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Abstract

Neuronal death and axon degeneration occur during brain development, during
physiological turnover of neurons, and after injury. Degeneration is not a passive
phenomenon, but an ordered, active process. Apoptosis, or programmed cell death,
leads to activation of proteolytic enzymes known as caspases which are responsible
for degrading proteins and preparing the apoptotic cell for clearance. Degeneration is
not a passive phenomenon, but an ordered, active process. Apoptosis, or programmed
cell death, leads to activation of proteolytic enzymes known as caspases which are
responsible for degrading proteins and preparing the apoptotic cell for clearance.
We studied the features of axon degeneration and confirmed that apoptotic machinery
is involved. We detected caspase-mediated cytoskeletal degradation a) in vitro, in
neuronal cultures induced to undergo axonal degeneration via nerve growth factor
deprivation, b) in vivo, after alcohol-induced apoptosis as well as during
developmental pruning and physiological turnover of neurons, and c) in degenerating
neurites in human hypoxic-ischemic injury. In addition to examining degeneration,
we also studied mechanisms involved in clearance. We showed that the chemokine
fractalkine is released after alcohol-induced apoptosis and that fractalkine modulates
the recruitment of microglia to promote clearance of apoptotic cells. In mice lacking
fractalkine or its receptor, CX3CR1, injury leads to increased apoptotic debris and
altered cytokine production. We also studied an engulfment receptor, Brain-specific
angiogenesis inhibitor-1 (BAI1), to determine whether it plays a role in clearance in
the brain. Immunolocalization data and analysis of the BAIl-deficient mouse
suggested that while it may subserve astrocytic engulfment, it is unlikely to play a
critical role in microglial engulfment. We found BAI1 was predominantly neuronal
and localized to neuropil, suggesting a synaptic function, and we found no evidence
of a defect in clearance in the BAI1-knockout mouse after alcohol-induced apoptosis.
Further work should aim to identify receptors required for glial engulfment during

apoptotic cell clearance in the brain.
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INTRODUCTION TO CELL DEATH AND CLEARANCE IN THE BRAIN

Cell Death in the Nervous System

Cell death in the nervous system occurs in a variety of scenarios, and there is
much to learn about how neurons degenerate and are cleared from the CNS. Neuronal
death occurs in contexts ranging from stroke and injury, to cancer, neurodegeneration
and development (Madden, Cotter 2008), as well as during normal homeostasis.

Apoptosis is one form of programmed cell death. In general, debris from
apoptotic cells must be cleared a) to prevent inflammation, as material present in dead
or dying cells has the potential to evoke autoimmunity and inflammatory cascades that
can create damage to tissue (Lleo, Selmi et al. 2008), and b) to make room for the
incoming replacement neurons (Mouret, Lepousez et al. 2009). However, how the brain

clears apoptotic cells and their different compartments is largely unknown.

The apoptotic cascade and neuronal degeneration



The cascades of events that occur during apoptosis are well described for non-
neural cells. There are two main pathways that can lead to apoptosis. First, the intrinsic
pathway initiates via mitochondrial-dependent processes whereby mitochondrial
permeabilization leads to cytochrome c release and subsequent formation of a complex
known as the apoptosome, which leads to caspase activation. In contrast, the extrinsic
pathway is activated via ligand-receptor interactions and downstream signaling that
leads to formation of the death-inducing signaling complex. Ultimately, both converge
on activation of caspases. Caspase activation is a central feature of apoptosis and
caspases are the main executioner enzymes responsible for mediating the DNA
fragmentation, protein degradation, and blebbing that occurs (Earnshaw, Martins et al.
1999, Coleman, Sahai et al. 2001). As a cell undergoes apoptosis, biochemical reactions
occur that allow the cell to process its contents and prepare to be ‘eaten” by surrounding
cells (Kinchen, Ravichandran 2007). As far as we know, similar processes and signals
occur during degeneration of apoptotic neuronal bodies (Olney, Tenkova et al. 2002);
however, we do not know whether axons and dendrites undergo ‘apoptosis-like’
cascades of events, and whether they undergo specific changes that allow them to be
eaten by surrounding cells. In particular, whether the apoptotic pathways and caspases
are involved in axon degeneration has been controversial and is an area requiring more
research (Finn, Weil et al. 2000, Simon, Weimer et al. 2012). Until our studies, there has

been a paucity of markers available that are able to highlight degenerating axons.

Cell death during development



Neuronal apoptosis and pruning occur as elaborately orchestrated processes
during development of the nervous system. During development, there is an
overproliferation of neurons and it is estimated that as many as 70% of neurons die
(Blaschke, Staley et al. 1996). This extensive cell death is necessary to remove
superfluous neurons; wiring the brain is an exquisite process and not all neurons end up
at the right place at the right time. The nervous system eliminates aberrant cells and
connections in order to mold itself into a working network, and this is essential for
proper development and function (Vanderhaeghen, Cheng 2010). Defects in apoptotic
pathways can lead to aberrations in brain development. For example, caspase-3 and
caspase-9 deficient mice have neuronal hyperplasia (Degterev, Boyce et al. 2003). In
addition, animals deficient in caspase-3 or caspase-6 display delayed retinocollicular
pruning (Simon, Weimer et al. 2012). It is only recently that these genetic models have
been used to show that caspases are involved in pruning, and not many studies actually
examine the degenerating neuronal processes during pruning, largely due to the lack of
good markers to highlight degenerating neurons and their neurites. Our studies

characterize new markers that will be useful for studying pruning during development.

Models to study degeneration and clearance

Studies in animal models have shown that the balance between expression of
pro- and anti-apoptotic factors changes as the brain develops (Harris, Hardie et al. 2005).
During embryonic and early postnatal ages, expression of pro-apoptotic factors is at a

peak, which helps explain why immature neurons are more susceptible to death. As



neurons wire into circuits, they are able to persist if they acquire sufficient pro-survival
signals. One such target-derived growth factor is nerve growth factor (NGF). We and
other researchers have used NGF-deprivation as an in vitro assay to induce apoptosis
and as a model that parallels apoptosis that occurs during development (Deshmukh,
Johnson 1997). An advantage of this in vitro model is that it provides a simplified
system with which to study apoptosis and perform manipulations that are not possible
in vivo.

While in vitro studies are a useful tool, it is also important to study neuronal
apoptosis and clearance in vivo. The developing brain undergoes physiological
apoptosis, and in addition, is particularly susceptible to certain insults that induce cell
death. Alcohol exposure during embryonic and early postnatal ages induces substantial
neuronal apoptosis (Ikonomidou, Bittigau et al. 2000). Because substantial brain
development (and a period of susceptibility to ethanol injury) occurs postnatally in mice,
ethanol exposure at postnatal day 7 is an accepted model of fetal alcohol exposure in
humans and has been widely used to study neuronal apoptosis (Ikonomidou, Bittigau et
al. 2000, Olney, Wozniak et al. 2001, Olney, Tenkova et al. 2002, Young, Klocke et al.
2003, Ghosh, Walls et al. 2009). Therefore, we use this model to study neuronal

degeneration and clearance in vivo.

Recognition of apoptotic cells and debris by phagocytes



Phagocytosis [from Greek, phago- "eating", -cyte "vessel", -osis a process] is the
mechanism by which cells engulf and internalize particles such as apoptotic cells; cells
that engulf debris are known as phagocytes.

In order for clearance to take place, a dying cell or material must be recognized
as a target. In other words, the debris must induce recruitment and activation of
phagocytic cells. Much work has been done describing the general process by which
apoptotic cells are recognized and removed (Ravichandran, Lorenz 2007). Briefly,
apoptotic cells release factors such as fractalkine and ATP, which create a homing
gradient to attract phagocytes (Elliott, Chekeni et al. 2009, Truman, Ford et al. 2008). In
addition, they may display specific cell-surface ‘eat me’ signals such as
phosphatidylserine on their outer membranes or may be targeted for removal through
opsonization (Ravichandran, Lorenz 2007). Opsonins such as complement and MFGES8
bind apoptotic cells or debris, enhance recognition and target the apoptotic cell for
clearance (Mevorach 2000).

There are specific receptors on phagocytes that allow direct recognition of
material to be cleared. For example, phosphatidylserine becomes exposed on the cell
surface of apoptotic cells and acts as an ‘eat me” signal” which is recognized by
phagocytes through receptors such as BAI1, as well as scavenger receptors, LRP1,
MerTK and others (Ravichandran, Lorenz 2007). These signals “activate’ the phagocytic
cell and stimulate signal transduction through multiple pathways. Depending on the

context, this may lead not only to phagocytosis, but also to changes in cell morphology,



induction of migration, and secretion of cytokines. Engulfment may be mediated by
neighboring cells or by phagocytes that are recruited to the site.

Fractalkine, a potential ‘find me” signal, and BAI1, an engulfment receptor, are
both expressed in the brain, but before our studies, their role in recognition and

clearance of apoptotic neurons in the brain had not been established.

Engulfment

Recognition of debris or apoptotic cells stimulates phagocytosis. Cytoskeletal
rearrangement leads first to formation of a phagocytic cup and then a phagosome, or
vacuole around the material. Actin dynamics modulate the changes in cell shape
required for engulfment, and the small GTPase Racl has been implicated as the
downstream player responsible for regulating these cytoskeletal alterations. There are at
least two potential signaling modules upstream of Rac1 that could be involved in
modulating engulfment: first, a complex of ELMO-Dock180 functions as a GEF for Racl;
second, LRP1 is a potential engulfment receptor that interacts with GULP, an adaptor
protein that has been linked to engulfment through Racl activation (Kinchen,
Ravichandran 2007). Once the cell engulfs material, the phagosome fuses with
lysosomal compartments, forming what is known as the phagolysosome and

degradation occurs (Yu, Lu et al. 2008).

‘Activated’ Phagocytes — A Phenotypic Spectrum



‘Activation’ of a glial cell in response to debris not only stimulates phagocytosis,
but also results in other downstream effects, such as secretion of cytokines and
production of reactive oxygen species (Cook, Chen et al. 2001, Noda, Doi et al. 2011). An
issue that complicates analysis of the literature is that researchers refer to ‘activation” of
glia without acknowledging or accounting for the ambiguity of that label. This is
problematic because there is a continuum of activation for microglia that entails a range
of phenotypes, and the expression of “activation markers’ can vary (Saxena, Caroni
2007). The terms classical activation, also known as M1, hallmarked by production of pro-
inflammatory cytokines and free radicals, and alternate activation, also known as M2, a
less well defined anti-inflammatory phenotype, have been described for macrophages,
and these are largely defined based on cytokine and receptor expression profiles
(Kotilinek, Bacskai et al. 2002). However, the immunomodulatory milieu in the CNS
differs and activation phenotypes may not mimic those in the periphery (Koldamova,
Fitz et al. 2010) Future studies should aim to generate functional delineations so that

researchers can better categorize the spectrum of glial activation phenotypes.

Regulation of phagocytosis

Cell-cell interactions and the cytokine environment determine whether
phagocytes are in the mood for clearance. Several studies have shown that astrocytes
modulate microglial phagocytic activity in vitro (Noda, Doi et al. 2011, Olney, Wozniak

et al. 2001) Neuronal signals also appear to influence the activation of glia. For example,



in culture, neuronal activity modulates IFNy-induced MHCII expression on astrocytes
and microglia, ultimately dampening inflammatory activity (Alliot, Godin et al. 1999).
Thus, neurons may influence the overall activation phenotype and phagocytic properties

of surrounding glia.

Phagocytic clearance in the brain

Most research on phagocytosis has been done in the context of the peripheral
immune system, and there is much to learn about the specific pathways that are
activated during phagocyte activation and engulfment in the nervous system.
Engulfment may play a role not only in clearance of apoptotic neurons and their
processes, but may also be critical for pruning superfluous neuritic branches that do not

find their correct targets during development.

There are multiple lines of evidence suggesting that phagocytes play an active
role in mediating developmental pruning. Studies in drosophila have shown that
disrupting glial phagocytic activity by knocking out engulfment receptors results in
defective pruning of axons in the mushroom body (Awasaki, Tatsumi et al. 2006). In
addition, studies in rodents have shown that animals deficient for complement proteins
Clq and C3 have defects in developmental pruning (Fourgeaud, Boulanger 2007,
Stevens, Allen et al. 2007, Schafer, Lehrman et al. 2012).

Interestingly, genome association studies have implicated an association between

schizophrenia and genes involved in engulfment pathways (Chen, Sun et al. 2009),



supporting the idea that engulfment may be relevant with regards to human
neurodevelopmental defects.

While infiltrating macrophages and their CNS-resident counterparts, microglia,
are considered the “professional phagocytes’ in the brain, there are other populations of
potential phagocytes in the CNS, including neural progenitors and astrocytes.

There have been studies showing a role for engulfment by neural progenitors,
and one study showed that neural progenitors deficient for the engulfment pathway
protein ELMOT1 had defects in engulfment (Lu, Elliott et al. 2011). Also, a microarray
study on acutely isolated mouse brain astrocytes unexpectedly revealed that these cells
express many components of evolutionarily conserved phagocytic pathways and
numerous receptors involved in innate immunity, including Toll-like receptors,
scavenger receptors and mannose receptors, as well as components of the complement
system (Braak, Ghebremedhin et al. 2004). Astrocytes highly express a known
phagocytic receptor, BAI1 (Park, Tosello-Trampont et al. 2007); therefore one of the
goals of our work was to determine whether astrocytes and BAI1 play a role in

engulfment.

Microglia perform typical immune cell functions much like macrophages,
including phagocytosis and antigen presentation, as well as production of inflammatory
mediators and modulation of the general immune response (Klein, Kaeser et al. 2001).
Microglia have been identified as critical players in synaptic remodeling, and use factors
such as complement (Stevens, Allen et al. 2007, Stephan, Barres et al. 2012) to direct

pruning of synapses during development. Neurons communicate with microglia to
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mediate these events, and one pathway of particular interest is the fractalkine pathway.
Neurons express fractalkine and microglia express the receptor, CX3CR1. Studies have
shown that animals deficient for fractalkine signaling have defects in pruning during
development (Hoshiko, Arnoux et al. 2012, Paolicelli, Bolasco et al. 2011). It is possible
that the mechanisms involved in synaptic pruning are similar to those involved in
clearance of apoptotic neurons and that fractalkine also plays a role in clearance of

apoptotic cells.

Microglia clear dead and dying neurons after injury, and a goal of our study was
to identify factors that mediate the recognition of apoptotic debris. A study has shown
that apoptotic cells release fractalkine, which acts as a ‘find me’ signal (Truman, Ford et
al. 2008), and as microglia express the fractalkine receptor, CX3CR1, this pathway may
be critical for proper clearance of apoptotic neurons. Fractalkine signaling is known to
be an important neuronal-microglial communication tool (Mizuno, Kawanokuchi et al.
2003); however, the role of fractalkine specifically in the context of apoptosis in the brain

has not been explored until our study.

Our studies

There are three main obstacles in that field that we attempted to address in our
studies. First, there is a paucity of markers available to highlight dying neurons in order
to study degeneration and clearance. Second, the mechanism underlying recognition of
apoptotic neurons have not been fully established, including the signals released by

dying cells and the receptors involved in clearance. Third, we do not know the ultimate
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consequences of lack of clearance and persistence of apoptotic cells after developmental
apoptotic injury.

We aimed to address these gaps in knowledge through:

1. Discovery and characterization of markers that highlight degenerating
neurons and their neurites during development and after injury.

2. Identification of ‘find me’ signals involved in recognition of apoptotic
neurons and receptors responsible for modulating clearance after alcohol
injury.

3. Assessment of the consequences of lack of clearance by measuring
inflammation after alcohol injury.

We discovered that antibodies against the caspase-cleaved cytoskeletal proteins
actin and tubulin are useful markers that highlight axon degeneration. Our extensive
characterization of these antibodies demonstrates that these tools are useful for studying
neuronal degeneration in in vitro as well as in vivo models, and for rodent or human
tissue. An advantage of these markers is that they also indicate the mechanisms
underlying degeneration. We anticipate that these tools will be useful for studying
developmental defects in pruning as well as axon degeneration in a variety of injury
models.

Fractalkine and BAI1 are both expressed in the brain, but before our studies,
their role in recognition and clearance of apoptotic neurons in the brain had not been
established. We identify fractalkine as a ‘find me” cue that recruits microglia toward

apoptotic debris and show that lack of fractalkine signaling leads to increased apoptotic
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debris after alcohol-induced injury. We show that this increase in debris is associated
with increased inflammation, suggesting that one consequence of defective clearance
may be an exaggerated immune response. BAI1, on the other hand, does not play a
critical role in clearance after alcohol-induced apoptosis, and there are likely other
receptors involved in promoting phagocytosis of apoptotic neurons. These findings
show although BAII has been shown to promote phagocytosis in vitro, it is not required

in the brain.
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CHAPTER 1: Caspase-mediated cleavage of actin and tubulin is a common feature
and sensitive marker of axonal degeneration in neural development and injury

Axon degeneration occurs after neuronal injury and during developmental pruning.
Here we confirm that apoptotic machinery is involved in axon degeneration and
caspase-mediated cytoskeletal degradation is a common convergence point. Using
antibodies against caspase-generated neoepitopes of beta-actin and alpha-tubulin, we
demonstrate that axon degeneration involves caspase-mediated cleavage of these
cytoskeletal elements. These cleavage events are conserved and seen in a variety of
contexts, including a) in vitro in neuronal cultures induced to undergo axonal
degeneration via nerve growth factor deprivation and b) in vivo after ethanol-induced
apoptosis as well as during developmental pruning and physiological turnover of
neurons. Finally, these markers may have clinical utility, as they highlight
degenerating neurites in human hypoxic-ischemic injury. These findings not only
confirm a common downstream mechanism involved in axon degeneration, but also
emphasize the broad utility of antibodies to caspase-cleavage-specific epitopes as

markers of degenerating neurons.



