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Abstract

Src homology 2 domain-containing inositol-5’ phosphatase (SHIP1) is a
protein which suppresses the activation, proliferation, and survival of
hematopoietic cells. Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease characterized by the degeneration of specific neuron
populations which leads to atrophy of skeletal muscles, paralysis, and death.
Microgliosis is a common hallmark in ALS patients and in mouse models having
over-expression of SOD1 (mSOD1); however, the association between

microgliosis and disease progression has not yet been determined.

Using immunohistochemistry (IHC), SHIP1 expression in macrophages
and microglia was investigated in the lumbar spinal cord of control and mSOD1
mice at 3 time points: 11 weeks (asymptomatic), 15 weeks (symptomatic), and
18 weeks (advanced stage). A significant increase in SHIP1 immunoreactivity
was found between control mice and diseased mice at symptomatic and
advanced stages. SHIP1 immunoreactivity also significantly increased
throughout disease progression suggesting that SHIP1 is involved in regulating

microgliosis in ALS.
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1. Introduction

1.1. Macrophages and Microglia

1.1.1.Role in the Central Nervous System (CNS)

Macrophages play a role in both the innate, and to a lesser extent, the
adaptive immune systems (Galli et al., 2011). They are involved in the innate
response by detecting, attacking or removing foreign patrticles through
phagocytosis and the release of inflammatory cytokines (Lee et al., 2011).
Macrophages also play a role in the adaptive immune response through their
function as antigen-presenting cells (Galli et al., 2011). Macrophages are derived
from hematopoietic stem cells (HSC) in the bone marrow where they mature into
monocytes and are released into the circulation. Monocytes can then migrate into
various tissues during steady state conditions or in response to inflammation

where they differentiate into macrophages (Mosser & Edwards, 2008).

Microglia are the resident macrophages of the CNS that comprise
approximately 5-12% of the total glial population (Ling et al., 1973). Microglia are
of mesenchymal origin and have the capacity for local self-renewal within the
CNS (Ajami et al., 2007). It was formerly believed that microglia invade the CNS
at two different time points: during fetal development and during postnatal life

(Hanisch & Kettenmann, 2007); however recent studies in mice suggest that



adult microglia derive almost exclusively from primitive myeloid progenitors from
the embryonic yolk sac that appear before embryonic day 8 (E.8.0) (Ginhoux et
al., 2010). These cells, which are genetically distinct from definitive HSCs,
migrate from the yolk sac into the brain through blood vessels between E.8.5 and
E.9.0 and become microglia (Ginhoux et al., 2010; Schulz et al., 2012). Although
microglia have similar functions and express similar markers to macrophages, a
recent study has found that macrophages require specific transcription factors,
such as Myb, which are not required for microglial development (Schulz et al.,

2012).

During the ‘resting’ or ‘surveying’ state, microglia regularly screen for any
disturbance or change within the microenvironment (Hanisch & Kettenmann,
2007). Their long, thin processes are in constant motion allowing microglia to
scan the environment without disturbing adjacent neurons (Kettenmann et al.,
2011). Pathological changes or potential threats to the structural and/or
functional integrity of the CNS, such as pathogen-associated molecular patterns
(PAMPs) and danger-associated molecular patterns (DAMPSs), are recognized
through pattern recognition receptors (PRRs), such as toll-like receptors (TLRs)
and non-TLR receptors, which activate microglia (Nakamura, 2002; Block et al.,
2007; Colton, 2009). This recognition initiates downstream signalling cascades
involving molecules such as myeloid differentiation primary response protein 88

(MYD88) and TIR domain-containing adaptor protein inducing IFNB (TRIF). Non-



PRR signalling through purinergic receptors and receptors for advanced

glycation end-products (RAGE) can also activate microglia (Saijo & Glass, 2011).

The activated state of microglia is characterized by a morphological
change from ramified CD11b expressing cells with small cell bodies and long,
thin processes to an amoeboid (rounded cells with sparse processes)
morphology (Ransohoff & Cardona, 2010) (See Figure 1). Once activated,
microglia undergo functional changes including phagocytosis, antigen
presentation, and the production of cytokines and growth factors (Henkel et al.,
2009). Activated microglia have been shown to have both cytotoxic and
neuroprotective effects depending on the presence of pathogenic factors and

interactions with the cellular microenvironment (Philips & Robberecht, 2011).

Ramified Amoeboid

Figure 1. Morphological Changes in Macrophages

Microglia change shape in response to various stimuli. ‘Ramified’ microglia (left) have
small cell bodies and long, thin processes; whereas, so called activated microglia can
adopt an ‘amoeboid’ morphology (right) with rounded cell bodies and sparse processes.
Magnification at 40x.



1.1.2.Distinct Macrophage Subsets within the CNS

Macrophages have significant plasticity and are able to respond to a
variety of environmental cues by altering their phenotype (Mosser & Edwards,
2008). There are two main types of macrophages present in the CNS: the
classically activated (M1) phenotype and alternatively activated (M2) phenotype.
M1 macrophages secrete pro-inflammatory factors such as tumour necrosis
factor (TNF-a), interleukin 1B (IL-1B), and reactive oxygen species (ROS) (Philips
& Robberecht, 2011). The release of pro-inflammatory factors is important for the
phagocytic function of macrophages and its antimicrobial activity (Colton, 2009;
Henkel et al., 2009). The M1 phenotype is also characterized by high levels of
inducible nitric oxide synthase (iINOS) which converts L-arginine to nitric oxide
(NO) and citrulline (Varin & Gordon, 2009). Although NO is important for
protection from invading organisms, high levels of NO can result in mitochondrial

damage, and oxidative and nitrosative damage to cell proteins (Colton, 2009).

M2 macrophages are associated with tissue repair and inhibition of
inflammation (Varin & Gordon, 2009). In order to restore normal tissue
homeostasis, anti-inflammatory cytokines and neurotrophic factors such as
insulin-like growth factor 1 (IGF1) and interleukins 4,10, and 13 (IL-4, IL-10, IL-
13) are secreted by M2 macrophages (Henkel et al., 2009; Philips & Robberecht,
2011). The M2 phenotype is characterized by high Arginase | (Argl) levels which
convert L-arginine to ornithine (Rauh et al., 2005). Ornithine is metabolized and

produces polyamines and proline, which promote tissue repair, collagen



production, cell proliferation and differentiation (Colton, 2009; Varin & Gordon,
2009). Within the M2 phenotype, three subtypes have been identified based on
their gene expression profile and range of functional states (Benoit et al., 2008)
(See Figure 2). The M2a phenotype, induced by IL-4 and IL-13, is involved with
anti-inflammatory cytokine production and tissue repair (Appel et al., 2009;
Colton, 2009). The M2b phenotype is induced by immune complexes and TLRs,
which are important for the detection of bacterial, fungal, and viral structures
(Colton, 2009). The M2b macrophages have an anti-inflammatory effect through
the production of IL-10; however, they also produce modest amounts of pro-
inflammatory cytokines (Appel et al., 2009; Rees, 2010). The M2c phenotype,
induced by IL-10 or transforming growth factor (TGF-B), promotes
immunosuppression and apoptotic cell uptake (Appel et al., 2009; Colton, 2009).
The M2c macrophages also have a reduction in the major histocompatibility
complex (MHC) class Il antigens making them less effective in presenting
antigen to T-cells (Colton, 2009). It is important to note that in an in vivo setting,
macrophages have thousands of different surface receptors and are exposed to
various competing stimuli. Therefore, it is likely that macrophages can display a
range of overlapping phenotypes depending on the concentration and timing of

various signals (Rees, 2010).
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Figure 2. Factors Influencing M2 Macrophages

M2 macrophages can display a wide range of overlapping phenotypes depending on the
timing and concentration of various signals. Three distinct subtypes have been identified
in vitro based on exposure to specific factors. M2a macrophages (left), induced by IL-4
and IL-13, are involved in the production of anti-inflammatory cytokines. M2b
macrophages (centre) are induced by TLRs and immune complexes. They secrete high
levels of IL-10 and have both inflammatory and anti-inflammatory effects. M2c
macrophages (right), induced by IL-10 and TGF-(3, are involved in the down-regulation of
immune responses. See text for details. Adapted from Mantovani et al. (2004).

