an inducer of cell

death.
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