14

INTRODUCTION

Axon degeneration occurs not only after injury but also during normal central
nervous system development. Degeneration may be initiated due to lack of trophic
signals, presence of toxins, or trauma. The upstream factors involved in axonal
degeneration are different depending on the context or the mode of injury, but
regardless of the instigating stimulus the process is an active, orchestrated event as
opposed to a passive phenomenon.

There are many parallels between programmed cell death, or apoptosis, and the
process of axon degeneration. Apoptotic signals may arise from a variety of stimuli, but
both the extrinsic and intrinsic pathways converge to activate caspases, a group of
proteolytic enzymes that cleave their substrates at specific residues. An ordered set of
events follows that includes degradation of proteins and cytoskeletal elements,
morphological changes such as blebbing of the membrane, and the release of apoptotic
bodies, or membrane-bound vesicles, that are phagocytosed by neighboring cells

(Bishop, Misgeld et al. 2004). Whether similar processes are involved in axon
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degeneration has been controversial (Finn, Weil et al. 2000, Simon, Weimer et al. 2012).

Recent work using genetic deletion of caspase-3 and caspase-6 has indicated that
they are required for nerve growth factor (NGF) deprivation induced axon
degeneration. These studies also showed that these caspases are important for proper
developmental pruning of retinocollicular axons in mice (Simon, Weimer et al. 2012).

In order to study whether apoptosis-related pathways and caspases are involved
in cytoskeletal degradation during axon degeneration, we have used both in vitro and in
vivo models. In vitro, axon degeneration can be induced in cultured sympathetic
neurons via NGF-deprivation. NGF deprivation has been widely used as an in vitro
model to induce axon degeneration and is thought to model many aspects of
developmental pruning. During degeneration, the axon blebs and fragments. This
blebbing and fragmentation is dependent on cytoskeletal disassembly and has been
hypothesized to be controlled by factors that regulate microtubule stability, such as
microtubule-associated proteins (Saxena, Caroni 2007). The mechanisms underlying
cytoskeletal degradation are unclear, but it is known to be a convergence point for axon
degeneration induced by a variety of mechanisms.

Here we investigate this common convergence point using experimental models
and human specimens. We demonstrate that antibodies against caspase-generated
neoepitopes of beta-actin and alpha-tubulin are sensitive and specific indicators of
caspase-mediated cytoskeletal degradation. These markers indicate that axonal

degeneration involves caspase-mediated cleavage of the actin and tubulin.



16

These cleavage events occur in a variety of contexts involving axon degeneration,
including a) in vitro in neuronal cultures induced to undergo apoptosis via nerve growth
factor deprivation, b) in vivo after ethanol-induced apoptosis as well as during
developmental apoptosis and physiological turnover of neurons, and c) in human brain

after acute or subacute hypoxic-ischemic injury.

METHODS
Tissue processing

All animal procedures were approved by the University of Virginia Animal Care
and Use Committee. Mice used were C57/bl6 (Charles River). Animals were
anesthetized with a lethal dose of pentobarbital. Whole embryos harvested at E14.5
were post-fixed overnight in 4% paraformaldehyde. Brains from postnatal and adult
mice were harvested and fixed in either paraformaldehyde or 70% ethanol. Tissue was
processed into paraffin by standard methods. Tissue from BAX knockout and PUMA
knockout animals was provided by the Roth lab (University of Alabama). For analysis of
human specimens, archival paraffin-embedded brain tissue was obtained from autopsies

from 5 patients who had been diagnosed with acute or subacute brain infarct.

Caspase enzymatic assay and western blot
To prepare synaptosomes, cortex was homogenized in Locke’s buffer with ten
strokes of a tight-fitting glass Dounce tissue grinder. The homogenate was centrifuged at

500¢ for 10 min and the resulting supernatant was centrifuged at 12,000¢ for 15 min. The
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pellet was resuspended in Locke’s buffer and centrifuged at 12,000¢ for 15 min to obtain
the final pellet containing the synaptosome-enriched fraction. The caspase enzymatic
assay was performed as previously described (LeBlanc, Liu et al. 1999). Laemmli sample
buffer was added to synaptosomes and 50ug of protein was loaded into each lane and
separated by electrophoresis using standard procedures. Gels were transferred to a
PVDF membrane for 90 min with a semidry transfer apparatus and treated with
blocking reagent (LI-COR block; LI-COR, Lincoln NE) for 1 hour and then probed with
primary antibodies overnight. Antibodies used were the following: TubulinACsp6
(LeBlanc lab, 1:20,000), alpha-tubulin (clone DM1A, 1:10,000), fractin (Millipore, 1:1000).
For visualization, blots were incubated with fluorescent secondary antibodies (LI-COR,

1:2000) for 1-2 hours and imaged on a LI-COR Odyssey infrared scanner.

Cell Culture

Neurons for nerve growth factor (NGF) deprivation were obtained by acute
dissection and enzymatic dissociation of postnatal rat (P0-P3) superior cervical
ganglia. Neurons were plated in Poly-D-Lysine/Laminin-coated coverslips with
compartmentalized microfluidic devices with DMEM supplemented with 10% FBS,
penicillin/streptomycin (1 U/ml), and 40ng/ml NGF purified from mouse salivary
glands (Kuruvilla, Zweifel et al. 2004). After 24-48 hours, 5uM Ara-C was added to the
culture media for 48 hours to reduce glial contamination. For microfluidic devices,
neurons were given time to project their axons to the outer chamber (5-7 days in

vitro). Neurons were either maintained in NGF or for NGF deprivation, cultures were
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rinsed three times with medium lacking NGF and then maintained in NGF- deficient
media containing a neutralizing antibody to NGF (Millipore). For pan-caspase
inhibition, neurons were treated with 100uM of ZVAD (Enzo Life Sciences) concurrent
with NGF deprivation. Neurons were fixed by incubating in 4% paraformaldehyde for

15 minutes, washing with PBS twice. Cells were then stained.

Ethanol injury

Ethanol was injected subcutaneously into postnatal day 7 (P7) pups as a 20%
solution in 0.9% saline at 15.9uL/g body weight. It was administered twice, 2 hours apart
(as described by (Ghosh, Walls et al. 2009)). Brain tissue was harvested 6 or 24 hours

after the first injection.

Immunostaining

For immunocytochemistry, cells were fixed for 15 minutes in 4%
paraformaldehyde, rinsed in PBS then blocked (1 hour, 2% horse serum, .1% Tween in
PBS) prior to incubation with primary (overnight at 4°C, diluted in block). For tissue
staining, paraffin-embedded sections were dewaxed, rehydrated, underwent antigen
retrieval (Tris-EDTA pH 9, 12 min over a boiling water bath), were quenched (15 min,
.6% H202 in dH20) and blocked (1 hour, 2% horse serum, .1% Tween in PBS) prior to
incubation with primary (overnight at 4°C, diluted in block). Primary antibodies:
TubulinACsp6 (LeBlanc lab, 1:2000), fractin (Millipore, 1:1000), CC3 (Cell Signaling,

1:100), NFM (DSHB, clone 2H3, 1:2000), B3-tubulin (Tujl, 1:500), ibal (Wako, 1:500).
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Immunoperoxidase detection was performed using the ImmPress polymeric peroxidase
reagents (Vector). Diaminobenzidine (Dako) 1 mg/ml plus 0.02% hydrogen peroxide was
applied for 3-5 min. Immunofluorescence detection was performed using secondary
antibodies conjugated to Alexa-488 and Alexa-546 dyes (Invitrogen, 1:2000) and DAPI

(1pg/mL).

Automated image analysis

Cell profiler (Broad Institute, (Lamprecht, Sabatini et al. 2007)) was used for
automated analysis of staining. Pipelines were set up to identify axons via Tujl and
those regions of interest were used to quantify fluorescence intensity of fractin and
TubulinACsp6 staining within axons. Data was graphed and analyzed using Graphpad

Prism (La Jolla, CA).

RESULTS
Recombinant caspases are sufficient to generate fractin and cleaved tubulin

The fractin and TubulinACsp6 antibodies are specific to the caspase-cleaved
fragments of beta-actin (cleaved by caspase-3 at D244 (Yang, Sun et al. 1998) and alpha-
tubulin (cleaved by caspase 6 at D438 (Klaiman, Petzke et al. 2008), respectively. We
performed an in vitro enzymatic assay in order to test whether caspases are sufficient to
generate the neoepitopes and we found that both caspase-3 and caspase-6 are capable of

generating the epitope recognized by TubulinACsp6, whereas fractin is only produced
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by caspase-3 (Fig. 1a). Also the no enzyme control shows the antibodies are specific to

the caspase-cleaved products and do not detect intact protein.

Cleavage of actin and tubulin occurs after induction of apoptosis

We used an animal model of fetal alcohol syndrome in order to visualize axonal
degeneration after induction of neuronal apoptosis in vivo. We injected postnatal day 7
(P7) mice with ethanol and harvested the brain 6 or 24 hours post injury. BAX and
PUMA deficient animals are known to be protected from caspase activation in this
model (Ghosh, Walls et al. 2009); therefore we quantified cleaved-caspase-3, fractin and
TubulinACsp6 staining in these mice after ethanol-induced apoptosis. We found that
along with cleaved-caspase-3 staining, fractin and TubulinACsp6 staining is abrogated
in these animals (Fig. 1b). This confirms that axon degeneration and production of these
epitopes is downstream of an active, apoptosis-related process.

After ethanol-induced apoptosis, cleaved caspase-3 is readily visible in apoptotic
cell bodies (corpses); however, it is difficult to find staining in axons. Rare, isolated
degenerating axon fibers are detected (Fig 1c, arrowhead), but overall, CC3 is not readily
visible in degenerating axon tracts via standard staining techniques. Tyramide signal
amplification (TSA) is required to detect caspase-3 activity in degenerating axons. CC3
signal amplified with TSA localizes to axon tracts labeled with neurofilament in a
pattern that mimics fractin and TubulinACsp6 (Fig. 1c, Fig. 2).

Unlike cleaved caspase-3, fractin and TubulinACsp6 readily highlight not only

cell bodies, but also degenerating axons (Fig. 2). This suggests that while caspase
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activity is present in degenerating axons, the concentration of cleaved caspases may be
below the threshold of detection via standard immunostaining techniques. Staining for
caspase-substrate neoepitopes via fractin and TubulinACsp6 may be a more sensitive

indicator of caspase activity in axons.

NGF-withdrawal-induced apoptosis leads to cleavage of actin and tubulin in axons

We used NGF-deprivation to induce axon degeneration in cultured sympathetic
neurons. The neurons were grown in a microfluidic devices in order to separately
visualize the axons and the cell bodies. NGF-replete neurons had little fractin or
TubulinACsp6 labeling. However, 12 hours of NGF-deprivation leads to fractin (Fig. 3a)
and cleaved tubulin (Fig. 3b) production. As expected, this staining corresponded with
an increase in blebbing and fragmentation of the axons, visible with Bs-tubulin (Tujl)
staining.

Caspase activity is sufficient cleave actin and tubulin (Fig.1 a); however, this does
not indicate whether caspase activity is necessary. In order to test this, we performed
NGF-deprivation in the presence of a pan-caspase inhibitor (ZVAD). We quantified the
fluorescence intensity of staining within axons. We found that 12 hours of NGF-
deprivation leads to significant fractin production and incubation with ZVAD prevents
the increase in staining (Fig. 3c). TubulinACsp6 staining trended in the same directions
(Fig. 3d). Overall, this indicates that caspases are involved in axon degeneration

secondary to trophic-factor-withdrawal.
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Physiological axon pruning in vivo during nervous system development involves
caspase-cleavage of actin and tubulin

Axonal degeneration occurs during developmental pruning, and we were
interested in determining whether this degeneration also involved caspase-mediated
cleavage of actin and tubulin. We harvested embryonic day 14.5 (E14.5) animals and
stained for cleaved caspase-3, fractin and TubulinACsp6. We found prominent labeling
in ganglia in a subset of corpses with all the markers. Fractin and most notably
TubulinACsp6 also highlighted axons emanating from the dorsal root ganglion (Fig. 4).

Olfactory neurons are one of the few populations of neurons known to undergo
continuous turnover throughout life. Olfactory sensory neurons (OSNs) send
projections to the olfactory bulb, and upon apoptosis of the OSNs, their axons also
degenerate. Both fractin and TubulinACsp6 also highlight degenerating axons in the
glomeruli of the adult olfactory bulb (data not shown).

This suggests that caspase-cleavage of actin and tubulin also occurs during
physiological degeneration of axons and this provides novel insights into the potential

mechanism of axon pruning.

These markers highlight degenerating axons in human pathological specimens

To determine whether these antibodies may be useful as markers of neuronal
apoptosis and axon degeneration in human pathological specimens, we obtained
autopsy tissue from five patients who had been diagnosed with acute or subacute

infarcts of the CNS (Table 1). We show representative images from an adult case (Fig.
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5a) and an infant case (Fig. 5b). Histology showed areas of gliosis, and these regions
were chosen for analysis of axon degeneration. We identified gliosis via ibal staining,
which highlighted ameboid microglia in areas of injury. These areas often showed
evidence of axon degeneration via our cleavage-specific antibodies (Fig. 5a, to the right
of the arrowhead). We found evidence of fractin and TubulinACsp6 staining in all five
cases. We found that fractin and TubulinACsp6 antibodies highlight apoptotic corpses
as well as degenerating axons (Fig. 5b). We compared fractin and TubulinACsp6
staining to CC3 and to SMI32, another marker widely used to highlight axon
degeneration. We found that fractin and TubulinACsp6 were more specific and
provided a higher signal-to-noise ratio for staining degenerating axons as compared to
either CC3 or SMI32.

The utility of these markers is not limited to hypoxic-ischemic injury, as we also
saw staining in a sample of an active multiple sclerosis lesion (data not shown). Of note,
we also stained tissue from multiple patients with a variety of chronic
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and
epilepsy, but did not see evidence that these markers specifically highlighted a
significant amount of axonal debris in these tissues (data not shown). We also stained
tissue from patients with psychiatric diseases such as schizophrenia and saw no
evidence of staining (data not shown).

The absence of staining in chronic neurodegenerative disease cases suggests

either that these markers may preferentially highlight acute processes or that there is not
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a significant amount of caspase-mediated axonal degeneration occurring in these cases

at the time of autopsy.

DISCUSSION

The apoptotic cascade has been well-enumerated and has been shown to be
dependent on caspases as executioners. However, whether axon degeneration similarly
involves caspase activity has been somewhat controversial. Axon degeneration involves
cytoskeletal degradation and morphological changes such as prominent blebbing and
fragmentation. These are also hallmark features of apoptosis and, in that context,
modulated by caspase activity (Coleman, Sahai et al. 2001). Due to the parallels between
apoptosis and axon degeneration, we hypothesized that cytoskeletal degradation in
axon degeneration would similarly involve caspase activity.

Initial studies were unable to detect caspase activation in degenerating axons and
suggested they had no role (Finn, Weil et al. 2000). However, this is likely due to a lack
of sensitive markers and a low threshold of caspase activation required. Indeed, our
experience with cleaved-caspase-3 staining suggests activity may be below the threshold
for detection via standard staining techniques. However, we find that tyramide signal
amplification enables more sensitive detection of activated caspase-3 and allows for
detection in degenerating axons.

Studies also ruled out a role for caspases in axon degeneration because they

found that caspase inhibitors were unable to prevent degeneration (Finn, Weil et al.
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2000, Lirk, Haller et al. 2007, Lirk, Haller et al. 2008). However, under normal
circumstances inhibitors may not be potent enough, especially if there is a low threshold
of caspase activation required to initiate the downstream cascade. A recent study
showed that inhibitors were able to delay NGF-induced axon degeneration, however,
only in caspase-3 heterozygous neurons, not wild type neurons (Simon, Weimer et al.
2012).

We aimed to look further at the role of caspases in axon degeneration, and we
focused on the role of caspases in cytoskeletal degradation. In order to examine whether
caspase-mediated cleavage of cytoskeletal elements was involved, we used antibodies
that are specific to the caspase-cleaved forms of actin and tubulin. We show via in vitro
assays that caspases are sufficient to cleave actin and tubulin, and our cleavage-specific
antibodies recognize a neoepitope generated by cleavage.

In order to determine whether apoptosis-induced axon degeneration involves
caspase-mediated cytoskeletal degradation, we used an animal model of fetal alcohol
syndrome. Ethanol exposure during development results in robust neuronal apoptosis
(Ikonomidou, Bittigau et al. 2000). Ethanol-induced neuronal death has been shown to
be dependent on the intrinsic apoptotic pathway, as animals deficient in the pro-
apoptotic mitochondrial proteins BAX and PUMA are resistant to ethanol-induced
caspase-3 activation and apoptosis (Young, Klocke et al. 2003, Ghosh, Walls et al. 2009).
We found that ethanol-induced apoptosis led to extensive degeneration that was

detectable via the fractin and TubulinACsp6 antibodies. As expected, animals deficient
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in BAX or PUMA (which are protected from caspase activation) lacked staining for
fractin and TubulinACspé.

In addition, we show that antibodies against caspase-cleaved substrates not only
provide specific markers that indicate caspase activity but also allow enhanced
visualization of degenerating axons compared to cleaved caspase-3. Antibodies specific
to caspase-cleaved actin and tubulin prove to be very useful for detecting caspase
activation in axon degeneration. This is likely because a) one activated caspase molecule
is able to cleave multiple substrate molecules, leading to amplified signal, and b)
cytoskeletal elements are an abundant substrate in axons.

This further supports the idea that apoptosis-related mechanisms are involved in
cytoskeletal degradation during axonal degeneration. Our results support a recent
study that showed caspases are involved in certain types of axon degeneration (Simon,
Weimer et al. 2012). They used caspase-3 and caspase-6-deficient neurons and showed
that they are protected from NGF-deprivation induced axon degeneration. Our findings
similarly suggest that caspases are involved in apoptosis-induced degeneration. We
find caspase-cleaved tubulin and fractin in axons degenerating due to NGF-deprivation
or ethanol-induced apoptosis. Overall these findings solidify a role for caspase-3 and
caspase-6 as mediators of cytoskeletal degradation during axon degeneration.