1.1.3. Factors Influencing Macrophage Phenotypes

A number of factors are involved in inducing different macrophage
phenotypes. IFN-y is a cytokine that induces an M1 phenotype characterized by
the release of pro-inflammatory factors (Dalton et al., 1993). IFN-y is secreted by
natural killer (NK) cells and T helper cells Type 1 (Th1) and is involved in the
initiation of the “killing” phase of macrophage function (Adams & Hamilton, 1987;
Mosser & Edwards, 2008). LPS, a glycolipid that comprises the outer membrane

of Gram-negative bacteria, also activates M1 macrophages inducing the release



of pro-inflammatory cytokines and chemokines (Colton, 2009; Bode et al., 2012).
The LPS binding protein (LBP) and LPS form a high-affinity complex, which can
bind to the TLR4/MD2/CD14 receptor complex on macrophages. This triggers
the oligomerization of TLR4, which results in the activation of downstream

signals and the release of pro-inflammatory factors (Bode et al., 2012).

IL-4 and IL-13 are produced in cellular and humoral responses to
particular pathogens and induce an M2 phenotype (Varin & Gordon, 2009). IL-4
is a cytokine produced by T helper cells Type 2 (Tn2), a subpopulation of CD4* T
cells (Varin & Gordon, 2009). The pathway, induced by IL-4, is dependent upon
the expression of IL-4 receptors where IL-4 is believed to mediate the
heterodimerisation of the IL-4a chain, which is also a component of the IL-13
receptor (Miloux et al., 1997; Murata et al., 1998). The stimulation of M2
macrophages by IL-4 results in the production of anti-inflammatory cytokines,
inhibition of pro-inflammatory cytokine expression, and tissue repair (Varin &
Gordon, 2009). Co-cultures treated with IL-4 were shown to promote an M2
phenotype by enhancing IGF-1 secretion and reducing the release of ROS (Zhao
et al., 2006). IL-4 also controls L-arginine metabolism by increasing Argl activity

(Gratchev et al., 2001).

The mannose receptor (MR;CD206) is a member of the C-type lectin
family which is not expressed on M1 macrophages (Colton, 2009). It is a
phagocytic receptor that is important for the activation of the anti-inflammatory

signalling pathway and the uptake of a range of mannosylated glycoproteins



(Colton, 2009; Varin & Gordon, 2009). IL-4 induces M2 macrophages to increase
MR expression and activity on macrophages (Stein et al., 1992), as well as the
expression of the triggering receptor expressed on myeloid cells 2 (TREM-2)
(Turnbull et al., 2006). TREM-2 is primarily expressed in natural killer and
myeloid cells and is a key regulator of macrophage inflammatory responses in

the CNS (Whittaker et al., 2009; Saijo & Glass, 2011).

IL-10 also induces an M2 phenotype and is involved in tissue remodelling
and the suppression of immune responses. It is important in the resolution phase
of inflammation as it regulates and represses the expression of pro-inflammatory
molecules (Ouyang et al., 2011). IL-10 binds to the IL-10 receptor complex
consisting of IL-10R1 and IL-10R2 which activates STAT3, a key mediator in the
anti-inflammatory response (Bode et al., 2012). IL-10 also increases the

expression of MR in M2 macrophages (Mantovani et al., 2004).

1.2. Phosphoinositides

1.2.1. The Role of Phosphoinositides

Phosphoinositides are phospholipid components of cell membranes that
consist of a glycerol backbone, two fatty acid tails, and a six-sided inositol ring
which can be phosphorylated at the 3, 4, or 5 position (Ooms et al., 2009) (See
Figure 3). These molecules are involved in signalling pathways which regulate
various cellular processes including cell proliferation, differentiation, apoptosis,

and migration (Krystal, 2000; Astle et al., 2007).
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Figure 3. Structure of Phosphoinositides

Phosphoinositides have fatty acid tails allowing them to be anchored to the cell
membrane. They also have an inositol ring which can be phosphorylated at the 3, 4, or 5
positions. When phosphorylated, they act as signaling molecules activating various
downstream proteins and molecules. Adapted from Hawkins et al. (2006).

Phosphatidylinositol (3,4,5)-triphosphate (PIP3) is a key second
messenger which recruits and activates pleckstrin homology (PH) domain-
containing proteins such as the serine/ threonine protein kinase Akt/PKB and the
guanine nucleotide exchange factor, Vav (Rauh et al., 2003). Akt/PKB further
activates downstream proteins such as mammalian target of rapamycin (mTOR)
and plays a role in the activation of macrophages and is involved in promoting

proliferation, cell metabolism, and survival (Lee et al., 2011).



1.2.2. The Regulation of PIP;

PIP3 is regulated by the addition or removal of phosphate groups in the
inositol ring through various enzymes (Hawkins et al., 2006). Phosphoinositide 3-
kinase (PI3K) is an enzyme that synthesizes PIP; by transferring a phosphate
group from ATP onto the substrate P1(4,5)P,. Three classes of PI3K have been
identified according to their structure and function: class I, Il, and Ill. Class |
PI3Ks are divided into Ix and Ig and are believed to preferentially phosphorylate
Pl(4,5)P>to PIP3. PI3Ks are heterodimers that consist of a catalytic subunit
(p110a, p110B, p1108 or p110y) and a regulatory subunit (p50-55, p85, p101 or
p104) (Hawkins et al., 2006). Class | PI3Ks are stimulated through the activation
of various cell-surface receptors including those of growth factors, hormones,
inflammatory stimuli, and neurotransmitters (Hawkins et al., 2006). This
interaction is regulated downstream by the activation of protein tyrosine kinases

and heterotrimeric G-proteins (Hawkins et al., 2006).

There are two major enzymes involved in the de-phosphorylation, and
thus the regulation, of PIP3: phosphatase and tensin homologue deleted on
chromosome 10 (PTEN) and Src homology 2 domain-containing inositol-5’
phosphatase (SHIP). PTEN hydrolyzes the 3 position phosphate from PIP; to
form PI1(4,5)P, and SHIP hydrolyzes the 5-position phosphate from PIP3 to form
PI1(3,4)P, (Ooms et al., 2009; See Figure 4). It is believed that both PIP; and

P1(3,4)P2 are involved in cellular signalling pathways and PI1(3,4)P> may also be

10



involved in the activation of Akt/PKB and other effectors (Hawkins et al., 2006;

Ooms et al., 2009).

RARRRRARRRR
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@ —PI3K— @

<PTEN-
Figure 4. Regulation of PIP;

The second messenger PIP; can be de-phosphorylated by PTEN to form PI1(4,5)P, or by
SHIP1 to form PI(3,4)P, Adapted from Rauh et al. (2003).
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1.3. Src Homology 2 Domain-Containing Inositol-5’
Phosphatase (SHIP1)

1.3.1. The Structure and Function of SHIP1

There are three types of SHIP proteins including SHIP1, SHIP2, and stem-
cell restricted SHIP (sSHIP). SHIP1 is 145kDa protein which suppresses the
activation, proliferation, and survival of hematopoietic cells (Sly et al., 2007).
SHIP1 also has two isoforms with masses of 135kDa and 110kDa, which are
produced through proteolytic degradation from the C-terminal end
(Rohrschneider et al., 2000; March & Ravichandran, 2002). SHIP2 is a 142kDa
homolog of SHIP1 and is expressed in the brain, skeletal muscle, heart,
pancreas, placenta, and hematopoietic cells (Rohrschneider et al., 2000; Ooms

et al., 2009). sSHIP is a 104kDa protein expressed in embryonic stem cells and

11



co-expressed with SHIP1 in hematopoietic stem cells which later disappears with

differentiation (Sly et al., 2007).