We show that caspases are responsible for generating the specific cleavage
products. Caspase-3 generates fractin whereas caspase-3 and caspase-6 can both
generate cleaved tubulin. This specificity is useful for evaluating which caspases are

involved in axon degeneration in different contexts, such as during apoptosis versus
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during pruning. Our staining in the embryo sheds light on processes that occur during
developmental pruning. There are some previous studies that suggest a role for
caspases in pruning. A study in Drosophila showed that caspases are involved in
developmental dendrite pruning (Williams, Kondo et al. 2006). A more recent study
showed that caspase-3 and caspase-6 are necessary for proper retinocollicular pruning in
mice (Simon, Weimer et al. 2012). Not surprisingly, we see that many neurons are
undergoing apoptosis at E14.5, particularly in the ganglia. As expected, cleaved-
caspase-3, fractin, and TubulinACsp6 staining highlight the apoptotic bodies. However,
the emanating fibers are preferentially highlighted by TubulinACsp6. This is in contrast
to what we see after apoptosis —induced degeneration, where there are comparable
levels of fractin and cleaved tubulin. The predominance of cleaved tubulin (produced
by both caspase-3 caspase-6) and lack of fractin (produced by caspase-3) suggests that
caspase-6 is the major mediator of cytoskeletal degeneration during pruning. This
validates other studies that suggest that caspase-3 and caspase-6 may have unique roles
in cell body versus axon degeneration (Nikolaev, McLaughlin et al. 2009, Cusack,
Swahari et al. 2013). In addition to illuminating details about caspase activity during
pruning, our finding also sheds light on the role of microtubule versus actin degradation
and adds information about the role cytoskeletal degeneration during pruning.

Pruning can occur via a combination of retraction and degeneration, both of
which have been well-visualized in the peripheral nervous system at the neuromuscular
junction (Bishop, Misgeld et al. 2004). However, the relative importance of each in other

contexts is a bit unclear as it has been difficult to study via static techniques. While
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retraction may be important for modest local remodeling, removal of larger fragments
appears to involve degeneration (Bishop, Misgeld et al. 2004, Hoopfer, McLaughlin et al.
2006). Retraction is speculated to depend largely on actin dynamics, whereas
degeneration involves microtubules (Saxena, Caroni 2007). The fact that we
predominantly see cleaved tubulin in the fibers supports the idea that a) caspase-6-
mediated tubulin cleavage occurs pruning and b) that degeneration is occurring as
opposed to just retraction.

We were interested in determining whether these antibodies may be useful as
markers of neuronal apoptosis and axon degeneration in human pathological specimens.
We found that fractin and TubulinACsp6 antibodies highlight acute axonal degeneration
in neonatal, infant, and adult hypoxic-ischemic injury in the area of infarct as well as in a
sample of an active multiple sclerosis lesion. Another paper showed fractin in hypoxic-
ischemic injury, and they do mention finding positive axon segments (Rossiter,
Anderson et al. 2002) We also stained tissue from patients with a variety of chronic
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease and
epilepsy, and did not see evidence that these markers specifically highlighted a
significant amount of axonal debris in these tissues. Others have shown fractin and
TubulinACsp6 staining in tissue from Alzheimer’s disease (Klaiman, Petzke et al. 2008,
Rossiter, Anderson et al. 2000)in Hirano bodies and neuronal bodies respectively, but
they do not note labeling of axon degeneration. The mechanisms of axon degeneration
in these other diseases have not been well elucidated, and it is difficult to conclude

precisely why these cases are negative for these markers. It is possible that the
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degeneration is not caspase-dependent, but it is also possible that there are not enough
simultaneously-degenerating neurons to detect significant signal at an isolated time
point. Ultimately, we conclude that that fractin and TubulinACsp6 antibodies are best
used as markers of acute degeneration.

There are other limitations of these markers. While fractin and cleaved tubulin
staining can serve as readouts of caspase-3 versus caspase-6 activity, one must keep in
mind the limitations of these markers. First of all, staining is dependent on whether the
proteins localize to and are abundant in the compartment of interest as well as whether
the specific caspases are activated. Axons are rich in actin and tubulin, therefore these
are ideal caspase substrates to use to study caspase-mediated cytoskeletal degradation in
axons. Secondly, as degeneration progresses, these epitopes may be degraded and no
longer recognized by these markers, i.e. the lifespan of the epitope may be limited.
Despite these limitations, we have found these markers to be very useful.

There are still questions that remain unanswered. Is caspase-mediated
degradation of the cytoskeleton directly involved in mediating blebbing and
fragmentation? There is support for this hypothesis, as one study showed that
exogenous expression of actin fragments (caspase-cleaved size fragments) was sufficient
to induce morphological changes of apoptosis downstream of caspase activation
(Mashima, Naito et al. 1999). This could also be examined by testing whether mutation
of the caspase-cleavage sites on actin and tubulin confers resistance to blebbing and

fragmentation of degenerating axons.
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What alternative pathways mediate cytoskeletal degradation and axonal
degeneration when caspases are not the executioners, as in Wallerian degeneration?
Calpains are likely candidates, as they have been shown to be activated after axotomy
and inhibiting calpains confers resistance to axotomy-induced degeneration (George,
Glass et al. 1995, Ma, Ferguson et al. 2013).

In conclusion, caspase-mediated cleavage of actin and tubulin is a common
feature in some forms of axon degeneration. We show that antibodies against caspase-
generated neoepitopes provide useful tools to demonstrate caspase activity. We show
that caspases are involved in cleaving cytoskeletal elements actin and tubulin during
degeneration following apoptosis and during pruning. In addition to serving as useful
markers of caspase activity, these markers inform about features of degeneration.
Design of additional antibodies targeting specific caspase-generated epitopes would
provide valuable tools for the field. In particular, it would be useful to identify
substrates from specific glial and neuronal cells and from subcellular compartments,
such as dendrites, axons or synapses. Identification of synapse-specific caspase

substrates is an ongoing project in the lab.
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Figure 1: Generation of fractin and cleaved-tubulin is downstream of the apoptotic
cascade and caspases. An in vitro enzymatic assay using recombinant caspases and
brain-derived synaptosomes is sufficient to generate cleavage of actin and tubulin. The
cleavage-specific epitopes recognized by fractin and TubulinACsp6 (cTub) are identified
via western blot. Recombinant cleaved-caspase-3 (rCC3) generates both fractin and
cleaved tubulin whereas recombinant cleaved-caspase-6 only generates cleaved tubulin
(a). P7 pups were injected with ethanol in order to induce neuronal apoptosis. The
amount of CC3, fractin and TubulinACsp6 staining was quantified 6 hours after injury
via Cell profiler. Data was normalized to the value calculated from the wild type
ethanol-treated tissue in order to represent relative levels in each genotype and
treatment. BAX deficiency protected neurons from ethanol-induced caspase-3 activity
and prevented generation of fractin and cleaved tubulin (b). While ethanol-induced
apoptosis led to CC3-positive cell bodies, CC3 was not usually seen in axon fibers via
conventional staining techniques, and fibers such as the one shown (c, arrowhead) were
rarely detected. Tyramide signal amplification (TSA) was required for visualization of
CC3 in axon fibers after ethanol-induced apoptosis (shown are striatal pencil fibers).
CC3 with TSA (CC3 + TSA) was only detected in tissue after ethanol-induced apoptosis,

and CC3 staining was not seen in control tissue (c). Scale 50um.
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Figure 2: Fractin and TubulinACsp6 highlight degenerating axon tracts after ethanol-
induced apoptosis. Co-labeling in the striatum using TubulinACsp6 (cTub) (green) along
with a marker for neurofilaments (red) reveals that TubulinACsp6 localizes to axon
tracts after ethanol treatment. Shown here is 24 hours after ethanol treatment (a). Co-
labeling in the striatum using fractin or TubulinACsp6 (green) along with a marker for
neurofilaments (red) reveals that both of these markers highlight degenerating axon
tracts after ethanol-induced apoptosis and are absent in control tissue (b). Scale in (a) is

200 pm. Scale in (b) is 50 pm.
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Figure 3: NGF-deprivation induces caspase-mediated cleavage of actin and tubulin.
NGF-replete (+NGF) cultured sympathetic neurons are viable and axons are intact, as
visible with s tubulin (Tujl) staining. NGF-withdrawal-induced apoptosis causes axon
degeneration by 12 hours that is marked with antibodies against cleaved actin (fractin)
(a) or TubulinACsp6 (cTub) (b) and appears to be blocked by caspase inhibition using
ZVAD. Intensity of fractin (c) and TubulinACsp6 (d) staining in axons was measured in
arbitrary fluorescence units (a.u.). Data represents multiple experiments. (c) One-way

ANOVA, *p<.05, *p<.01. Scale bar = 10um.
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Figure 4: Fractin and cTub highlight degenerating axon tracts during developmental
pruning. Adjacent sections from embryonic day 14.5 mice were stained with CC3,
fractin and cTub (green) along with neurofilament (red) and the dorsal root ganglia were
imaged. Fractin and cTub highlight a subset of cell bodies and axons emanating from
the ganglia, likely representing neurons undergoing physiological developmental

pruning. Scale 200pm.
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Table 1: Cases used in analysis of axon degeneration after infarct injury

Age Diagnosis Approximate stage
of injury

Prenatal (33 weeks) | Placental infarction Subacute

Newborn Acute hypoxic injury Acute

6 day old Cardiomyopathy, multifocal acute Subacute
and subacute ischemic injury

6 month old Small and large intestine necrosis; Acute, 5-7 days
sepsis, watershed infarcts

35 year old Sepsis, cerebral infarction Acute, 2-5 days
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Figure 5: Fractin and cleaved tubulin highlight degenerating neurons and neurites in
areas of infarct damage in human brain. Histology showed areas of gliosis via staining
with a microglial marker (ibal), which highlighted ameboid microglia in areas of injury
(a, to the right of the arrowhead). These areas showed evidence of axon degeneration
via TubulinACsp6 (cTub) staining in an adjacent section. Adjacent sections from a
different case were labeled with CC3 (green) and SMI32 (red), or TubulinACsp6 and
neurofilament (red), or fractin (green) and neurofilament (red) (b). (Row 1) Insets show
DAPI-labeled pyknotic nuclei (arrowhead) in apoptotic corpses that are labeled with
CC3, fractin and TubulinACsp6. (Row 2) Fractin and TubulinACsp6 antibodies
highlight degenerating axons, whereas CC3 fails to label degenerating axons via
conventional staining techniques. (Row 3) Uninjured areas have decreased SMI32

staining and no fractin or TubulinACsp6 -labeled axons (b). Scale =25 um.
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CHAPTER 2: Fractalkine signaling plays a role in ethanol-induced developmental
apoptosis

In the context of the central nervous system, fractalkine is generally known as a
neuron-microglial communication factor. However, its precise function in the context
of in vivo neuronal apoptosis has not been described. We used an animal model of
fetal alcohol syndrome to induce neuronal apoptosis and show that this leads to
release of soluble, extracellular fractalkine. The extracellular media harvested from
these apoptotic brains induces microglial migration in a fractalkine-dependent
manner that is prevented by neutralization of fractalkine with a blocking antibody or
by deficiency in the receptor, CX3CR1. This suggests that fractalkine acts as a
chemoattractant to recruit microglia toward apoptotic cells and may be involved in
promoting their clearance. We used the fetal alcohol syndrome model to determine
whether fractalkine signaling plays a role in clearance of apoptotic neurons. We
examined fractalkine-knockout and CX3CR1-knockout mice after ethanol-induced
apoptosis and found increased apoptotic debris and altered cytokine production in
the brains of these knockouts by 6 hours after ethanol treatment. Collectively, this
suggests that fractalkine acts as a “find me’ signal for apoptotic neurons and plays a
critical role in modulating clearance and the inflammatory response after ethanol-

induced apoptosis.
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INTRODUCTION

There is still much to learn about the process of neuronal death and how neurons
help orchestrate the response of the surrounding cells when undergoing apoptosis.
Clearance of apoptotic neurons is vital as cells that are not cleared may undergo
secondary necrosis, become leaky, and release intracellular contents that are toxic and
inflammatory. Efficient clearance is thought to be critical in order to avoid an adverse
immune reaction and secondary degeneration (Ravichandran, Lorenz 2007). However,
the precise mechanisms by which apoptotic neurons mediate their clearance have yet to
be elucidated. Most of the work on apoptotic cell clearance has been done in the context
of peripheral systems or in invertebrate animal models (Truman, Ford et al. 2008, Elliott,
Chekeni et al. 2009, Gronski, Kinchen et al. 2009). Elucidation of mechanisms used for
clearance of apoptotic cells in the mammalian brain is an important next step.

Studies have shown that as cells undergo apoptosis, they release soluble signals
that attract phagocytes and modulate their clearance (Ravichandran, Lorenz 2007), and
the chemokine fractalkine has been described as one of many ‘find me” signals released

by apoptotic cells (Truman, Ford et al. 2008). The finding that a cytokine is involved in
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apoptotic cell clearance ran counter to the general dogma that apoptotic cell death is
immunologically silent (Ravichandran 2003), and was a novel function to be ascribed to
a cytokine until a recent paper suggested that other cytokines can also act as ‘find me’
signals to recruit phagocytes toward apoptotic cells (Cullen, Henry et al. 2013).

Fractalkine is a transmembrane chemokine that is cleaved constitutively by
matrix metalloprotease ADAM10 and inducibly by ADAM 17 (also known as the TNFa-
converting enzyme, TACE) to release an extracellular soluble fragment. Inducible
cleavage occurs following cell stress or injury, and the soluble fragment acts as a
chemotactic factor for T cells, monocytes, and microglia (Bazan, Bacon et al. 1997,
Harrison, Jiang et al. 1998).

The study describing fractalkine as a ‘find me’ signal showed that it is released
following induction of apoptosis and that the fractalkine receptor, CX3CR1, modulates
recruitment of phagocytes to apoptotic germinal center B cells (Truman, Ford et al.
2008). Whether these processes are relevant in vivo in a physiologically relevant central
nervous system (CNS) injury has yet to be determined, but it seems plausible that
fractalkine signaling could play an important role in recognition and clearance of
apoptotic neurons in the brain.

In the context of the CNS, fractalkine has been described in general terms as a
‘neuron-microglia communication factor.” Fractalkine is expressed by neurons and
cleaved by matrix metalloproteases to release a soluble fragment after neuronal stress.
Neurons express high amounts of fractalkine and microglia express the fractalkine

receptor, CX3CR1 (Harrison, Jiang et al. 1998). Studies in CNS models have largely
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focused on the role of fractalkine in neurotoxicity and have shown that fractalkine
signaling modulates the inflammatory response of microglia (Noda, Doi et al. 2011,
Mizuno, Kawanokuchi et al. 2003); however, whether fractalkine signaling promotes a
beneficial versus a detrimental response has been unclear, as studies have come to
different conclusions depending on the injury model and the outcomes measured
(Noda, Doi et al. 2011, Fuller, Van Eldik 2008, Mizuno, Kawanokuchi et al. 2003,
Staniland, Clark et al. 2010). An interesting paper showed that CX3CR1 deficiency leads
to delayed development of the barrel cortex, suggesting that fractalkine plays a role in
developmental pruning(Hoshiko, Arnoux et al. 2012). However, as far as we know, no
one has looked at the role of fractalkine signaling in a developmental apoptotic injury.

An animal model of fetal alcohol syndrome is a useful tool with which to study
developmental neuronal apoptosis. Ethanol exposure at postnatal day 7 causes robust
apoptosis (as opposed to other forms of cell death such as necrosis) and the dose
required and time course have been well characterized (Ikonomidou, Bittigau et al.
2000). This model has been extensively used to study factors involved in the neuronal
apoptotic cascade (Young, Klocke et al. 2003, Ghosh, Walls et al. 2009). However, this
model has not been widely used to assess what factors may be involved in orchestrating
clearance of apoptotic neurons or the response of neighboring glia.

Up to this point, there had been no evidence that acute ethanol exposure and
subsequent neuronal apoptosis involves inflammatory factors; however, our data
provide strong evidence for a function of inflammatory mediators. We show that

ethanol-induced apoptosis leads to production of soluble fractalkine and expression of
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inflammatory cytokines, and we demonstrate that fractalkine signaling plays a role in
the injury response. Deficiency in fractalkine or the receptor leads to increased
apoptotic debris and an altered inflammatory response. This suggests that fractalkine
release from apoptotic neurons may act as a ‘find me’ signal to recruit microglia and

promote clearance after ethanol-induced apoptosis.

METHODS

Tissue processing

All animal procedures were approved by the University of Virginia Animal Care
and Use Committee. Mice used were C57/bl6 (Charles River), CX3CR1¢C*"* and
CX3CR1CFPeCEP (Tung, Aliberti et al. 2000) or fractalkine knockout (Cook, Chen et al.
2001) on C57/bl6 background. CX3CR1 " mice have GFP inserted into the CX3CR1
locus, therefore CX3CR1eGF/eGFP animals are functional knockouts. Brains were harvested

and fixed in either paraformaldehyde or 70% ethanol.

Ethanol injury and brain-conditioned media

Ethanol was injected subcutaneously in postnatal day 7 pups as a 20% solution in
0.9% saline at 15.9uL/g body weight. It was administered twice, 2 hours apart (as
described by (Ghosh, Walls et al. 2009)). Brain tissue was harvested 4 or 6 hours after
the first injection. Brain-conditioned media was prepared as follows: brains harvested at

6 hours were hemisected and three coronal cuts were made. These tissue chunks were
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incubated in DMEM (no antibiotics, 1 mL per brain) in a 15mL conical tube for 2 hours
on a rocker on ice. The media was then isolated, excluding the tissue, and filtered

through a .4um filter and stored at -20°C until use.