SHIP1 has several functional domains which serve as binding sites for
various signalling molecules and proteins (See Figure 5). The N-terminus
contains a Src homology 2 (SH2) domain which preferentially binds to proteins
with specific amino acid sequences which code for immunoreceptor tyrosine
based inhibition motifs (ITIMs) or immunoreceptor tyrosine based activation
motifs (ITAMs). The SH2 domain also binds to tyrosine phosphorylated forms of
several proteins including Shc, SHP-2, and Doks (Damen et al., 1996; Liu et al.,
1997; Sly et al., 2007; Leung et al., 2008). The central portion of SHIP1 contains
an inositol 5’-phosphatase domain which de-phosphorylates the inositol ring of
PIP; at the 5-position. The C-terminus contains two NPXY (asparagine, proline,
any amino acid, tyrosine) motifs and proline-rich sequences. When tyrosine
phosphorylated, the NPXY sequences provide binding sites for proteins with
phosphotyrosine binding (PTB) and SH2 domains (Liu et al., 1997; Damen et al.,
2001). The proline-rich sequences are docking sites for proteins containing an
SH3 domain (March & Ravichandran, 2002). SHIP1 may also have a C2 domain
adjacent to the phosphatase domain at the C-terminus which acts as an allosteric

site to enhance phosphatase activity (Ong et al., 2007).
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Figure 5. SHIP1 Structure

SHIP1 has several functional domains including the SH2 domain, inositol 5’
phosphatase domain, NPXY sequences, and proline rich motifs. It has also been
suggested that SHIP1 has a C2 domain which acts as an allosteric site. Various adaptor
proteins and signaling molecules are able to bind to these sites. Adapted from
Rohrschneider et al. (2000).

1.3.2.SHIP1 Experimental Models

The role of SHIP1 has been studied extensively in various immune cells
including T-cells, B-cells, mast cells and macrophages (Leung et al., 2008).
Various SHIP1-deficient cell lines have been created in order to understand the
mechanism of SHIP1 action. In 1996, several independent groups created SHIP1
knockout (SHIP™) mice (Krystal et al., 1999). Although viable and fertile, the
SHIP” mice had increased numbers of granulocytes and macrophages,
progressive splenomegaly, extramedullary haemopoiesis, osteoporosis, massive
myeloid infiltration of the lungs, and a shortened lifespan (Rauh et al., 2004;
Leung et al., 2008). Since SHIP1 is present in all hematopoietic cells,
understanding the role of SHIP1 in the various immune cells was limited when
SHIP1 was knocked out entirely in SHIP” mice. SHIP” mice were therefore
generated by deleting SHIP1 in specific immune cell types using the Cre-Lox
system (Leung et al., 2008). When the SHIP1 deletion was restricted to the

macrophage-granulocyte lineage, the severity of the myeloid hyperproliferation
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was reduced compared to that in the SHIP” mice suggesting that other cell types
may contribute to the SHIP™ phenotype. Also, since the SHIP1 deletion occurred
only in mature macrophages, myeloid precursors expressing SHIP1 may have
affected the response (Leung et al., 2008). The use of these various
experimental models has expanded the knowledge about the role of SHIP1 in

macrophages.

1.3.3. Mechanism of SHIP1 Activity

SHIP1 is activated by various stimuli including cytokines, chemokines,
growth factors, and oxidative stress (Rauh et al., 2004). Studies have shown that
the phosphatase activity of SHIP1 is not altered by extracellular stimulation by
cytokines such as IL-3, tyrosine phosphorylation, or the binding of peptides to the
SH2 domain (Damen et al., 1996; Phee et al., 2000). Upon stimulation, SHIP1
moves to the plasma membrane, decreasing PIP; levels suggesting that SHIP1
translocates to the plasma membrane where PIP3 is synthesized and where

SHIP1 mobility is restricted (Phee et al., 2000).

Although it is believed that the phosphatase activity of SHIP1 occurs at
sites of PIP3 synthesis, the exact mechanism of how SHIP1 translocates to the
plasma membrane is not clearly understood. Studies have suggested that SHIP1
translocation to the plasma membrane involves direct association with receptor
chains via its SH2 domain or indirect association with adapter proteins (e.g. Shc,
Grb2) and scaffold proteins such as the Grb2-associated binding protein (Gab)

(Kerr, 2011). Studies have shown that the binding of the adaptor protein, Shc, to
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SHIP1 requires both the SH2 and the NPXpY domains of SHIP1 (Liu et al.,
1997). Hematopoietic cell lines transfected with SHIP1 lacking a functional SH2
domain are unable to bind Shc or become tyrosine phosphorylated when
stimulated by IL-3 (Liu et al., 1997). Damen et al. (2001) also found that SHIP™
bone marrow derived mast cells infected with a C-terminally truncated SHIP1
mutant were unable to convert PIP3 to PI(3,4)P> when stimulated, unlike WT-
SHIP1. They also found that this mutant SHIP1 had significantly lower tyrosine
phosphorylation levels compared to WT-SHIP1. This evidence suggests that the
SH2 domain, NPXY domain, and the proline rich C-terminus are required for
tyrosine phosphorylation and the translocation of SHIP1 to the plasma

membrane.

Although SHIP1 has been primarily known for its enzymatic function, it is
also believed to have a “masking function” where it can block recruitment of key
signalling molecules (Kerr, 2011). TREM-2 associates with the adaptor protein
DNAX-activating protein of 12 kD (DAP12) and is involved in the downregulation
of TLR-induced production of inflammatory cytokines in vivo (Peng et al., 2010).
The cross-linking of TREM-2 results in the binding of SHIP1 via its SH2 domain
to DAP12, inhibiting the activation of TREM-2 and DAP12 signalling. When
TREM-2 is cross-linked in SHIP” macrophages, there is an increase in the
recruitment of PI3K to DAP12, suggesting that SHIP1 negatively regulates PI3K
signalling by inhibiting the association between DAP12 and PI3K (Peng et al.,

2010). SHIP1 has also been shown to negatively regulate the tyrosine
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phosphatase SHP-1 recruitment to 2B4, a member of the signal lymphocyte
activation molecule (SLAM) receptors, in natural killer cells (Wahle et al., 2007).
This evidence suggests that SHIP1 can alter downstream signalling through its

“masking function”.

1.4. SHIP1 Involvement in Macrophages

1.4.1.Phagocytosis and Superoxide Production

SHIP1 plays a role in differentiation, phagocytosis, apoptosis, and
production of superoxide and pro-inflammatory cytokines in macrophages.
Phagocytosis and superoxide generation can occur through the PI3K pathway
(Maresco et al., 1999). Fcy receptor (FcyR)lla and FcyRI are the major FcyRs
found on monocytes which contain ITAMs that are involved in the promotion of
phagocytosis (Maresco et al., 1999; Nakamura et al., 2002). Activation of FcyR
results in the recruitment of Syc-family kinases which activate various
downstream targets including PI3K (Okun et al., 2010). SHIP1” macrophages
have been found to have an increase in the rate and extent of FcyR-mediated
phagocytosis; whereas, over-expression of WT-SHIP1 resulted in the inhibition of
phagocytosis (Cox et al., 2000). Phagocytosis is also significantly enhanced in
monocytes only expressing FcyRlla receptors with a dominant-negative form of

SHIP1 (Nakamura et al., 2002).

SHIP1 is activated by binding directly or indirectly to the ITAMs of FcyRs.