Western Blotting

Brain-conditioned media from 2 brains (2mLs) was collected and a BCA protein
assay (Pierce) was performed. Protein (2mg) was precipitated in 15% TCA at 4°C for 2
hours. The precipitate was spun down at 12k rpm for 15 minutes at 4°C. The resulting
pellet was washed 3 times with ice-cold acetone. The pellet was resuspended in 2X
alkaline sample buffer (100mM Tris pH 8.0, 4% SDS, 200mM DTT, 20% glycerol). A
NuPAGE gel (Life Technologies) was loaded with 50ug of protein per lane and
separated by electrophoresis using standard procedures. Gels were transferred to a
PVDF membrane (Immobilon) for 90 min with a semidry transfer apparatus and treated
with blocking reagent (LI-COR block; LI-COR, Lincoln NE) for 1 hour and then probed
with primary antibodies overnight. Antibodies used were the following: rat monoclonal
anti-fractalkine (1:500, R&D systems). For visualization, blots were incubated with
fluorescent secondary antibodies (1:2000, LI-COR) for 2 hours and imaged on a LI-COR

Odyssey infrared scanner.

Cell Culture
Glia were harvested from the forebrain of newborn pups (postnatal day 1-3).

Briefly, meninges were removed from the brain and tissue was dissociated in 0.05%
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trypsin EDTA for 10 min at 37 °C. Following trituration, cells were suspended in DMEM
supplemented with 10% fetal bovine serum and plated into flasks. Cells were grown in
an incubator at 37°C, 5% COz. Media was replaced twice per week for 2 weeks to obtain
mixed glial culture. To harvest glia-conditioned media, media on mixed-glial cultures
was changed to fresh growth media (DMEM with 10% FBS), then this media was
collected after 24-48 hours. Microglia were isolated via the shake-off method. Briefly,
flasks were shaken for 2-4 hours at 37 °C and the resultant detached microglia were
spun down and resuspended at desired cell density.

Bone marrow-derived macrophages were prepared from mice by flushing the
femurs with 1% FBS in PBS and then cultured in RPMI containing 10% L929 media for 7
days. Resident peritoneal macrophages were collected from mice by flushing the
peritoneal cavity with 1% FBS in PBS and then plating collected cells in XVIVO-10
supplemented with 1% PSQ. Cells were allowed to adhere overnight and floaters were

washed off; remaining cells were used in the phagocytosis assay a day later.

Migration assay

Chemoattractants included soluble fractalkine (.1nM-10nM, chemokine domain,
R&D systems), CXCL12 (100ng/mL, R&D systems), and brain-conditioned media
harvested from control or ethanol-treated pups. An anti-fractalkine antibody (3.5ug/mL,
rat monoclonal, R&D systems) was used in some experiments to neutralize fractalkine.
Chemokines were prepared in .1% BSA in DMEM and brain-conditioned media was

used neat. Chemoattractants were added to 12-well plates at a volume of 600uL per well
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and allowed to equilibrate in the incubator for 30 minutes prior to addition of transwell
inserts (Millicell-PCF inserts, 8um pore size, Millipore) and microglia. Microglia were
isolated via the shake-off method, resuspended in .1% BSA in DMEM, and 5x10* cells
were added in 400uL to the upper chamber, according to transwell instructions. Plates
were placed in the incubator for the duration of migration. After 3 hours, transwells
were placed in 4% PFA with DAPI for 20 minutes in order to fix cells and stain nuclei.
The top of the inserts was wiped clean and only migrated cells remained on the
membrane. The membrane was imaged (6-8 fields), and the number of cells per field
was averaged for each transwell. Replicates were biological replicates, that is, each

replicate data point represents microglia harvested from a different animal.

Immunostaining

For cleaved-caspase-3 and fractin staining, tissue was processed into paraffin by
standard methods. Paraffin-embedded sections were dewaxed, rehydrated, underwent
antigen retrieval (Tris-EDTA pH 9, 12 min over a boiling water bath), were quenched (15
min, .6% H202 in dH20) and blocked (1 hour, 2% horse serum, .1% Tween in PBS) prior
to incubation with primary (overnight at 4°C, diluted in block). Primary antibodies:
fractin (Millipore, 1:1000), CC3 (Cell Signaling, 1:100). Immunoperoxidase detection was
performed using the ImmPress polymeric peroxidase reagents (Vector).
Diaminobenzidine (Dako) 1 mg/ml plus 0.02% hydrogen peroxide was applied for 3—-
5 min. Immunofluorescence detection was performed using secondary antibodies

conjugated to Alexa-488 and Alexa-546 dyes (Invitrogen, 1:2000).
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Confocal Imaging

Free-floating sections were cut to a thickness of 40um and stained with DAPL
Confocal imaging was performed using a Leica SP5 X. Images in stacks were .5um apart
and the depth collected was 20um. Images were acquired from the cortex and data
represents the average of 3-6 fields per animal. Microglia were visualized with
endogenous GFP expression and apoptotic cells were identified via their DAPI-stained

pyknotic nuclei.

Phagocytosis

Thymocytes from 6-8 week old mice were incubated with 50uM of
dexamethasone for 4 hours and then labeled with CypHer 5e. Stained thymocytes were
resuspended in glia-conditioned medium and added to phagocytes. The cells were then
spun down and incubated at 37°C, 5% CO2 for 1 hour. After completion of the
engulfment assay, the wells were washed three times with PBS, trypsinized, and
resuspended in glia-conditioned medium and analyzed by two-color flow
cytometry. The microglial cells were recognized by their GFP fluorescence. For each
point, 10,000 GFP-positive events were collected and the data was analyzed using

Flow]Jo software.

Quantitative PCR
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For quantitative PCR using brain tissue, pieces of lateral cortex were isolated and
stored at -80°C until RNA isolation. RNA was isolated using RNeasy Lipid Mini kit
(Qiagen). Reverse transcription was performed using 1000ng of RNA according to
manufacturer’s instructions (High Capacity cDNA kit, Applied biosystems).
Quantitative PCR was performed with Sybr green according to manufacturer’s
instructions (Platinum Sybr kit, Life Technologies) with annealing temperatures of 60°C.
Primers used were: actin, forward CCCAGAGCAAGAGAGGTGTC, reverse
AGAGCATAGCCCTCGTAGAT; IL-6, forward GAGGATACCACTCCCAACAGACC,
reverse AAGTGCATCATCGTTGTTCATACA; IL-10, forward
CCCTGGGTGAGAAGCTGAAG, reverse CACTGCCTTGCTCTTATTTTCACA; TNFE«,
forward GGCAGGTCTACTTTGGAGTCATTGC, reverse
ACATTCGAGGCTCCAGTGAATTCGG; CX3CL1, forward
CTCACGAATCCCAGTGGCTT, reverse TTTCTCCTTCGGGTCAGCAC; CX3CR1,
forward TGCAGAAGTTCCCTTCCCATC, reverse GGCCTCAGCAGAATCGTCATA;
CXCR1eGFP, forward (same as CX3CR1) TGCAGAAGTTCCCTTCCCATC, GFP reverse
CTGAACTTGTGGCCGTTTAC. Specificity of CX3CR1, CX3CR1eGFP and CX3CL1 was

confirmed by lack of amplification in respective knockout tissues.

RESULTS

In vivo ethanol-induced neuronal apoptosis leads to release of soluble fractalkine
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We hypothesized that fractalkine signaling may play a role in the microglial
response to apoptotic neurons. Therefore, we used an animal model of fetal alcohol
syndrome in order to induce neuronal apoptosis in vivo and tested whether soluble
fractalkine was released. We harvested brains after ethanol-induced apoptosis and
incubated them in media to isolate diffusible extracellular factors and tested whether
fractalkine was present. We detected soluble fractalkine in brain-conditioned media
from animals treated with ethanol, but not in saline-treated controls (Fig. 1a). This
shows that fractalkine is released as a soluble fragment in response to ethanol-induced

injury.

Microglia migrate toward apoptotic brain-conditioned media in a fractalkine and
CX3CR1-dependent manner

Microglia are the only cells in the brain that express appreciable levels of the
fractalkine receptor, CX3CR1, and are the cell most likely to respond to fractalkine
released by injured neurons. Fractalkine is a known chemotactic factor, and we aimed to
determine whether fractalkine released from apoptotic neural cells was necessary and
sufficient to induce microglial chemotaxis.

We found that microglia migrate towards soluble fractalkine, and there was no
difference in migration between wild type versus CX3CR1 heterozygous microglia (Fig.
1b); therefore heterozygous microglia were used in subsequent experiments. We found
that migration toward fractalkine was dose-dependent, and as expected, CX3CR1-

knockout microglia did not migrate toward fractalkine (Fig. 1c). CX3CR1 deficiency
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does not lead to a general migration defect as knockout microglia are still able to migrate
toward another chemokine, CXCL12 (Fig. 1d). A fractalkine-neutralizing antibody
blocks migration toward fractalkine, and this antibody is not a general inhibitor of
migration, as it has no effect on migration toward CXCL12 (Fig. 1e).

Next, we tested whether microglia respond to brain-conditioned media. The
apoptotic brain-conditioned media from ethanol-treated animals was sufficient to
induce migration (Fig. 2a). Microglia did not migrate toward the non-apoptotic brain-
conditioned media from the control saline-treated animals. Fractalkine signaling was
absolutely required to stimulate migration toward the apoptotic brain-conditioned
media. Neutralizing fractalkine blocked migration toward the apoptotic brain-
conditioned media (Fig. 2a), and CX3CR1-deficient microglia failed to migrate toward it
(Fig. 2b). This data shows that in the context of ethanol-induced injury, soluble
fractalkine signals to microglia in a CX3CR1-dependent manner. Our data suggests that

this signaling could help microglia hone in to apoptotic neurons.

Fractalkine or CX3CR1 deficiency leads to an increase or persistence of apoptotic
debris in the brain after ethanol-induced apoptosis

Fractalkine signaling to microglia appears to play a role in the response to
apoptotic stimuli, and we hypothesized that deficiency in fractalkine signaling may lead
to an increase or persistence of apoptotic debris in our fetal alcohol syndrome model.
We quantified the amount of apoptotic debris after ethanol-induced apoptosis and

found that the fractalkine and CX3CR1-knockout mice had increased apoptotic debris



54

compared to wild type animals by 6 hours after injury (Fig.3a-b). Of note, CX3CR1
heterozygous mice had levels of debris comparable to wild type animals (Fig 3c).
We hypothesized that this increase in debris could be due to a defect in microglial
recruitment to apoptotic cells. Brain tissue from CX3CR1-knockout or CX3CR1
heterozygous pups was collected at 4 hours and 6 hours after ethanol treatment and
confocal images were acquired. There was no difference in microglial cell density
between the heterozygous or the knockout animals (Fig. 4a). Therefore the increase in
debris in the CX3CR1-knockout brain is not attributable to a difference in density of
microglia. Microglia are normally ubiquitous throughout brain tissue, therefore long
distance migration may not be required for the microglial response. Instead, apoptotic
signals may signal for local ‘recruitment” of microglia, and this could manifest as
movement of the entire cell or just the arms or processes of the cell. An association
index was calculated by quantifying the fraction of microglia touching apoptotic cell
bodies. CX3CR1-knockout microglia had a lower association index at 6 hours (Fig. 4b).
It is possible that an early difference in recruitment or association could contribute to the
increased debris seen at 6 hours after injury. Therefore, recruitment was also assessed
at 4 hours by measuring the distance between each apoptotic corpse (highlighted by its
DAPI-stained pyknotic nucleus) and the nearest microglial process (highlighted by
eGFP). However, there was no difference in recruitment or association index at the
earlier 4-hour time point (Fig. 4c-d).

An increase in apoptotic debris could be due to defects in microglial recruitment,

but could also be due to a defect in microglial phagocytosis and clearance. We used the
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same confocal images to determine whether CX3CR1-deficient microglia had an in vivo
defect in phagocytosis (Fig. 5a). The fraction of apoptotic debris engulfed within
microglia was quantified and the microglial phagocytic index was quantified by
measuring the fraction of microglia containing engulfed apoptotic cells (Fig. 5b-c). We
found no change in the fraction of debris engulfed or the phagocytic index at either 4 or
6 hours after ethanol treatment.

We also performed in vitro phagocytosis assays to determine whether fractalkine
signaling modulates phagocytosis. We tested whether soluble fractalkine promotes
phagocytosis and whether CX3CR1-knockout cells have a defect in phagocytosis. We
utilized multiple approaches. We used apoptotic thymocytes as targets and tested
macrophages pretreated with fractalkine or treated concurrent with addition of
apoptotic cells (Fig 5a-d). Addition of exogenous fractalkine had no effect and CX3CR1-
deficient macrophages had a comparable phagocytic index. Next, we tried microglia
isolated from CX3CR1 heterozygous or knockout glial cultures, but found no effect of
fractalkine or CX3CR1 deficiency (Fig. 5e). Finally, we speculated that perhaps
astrocytes produce fractalkine and could have an effect on the microglial phenotype and
response. We added apoptotic thymocytes to mixed glial cultures from CX3CR1
heterozygous or knockout animals treated with or without fractalkine and quantified the
microglial phagocytic index and found that neither exogenous fractalkine nor CX3CR1-
deficiency had an effect (Fig. 5f). The combination of in vitro and in vivo data suggest

that fractalkine signaling does not have a prominent role in regulating phagocytosis.
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We have not ruled out the possibility that CX3CR1- knockout microglia have a defect in
their ability to digest apoptotic cells, which could also lead to a persistence of debris

after ethanol-induced apoptosis.

Fractalkine or CX3CR1 deficiency leads to an altered inflammatory response to
ethanol-induced apoptosis

Apoptotic cells and fractalkine are both known to modulate inflammatory
responses. Therefore, we hypothesized that the increased apoptotic load and/or
defective fractalkine signaling would lead to an altered inflammatory response in the
brain after ethanol injury. We quantified mRNA expression of factors associated with
microglial activation and cytokines, including arginase 1 (Argl), cyclooxygenase-2
(COX-2), the interleukins IL-6 and IL.-10, and TNFa as well as fractalkine and CX3CR1.
We found increased IL-6 mRNA at 6 hours after ethanol treatment in wild type animals.
In addition we found an altered expression profile in the brain of CX3CR1 knockouts
and fractalkine knockouts compared to wild type animals after ethanol treatment (Fig.
8,9,10). We began our analyses comparing the inflammatory response in wild type and
CX3CR1 knockout after ethanol treatment (Fig. 7,8). We then tested to see whether the
fractalkine knockout phenocopied the CX3CR1 knockout (Fig. 9). We quantified IL-6 and
TNFa mRNA expression 6 hours after ethanol treatment. At 6hrs after ethanol
treatment, IL-6 expression in the brain of both fractalkine and CX3CR1-knockout mice
was increased compared to wild type. Baseline levels of TNFa did not vary between

wild type and CX3CR1 mice, and only CX3CR1-knockouts upregulated TNFa at 6 hours
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after ethanol injury. In contrast, fractalkine-knockout mice had increased TNFa
expression at baseline, at levels comparable to the levels seen in ethanol-treated CX3CR1
mice, and the level did not change with ethanol treatment.

We also tested whether fractalkine or CX3CR1 expression was modulated by
ethanol-induced apoptosis. We found no difference in mRNA expression in the brain of
wild type animals after ethanol treatment. We also analyzed expression in the knockout
animals. We found an increase in fractalkine mRNA expression in the CX3CR1-
knockout animals after ethanol treatment. We assessed expression of transcript for the
receptor and we found increased CX3CR1 in the fractalkine knockout. The CX3CR1
knockout does not express functional CX3CR1, however GFP transcript can be used as a
reporter for gene expression. We used a primer set designed to amplify CX3CR1-eGFP
transcript and we found increased production of this transcript in the CX3CR1 knockout

after ethanol treatment.

DISCUSSION

Fractalkine has been previously described as a neuron-microglia communication
factor and is known to be a chemokine that can modulate migration of immune cells
(Ransohoff, Liu et al. 2007). Our data illuminate the importance of fractalkine signaling
in the response to apoptotic neuronal cells. In addition, we show that ethanol exposure
not only induces apoptosis, but also induces an inflammatory response in the

developing brain that appears to be modulated by fractalkine signaling.
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Only one previous study has looked at fractalkine after ethanol injury. They
showed that the quantity of fractalkine protein increases after prenatal ethanol injury in
mice (Roberson, Kuddo et al. 2011). Using our model, we did not detect mRNA
expression changes in wild type mice after postnatal ethanol injury Fig. 9b). However,
when we isolated brain-conditioned media, that is, the extracellular soluble components
from the brain, we detected an increase in cleaved soluble fractalkine after ethanol injury
(Fig. 1a). This cleaved fractalkine released from apoptotic neurons may create a
gradient that allows microglia to hone in on apoptotic neurons.

A previous study showed that fractalkine acts as a ‘find me’ signal to guide
phagocytes such as macrophages to apoptotic cells (Truman, Ford et al. 2008), and
others have shown that fractalkine can modulate chemotaxis of microglia (Maciejewski-
Lenoir, Chen et al. 1999). However, these studies predominantly used in vitro models or
peripheral systems. We show that fractalkine acts as an important ‘find me’ signal to
modulate microglial recruitment in order to help clear apoptotic neurons in in vivo brain
injury.

Apoptosis may result in the release of many factors, and fractalkine is only one of
many possible chemoattractants (Ravichandran 2003, Ravichandran, Lorenz 2007).
However, we show that fractalkine signaling is critical for migration toward apoptotic
brain-conditioned media: blocking fractalkine signaling by neutralizing fractalkine or
through CX3CR1 deficiency prevents migration (Fig. 2). Does this suggest other ‘find

me’ signals are irrelevant?
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Other signals such as ATP and UDP have been shown to modulate microglial
movement and phagocytosis (Davalos, Grutzendler et al. 2005, Koizumi, Shigemoto-
Mogami et al. 2007). ATP and UDP are unstable in the extracellular space due to the
presence of ubiquitous ATPases (Zimmermann 2000). It seems possible that fractalkine
may have a longer half-life than other potential ‘find-me’ signals and therefore
fractalkine may just be the dominant chemoattractant remaining in apoptotic brain-
conditioned media. These other signals may still be relevant in other conditions.

Our in vitro data suggests that fractalkine ‘find me’ signaling is the critical factor
for recruitment of microglia; however, in vivo, other signals are probably also involved.
Although we found that microglia from CX3CR1-knockout mice did not associate with
apoptotic debris as well as wild type microglia, the in vivo defect in recruitment and
association after ethanol injury was not large (Fig. 4). This suggests two possibilities: a)
microglia are ubiquitous and motile enough that in the absence of fractalkine signaling
they are still able to encounter apoptotic debris by chance, or b) perhaps there are other
factors that can act to recruit microglia in the absence of fractalkine signaling. For
example cell surface ‘eat me’ signals are likely involved.

A defect in recruitment or the association of microglia with apoptotic neurons
would lead to failed or slowed clearance of debris. We speculate that this explains why
the fractalkine and CX3CR1-knockout brains have more apoptotic debris after ethanol
injury compared to wild type animals (Fig.3).

The increased apoptotic debris could be attributable to a defect in recruitment,

but could also be due to a defect in phagocytosis. However, we could not find any
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evidence for an in vivo defect in phagocytosis, as the microglial phagocytic index was
similar in wild type and CX3CR1-knockout animals (Fig. 5). In addition, we tested in
vitro phagocytosis and found no effect of fractalkine and no defect in the CX3CR1-
deficient microglia (Fig. 6). Another factor that would influence the amount of debris is
the rate of degradation of apoptotic material, and we have not ruled out the possibility
that CX3CR1-knockout microglia could have a defect in the ability to digest corpses.
This could be tested by following the fate of apoptotic cells in time lapse imaging
experiments both in vitro and perhaps in vivo using slice cultures of alcohol-injured
brain.

We do not know if other glia are also playing a role in clearance of apoptotic
cells. Astrocytes are capable of engulfment (Noda, Doi et al. 2011), and it is possible that
they may engulf debris after alcohol injury. However, we were unable to identify
astrocytes via conventional astrocyte markers such as glial fibrillary aidic protein
(GFAP) or S100p at this age in development. Therefore, we were unable to determine
whether astrocytic engulfment contributed to clearance. Astrocytes do not express
appreciable levels of CX3CR1 in vivo; therefore they are unlikely to be responding to
fractalkine in this injury.

A common dogma in the field of apoptotic cell clearance is that cells must be
cleared in order to prevent an exaggerated immune response (Ravichandran, Lorenz
2007). Interestingly, we find that in conjunction with the increased apoptotic cell load,
we see an exaggerated immune response in the fractalkine and CX3CR1-knockout

animals. It would be interesting if this exaggerated inflammatory response were due to
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persistence of apoptotic debris and secondary necrosis. However, we cannot tease apart
whether this altered immune response is due the persistence of apoptotic cells or due to
the defect in fractalkine signaling, as both apoptotic cells and fractalkine have been
shown to modulate inflammatory responses (Mizuno, Kawanokuchi et al. 2003,
Griffiths, Gasque et al. 2009).

Interestingly, there are common signaling pathways induced by fractalkine and
apoptotic cells. Both have been shown to lead to an influx in calcium in phagocytic cells
(Harrison, Jiang et al. 1998, Gronski, Kinchen et al. 2009). One study showed that the
influx in calcium was critical for an anti-inflammatory response in phagocytes (Gronski,
Kinchen et al. 2009). It is possible that an increase in intracellular calcium could be a
common signal used to generate an anti-inflammatory response in phagocytes in
response to both fractalkine and apoptotic cells.

Related to this, another possibility we have not ruled out is that the increase in
apoptotic debris could be due to increased neurotoxicity because of an adverse
inflammatory response. Fractalkine may be important for immunomodulation (perhaps
suppression). Fractalkine has been shown to downregulate production of
proinflammatory factors in response to LPS (Mizuno, Kawanokuchi et al. 2003).
Avoiding the exaggerated immune response may be critical to avoid secondary
degeneration.

Another goal of this study was to determine whether there is an inflammatory
response after acute ethanol injury. In vitro studies have suggested that ethanol leads to

TLR4 signaling (Blanco, Guerri 2007, Fernandez-Lizarbe, Pascual et al. 2009, Alfonso-
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Loeches, Pascual-Lucas et al. 2010, Fernandez-Lizarbe, Montesinos et al. 2013), and this
suggests that ethanol may be a pro-inflammatory stimulus. Previous studies using
different ethanol injury models have indicated that chronic alcohol exposure leads to
inflammation (Alfonso-Loeches, Pascual-Lucas et al. 2010). To our knowledge, we are
the first to show that acute in vivo ethanol injury is sufficient to induce increased
expression of cytokines as early as 4 hours. Ultimately in vivo we cannot tease apart

whether the ethanol or the apoptotic cells are signaling for the production of cytokines.

Future directions

In vitro or ex vivo experiments using time lapse imaging would allow monitoring
of migration, phagocytosis, and the fate of debris once engulfed. This may illuminate
defects that are not seen via the other assays we have used. For example, we would like
to determine whether degradation of apoptotic cells is affected by fractalkine signaling.

Future experiments would aim to establish which downstream signaling
pathways are involved in modulating the response to ethanol, fractalkine, and apoptotic
cells. Not many specific details are known about downstream mediators involved in
fractalkine signaling, and based on our expression data, we speculate that it involves
regulation of transcription factors or repressors that modulate expression of
inflammatory factors.

It is interesting that the ligand and receptor knockout phenocopied with respect
to increased apoptotic debris after injury, but had differences in mRNA expression of

TNFo. Itis possible that intact fractalkine has other important functions distinct from its
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role in CX3CR1-receptor signaling that would explain baseline (pre-injury) differences in
TNFa expression in the fractalkine-knockout brain. Fractalkine is known as an adhesion
molecule. Perhaps it also associates with and modulates other signaling molecules or
has an (as of yet unidentified) intracellular signaling component. It is also interesting
that fractalkine and TNFa are both cleaved by ADAM 17 (also known as the TNFa-
converting enzyme, TACE). Perhaps fractalkine deficiency somehow leads to
dysregulation of TNFa due to this shared relationship with ADAM 17.

Finally, we show that there is an immune response after ethanol injury. It would
be of interest to establish whether TLR 4 is involved in this acute in vivo response to
ethanol by exposing TLR4 deficient mice to this injury. Quantifying apoptosis and
characterizing the cytokine production may help tease apart the relative contribution of

ethanol versus apoptotic cells in regulation of the inflammatory response.

FIGURES
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Figure 1: Soluble fractalkine is released into the extracellular space after injury and acts
as a chemotactic factor for microglia. P7 mice were treated with saline (control) or
ethanol to induce neuronal apoptosis (apoptotic), and the brains were incubated in
DMEM on ice for 2 hours to isolate brain-conditioned media (BCM). 2mg of protein
were TCA precipitated, run on a gel, and probed with anti-fractalkine via western blot.
Soluble fractalkine (sFKN) and lysate from mixed astrocyte-microglial cultures were
used for comparison. We found fractalkine in brain-conditioned media from apoptotic,
but not control brain (a, arrowhead points to band of interest). Transwell migration
assays were performed to determine whether microglia transmigrate toward fractalkine.
Microglia were isolated from mixed glial cultures via the shake-off method and added to
the upper chamber of a transwell insert. After 3 hours of migration, the cells that had
migrated to the bottom surface of the transwell were fixed, stained with DAPI, and
counted. Wild type and CX3CR1-heterozygous microglia migrated toward .1nM sFKN
to a comparable degree and CX3CR1-heterozygous were subsequently used to compare
to CX3CR1-knockout (b). A dose-response curve was done using CX3CR1-heterozygous
and CX3CR1-knockout microglia with soluble fractalkine concentrations ([sFKN])
ranging from .1InM to 10nM. This showed that .1nM was sufficient to induce migration
and that CX3CR1-knockout microglia fail to migrate toward fractalkine (c). CX3CR1-
knockout microglia were tested for a general migration defect using CXCL12
(100ng/mL) as a chemoattractant (d). CX3CR1-heterozygous and knockout microglia

migrated toward CXCL12 to a comparable degree. A fractalkine-neutralizing antibody
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(3.5ug/mL) was pre-incubated with .1nM of sFKN to neutralize it and block fractalkine-
induced migration. This antibody specifically blocked fractalkine-induced migration, as
CXCL12-induced migration was not inhibited (e). Data is representative of repeated

experiments. (d) 2-way ANOVA, **p<.01; (e) One-way ANOVA, *p<.05.
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Figure 2: Microglia migrate toward apoptotic brain-conditioned media in a fractalkine-
dependent manner. P7 mice were treated with saline or ethanol to induce neuronal
apoptosis, and the brains were incubated in DMEM on ice for 2 hours to isolate brain-
conditioned media (BCM) from saline-treated control (CTL BCM) or apoptotic brain
(Apo BCM). BCM was used as a chemoattractant in the lower chamber for transwell
migration assays. Microglia were isolated from mixed glial cultures via the shake-off
method and added to the upper chamber of a transwell insert. After 3 hours of
migration, the cells that had migrated to the bottom surface of the transwell were fixed,
stained with DAPI, and counted. Microglia migrate toward apoptotic BCM but not
control BCM. A fractalkine-neutralizing antibody (3.5ug/mL) was pre-incubated with
apoptotic BCM (indicated by (+)) to block fractalkine-dependent migration and this
prevented migration toward the apoptotic BCM (a). Migration toward brain-
conditioned media was quantified in CX3CR1 heterozygous (HET) versus knockout
(KO) microglia (b). CX3CR1 deficient microglia fail to migrate toward brain-conditioned
media. Data is representative of repeated experiments. Replicates are biological

replicates (microglia harvested from different animals). (a,b) One-way ANOVA, *p<.05.
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Figure 3: Deficiency in fractalkine signaling leads to increased apoptotic debris at 6
hours after ethanol-induced apoptosis. Pups were injected with saline (CTL) or ethanol
to induce neuronal apoptosis. Brain tissue was harvested at 4 or 6 hours after the initial
injection and the number of fractin-positive apoptotic corpses in the cortex and
hippocampus was counted (3 sections averaged per animal). Wild type (WT) pups were
compared to CX3CR1 knockout (KO) pups at 4 and 6 hours, and by 6 hours, CX3CR1-
knockout brains had increased debris compared to wild type (a). Wild type, CX3CR1-
knockout, and fractalkine-knockout pups were compared at 6 hours and the number of
fractin-positive apoptotic corpses in the cortex and hippocampus was counted (b). Wild
type, CX3CR1 heterozygous, and CX3CR1-knockout pups were compared at 6 hours
and the number of fractin-positive apoptotic corpses in wild type and CX3CR1
heterozygous was similar (c). (a,b) One-way ANOVA, (n=3-6) *p<.05, *p<.01, **p<.005;

(c) One-way ANOVA, (n=4-6) **p<.01.
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Figure 4: CX3CR1-deficient microglia have a defect in association with apoptotic debris.
CX3CR1-heterozygous (HET) and CX3CR1-knockout (KO) pups were injected with
ethanol to induce neuronal apoptosis and tissue was harvested 4 or 6 hours later. 40um
sections were cut and confocal images of sections of the cortex were acquired. Microglia
express GFP and nuclei were labeled with DAPI. Apoptotic corpses were identified via
their pyknotic nuclei. The density of microglia was quantified and there was no
difference between the CX3CR1-heterozygous and CX3CR1-knockout (a). An
association index was determined by quantifying the fraction of microglia touching
apoptotic corpses at 6 hours (b) and 4 hours (d) after injury. There was no difference at 4
hours, but by 6 hours fewer microglia from the CX3CR1-knockout had associated with
apoptotic corpses as compared to the CX3CR1-heterozygous microglia. In order to
confirm that there was no early defect at 4 hours, we also measured the distance from
apoptotic corpses to the nearest microglial process and the values were plotted as a
histogram (c). There was no difference between CX3CR1-heterozygous and CX3CR1-

knockout at this early 4-hour time point. (n=3) One-way ANOVA, *p<.05.
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Figure 5: CX3CR1 deficiency does not lead to a defect in phagocytosis in vivo. CX3CR1-
heterozygous (HET) and CX3CR1-knockout (KO) pups were injected with ethanol to
induce neuronal apoptosis. 40um sections were cut and confocal images were acquired.
Microglia express GFP (green) and nuclei were labeled with DAPI (blue). Apoptotic
corpses were identified via their pyknotic nuclei (arrowheads). XZ and YZ orthogonal
slices reveal DAPI-condensed pyknotic nuclei within microglia (a). The fraction of
apoptotic cells that were engulfed within GFP-positive microglia was quantified at 4 and
6 hours after injury (b). A phagocytic index at 6 hours after injury was calculated by
measuring the fraction of GFP-positive microglia that contained corpses (c). There was
no difference in phagocytosis measures in the brain of the CX3CR1-knockout compared

to the CX3CR1-heterozygous mice. (n=3) Scale=25pum.
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Figure 6: CX3CR1-deficient phagocytes do not have an overt defect in phagocytosis.
Apoptotic thymocytes were used as targets, and added to either macrophages or glia
and phagocytosis was allowed to proceed for 1 hour. Phagocytosis was measured via
flow cytometry and the phagocytic index (fraction of cells engulfing) was calculated.
Wild type (WT) and CX3CR1-knockout (KO) bone-marrow derived macrophages were
treated concurrent with administration of apoptotic cells (a) or pretreated for 20 hours
(b) with soluble fractalkine (s-FKN) at indicated concentrations. Wild type and
CX3CR1-knockout bone-marrow derived macrophages (c) and peritoneal macrophages
(d) were pretreated for 24 hours with the indicated concentrations of soluble fractalkine
(FKN) before the phagocytosis assay. A phagocytosis assay was also performed on
microglia isolated from wild type and CX3CR1-knockout mixed glia cultures (e).
CX3CR1-heterozygous (Het) and CX3CR1-knockout mixed glial cultures were incubated
with 0 (Ctrl), .1nM and 10nM of soluble fractalkine and the microglial phagocytic index
was quantified by gating on GFP-positive cells (f). We detected no difference in
phagocytosis with addition of exogenous fractalkine and did not detect a phagocytic

defect in CX3CR1-knockout cells.
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Figure 7: Ethanol treatment leads to increased expression of IL-6. P7 animals were
treated with saline (CTL) or ethanol and brain tissue was harvested 6 hours later. RNA
was isolated and quantitative PCR was used to assess mRNA expression of IL-6 (a) and
IL-10 (b) in control versus ethanol-treated wild type mice. Ethanol treatment led to

increased expression of IL-6. (n=4-6) Students t test, *p<.05.
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Figure 8: Ethanol-induced apoptosis leads to production of cytokines and fractalkine
deficiency leads to an altered inflammatory response. P7 animals were treated with
saline (CTL) or ethanol and brain tissue was harvested 4 or 6 hours later. RNA was
isolated and quantitative PCR was used to assess mRNA expression of Argl (a), COX2
(b), IL-6 (c), IL-10 (d) and TNFa (e). At 6 hours after treatment, CX3CR1-knockout mice

had increased IL-6 expression. (n=2-6) One-way ANOVA, *p<.05.



Fold change in expression
{change over WT control)
N
<

N w
h 1

(change over WT control)

Fold change in expression

Figure 9

IL-6 expression

post ethanol treatment 5
* c
: % B 41
c
[
s 3
3.
: 2%
o9
20 2
)
GRS
2 £ 4]
Le
O.
o (o) o
& o
S &
& & Q‘j} Treatment
Genotype
TNFa
*kk *kk
*kk *%
O wr
Bl CX3CR1KO
Il Fractalkine KO
& ol
A Q}o
&
Treatment

81

3 wr
B CX3CR1KO
Il Fractalkine KO



82

Figure 9: The inflammatory response to ethanol-induced apoptosis in fractalkine-
knockout brain recapitulates some but not all of the inflammatory changes seen in the
CX3CR1-knockout brain. P7 animals were treated with saline (CTL) or ethanol and
brain tissue was harvested 4 or 6 hours later. Brain tissue and RNA was harvested from
wild type (WT), CX3CR1-heterozygous, CX3CR1-knockout, and fractalkine-knockout at
4 or 6 hours after ethanol treatment and RNA was isolated. Quantitative PCR was used
to assess mRNA expression of IL-6 (a,b) and TNAa (c). (a) is data from ethanol treated
animals repeated from (b). IL-6 expression is significantly higher in the CX3CR1
knockout and the fractalkine knockout than in the wild type brain after ethanol
treatment. In fractalkine knockout brain, TNFa expression is higher in control
conditions as compared to wild type or CX3CR1 knockout. CX3CR1-knockout brain has
increased TNFo compared to wild type after ethanol treatment. (n=3-6) (a) One-way

ANOVA, *p<.05. (b,c) 2-Way ANOVA, *p<.05, **p<.01, ***p<.001
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Figure 10: Fractalkine and CX3CR1eGPP mRNA is increased in CX3CR1-knockout mice
after ethanol injury. P7 animals were treated with saline (CTL) or ethanol (EtOH) and
brain tissue was harvested 6 hours later. RNA was isolated and quantitative PCR was
used to assess mRNA expression. Wild type (WT), CX3CR1 heterozygous, CX3CR1-
knockout, and fractalkine-knockout brain tissue was probed for mRNA expression of
CX3CR1 (a) and fractalkine (b). Fractalkine expression was increased in the CX3CR1
knockout after ethanol treatment. In order to relate receptor expression and compare
wild type to CX3CR1-deficient mice, we used two sets of primers. One set amplified
CX3CR1 and the other amplified the GFP transcript expressed in place of the gene in the
CX3CR1-knockout allele. Values were normalized to control-treated heterozygous mice,
which have one copy of each gene. Fractalkine knockout and CX3CR1 knockout led to
increased expression of the CX3CR1 gene after ethanol treatment. (a,b) (n=3-6) 2-way