Cross-linking of these receptors induces tyrosine phosphorylation of SHIP1 and
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association with the adaptor protein, Shc (Maresco et al., 1999). Phosphorylated
SHIP1 is able to associate with the phospho-ITAM of the FcyRlla-associating y-
chain, or bind indirectly to FcyRlla through Shc, which is involved in SHIP1
tyrosine phosphorylation (Maresco et al., 1999; Nakamura et al., 2002;
Tridandapani et al., 2002). This suggests that SHIP1 is a negative regulator of
phagocytosis through its association with ITAM-containing phagocytic receptors
(Maresco et al., 1999; Nakamura et al., 2002). Although an increase in the FcyR
has been observed in spinal cord tissue of mice that develop similar features to
ALS patients, the association between FCYR expression and disease

progression is unknown (Alexianu et al., 2001; See below for details).

Phagocytosis results in the production of superoxide and inflammatory
cytokines (Ganesan et al., 2006). Superoxide production is catalyzed by NADPH
oxidase and requires the GTPase Rac, which is essential for NADPH oxidase
activation (Ganesan et al., 2006). When SHIP** and SHIP™ bone-marrow
derived macrophages (BMDM) are stimulated resulting in FcyR clustering, SHIP™
BMDM produce a significantly higher amount of superoxide, IL-13, and IL-6
compared to SHIP** BMDM at later time points of phagocytosis (Ganesan et al.,
2006). Nuclear factor (NF)-kB is a transcription factor activated downstream of
the PIP3/PI3K pathway (Lee et al., 2011). NF-kB activation is required for the
induction of various inflammatory cytokine genes during phagocytosis
(Tridandapani et al., 2002). NF-kB-dependent gene transcription is present after

FcyR clustering; however over-expression of WT-SHIP down-regulates gene
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transcription suggesting that SHIP1 negatively regulates NF-kB-dependent gene
transcription (Tridandapani, 2002). SHIP” BMDMs also have significantly higher
Ras activity compared to their WT counterparts suggesting that SHIP1 negatively
regulates Ras activity (Ganesan et al., 2006). During earlier stages of
phagocytosis, however, SHIP” macrophages release lower amounts of reactive
oxygen intermediates (Kamen et al., 2008). This suggests that SHIP1 is both a
positive and negative regulator of superoxide and pro-inflammatory cytokine
production depending on the stage of phagocytosis (Ganesan et al., 2006;

Kamen et al., 2008).

1.4.2. Apoptosis

SHIP1 is also involved in the apoptosis of hematopoietic cells.
Hematopoietic murine cell lines over-expressing WT-SHIP1 had a reduction in
viability compared to their control counterparts (Liu et al., 1997). Also, SHIP1
expressing an inactive SH2 domain had reduced apoptosis and an increase in
viability (Liu et al., 1997). Myeloid cells from SHIP"" mice are resistant to
apoptotic stimuli and exhibit enhanced resistance with the presence of growth
factors (Liu et al., 1999). IL-3 stimulation resulted in enhanced and prolonged
activation and phosphorylation in Akt/PKB and downstream targets in SHIP™
myeloid cells, and increased PIP; levels compared to SHIP** cells (Liu et al.,
1999). This suggests that SHIP1 is a negative regulator of Akt/PKB activation

and myeloid cell survival.
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1.4.3. M2 Macrophage Skewing

SHIP1 is also involved in repressing the activation of M2 macrophages
(Rauh et al., 2005). LPS and IFN-y stimulation of SHIP™" peritoneal macrophages
resulted in a decrease in NO production and a constitutive increase in Argl
activity compared to SHIP** macrophages which increased NO release in a dose
dependent manner (Rauh et al., 2005). These observations demonstrate that
SHIP1 is responsible for increasing NO production and decreasing Argl activity
indicating the involvement of SHIP1 in M1 macrophage skewing. The use of Argl
inhibitors in SHIP” macrophages also significantly increased LPS induced NO
production, but not in SHIP** macrophages, suggesting that these constitutively
high Argl levels are responsible for the low levels of NO production. The

molecular pathways involved in this effect are unknown.

It is important to note that in vitro macrophage colony-stimulating factor
(M-CSF) derived macrophages from SHIP” mice do not express M2 markers or
reduce NO levels (Rauh et al., 2005; Kuroda et al., 2009). This suggests that
extracellular factors are also required for M2 skewing. Researchers have found
that both IL-4, and to a lesser extent IL-13, induce Argl activity in both SHIP**
and SHIP” progenitors and mature macrophages suggesting IL-4 and IL-13
involvement in M2 skewing (Rauh et al., 2005; Weisser et al., 2011). Studies
have shown that Argl activity in SHIP” macrophages significantly increases,
whereas SHIP1 activity in SHIP** macrophages decreases in response to IL-4

(Weisser et al., 2011). Modifications in SHIP1 expression also alter Argl
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expression and thus affect M2 skewing. An over-expression of SHIP1 leads to a
significant decrease in IL-4 induced Argl activity (Weisser et al., 2011). LPS
induced macrophages had increased SHIP1 protein levels compared to
macrophages treated with IL-4 (Weisser et al., 2011). A correlation between
decreased SHIP1 protein levels and increased M2 markers in response to IL-4
treatment was also found in SHIP** macrophages suggesting that SHIP1 is a
negative regulator of Argl activity and IL-4 induced M2 skewing (Weisser et al.,

2011).

The PI3K pathway is also believed to be involved in M2 skewing. In the
presence of PI3K inhibitors, SHIP*'* peritoneal macrophages had reduced Argl
and SHIP1 levels in IL-4 induced macrophages (Weisser et al., 2011). SHIP**
macrophages were also transfected with constitutively active PI3K which had a
dose-dependent increase in Argl levels and activity without LPS stimulation
(Rauh et al., 2005). LPS-induced SHIP” macrophages also resulted in an
enhanced phosphorylation of Akt (Fang et al., 2004; Rauh et al., 2005). These
results suggest that PIP3 is a positive regulator of Argl levels and the M2
phenotype in SHIP” macrophages is associated with the activation of the

PI3K/PIP4/Akt pathway.
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1.5. Amyotrophic Lateral Sclerosis (ALS)

1.5.1.Pathogenesis of ALS

ALS is a progressive neurodegenerative disease characterized by the
degeneration of upper motor neurons in the motor cortex and lower motor
neurons in the brainstem and spinal cord (Ferraiuolo et al., 2011). This leads to
atrophy of skeletal muscles, paralysis, and ultimately death from respiratory
failure (Gowing et al., 2008). The incidence of ALS is approximately 2 per
100,000 individuals and is relatively uniform worldwide (Ferraiuolo et al., 2011).
The mean age of disease onset is between 55-60 years, and the average
survival after symptom onset is between 3-5 years (Ferraiuolo et al., 2011;
Wijesekera & Leigh, 2009). Familial ALS (fALS), refers to an inherited from of
ALS, which is generally transmitted as an autosomal dominant disease and
accounts for 5-10% of ALS patients. Sporadic ALS (sALS) has no clear familial
transmission and accounts for 90-95% of ALS patients (Williams, 1991).
Although there is currently no known causal factors associated with sALS, it is
hypothesized that complex genetic-environmental factors are involved

(Wijesekera & Leigh, 2009).

Although the exact molecular and cellular pathways involved in ALS
remain unclear, there are multiple mechanisms that are believed to be involved.
Oxidative stress, glutamate induced excitotoxity, mitochondrial dysfunction,
impaired axonal transport, neuroinflammation, and protein aggregates are also

believed to play a role in the pathogenesis of ALS (Ferraiuolo et al., 2011). Many
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genetic subtypes have been discovered and have assisted in providing clues

about the pathogenic mechanisms of ALS.

One mutation found in fALS patients is in the Cu®*/Zn?* superoxide
dismutase (MSOD1) which occurs in 20% of fALS patients (Rosen et al., 1993).
This ubiquitously expressed enzyme is involved in the conversion of superoxide
radicals into hydrogen peroxide, which is then converted to H>O by glutathione
peroxidase in the CNS (Reaume et al., 1996; Dringen, 2000). Studies have
shown that the absence of SOD1 does not produce neuronal loss or influence life
span. Since no clinical or pathological features of ALS are observed in mice
lacking SOD1, it is believed that the ALS pathology is due to a gain of function of
mSOD1 which may be due to the misfolding of the protein (Reaume et al., 1996;

Boillée et al., 2006).

The discovery of these SOD1 mutations has lead to the development of
mSOD1 transgenic animal models which have similar clinical and pathological
features to fALS patients (Wong et al., 1995). Although mSOD1 mutations are
not found in SALS patients, or the majority of fALS patients, these forms of ALS
are both clinically and pathologically similar (Wong et al., 1995). This has allowed
researchers to gain a more thorough understanding of the pathogenesis of ALS

(Rosen et al., 1993; Boillée et al., 2006).
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1.5.2. The Role of Microglia in ALS

Microgliosis is a common hallmark in ALS patients and in mSOD1 mouse
models (Ransohoff, 2010). Microgliosis occurs in regions of the brain, along the
corticospinal tract, and in the ventral horn of the spinal cord (Phillips &
Robberecht, 2011). Various studies have examined the role of microglia in ALS
through cell-type specific expression of mSOD1 in microglia and neurons
(Pramatarova et al., 2001; Clement et al., 2003; Beers et al., 2006). Researchers
have shown that mSOD1 expressed in only motor neurons or microglia alters the
onset and progression of neurodegeneration suggesting the involvement of
microglia in ALS (Pramatarova et al., 2001; Beers et al., 2006). In transgenic
mouse models, bone marrow transplants from mSOD1 mouse donors into PU.17"
mice (which prevents mice from producing myeloid or lymphoid cells) do not
induce an ALS-like disease (Beers et al., 2006). mSOD1 expression in neurons
with a high proportion of WT neighbouring non-neuronal cells results in the
reduction in neurodegeneration (Clement et al., 2003). This evidence suggests
that ALS is a non-cell autonomous disease that requires the involvement of both

motor neurons and non-neuronal cells (Henkel et al., 2009).

Studies examining the temporal changes in the CNS of mSOD1
transgenic mice have shown that the number and activation of microglia continue
to increase until the end stage of the disease (Alexianu et al., 2001; Gowing et
al., 2008; Yang et al., 2011). Microgliosis has also been shown to occur prior to

motor neuron loss as well as before clinical disease onset (Hall et al., 1998;
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Alexianu et al., 2001). In order to further understand the role of microglia in ALS,
researchers reduced mSOD1 expression in microglia of mice by 25% (Boillée et
al., 2006b). The Cre-Lox system was used to express Cre recombinase

1937 mice to

selectively in microglia using the promoter for CD11b in LoxSOD
regulate the deletion of SOD1 in microglia. This resulted in a significant increase
in survival mainly due to a slowing in disease progression (Boillée et al., 2006b).
Also, bone marrow transplants in mSOD/PU.17 mice resulting in donor-derived
microglia, also slowed down the progression of the disease suggesting that

microgliosis is not involved in disease onset, but in the progression of the

disease (Beers et al., 2006).

The role of microglia in ALS; however, is complex. A study conducted by
Gowing et al. (2008) demonstrated that the ablation of 50% of microglia in an
mSOD1 transgenic mouse model did not affect neuronal loss. Yang et al. (2011)
also found that the number of activated microglia was only significant at the end
stage of ALS in a transgenic mouse model. These discrepancies may be due to
different experimental designs as well as differences in the roles and numbers of
activated microglial subtypes within the CNS. Although ALS has been
established as non-cell autonomous, the specific role of microglia and the
association between microglial activation and the rate of disease progression in
ALS has yet to be defined. In particular, the role of SHIP1 in microglial activation
in ALS must be addressed in order to gain a more accurate and comprehensive

understanding of how microgliosis influences the pathogenesis of ALS.
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2. Objectives and Hypotheses

2.1 Justification of Research

SHIP1 is a negative regulator of the PI3K pathway and suppresses the
activation, proliferation, and survival of hematopoietic cells (Sly et al., 2007).
Microglia/ macrophages are of hematopoietic origin and microgliosis is a
common hallmark in ALS patients and in mSOD1 mouse models (Ransohoff,
2010). Characterizing and quantifying SHIP1 in microglia/ macrophages in a
murine mSOD1 model will give us a better understanding of the role of microglia/
macrophages and SHIP1 in the pathogenesis of ALS. By further understanding
the role of SHIP1 in the progression of ALS, alterations in SHIP1 expression in
ALS patients could potentially be used to control the number and phenotype of

microglia/ macrophages as a future therapy for ALS patients.
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2.2 Objectives and Hypotheses

1) Objective: To determine whether SHIP1 is present in microglia/

macrophages in the CNS.

Hypothesis: SHIP1 is present in hematopoietic cells. Since microglia/
macrophages are of hematopoietic origin, SHIP1 will be expressed in microglia/

macrophages in the spinal cord.

2) Objective: To determine whether there is a difference in SHIP1
immunoreactivity between mSOD1 mice and controls and whether SHIP1
positive (SHIP1+) staining in microglia/ macrophages is altered throughout the

progression of the murine mSOD1 model.

Hypothesis: An increase in the number of microglia is a hallmark of ALS
and therefore SHIP1+ microglia/ macrophages will be present in mSOD1 mice,
and will increase throughout disease progression as a potential mechanism to

control the growth and survival of microglia/ macrophages.
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3. Methods

3.1. Mouse Model

The transgenic mouse line B6SJL-Tg(SOD1*G93A), and age- and gender-
matched WT control mice were used for this study. The transgenic mouse line
expresses endogenous WT mouse SOD1 as well as over-expresses a mutant
form of human SOD1 (mSOD1) by approximately 25-fold which has a glycine to
alanine substitution (Gurney et al., 1994). The mSOD1 mice develop motor
neuron degeneration which results in muscle atrophy and eventually paralysis in
one or more limbs. The mean survival of mSOD1 mice is 128.9+9.1 days
(Wooley et al., 2005). Although there are differences between humans and mice,
both ALS patients and mSOD1 mice display similar pathological features such as
motor neuron loss and microgliosis (Wong et al., 1995). The animals received
food and water ad libitum and all protocols were approved by the SFU review
committees and in accordance with the guidelines of the SFU Animal Care

Committee and the Canadian Council for Animal Care.
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3.2. Genotyping

3.2.1.DNA Extraction

Ear tissue punches were taken from each mouse in order to determine
whether a mouse had the mSOD1 mutation. The samples were placed in 1.5mL
microcentrifuge tubes filled with 150uL of a Chelex solution consisting of 5%
Chelex in Tris-EDTA buffer (5% w/v; 125uL), Ribonuclease (12.5uL), and
Proteinase K (12.5uL). The tubes were then placed in a 55°C water bath for 15
minutes, vortexed, and then placed back into the bath for another 15 minutes.
The tubes were then incubated in a 100°C water bath for 8 minutes and

centrifuged for 5 minutes at 12,000 RPM to complete the DNA extraction.