ANOVA, **p<.01, **p<.001



85

CHAPTER 3: Brain-specific angiogenesis inhibitor-1 expression in astrocytes and
neurons: implications for its dual function as an apoptotic engulfment receptor.
Brain-specific angiogenesis inhibitor-1 (BAI1) is a transmembrane protein highly
expressed in normal brain that has been ascribed two apparently distinct functions:
inhibition of angiogenesis and recognition and engulfment of apoptotic cells by
phagocytes. In order to further understand the function of BAI1 in the central nervous
system, we performed immunolocalization studies in adult mouse brain and cultured
neural cells. BAI1 immunoreactivity is enriched in gray matter structures and largely
excluded from myelinated axon tracts. Neuronal BAI1 expression was readily
detectable in the cerebellar molecular layer as well as in primary hippocampal
cultures. In some brain regions, especially olfactory bulb glomeruli, BAI1 was also
expressed by GFAP-positive astrocytes. Cultured cortical astrocytes show small
(~0.4pm?) BAI1 immunoreactive membrane puncta as well as prominent focal
adhesion localization in a subset of cells. In mixed neuronal-glial cultures, BAI1-
expressing astrocytes frequently contained engulfed apoptotic debris. Cultured
astrocytes engulfed apoptotic targets, and BAI1 accumulation occurred within the
phagocytic cup. We hypothesize that glial BAI1 may subserve an engulfment function
in adult brain regions such as olfactory bulb with ongoing apoptotic turnover,
whereas neuronal-derived BAI1 may serve primarily as an anti-angiogenic factor in
the mature neuropil. We also analyzed the BAI1-deficient mouse to look for evidence
of defects in angiogenesis and engulfment. We analyzed vessel density and

quantified apoptotic debris in postnatal day 8 and adult mice. In addition, we used
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ethanol-induced neuronal apoptosis to test whether BAI1 function was critical for
clearance after injury. BAI1 function does not appear to be critical for proper
development or clearance of apoptotic cells; however, this does not rule out the
possibility that it plays a role in angiogenesis and clearance under normal

circumstances.
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INTRODUCTION

The recognition and phagocytic clearance of apoptotic cells is a critical process in
all multicellular organisms, necessary for normal morphogenesis and potentially
important for the prevention of autoimmunity (Ravichandran 2003, Kinchen,
Ravichandran 2007). Brain-specific angiogenesis inhibitor-1 (BAI1) is one of several
recently identified phosphatidylserine receptors that functions in apoptotic cell
engulfment (Bratton, Henson 2008). BAI1 serves as a phosphatidylserine receptor that
binds apoptotic cell membranes and triggers activation of the best-studied apoptotic
engulfment pathway, via its interaction with ELMO1 and Dock180, leading to the
activation of the small GTPase Racl (Park, Tosello-Trampont et al. 2007). Racl activity is
essential for the extensive actin remodeling and membrane trafficking during
engulfment (Tosello-Trampont, Brugnera et al. 2001). Despite its high expression in the
central nervous system, studies addressing a potential role for BAIl in engulfment in the

brain have not been done.
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Characterization of the regional and cellular expression of BAI1 has been
minimal, with no reports on its subcellular localization (Mori, Kanemura et al. 2002,
Kaur, Brat et al. 2003). Therefore, first of all, we sought to characterize the regional,
cellular and subcellular expression of BAI1 in the mature mouse brain and culture
systems. Secondly, we analyzed the BAI1 knockout mouse and examined the CNS for
evidence of defects in clearance, neurogenesis, or angiogenesis. We examined postnatal
and adult brain to determine whether BAI1 is critical during homeostatic clearance. In
addition, we used an animal model of fetal alcohol syndrome, a widely used method to
induce neuronal apoptosis in vivo (Ikonomidou, Bittigau et al. 2000, Ghosh, Walls et al.
2009, Young, Klocke et al. 2003), in order to determine whether BAII is critical for

clearance of apoptotic neurons after injury.

METHODS

Mice

All animal procedures were approved by the University of Virginia Animal Care
and Use Committee. Mice used were C57/bl6 (Charles River) or BAI1 transgenic mice
(Taconic). The BAI1 gene was targeted with a gene trap approach and homozygous
transgenics have decreased BAIl expression. BAI1 mice were initially on a 129Sv/Ev-
C57/bl6 background and were backcrossed onto a C57/bl6 background for four

generations.
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Cell culture

Neonatal primary astrocyte cultures were prepared as previously described
(Heffron, Mandell 2005). Briefly, the forebrain was dissected from newborn pups,
meninges were removed, and cells were dissociated in 0.05% trypsin EDTA for 5 min at
37 °C. Following trituration, cells were pelleted and resuspended in DMEM
supplemented with 10% fetal bovine serum, penicillin (50 U/ml), and streptomycin
(50 pg/ml) (Gibco). Media was replaced twice per week for 2 weeks to obtain astrocyte
monolayers. Mixed glial/neuronal cultures were prepared from neonatal rat
hippocampus as previously described (Goodkin, Joshi et al. 2008). LR73 fibroblasts were
stably transfected with a full length BAI1 construct to produce LR73-BAI1 cells, as

previously described (Park, Tosello-Trampont et al. 2007).

In vitro phagocytosis assay

Mouse astrocytes were incubated with fluorescently labeled 2um carboxylate-
modified latex beads as previously described (Park, Tosello-Trampont et al. 2007). After
2 h, the cells were extensively washed with cold PBS and fixed in 4% paraformaldehyde,

prior to immunofluorescence staining for BAI1 (h1570).

Ethanol-induced apoptosis
Ethanol was injected subcutaneously in postnatal day 7 pups as a 20% solution in

0.9% saline at 15.9uL/g body weight. It was administered twice, 2 hours apart (as
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described by (Ghosh, Walls et al. 2009)). Brain tissue was harvested 24 hours after the

first injection.

Tissue processing

Mice were anesthetized with a lethal dose of pentobarbital. For BAIl
immunolocalization studies, mice were transcardially perfused at room temperature
with 10 ml PBS followed by 10 ml of PBS/4% paraformaldehyde over a period of 3-
5 min. For some studies using antibody h103, mice were perfusion fixed with a high pH
fixative (Berod, Hartman et al. 1981). Brains were further fixed in PBS/4%
paraformaldehyde for 24 h at 4 °C. For the BAI1 transgenic tissue analysis, brains were
immersion fixed in either PBS/4% paraformaldehyde for 24h at 4 °C or in 70% ethanol.

Tissue was processed into paraffin by standard methods.

Western blot

LR73 parental or LR73-BAIl cells were lysed directly in Laemmli sample buffer
and separated by electrophoresis using standard procedures. Gels were transferred to
nitrocellulose for 90 min with a semidry transfer apparatus and treated with blocking
reagent (Li-COR block; Li-COR, Lincoln NE) overnight at 4 °C and then probed with
primary antibodies (BAI1 h1570 1:10,000; alpha-tubulin, Sigma, 1:4000) for 1 h at room
temperature. Secondary antibodies were goat anti-mouse InfraRed800 and goat anti-
rabbit Cy5.5 (Rockland) at 1:2000 for infrared imaging. Blots were imaged on an

Odyssey Li-COR Odyssey infrared scanner (Li-COR, Lincoln NE). Brain lysate was
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prepared by triturating tissue in NP-40 buffer (150mM NaCl, 1% NP-40, 50mM Tris pH
8.0, protease inhibitor cocktail (Sigma)), incubating on ice for 15 minutes and sonicating.
Samples were spun down at 12k rpm for 10 minutes. Supernatant was transferred to a
new tube, protein assay was performed, samples were normalized, and 5X Laemmli
sample buffer with DTT was added. Samples were separated by electrophoresis using
standard procedures, transferred to PVDF membrane (Immobilon) for 60 min with a
semidry transfer apparatus. The membrane was blocked (5% milk) for 1 hour, then
incubated with primary antibody (BAI1 h1570 1:5,000; alpha-tubulin, Sigma, 1:4000
diluted in block with .1% tween) overnight. Secondary antibodies were rabbit-HRP and

mouse-HRP (Sigma). Blot was developed with the Immobilon chemiluminescence kit.

Primary antibodies and immunohistochemistry/immunofluorescence

Custom polyclonal rabbit antisera against C-terminal (intracellular epitope,
h1570) and N-terminal (extracellular epitope, h103) regions of BAI1 were generated by
injecting rabbits with corresponding KLH-linked peptides derived from human amino
acid sequences (Novus Biologicals, Littleton, CO). Antibodies were used after one round
of affinity purification on peptide columns. Peptide competition experiments were used
to test antibody specificity in immunohistochemistry. As an irrelevant control peptide, a
15 amino acid peptide derived from the human AMP-activated kinase-alpha-1 with no
sequence similarity was used at the same concentration as the h1570 peptide (10 times
molar excess). Other primary antibodies: rabbit polyclonal anti-GFAP (DAKO #Z0334;

1:4000); mouse monoclonal anti-GFAP conjugated to Cy3 (Sigma, 1:800); rabbit
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polyclonal 5-100beta (DAKO #Z0311; 1:500); rabbit polyclonal anti-IBA1 (Wako, 019-
19741; 1:500); mouse monoclonal anti-SV2 (Developmental Studies Hybridoma Bank;
1:10); rabbit polyclonal collagen IV (chemicon, 1:750); rabbit polyclonal cleaved-caspase-
3 (Cell Signaling Technnologies, 1:100); rabbit polyclonal fractin (Millipore, 1:1000), rat
anti-BrDU (Abcam, 1:150). Microglia were labeled with rabbit polyclonal Ibal (Wako,
1:500) or biotinylated Lycopersicon esculentum (tomato) lectin (Vector, 20 ug/ml) and
visualized with streptavidin-conjugated TRITC (Jackson, 1:2000). Free floating frozen
30um sections or 5um paraffin sections were prepared and processed for
immunohistochemistry using standard techniques. Immunoperoxidase detection was
performed using the ImmPress polymeric peroxidase reagents (Vector, Burlingame,
CA), according to the supplier’s instructions. The chromogen used was
diaminobenzidine (Dako S3000) 1 mg/ml in PBS plus 0.02% hydrogen peroxide applied
for 3-5 min. Immunofluorescence detection was performed using Alexa-488 and Alexa-
546 dyes (Invitrogen, Carlsbad, CA). Brightfield and immunofluorescence images were
acquired with an Olympus BX40 upright microscope and a Scion Firewire CCD camera
(Scion, Frederick, MD). Whole section imaging (Fig. 2) was performed using an Aperio
ScanScope (Aperio, Vista, CA). Confocal microscopy was performed using a Zeiss 510
Meta microscope with a 60x or 63x oil immersion objective lens (Keck Biological Imaging

Center, Department of Biology, University of Virginia).

Image analysis
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The number of cleaved-caspase-3 (CC3) and BrDU positive cell bodies were
manually counted and the number of bodies per area was calculated. Cell profiler
(Broad Institute, (Lamprecht, Sabatini et al. 2007)) was used for automated analysis of
staining. Pipelines were set up to automate detection of apoptotic debris stained with
fractin and vessels stained with collagen IV. Cell profiler quantified the fraction area

occupied. Data was graphed and analyzed using Graphpad Prism (La Jolla, CA).

RESULTS

I. Immunolocalization
Validation of C-terminal (intracellular) and N-terminal (extracellular) anti-BAI1
antibodies

BAIl is a 7-pass transmembrane protein belonging to the type II adhesion type
G-protein coupled receptor family. The N-terminal extracellular domain contains five
thrombospondin type I repeats and an RGD (putative integrin-binding) sequence (Fig.
1A). We tested the specificity of our C-terminal (intracellular epitope, h1570) antibody
using multiple approaches. First, we showed that Western blotting using h1570 detected
strong bands near the expected weight (~180 kDa) in LR73 fibroblasts stably transfected
with human BAI1, but not in untransfected cells (Fig. 1B). An additional
immunoreactive band of lower molecular mass was present, which could be the result of
proteolytic cleavage, as previously described (Kaur, Brat et al. 2005). Second, we showed

that preincubation of antibody h1570 with excess immunizing peptide, but not an
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irrelevant peptide, completely blocked immunohistochemical staining (Fig. 1C and D).
Third, we showed that brain lysate from the BAI1-deficient mouse lacked a prominent
immunoreactive band for BAIl. Also, the N-terminal anti-BAI1 antibody h103 produced
qualitatively very similar staining patterns on adjacent sections as h1570 (Fig. 1E and F)
(see Appendix for h103 antibody specificity tests). We found that h103 staining of tissue
fixed with standard pH 7.4, 4% paraformaldehyde was weaker than that obtained with
antibody h1570. However, the intensity of h103 immunostaining could be increased by
using a high pH (11.0) fixation buffer as previously described (Berod, Hartman et al.
1981). The similarity in immunostaining profiles with the two antibodies suggests that in
the normal adult brain there is not a large pool of cleaved and translocated extracellular
fragment (referred to in the literature as vasculostatin (Kaur, Brat et al. 2005), since this
pool of released protein would be detected with the h103, but not the h1570 antibody.
However, we cannot exclude the possibility that vasculostatin is lost from the
extracellular space due to perfusion and fixation procedures. For more on staining with

h103 and other BAI1 antibodies, see Appendix 1.

BAI1 expression in the normal adult mouse brain: enrichment in neuropil and
exclusion from myelinated white matter tracts

BAIl immunoreactivity detected with antibody h1570 was widespread in all
neuropil-rich zones, including spinal cord gray matter, cerebellar molecular layer,
cerebral cortex, thalamic nuclei and basal ganglia (Fig. 2). Close examination of

hippocampus and cortex revealed that large pyramidal neurons lacked significant
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somatodendritic cytoplasmic BAI1, but that the intervening neuropil was rich in BAI1.
White matter, both large tracts such as corpus callosum and anterior commissure, as
well as microscopic tracts such as striatal pencil fibers, were devoid of BAIl

immunoreactivity.

Complex cellular patterns of expression in specialized neuropil zones: cerebellum,
olfactory bulb, and retina

Examination of several brain regions with architecturally distinct neuropil zones
revealed several interesting aspects of BAI1 localization. In the cerebellar molecular
layer, strongly labeled fine branching processes were seen to emanate from
interneurons, whereas Purkinje cells and their dendrites showed weaker expression (Fig.
3A). GFAP-immunoreactive Bergmann glial processes were negative for BAI1, but it was
difficult to determine whether distal Bergmann glial membranous processes might
account for some BAI1 immunostaining (Fig. 3B). In the olfactory bulb, glomeruli
showed the highest intensity of BAI1 staining (Fig. 3C). Unlike other neuropil-rich
zones, the pattern of staining in olfactory glomeruli showed stellate forms, consistent
with the distal membranous processes of astrocytes. This was confirmed by co-staining
with GFAP, which showed GFAP-positive process cores surrounded by BAIl-reactive
distal processes (Fig. 3D). Extraglomerular astrocytes, which occupy the neuropil zones
just above the glomeruli in (C) show much lower BAI1 immunoreactivity. In the retina
BAI1 was highly concentrated in the two neuropil layers, the outer and inner plexiform

layers (Fig. 3E). Double immunofluorescence labeling with the universal presynaptic
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marker SV2 showed that not all presynaptic terminals colocalized with BAI1: in the
outer plexiform layer (OPL), brightly SV2-immunoreactive photoreceptor terminals
were devoid of BAIl immunostaining, but synaptic zones in the more inner portion of
the OPL, where horizontal cell and interplexiform cells synapse upon bipolar cell

dendrites (Dowling 2012), did show significant BAI1 immunoreactivity (Fig. 3F).

BAI1 is expressed in cultured neurons, astrocytes, and microglia

In order to more definitively determine the cellular origin and subcellular
localization of BAI1 in the brain, we performed immunofluorescence on mixed
neuronal/glial cell cultures from rat hippocampus (Fig. 4). Neurons, astrocytes, and
microglia, identified both by characteristic morphologies and specific markers, showed
definitive punctate BAIl immunostaining. In general, neurons and astrocytes showed
the most intense labeling, with microglia showing variable and patchy staining. In older
cultures, where many cells had undergone apoptosis, we observed numerous GFAP-
positive astrocytes with punctate BAI1 labeling that had engulfed apoptotic nuclear
debris (identified by condensed DAPI staining). Confocal microscopy with z-sectioning
showed the debris to be within the confines of GFAP-positive astrocyte cytoplasm and
surrounded by BAIl-positive membrane (Fig. 4C). In order to determine whether
astrocytic BAIl associates with apoptotic targets (2-pum red fluorescent carboxylate-
modified beads), we performed confocal microscopy on astrocytes 2 h after addition of
beads (Fig. 4D). A single confocal slice shows that some beads are surrounded by a

higher concentration of BAI1 staining (h1570) than surrounding plasma membrane (see
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bead at convergence of cross hairs). In addition, XZ and YZ orthogonal slices reveal
BAIl immunoreactivity surrounding a bead, indicating engulfment and not merely

superficial membrane adhesion.

Punctate membrane and focal adhesion localization of BAI1 in purified cultured
astrocytes

An additional pattern of astrocyte BAI1 labeling was observed in purified
astrocytes, grown in serum-containing medium in the absence of neurons. In a subset
(20-30% of GFAP-positive cells), BAI1 localized to focal adhesions, confirmed by double
labeling with paxillin (Fig. 5A-C). Interestingly, BAI1 was not uniformly distributed
through the length of the focal adhesions, but showed a speckled distribution that was
sometimes polarized towards one end of the focal adhesion. All cells, whether or not
they formed prominent focal adhesions, also exhibited punctate membrane BAI1
staining (Fig. 5D-F). The area of these puncta determined from single confocal sections

of four different fields of astrocytes was 0.422 + 0.387 (SD) um?2.

II. Analysis of BAI1-deficient mouse

BAII has been implicated in angiogenesis as well as engulfment (Kaur, Brat et al.

2005, Park, Tosello-Trampont et al. 2007). In addition, a downstream mediator of BAI1

signaling, ELMO1, has been implicated in neurogenesis (Lu, Elliott et al. 2011).
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Therefore we assessed whether BAI1 deficiency led to any differences in cellularity,
vessel density, persistence of apoptotic debris, or neuronal proliferation in the brain.
Homozygous BAIl-deficient mice displayed no overt behavioral differences, for
example via qualitative analysis of mobility, activity and social behavior. Of note, the
weight of BAI1 homozygous mice was significantly decreased at postnatal day 7-8 (P7-
P8) compared to heterozygous or wild type littermates (Fig. 6A); however, this size
difference did not persist to adulthood (Fig. 7A). The cause of this early weight
difference is unclear; however, it may be attributable to strain differences in body weight

and growth rates, as we tested mice that were backcrossed only four generations.