3.2.2.Polymerase Chain Reaction (PCR)

PCR was used to amplify DNA in order to differentiate between mice with
and without the mSOD1 gene. 1pL of the extracted DNA from each mouse was
added to a 24pL solution consisting of distilled H>O (17.2uL), 2 primers (0.5uL of
each), MgCl, (0.5uL), dNTPs (2.5 uL), 10x PCR buffer (2.5 uL), and Taq
polymerase (0.3uL) in PCR tubes. The primers included mSOD1 (sense)- CAT
CAG CCC TAATCC ATC TGA and mSOD2 (antisense)- CGC GAC TAA CAA
TCA AAG TGA. 1uL of DNA from a confirmed mSOD1 mouse was used as a
positive control and 1uL of H,O was added to the 24uL solution as a negative
control. The tubes were then placed in the PCR machine (Techne TC-3000). The

cycling protocol was as follows: a 5 minute cycle at 95°C; 30 cycles of 30
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seconds each at 94°C, 56°C, and 72°C; a 10 minute cycle at 72°C. The samples

then remained at 4°C.

3.2.3.Gel Electrophoresis

The presence or absence of the mSOD1 gene was determined by running
a 1% agarose gel electrophoresis. The gel was created by heating a mixture of
distilled H>.O (90mL), 10x Tris-Borate EDTA (10mL), and Agarose (1g) at 250°C
for approximately 8 minutes or until solution was clear. Ethidium Bromide (7.5uL)
was then added to the mixture. The liquid mixture was poured into a gel plate
and set for 30 minutes. The agarose gel was covered with a running buffer
consisting of distilled HoO (712.5mL) and Tris-Borate EDTA (37.5mL). A mixture
of 10uL of the PCR product and approximately 3uL of blue dye were loaded into
the gel lanes. The gel was then run at a constant voltage of 90V for 30 minutes. It
was then placed under a UV light to determine the presence (fluorescent band)

or absence (no band) of the gene coding for mSOD1.

3.3. Tissue Processing

Mice were sacrificed at one of the three time points: 11 weeks
(asymptomatic), 15 weeks (symptomatic) or advanced stage (18 weeks). Mice
were defined as symptomatic when they were unable to splay their hind limbs
outwards when lifted by their tails. Mice were defined as advanced stage when
they exhibited dragging hind limbs or were unable to right themselves after being

placed on their sides (Solomon et al., 2006). There were 3 mSOD1 mice in each
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category and each mouse was paired with an age- and gender-matched control.
Mice were sacrificed using a blend of CO, and O, and were immediately
perfused transcardially with 30mL of 1% phosphate buffered saline (PBS;
pH=7.4) and then 30mL of 4% paraformaldehyde (PFA; pH=7.0). The brain and
spinal cord were carefully removed and fixed overnight in 4% PFA at 4°C. They
were then dissected from the skull and vertebrae and placed in a sucrose

solution (20% sucrose w/v in 1x PBS) overnight for cryoprotection.

3.4. Immunohistochemistry (IHC)

3.4.1.Cryosectioning

The spinal cord was transversely cut into three sections: cervical, thoracic,
and lumbar, and encased in TissueTek O.C.T. medium in order to preserve it.
The spinal cord and brain were stored at -80°C until further analysis. The lumbar
cord was then sliced transversely into 30um sections using the Leica CM1900
UV Cryostat. The block temperature and chamber temperature were set between
-11°C to -13°C, and -14°C to -16°C, respectively. Every 5" lumbar section was
collected, stored and suspended in 1.5mL microcentrifuge tubes of De Olmos at

-20°C.

3.4.2.Immunofluorescense
The lumbar sections were suspended in a 0.3% Triton-X solution with PBS
(PBST). They were then incubated in six-well cell culture plates for 10 minutes in

an EDTA-Antigen retrieval buffer at 100 °C, which uncovers any hidden antigenic

30



sites. The sections were then incubated in a blocking solution (25% NDS + 3%
BSA in PBST) at room temperature (RT) for 1 hour to reduce background and
unspecific staining. The sections were then incubated in primary antibody

overnight at 4°C and then in secondary antibody for 2 hours at RT.

In order to detect SHIP1+ cells, antibody to the C-terminus of SHIP1
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) was used and
microglia/macrophages were detected using an antibody to the ionized Ca?*-
binding adapter molecule 1 (Ibat; 1:1000; Wako, Richmond, VA), which is
specific to microglia and macrophages. The secondary antibodies used for
SHIP1 and the microglia/ macrophages were either the Cy3 conjugate or
Alexafluor568-conjugated donkey anti-goat IgG (1:1000; Molecular Probes,
Eugene, OR) and Alexafluor488-conjugate goat anti-rabbit IgG (1:800; Molecular
Probes), respectively. The stained sections were slide mounted and air dried.
They were then covered with Vectashield mounting medium, which contained the
nuclear dye, DAPI, and were then coverslipped. Negative controls were also
created by only incubating sections in 2° antibodies to ensure that no unspecific
labelling was present. Previous experiments conducted in our lab by Dr. Coral-
Ann Lewis demonstrated that WT BMDMs stimulated with LPS expressed SHIP1
whereas SHIP” BMDMs did not have any SHIP1 labelling suggesting that the

SHIP1 antibody is specific for SHIP1.
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3.5. Image Analysis

The lumbar spinal cord sections were analyzed using a Leica DM4000B
epifluorescence microscope. Images were captured with a Leica DFC 350FX
camera and Leica Application Suite software. The ventral horn of five sections
from each mSOD1 and control mouse were analyzed by counting the number of
microglia/ macrophages and the number co-labelled with SHIP1 at a
magnification of 10x. The ventral horn was defined by a 90° angle extending
laterally from the central canal and vertically through the ventral median fissure to
the outermost point of each section (See Figure 6). The cells were manually
counted in both the grey and white matter. Microglia/ macrophages were
identified through Iba1 labelling in the spinal cord. In order to ensure proper
identification of cells, microglia/ macrophages were identified based on their
morphological appearance as defined by Vallieres and Sawchenko (2003). The
nuclear dye, DAPI, was also used to ensure proper identification of microglia/
macrophages. Cells that were co-labelled with both Ibal and SHIP1 antibodies

were deemed as SHIP1+ cells.

3.6. Statistical Analysis

The average number of microglia/ macrophages and SHIP1+ cells were
evaluated in the grey and white matter of the ventral horn. The average number
of cells in each group was determined by counting 5 sections per mouse. Earlier

work has shown that 5 sections that are separated by at least 150um
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demonstrate reliable cell counts (Solomon et al., 2006). Paired T-tests were used
in order to determine whether there was a difference in SHIP1 and macrophage/
microglial expression between control and mSOD1 mice at the three time points.
A one-way ANOVA test, followed by a Tukey Post Hoc Test was used to
determine whether there was a significant difference in SHIP1 expression in
mSOD1 mice at the 3 different time periods. Significance was defined as a P-
value of less than 0.05. SPSS Statistics 19 Software was used for statistical

analysis.
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White matter Dorsal horn

Gray matter

Central canal Ventral horn

Figure 6.  Defining the Ventral Quadrant

The ventral quadrant is defined as extending a line laterally through the central canal
and vertically through the ventral median fissure extending to the outermost area of each
section (red outline). The bottom image is labeled with the Iba-1 antibody which is
specific to microglia and macrophages.
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4. Resulis

4.1. mSOD1 Microglia/ Macrophage Immunoreactivity

In order to quantify microglia/ macrophage numbers during disease
progression, the ventral horns of lumbar spinal cords were examined from
mSOD1 mice at three different time points: 11 weeks (n=3), 15 weeks (n=3), and
18 weeks (n=3). The sections were labelled with anti-lbal antibody and stained
with the nuclear dye DAPI to ensure proper microglial/ macrophage identification.
The sections were analyzed under an epifluorescence microscope at a
magnification of 10x. There was a significant increase in the number of cells in
mSOD1 mice compared to the WT control mice at all three time points (p<0.05)
(See Table 1). The number of microglia/ macrophages also significantly
increased in mSOD1 mice throughout disease progression (p<0.05) (See Figure
7). There was no change in microglia/ macrophages numbers with age in control

mice over this age range.
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Figure 7. Characterization of Microglia and Macrophages in mSOD1 Mice

Macrophage and microglial immunoreactivity in an mSOD1 mouse at 11 weeks (A), 15
weeks (B), 18 weeks (C), and a control mouse at 18 weeks of age (D). Macrophage and
microglial numbers significantly increase throughout disease progression in the ventral
quadrant of lumbar spinal cord sections (p<0.05). Microglial activation is more prominent
in the ventral horn where the motor neurons are located, compared to dorsal grey matter
and white matter regions. Magnification at 4x.
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Table 1. Mean Number of Microglia/ Macrophages and SHIP1+ Cells in the
Ventral Quadrant

Asymptomatic Symptomatic Advanced
(n=6) (n=6) (n=6)
Control mSOD1 Control mSOD1 Control mSOD1
(n=3) (n=3) (n=3) (n=3) (n=3) (n=3)

Iba1+ cells " 4 "

144.9+3.3 226.5+0.8*" 157.3+2.3 341.7+23.4* 142.7+3.5 426.5+5.2*
(mean+SEM)
SHIP1+ cells " ot ot
(mean+SEM) 0 5.3+1.9 0.3:0.2  156.245.2 0.3+0.3  271.5+9.3

A significant increase in the number of microglia/ macrophages was observed between
mSOD1 and control mice at all 3 time points (Paired T-test; p<0.05). A significant
increase in the number of microglia/ macrophages was also observed at all 3 time points
of disease progression (ANOVA; p<0.05"). There was a significant difference in SHIP1+
cells between controls and mSOD1 mice at symptomatic and advanced stages (Paired
T-test; p<0.01**).The number of SHIP1+ cells also continued to increase throughout
disease progression (ANOVA; p<0.001%#).

4.2. SHIP1 Immunoreactivity in Microglia and
Macrophages

4.2.1.SHIP1 Immunoreactivity Is Present in the CNS

In order to determine whether SHIP1 is expressed in microglia/
macrophages in the CNS of mice, lumbar spinal cord sections of both WT and
mSOD1 mice were labelled with anti-SHIP1 and anti-lba1 antibodies. Co-
labelling of anti-SHIP1 and anti-lba1 antibodies was evident at all three stages of
disease progression suggesting that SHIP1 is expressed in microglia/

macrophages in the CNS (See Figure 8). SHIP1 immunoreactivity was minimal in
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WT mice (See Figure 9). Furthermore, essentially no cells were SHIP1+ that did

not express lbai.

4.2.2. SHIP1 Immunoreactivity in Controls and mSOD1 Mice

SHIP1 immunoreactivity varied throughout the different stages of disease
progression (See Table 1). No specific SHIP1+ staining was seen in WT controls.
At 11 weeks, when mice were asymptomatic, minimal SHIP1+ staining was
observed in mSOD1 mice (n=3) where 5.3 £ 1.9 SHIP1+ cells (mean + SEM)
were seen. Although SHIP1 immunoreactivity was evident in the mSOD1 mice at
11 weeks, there was no significant difference between WT and mSOD1 mice
(p>0.05), likely due to the relatively large SEM. At 15 weeks, when mSOD1 mice
were symptomatic, there was a significant increase in SHIP1 immunoreactivity in
microglia/ macrophages (156.2 £ 5.2, n=3) compared to WT mice (p<0.01). At 18
weeks, when mice reach advanced stages of disease, the number of SHIP1+
microglia/ macrophages continued to increase (271.5 £ 9.3, n=3), with a
significant difference between WT and mSOD1 mice (p<0.01). There was no

difference in SHIP1 immunoreactivity between WT mice at any time point.

4.2.3.SHIP1 Immunoreactivity throughout Disease Progression

SHIP1 immunoreactivity was evident at all three stages of disease
progression in mSOD1 mice (See Figure 10) and significantly increased
throughout disease progression at all 3 time points (p<0.001; See Figure 11).

During the asymptomatic stage, the mean number of SHIP1+ cells was 5.3+1.9
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(n=3). During the symptomatic stage, the number of SHIP1+ cells increased
substantially by nearly 30-fold. By advanced stage, there was a 1.7-fold increase

in SHIP1+ cells compared to symptomatic mice (15 weeks).

In order to further analyze SHIP1 expression, the percentage of microglia/
macrophages that were SHIP1+ was calculated. There was a significant increase
in the percentage of SHIP1+ cells throughout disease progression (p<0.01; See
Figure 12). At 11 weeks, 2.4+0.8% of microglia/ macrophages were labelled as
SHIP1+. At both 15 weeks and advanced stage, the percentage of SHIP1+ cells
continued to increase to 46.0+2.7% and 63.7+1.8%, respectively. A positive
correlation between Ibal and SHIP1 immunoreactivity in mSOD1 mice was also
observed (p<0.01; r=0.975; See Figure 13). SHIP1 immunoreactivity was also
analyzed in the grey and white matter (See Table 2). There was an increase in
SHIP1 immunoreactivity in both the grey and white matter throughout disease

progression (ANOVA; p<0.05).
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Figure 8. SHIP1 and Iba1 Co-labelling

Co-labelling of anti-lba1 (top) and anti-SHIP1 (centre) antibodies in the ventral quadrant
of a lumbar spinal cord section at 15 weeks. The nuclear dye, DAPI, (not shown above
for clarity) was also used to identify individual cells. Magnification at 10x.
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Figure 9.  SHIP1 Immunoreactivity in Control Mice

There was no specific SHIP1 labelling in control mice at 11 weeks (A), 15 weeks (B) or
advanced stage (C). Magnification at 4x.
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Figure 10. Co-labelling of SHIP1 and Iba1 in Mice

SHIP1 (p<0.001) and Iba1l immunoreactivity (p<0.05) significantly increase in the ventral
quadrant of lumbar spinal cord sections of mSOD1 mice at 11 weeks (A-C), 15 weeks
(D-F), and advanced stage (G-1) of disease progression. Age-matched control at
advanced stage (J-L). Magnification at 4x.
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Figure 11. SHIP1 Expression at Three Time Points

The number of SHIP1+ cells was consistent across the control mice at all three time
points. In the mSOD1 mice, the number of SHIP1+ cells increased throughout disease
progression (p <0.001). Error bars display SEM.
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Figure 12. Percentage of Microglia and Macrophages that are SHIP1+

There was a significant increase in the percentage of SHIP1+ microglia/ macrophages
throughout the progression of the disease (p<0.01). Error bars display SEM.
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Figure 13. Number of Microglia/ Macrophages and SHIP1+ Cells in mSOD1
Mice

As the number of microglia/ macrophages increased, the number of SHIP1+ cells

increased. There was a positive correlation between the number of microglia/

macrophages and SHIP1+ cells (p<0.01; r=0.975). Error bars display SEM; however due
to the small SEM, some values are not distinguishable on the graph.
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Table 2. Iba1 and SHIP1 Immunoreactivity in Grey and White Matter

Asymptomatic

Symptomatic

Advanced stage

(n=3) (n=3) (n=3)
Ibai+ Cells 128.6+2.8 225 6+13.9 279.0+1.8
Grey SHIP1+ Cells 4.7+1.6* 132.145.3" 186.5+3.6"
% of SHIP1+ 3.6+1.3% 58.9+3.7% 66.9+1.3%
Cells
Ibai+ Cells 97.9+2.1 116.1+10.5 147.5+7.0
White  SHIP1+ Cells 0.7+0.3* 24.142.7* 85.0+6.9*
% of SHIP1+ 0.7+0.3% 20.7+0.4% 57.5+2.9%

Cells

The number of SHIP1+ cells in the grey and white matter of mSOD1 mice increased

significantly throughout disease progression (ANOVA; p<0.05%).
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5. Discussion and Conclusion

ALS is a neurodegenerative disease that results in motor neuron loss in
the CNS. This debilitating disease leads to paresis and eventually paralysis and
death within 3-5 years of symptom onset (Ferraiuolo et al., 2011). Microgliosis is
a common hallmark observed in the CNS of both animal models and ALS
patients (Alexianu et al., 2001; Henkel et al., 2004; Yang et al., 2011). Although
neuroinflammation and proinflammatory factors have been detected in the CNS,
little is known about how microglia/ macrophages are involved in neuronal loss in

ALS or in murine models of ALS.