Cell density and cortical thickness

BAI1 has been implicated in clearance, and because there is a significant
overproliferation and pruning of neurons during development, we hypothesized that
BAIl deficiency may lead to altered development of the brain and could lead to
hypercellularity. In order to test this, we quantified the cortical cell density as well as
cortical thickness. Counter to our expectations, we found no difference in cellularity or
cortical thickness (Fig. 6B, Fig. 7B-C), suggesting that BAI1 is not critical for clearance or

pruning of cells during development.

Vessel Density
As BAII has been implicated as an anti-angiogenic factor, we hypothesized that

BAIl-deficient mice may have an increase in vessel density in the brain. Collagen IV
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staining highlights the cerebrovasculature; therefore we analyzed vessel density in both
P8 pups and adults using collagen IV staining. We found no differences in area
occupied by staining in brains of homozygous compared to wild type animals (Fig. 6C,

Fig. 7C), suggesting BAIl deficiency does not result in any overt change in angiogenesis.

Neurogenesis

Another member of the BAI1 pathway, ELMO1, has recently been implicated in
engulfment in the brain and ELMO1 deficiency leads to defects in adult neurogenesis
(Lu, Elliott et al. 2011). Based on this, we hypothesized that BAIl-deficient pups may
also have a defect in neurogenesis. In order to highlight proliferating cells, pups were
injected with BrDU at P7. Tissue was harvested 24 hours later and the number of BrDU
positive cells in the cortex was quantified. There was no difference in the number of
BrDU positive cells in the BAI1-deficient mice (Fig. 6D). Of note, we did not assess
whether there was a difference in maturation or survival of newborn cells, which are
other important components of neurogenesis. However, we conclude that BAI1-

deficient pups have no overt defect in neuronal proliferation.

Clearance during development and after ethanol-induced neuronal apoptosis

As BAII has been implicated in phagocytic clearance of apoptotic cells, we
hypothesized there may be increased apoptotic debris in the BAI1-deficient mice. In
order to evaluate whether BAI1 is critical for clearance of apoptotic cells during

physiological developmental pruning, we quantified the amount of apoptotic debris in
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the cortex of P8 animals. We found no difference in the amount of debris in BAI1-
deficient mice, as detected by either fractin (caspase-cleaved actin, a surrogate marker of
apoptosis) or cleaved-caspase-3 (Fig. 8A-B). Next, we tested whether BAI1 deficiency
impairs clearance after injury. We induced neuronal apoptosis by injecting P7 pups
with ethanol. This fetal alcohol syndrome model has been widely used to study
apoptosis in many genetic models, and it is known that the peak of caspase-3 activity
happens at 12 hours after injury (Olney, Tenkova et al. 2002, Young, Klocke et al. 2003,
Ghosh, Walls et al. 2009). We assessed the amount of apoptotic debris remaining at 24
hours after injury in order to allow time for clearance to occur. We found that there was
no difference in the amount of debris in the BAI1-deficient mice, as measured by fractin
(Fig. 8A) or cleaved-caspase-3 (Fig. 8B) staining remaining 24 hours after ethanol-
induced apoptosis. This suggests BAI1 is not required for clearance of apoptotic debris

in the brain.

Expression of BAI family proteins

The BAIl-deficient mouse was generated via a gene trap approach, and it is
possible that expression of BAI1 could occur if the gene trap is not efficient. Therefore,
we assessed BAII expression to confirm that the mice were deficient in BAI1. We looked
at protein via western blot (Fig.1G) and mRNA via quantitative PCR (Fig. 9). We
confirmed that expression was downregulated, however mRNA transcript was still

detectable. Whether this expression is sufficient to allow translation of protein is
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unclear. We can conclude from western blots that there is decreased expression of BAI1
protein (Fig. 1G).

BAI1 deficiency did not lead to an observable CNS phenotype, and it is possible
that other BAI family members could be upregulated to compensate for lack of BAI1.
Therefore we quantified the expression of the other BAI family members, BAI2 and
BAI3, via quantitative PCR to determine whether they are increased in the BAI1
knockout mouse brain (Fig. 9). In addition, we examined whether BAI1, BAI2, or BAI3
expression was changed after injury (Fig. 10). BAI1 deficiency did not lead to
upregulation of BAI2 or BAI3. Of interest, while postnatal ethanol exposure had no

effect on BAI1 expression, both BAI2 and BAI3 were downregulated after injury.

DISCUSSION

Studies have attributed multiple functions to the BAI1 protein. It was originally
categorized as an anti-angiogenic factor (Kaur, Brat et al. 2005), and this function is
mediated by a cleaved extracellular fragment of BAI1 known as vasculostatin (Kaur,
Cork et al. 2009). Our collaborators showed that BAI1 also functions in clearance of
apoptotic cells and has a role in myoblast fusion (Park, Tosello-Trampont et al. 2007,
Hochreiter-Hufford, Lee et al. 2013). These studies implicating BAI1 in clearance of
apoptotic cells were done in the periphery. As BAI1 is most highly expressed in the
brain, we hypothesized that it may play a role in clearance in the central nervous system

(CNS). In order to further characterize the role of BAI1 in the brain, we performed
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immunolocalization studies to determine where BAI1 is expressed. In addition, we
analyzed a BAIl-deficient mouse to determine whether BAI1 is critical for CNS
angiogenesis and clearance of apoptotic debris.

Our immunohistochemical and immunofluorescence labeling experiments in
mouse brain and cultured neural cells reveal new information about the cellular and
subcellular localization of BAIL. A previous study concluded that BAI1 expression was
purely neuronal, and completely excluded from GFAP-positive astrocytes (Mori,
Kanemura et al. 2002). This study was limited to human postmortem material and
examined only the cerebral cortex. A subsequent paper, although focused on the
downregulation of BAII in malignant gliomas, mentioned as unpublished data that
BAIl immunoreactivity was frequently observed in reactive astrocytes surrounding
tumor, in addition to its expression in neurons and neuropil (Kaur, Brat et al. 2003). Our
previous study showed relatively high levels of BAI1 in primary astrocyte cultures by
Western blot and demonstrated that siRNA knockdown of BAI1 in astrocytes decreased
engulfment of apoptotic targets (Park, Tosello-Trampont et al. 2007). Our current
demonstration of both neuronal and astrocyte BAI1 patterns of expression is also
supported by publically available in situ hybridization data (http://mouse.brain-
map.org/brain/Bail.html).

Astrocytes and neurons have distinct functions and it may be that the two
ascribed functions of BAI1, engulfment and anti-angiogenesis, are carried out by
astrocytes versus neurons, respectively. For example, it is possible that the cleavage of

BAI1 to generate the released 120 kDa vasculostatin fragment is carried out primarily by
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neurons to function as an anti-angiogenic factor. And on the other hand, astrocytes may
use intact BAI1 as an engulfment receptor. It would be interesting to determine whether
the released phosphatidylserine-binding vasculostatin fragment can compete with intact
phagocytic receptor function.

Notably, we found that microglia, the well-known phagocyte in the brain, had
lower levels of BAI1 than astrocytes or neurons. Microglia are capable of phagocytosis
and play a central role in the response to injury and clearance of debris. The fact that
microglia do not express appreciable amounts of BAI1 suggests it may not be required
for these functions. BAI1 is only one of many receptors that mediate clearance (Bratton,
Henson 2008), and microglia may use other receptors (Hsieh, Koike et al. 2009, Fuller,
Van Eldik 2008).

The idea that there are redundant factors involved in clearance is supported by our
analysis of the BAIl-deficient mouse. We found that BAI1 was not critical for clearance
during developmental pruning or after injury. We did not see any defect in clearance or
persistence of apoptotic debris during physiological or ethanol-injury-induced
apoptosis. While making conclusions from this study, there are a couple of issues to
keep in mind. As mentioned, astrocytes express BAI1; however, they may not require
BAI1 for engulfment as there may be redundant pathways (Bratton, Henson 2008). Or
perhaps they are not the key players in clearance of apoptotic cells in these contexts. We
cannot rule out the possibility that astrocytes and BAI1 may play a role under certain

circumstances. However, either other receptors and/or microglia are able to compensate
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for lack of BAI1 and accomplish clearance during developmental and ethanol-induced
apoptosis.

We also found that BAI1 deficiency had no overt effect on behavior or the
development of the CNS, including vasculogenesis and neuronal proliferation. Again,
this does not prove that BAI1 has no role in these processes; however, it suggests that
BAI1 is not a critical factor required for CNS development, angiogenesis or
neurogenesis.

BAI1 deficiency did not lead to an observable CNS phenotype, and it is possible
that other BAI family members could be upregulated to compensate for lack of BAI1.
However, we found that BAI1 deficiency did not lead to upregulation of BAI2 or BAI3.
Of interest, while ethanol-induced apoptosis had no effect on BAI1 expression, both
BAI2 and BAI3 were downregulated after injury. We are not the first to show
modulation of BAI2 and BAI3 with injury, as the original studies describing them
showed that BAI2 and BAI3 are downregulated after ischemia-induced injury (Kee, Ahn
et al. 2004, Kee, Koh et al. 2002, Kee, Ahn et al. 2004). The fact that we see modulation of
BAI2 and BAI3 in this additional injury model suggests that these play a role in a range
of injuries; however, the potential function of this downregulation is unclear.

Many questions remain. Microglia, the professional phagocytes of the brain, are
equipped with several different receptors for multiple types of clearance, including that
of infectious organisms, protein aggregates, as well as for apoptotic cells. Why might
microglia express only low levels of BAI1, and utilize other phagocytosis-relevant

receptors? We originally hypothesized that astrocytes may have a more dedicated role in
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the delicate cleanup of apoptotic neuronal debris produced during development and
normal turnover, which could be carried out via BAI1. BAI1 is not required, but what
redundant pathways might play a role in clearance if astrocytes are indeed involved?
Finally, does BAI1 play an important role in other signaling besides angiogenesis and
phagocytosis? What is the significance of BAI1 localization to astrocyte focal adhesions?
It seems plausible that BAI1 could act to activate Racl and modulate actin dynamics in
other contexts besides engulfment, and this could translate to a role at focal adhesions,

which are rich in actin.

FIGURES
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Figure 1: Demonstration of anti-BAIl antibody specificity. A) BAIl is a 7-transmembrane
(7 TMR) protein of the GPCR superfamily. The extracellular domain contains an RGD
sequence, 5 thrombospondin type I repeats (TSRs) which are necessary for both the anti-
angiogenic properties and apoptotic cell engulfment, and a G-protein coupled receptor
(GPCR) proteolytic cleavage site (GPS). Antibody h103 is directed at an extracellular (N-
terminal) sequence. The protein is cleaved at the GPS to release the anti-angiogenic
fragment known as vasculostatin. The polyclonal h1570 antibody generated for the
present study recognizes an amino acid sequence at the intracellular C-terminus. B)
Western blotting of untransfected LR73 fibroblasts (parental) using h1570 shows no

detectable endogenous BAII signal (green) at the expected molecular weight of ~180

kDa. A stably transfected line (LR73-BAIl) shows strong blotting signal at the expected
molecular weight as well as in a presumed proteolytic fragment. (C, D) Preincubation of
diluted h1570 antibody with an irrelevant peptide (AMP-activated kinase, alpha-1, C-
terminal peptide, Santa Cruz Biotechnology) had no effect on immunostaining of mouse
hippocampus (C), whereas preincubation with the immunizing peptide completely
abolished immunostaining (D). Imnmunohistochemistry on adjacent paraffin sections
using the h1570 (C-terminal) and the h103 (N-terminal-directed) antibodies gave nearly
identical staining patterns, with olfactory bulb shown as an example (E, F). Western blot
on brain lysate from control versus BAIl-deficient mice further shows h1570 binds BAI1

in brain lysate (G). Scale bars: D=100pum; F=25um.
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Figure 2
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Figure 2: Overview of BAIl immunoreactivity in the adult mouse brain. A) BAI1
expression detected by antibody h1570 is enriched in neuropil structures such as cortex
(Cx), thalamus (Th), striatum (Str) and hippocampus (Hi), and largely absent from white
matter structures such as the corpus callosum (CC). B) Striatal pencil fibers (small white
matter tracts-arrow) lack BAI1 expression whereas surrounding neuropil shows finely
punctate staining. C) Cortical pyramidal neurons show little somatodendritic
cytoplasmic staining, but are surrounded by intense granular neuropil
immunoreactivity. D) Hippocampal neurons show a neuropil pattern confined to the
extent of the apical (left) and basal (right) dendritic fields of CA1. Scale bars: A=500pum;

B, C=20um; D=100pm.



110

Figure 3
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Figure 3: Fine patterns of neuropil BAI1 immunoreactivity in cerebellum, olfactory bulb,
and retina. (A) Cerebellar staining reveals fine interlacing processes emanating primarily
from small molecular layer interneurons (inset, arrowheads), not from Purkinje cells (P)
or Bergmann glia. (B) BAI1 (green) fine radial processes do not colocalize with
Bergmann glial fibers (GFAP, red). (C) Olfactory bulb glomeruli show intense staining in
a reticular pattern coincident with distal membranes of GFAP+ astrocytes (D).
Extraglomerular astrocytes, which occupy the neuropil zones just above the glomeruli in
(C) show much lower BAIl immunoreactivity. (E) Retinal BAI1 is confined to the outer
(top) and inner (bottom) plexiform layers. (F) Double labeling for BAI1 and presynaptic
marker SV2 reveals lack of BAI1 in large photoreceptor synaptic terminals (bright red
upper portion of IPL), but strong expression in structures located beneath these
terminals. In the inner plexiform layer, BAI1 is intermingled with, but does not

colocalize with SV2. Scale bars: A, C=125um; B, D, F=25um; E=50um.
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Figure 4
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Figure 4: BAI1 is expressed by cultured neurons, astrocytes, and microglia. In general,
neurons (N), recognized by their extensive neuritic networks, showed the strongest BAI1
immunoreactivity. Astrocytes (A), labeled lightly with GFAP-Cy3, also revealed
significant punctate labeling. Microglia (M), labeled with the tomato lectin, showed
variable and patchy BAI1 staining. (C) In older culture preparations in which numerous
cells had undergone apoptosis, we frequently observed GFAP-positive astrocytes with
punctate BAI1 labeling that had engulfed apoptotic nuclear and cytoplasmic debris.
Confocal microscopy with z-sectioning showed the DAPI-positive nuclear debris to be
within astrocyte cytoplasm. (D) BAIl-immunoreactive astrocyte membrane surrounds
apoptotic targets (2um carboxylate-modified red fluorescent beads) added to cultured
astrocytes for 2 hours. A single confocal slice shows that some beads are surrounded by
a higher concentration of BAI1 staining (h1570) than surrounding plasma membrane
(see bead at convergence of cross hairs). In addition, XZ and YZ orthogonal slices reveal
BAIl immunoreactivity surrounding a bead, consistent with its engulfment. Scale bars:

A=25um, C=20pm, D=15um.
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Figure 5: BAI1 is expressed in cultured astrocytes in two distinct patterns, membrane
puncta and focal adhesions. (A-C) Some cells show prominent focal adhesion BAI1
localization, demonstrated by colocalization with paxillin, as well as membrane puncta
not colocalized with paxillin. (D-F) Other cells show a predominant membrane punctate

labeling with little focal adhesion localization. Scale bar=5um.
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Figure 6: Analysis of postnatal BAIl-deficient mice. We used BAIl-knockout (KO), BAI-
heterozygous (HET) and wild type (WT) animals. Body weight was measured at P7 and
the brain weight and analyses were done at P8. We found that BAI1 knockout mice
were smaller and had smaller brains than wild type and heterozygous mice (A). The cell
density of the cortex was assessed by counting the number of DAPI positive cells per
area and the cortical thickness was measured dorsal to the hippocampus from the
callosum to the surface of the cortex (B). Vessel density was assessed by quantifying the
fraction of area occupied by collagen IV staining in the cortex (C). Animals were
injected with BrDU 24 prior to tissue harvest, and the number of BrDU positive cell
bodies in the cortex with was counted. The number of BrDU-positive cells per area was
calculated (D). We found BAI1 genotype had no effect on cellularity, vessel density or
neuronal proliferation. Each data point represents one animal. (A,B) One-way ANOVA,

*p<.05, ***p<.001.



a
Body weight
30+
. | ]
5 . .
=
o
s | =
>
g 20 LI 1]
m
n
15 T T
<& ©
BAI1 genotype
b
Brain to body weight ratio
S 304
>
=
S 254 . "
= gy | |
= —= ¥
o 2.04 .
= . "
-
(o]
g 1.54 u
£
o
& 10 T v
& ©
BAI1 genotype
c

Vessel Density in Cortex

0.151

>

O

3 .

2 .

(o

g = 0.104 o"

5% ——— s

R ] "

&3 005 * -

c © :

s

3

o

= 0.00 Y T
£ ©

Figure 7

BAI1 genotype

Brain weight (g}

pm

dapi + cells per mnt

0.60+

0.554

0.504

0.454

0.40

Brain weight
%
[
»
- -
. L
L

2501

200+

1504

100+

BAI1 genotype

Cortical thickness

50004

40004

3000+

2000+

10004

£ ©

BAI1 genotype

Cell density in cortex

& ©

BAI1 genotype

118



119

Figure 7: Analysis of adult BAIl-deficient mice. Body and brain weight was measured at
10-12 weeks (A). The brain to body weight ratio was calculated by dividing brain
weight by body weight and the cortical thickness was measured dorsal to the
hippocampus from the callosum to the surface of the cortex (B). Vessel density was
assessed by quantifying the fraction of area occupied by collagen IV staining in the
cortex and the cell density of the cortex was assessed by counting the number of DAPI
positive cells per area (C). Comparing wild type versus BAIl-knockout animals, we

found no differences in any of these measures.
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Figure 8: Analysis of clearance of apoptotic cells after ethanol-induced apoptosis. We
used BAIl-knockout (KO), BAl-heterozygous (HET) and wild type (WT) animals.
Animals were injected at P7 with ethanol (EtOH) or saline as a control. Brain tissue was
collected 24 hours later and stained for fractin (A) or CC3 (B). Images were taken in the
cortex, and cell profiler was used to calculate the fraction of the area that was occupied
by staining. For apoptotic body counts, the number of CC3-positive bodies was counted
in 3 fields per animal and averaged. Data was graphed as the number of bodies per area

(b). BAII genotype had no effect on the quantity of apoptotic debris observed.
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Figure 9: BAl-family protein expression in BAI1-deficient mice. We harvested RNA
from the brain of BAI1-knockout (KO) and wild type mice. Expression of BAI1, BAI2,
and BAI3 mRNA was assessed via quantitative PCR. Analysis was done in P8 brain (A)
and adult brain (B). We did not use many mice, which may explain why we did not
detect any statistically significant differences in BAI1 expression in the wild type versus
the knockout. We did not detect any compensatory upregulation of BAI2 or BAI3 in the

BAIl knockout mice.
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Figure 10: BAI-family protein expression after ethanol-induced apoptosis. Animals
were injected at P7 with ethanol (EtOH) or saline as a control. RNA was isolated from
the brain and expression of BAI1 mRNA was assessed via quantitative PCR (A).
Expression of BAI2, and BAI3 mRNA after ethanol injury was also quantified (B). We
did not detect a change in BAI1 expression after injury, but BAI2 and BAI3 were
downregulated after injury in both wild type and BAIl-knockout animals. Each data

point represents one animal. (B-C) 2-way ANOVA, *p<.05, **p<01.
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THOUGHTS AND FUTURE DIRECTIONS

What does our data add to the bigger picture? What are the remaining questions? What

studies would we do next?

Apoptotic pathways and axon degeneration

We show that caspase-mediated cleavage of axonal cytoskeletal elements occurs
in response to apoptosis and during developmental pruning. But does this cytoskeletal
degradation actually underlie the ultimate axon degeneration? First of all, microtubules
provide the highway used to transport factors from the cell body down to the synapse
and back. Without this conduit the neuron would be deficient in signaling and trophic
feedback. Second, the cytoskeletal system provides the structure that supports and
gives the axon wire-like properties. Without the cytoskeleton, the axonal membranes
would likely collapse and bleb. Thus it seems reasonable to speculate that disassembly

of the cytoskeleton would be a catastrophic event that would lead to axon degeneration.



127

If cytoskeletal degradation does indeed underlie axon degeneration, it is possible
that stabilization of the cytoskeleton could make axons more resistant to degeneration.
Expression of caspase-resistant actin and tubulin in neurons could test this. These
constructs would be designed to lack the cleavage sites recognized by caspases and
thereby be resistant to apoptosis-related degradation. If this makes axons resistant to
degeneration, they may be able to recover more effectively after insult.

Another relevant question is whether it is beneficial to try to prevent axon
degeneration. When has a neuron passed the threshold from which it can recover? It
may not be beneficial to ‘rescue’ an axon or degenerating neuron if it is non-functional
or if it generates harmful activity. This problem is more difficult to address, as it is
difficult to truly determine if a neuron is functioning ‘correctly” after an insult.
Ultimately an in vivo experiment with a functional readout is necessary.

If stabilization of the cytoskeleton makes axons more resistant to degeneration,
the best way to test whether this rescue provides a benefit may be through studies using
peripheral sensory or motor systems. These systems have quantifiable readouts that are
directly related to axon function, such as conductance measures and pain thresholds.
For example, an animal model of diabetic neuropathy may be a useful and relevant tool
to study this question (Sullivan, Hayes et al. 2007). Data suggests that the injury
associated with high blood glucose may be dependent on apoptotic pathways (Allen,
Yaqoob et al. 2005); therefore caspases and caspase-mediated cleavage of the
cytoskeleton may be involved. First we would have to confirm this. Then, we would try

inducible, conditional expression of caspase-cleavage resistant actin and tubulin in



128

sensory neurons. We could test whether these transgenic mice are resistant to axon
degeneration and sensory deficits that normally arise due to chronic high blood glucose.
This would determine whether cytoskeletal stabilization is a viable treatment option for
diabetic neuropathy.

There are many drugs that lead to cytoskeletal stabilization, however, they are
often very toxic and can do more harm than good. Ironically, many of the microtubule
stabilizing agents used in chemotherapy actually cause neuropathies (Jaggi, Singh 2012).
An advantage of our proposed approach is that it could prevent disassembly in the
context of caspase activity, but otherwise microtubule dynamics should still be intact as
far as we know. We have not ruled out the possibility that caspase-cleavage of actin or
tubulin could play a role in non-apoptotic cytoskeletal dynamics. However, we do not
see any fractin or cleaved tubulin in normal brain (other than in neurons undergoing
apoptosis such as during development and during turnover of olfactory sensory
neurons).

That being said, it is possible that caspases could cleave actin and tubulin under
non-apoptotic conditions in other contexts. Many interesting studies have suggested
that caspases have non-apoptotic functions, including during megakarypoeisis
(Kozuma, Yuki et al. 2009), microglial activation (Burguillos, Deierborg et al. 2011), and
muscle differentiation (Fernando, Kelly et al. 2002), to name a few. As far as we know,
caspase-substrates could be cleaved in these contexts, and actin and tubulin could be

targets of the activated caspases.
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Ultimately, if caspases have important homeostatic functions in other systems,
caspase inhibitors may not be a viable treatment option to prevent axon degeneration.
On the other hand, it may take ground-breaking research, but imagine if we could use a
form of gene therapy to instill selected caspase-resistant proteins into neurons, thereby

increasing their resistance to degeneration.

Apoptotic cell clearance and the ‘immune response’ to ethanol-induced injury

We show that acute ethanol-induced injury involves not only apoptosis but also
immune responses. What do we mean when we say ‘immune response’? While it may
seem like a flippant question, different perspectives lead to different notions of what
constitutes an immune response. Is the immune response ‘good” or bad’? Ultimately
functional readouts are necessary to determine whether the immune reaction has a
beneficial or detrimental effect.

Some would define ‘immune response” as permeation of immune cells, and look
for lymphocytic infiltration in the parenchyma. However, the brain is full of immune
cells during normal conditions. Microglia are often called the ‘macrophages of the
brain’, and are distributed relatively ubiquitously by the first two postnatal weeks in
mice (Alliot, Godin et al. 1999). Microglia are capable of macrophage functions such as
phagocytosis and antigen presentation, and perform constant surveillance throughout
the parenchyma.

Some would define an ‘immune response’ as the response to a foreign pathogen

or injury. However the immune system does not merely function to fight off invaders
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or respond to injury. Microglia, astrocytes, and other immune cells constantly perform
homeostatic functions that could be considered immune-related, such as phagocytic
clearance of apoptotic cells and clearance of debris, in the absence of pathogens or
injury.

Measurements of ‘inflammatory factors’ are often used to identify an “immune
response.” Cytokines are important in immune signaling and changes in cytokine
production are often taken to mean ‘immune activation’ or suppression. However, this
is also too simplistic, as cytokine signaling has been shown to be important for more
than just immune responses. For example, chemokine receptors have been shown to
modulate neuronal migration and axon pathfinding during development (Stumm, Hollt
2007).

Ultimately, there are multiple ways to define an immune response, and multiple
measures to characterize it. We argue that ethanol-induced apoptosis involves an
immune response because a) there is a change in microglial activity that leads to altered
morphology and phagocytosis of apoptotic cells b) we detect changes in production of
cytokines, c) we show that fractalkine (a cytokine) signaling plays a role in modulating
the amount of apoptotic debris and cytokine production after injury.
Neuroimmunologists will not be surprised, but the neuroscience community has yet to
appreciate that ethanol-induced apoptotic injury involves immune factors.

At face value, our data suggests that fractalkine signaling promotes a ‘good’
response to ethanol injury. In the absence of fractalkine or CX3CR1, there are more

apoptotic neurons and the production of cytokines is exaggerated. There may be such a
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thing as a ‘good” and ‘bad’ immune response, but in reality, it is difficult to tease apart
exactly what each immune factor orchestrates and which immune factors are a)
protective and prevent injury, b) detrimental and worsen damage, or c) reparative
(reparative factors could also be (a) or (b)). In order to really determine whether
fractalkine signaling is beneficial in ethanol injury, we should have a more functional,
behavioral readout.

The behavioral readouts available in mouse pups are limited. Ethanol-treated
animals survive this insult but there are no blatant behavioral defects. We attempted
behavioral studies using ultrasonic vocalization measurements (Scattoni, Crawley et al.
2009); however these studies are complicated and the scope of our experiments was too
broad to pursue this. Still, this may be a viable tool for behavioral analysis after ethanol
treatment. Alternatively, waiting until the injured pups are older would allow the use of
more classic behavioral studies to measure learning or sensory alterations. If behavioral
measures are established, we may be able to determine whether signaling pathways are
‘good’ or ‘bad’ for the response to ethanol injury.

Our studies point to the fact that the immune system is a critical factor in injury
and suggest fractalkine signaling as a potential target for therapeutic intervention.
Ultimately, we only scratch the surface and there is much more to learn about

mechanisms underlying neuronal degeneration and clearance.
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APPENDIX 1: Characterization of h103 antibody

Our interest in brain-specific angiogenesis inhibitor-1 (BAI1) led us to acquire
many antibodies targeted against different epitopes of BAI1. We used many BAI1
antibodies through the course of experiments and have included a table indicating
which antibodies appear to be useful for particular applications. While performing
immunolocalization studies with an antibody directed to the C-terminus of BAI1
(h103), we unexpectedly found that staining appeared to localize to apoptotic debris
and degenerating axons. This antibody allowed much superior visualization of axon
degeneration compared to the markers available to us at the time, such as cleaved
caspase-3. Another general goal of the lab, separate from studies of BAIl, was to
identify markers that would highlight degenerating neurons and their axons;
therefore we performed many experiments to characterize h103 staining. We used in
vivo ethanol-induced apoptosis and in vitro NGF-deprivation induced apoptosis and
showed that h103 staining was downstream of the apoptotic cascade and that caspases
were sufficient to generate the epitope recognized by h103. Eventually we concluded
that the apoptosis-related epitope was not BAI1, but we have yet to determine its
identity. Future experiments would aim to identify the apoptosis-related epitope via

pull-down and mass spectrometry.
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Figure 1: Peptide competition control and western blot show h103 binds the immunizing
peptide and BAI1. The h103 antibody was preincubated with 20 times molar excess of
either a control (CTL) peptide or the immunizing peptide and then used to stain tissue
(a) or cultured degenerating neurons (b). Preincubation with the immunizing peptide
prevented staining. Western blots show that h103 (103) is not sensitive enough to detect
BAI1 in brain lysate, but does specifically detect BAI1 in LR73 cells stably expressing
BAI1 (HA-BAI1) and not the parental cell line (c) (filled arrow indicates the expected
BAIl band). This is in contrast to another BAI1 antibody (1570), which is able to detect
BAII in brain lysate from wild type, but not knockout animals (d). This shows that h103

does bind BAIl, albeit at a lower affinity than the 1570 antibody.
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Figure 2: Axons undergoing developmental pruning are highlighted by h103.
Immunostaining of sections from an E14.5 embryo indicate that h103 highlights neurons
and their processes emanating from dorsal root ganglia (a). Adjacent sections from the
trigeminal ganglion were stained for h103, 1570 (a different BAI1 antibody), cleaved
caspase-3 (CC3) and fractin (caspase-cleaved actin). CC3 and fractin staining indicate
that developmental apoptosis is occurring. The degenerating axons emanating from the
ganglion are most effectively highlighted with h103 (arrowhead). Staining with 1570
does not match the pattern seen with h103. This hints that h103 and h1570 bind different
proteins, and the h103 may preferentially label degenerating neurons. Scale in (a) is

200um. Scale in (b) is 50um.
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Figure 3: Induction of apoptosis leads to generation of the epitope labeled by the h103
antibody, which highlights degenerating neurons. Ethanol (EtOH) was injected
(15.9ul/g of a 20% solution in normal saline) into pups two times, 2 hours apart in order
to induce neuronal apoptosis or saline was used as a control. This led to staining with
CC3, fractin and h103, indicating that h103 staining is induced by apoptosis (a). The
time course of h103 staining was compared to CC3 and fractin. Increased CC3 staining
preceded h103 and fractin, suggesting that CC3 becomes activated prior to generation of
cleaved actin and the h103 epitope (b). PUMA and BAX-deficient pups are protected
from ethanol-induced caspase activation, and staining for all the apoptotic markers,
including h103, was abrogated in PUMA and BAX-knockout animals. Data for each
stain is normalized to wild type ethanol. This suggests that generation of h103 is

downstream of the mitochondrial-dependent pathway of apoptosis. Scale= 50um.
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Figure 4: Degenerating neurites are highlighted by h103 and caspases are sufficient to
generate the epitope labeled by h103. Immunofluorescence with h103 highlighted
degenerating neurons in aged primary cortical neuron cultures (a). Cultured
sympathetic neurons were induced to undergo apoptosis via nerve growth factor
deprivation and this led to increased staining with h103 (b). This staining seemed to be
decreased when deprivation occurred in the presence of a caspase inhibitor, ZVAD
(100um) but further experiments are required before concluding whether caspase
inhibition blocks production of h103. An in vitro enzymatic assay and subsequent
western blot indicate that incubation of recombinant activated caspase-3 (rCC3) and
activated caspase-6 (rCC6) is sufficient to generate the h103 apoptosis-related epitope
(c). Fractin and cleaved tubulin (cTub) are shown as controls. (b) Scale is 50um. One-

way ANOVA with Bonferroni’s multiple comparison posttest (n=4) *p<.05.



141

fractin

Figure 5



142

Figure 5: Degenerating neurites are highlighted with h103. Immunostaining of the
striatum from ethanol-treated pups shows that both h103 and fractin highlight axon
degeneration, but h103 does a superior job of highlighting what appear to be earlier
stages in axon degeneration. This is likely early degeneration because many of the
axons highlighted by h103 are relatively intact. Like fractin, h103 also highlights

punctate debris that likely represents later stages of degeneration.
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Figure 6: Immunostaining on adjacent sections from neonatal brain shows that h103
highlights acute infarct damage. Area of damage can be identified by infiltration of
CD163+ monocytes. Boxed region was used for imaging h103 and APP. APP (amyloid
precursor protein) staining is widely used as a marker of axon degeneration. Injured

areas were positive for h103 staining, which correlated regionally with APP.



a
Brain lysate
ethanol + - + - + - + .
ST W
b

saline 24 hrs post EtOH

Figure 7

145

— 41




146

Figure 7: The epitope recognized by h103 that is related to apoptosis is not BAII.
Western blot of brain tissue from control animals or animals treated with ethanol to
induce neuronal apoptosis indicate that the apoptosis-related band is not seen at the
expected molecular weight for BAI1 (which is 160kDa) (a). Immunostaining after
ethanol-induced apoptosis shows increased h103 compared to saline control, but there is
no difference in intensity in h103 in BAIl-knockout (KO) brain compared to BAI1-
heterozygous brain (BAI1 HET). This suggests that the apoptosis-related staining for

h103 is not representing BAI1, but some other neoepitope.
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Figure 8: The epitope recognized by h103 that is related to apoptosis is not BAI1. LR73
cells stably transfected with BAI1 and the parental line were treated with staurosporine
(1um, 3 hours) to induce apoptosis. As expected, h103 detects BAI1 (filled arrow) in the
stably transfected cells, but not in the parental cell line. The h103 antibody also detects
another apoptosis-related band (open arrow) that is present in both cell lines, including
the parental cell line that does not express significant BAI1 (a). This was repeated in the

parental cell line with multiple samples (b).
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Figure 9: Fractionation experiments indicate that the h103 antigen can be enriched.
LR73 cells were treated with staurosporine (lum, 3 hours) and the floating cells were
collected and lysed and remaining adherent cells were lysed directly on the plate.
Sequential fractionation in indicated buffers was performed. This suggests that floating

cells lysed in digitonin may be most amenable to pulldown and mass spectrometry.
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Table 1: BAI1 antibody screen

Source Antigen  type IHC Western
Conc BAIl1 Apo Conc BAI1 Apo
pattern pattern

Novus h1570 Cterm polyclonal 1:500 ++ - 1:5000 ++ -
Novus h103 N term polyclonal 1:500 + ++ 1:500 + ++
Chemicon/Millipore Cterm polyclonal 1:50 - - 1:5000 + -
AB9364
Orbigen /Allele ABP- Cterm polyclonal 1:50 + - 1:5000 + -
PAB-10421
Santa Cruz sc-66815 C term polyclonal 1:20 - - 1:400 - -
Van Meir #14399 N term polyclonal 1:50 - - 1:500 - -
R&D systems MAB4969 N term monoclonal  1:20 - - 1:500 - -
Frederick National Cterm monoclonal  Sups
Laboratory for Cancer Same as neat
Research h103

Clone ID:

1A7 - -

1B10 - -

1C7 - -

1D1 - -

1D10 - -

1G1 - -

2B2 - -

3G3 - -

4B9 - -

4C6 - -

5A5 - -

5A6 - -

5A9 - -

5B5 - -

SE7 - -

SE8 - -

5G5 - -

5H5 + -

6B4 + -

6B9 - -

6C4 - -

6H8 - -
Abbreviations: Apo pattern, labeling consistent with recognition of apoptosis-related epitope; C term, carboxy
terminus of BAI1; conc, concentration; monoclonal, mouse monoclonal; N term, amino terminus of BAI1;
polyclonal, rabbit polyclonal; sups neat, undiluted hybridoma supernatants. (—) indicates no significant signal,
(+) indicates some signal, (++) indicates robust signal.
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