SHIP1 is an enzyme that negatively regulates the activation and survival
of hematopoietic cells by hydrolyzing the 2" messenger, PIPs, to PI(3,4)P, (Sly
et al., 2007; Ooms et al., 2009). This research was conducted in order to
determine the presence of SHIP1 in microglia/ macrophages in the CNS and
observe any changes in SHIP1 immunoreactivity throughout disease
progression. This information is important to further understand the contribution

of microglia/ macrophages to the pathogenesis of ALS.
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5.1. Microglia and macrophage expression increases
with disease progression

Changes in microglial/ macrophage number and activation throughout the
progression of ALS have been examined in previous studies (Alexianu et al.,
2001; Graber et al., 2010; Yang et al., 2011). In the current study, the number of
microglia/ macrophages in the ventral quadrant of the spinal cord was
significantly higher in mSOD1 mice compared to WT mice at all three time points.
This observation is consistent with previous studies that found significant
increases in microglial number and mRNA expression of cell surface markers for
microglia/ macrophages in mSOD1 murine models and human ALS post-mortem

spinal cord tissue (Yoshihara et al., 2002; Henkel et al., 2004; Beers et al., 2011).

In this study, Ibal immunoreactivity in microglia/ macrophages in the
ventral quadrant of mSOD1 mice also increased significantly throughout disease
progression, which is consistent with previous research (Alexianu et al., 2001;
Yang et al., 2011). The involvement of microglia in ALS is still largely unknown;
however, various elegant studies have demonstrated that mSOD1 microglia/
macrophages are involved in neuronal loss, supporting the view that ALS is a
non-cell autonomous disease. Chimeric mSOD1 mice expressing mSOD1 in
neurons and having both WT SOD1 and mSOD1 in non-neuronal cells had
reduced neurodegeneration compared to mice having both neuronal and non-
neuronal cells expressing mSOD1 (Clement et al., 2003). The addition of WT

microglia to mSOD1/PU.1" mice also reduced motor neuron loss and increased
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survival compared to mSOD1/PU.17" with microglia expressing mSOD1
suggesting that microglia/ macrophages play a role in the pathogenesis of ALS
(Beers et al., 2006). Furthermore, microglial aggregates were observed near
neuronal cell bodies in the spinal cord of mouse models and post-mortem human
ALS tissue suggesting microglial involvement in motor neuron loss. (Alexianu et

al., 2001; Henkel et al., 2004; Sanagi et al., 2010).

5.2. SHIP1 immunoreactivity is present in microglia and
macrophages in the CNS

In order to further understand the role of microgliosis in ALS, SHIP1
immunoreactivity was examined in spinal cord microglia/ macrophages. SHIP1
expression has been previously identified in hematopoietic cells including B-cells,
T-cells, mast cells, and various tissue macrophages (Leung et al., 2008).
Microglia, the resident macrophages of the CNS, are also of hematopoietic origin
and share similar characteristics to various tissue macrophages in the body
(Mosser & Edwards, 2008). It was therefore hypothesized that SHIP1 would be
expressed in microglia/ macrophages in the CNS although there is no previous
study that has yet demonstrated this finding. In this study, co-labelling of anti-
SHIP1 and anti-lba1 antibodies was achieved through IHC to analyze SHIP1
expression in the ventral quadrant of the lumbar spinal cord in mSOD1 and WT
mice. My results show that SHIP1 immmunoreactivity is present in spinal cord
tissue from mSOD1 mice, but there is limited labelling in WT spinal cord tissue.

Furthermore, the number of SHIP1+ cells increases with disease progression. As
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previous work has shown that SHIP1 immunoreactivity is restricted to
hematopoetic cells, it was suspected that SHIP1 immunoreactivity would be
restricted to microglia/ macrophages in the CNS (Sly et al., 2007; Leung et al.,
2008). Consistent with this view, | found that all SHIP1+ cells also expressed
Iba1, a microglia and macrophage-specific antigen (Imai et al., 1996). As
previous work has clearly shown SHIP1 immunoreactivity in hematopoetic cells,
the cell labelling | observed is specific for SHIP1. It is important to note that T-
cells have also been observed in the spinal cord of mMSOD1 mice and may also
express SHIP1 (Alexianu et al., 2001). Although this was not examined in the
current study, future studies should evaluate SHIP1 distribution and expression

within T-cells.

5.3. SHIP1 immunoreactivity is greater in mSOD1 mice
and increases throughout disease progression

My results showed a significant increase in SHIP1+ cells in mSOD1 mice
at both 15 weeks and advanced stage compared to the WT controls. A significant
increase in SHIP1+ cells was also found in mSOD1 mice throughout disease
progression. The observation of an increase in SHIP1+ cells in mSOD1 mice
raises the related questions of why SHIP1 expression should be increased and
what the consequences of this increase will be in this murine model. SHIP1 is
activated by various stimuli including cytokines, chemokines, growth factors, and
oxidative stress (Rauh et al., 2004). Altered cytokine and chemokine expression

has been observed in the spinal cord tissue of both ALS patients and mSOD1
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animal models (Yoshihara et al., 2002; Henkel et al., 2004; Takeuchi et al., 2010;
Beers et al., 2011) and | hypothesize that this elevation in cytokine and
chemokine expression results in increased SHIP1 immunoreactivity. An increase
in mMRNA expression of pro-inflammatory cytokines and chemokines including
TNF-a, IFN- y, M-CSF, and monocyte chemotactic protein-1 (MCP-1) have also
been observed in human ALS and mSOD1 mouse spinal cord tissue throughout
disease progression (Henkel et al, 2004; Takeuchi et al., 2010; Beers et al.,
2011). M-CSF is involved in the differentiation of most tissue macrophage
populations (Ginhoux et al., 2010). MCP-1 is a chemoattractant that is involved in
the recruitment of monocytes towards areas of injury and inflammation
(Yoshihara et al., 2002; Henkel et al., 2004) and thus, if these cytokines are
released in mSOD1 CNS tissue, it is possible that they could also act to attract

monocyte entry into the CNS and microglial proliferation.

In the current study, a significant increase in microglia/ macrophage
number was observed in mSOD1 spinal cord tissue beginning at the
asymptomatic stage until advanced stages, which is consistent with previous
studies (Hall et al., 1998; Alexianu et al., 2001). SHIP1 immunoreactivity also
continued to increase throughout disease progression. Microglia/ macrophages
are involved in the secretion of pro-inflammatory factors and have been shown to
express significantly increased levels of pro-inflammatory cytokines including
TNF-a and IFN- y in mSOD1 murine models during the asymptomatic stage and

throughout disease progression (Yoshihara et al., 2002; Henkel et al., 2009;
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Takeuchi et al., 2010). This observation suggests that microglia/ macrophages
are involved in the release of these pro-inflammatory factors throughout disease
progression, and | hypothesize that the increased cytokine release from
microglia/ macrophages assists in the activation of SHIP1. Future studies should
examine cell-type specific release of pro-inflammatory cytokines and chemokines

throughout disease progression.

In my study, although SHIP1 immunoreactivity was detected in
asymptomatic mSOD1 mice, a significant increase was only observed in CNS
tissue of symptomatic and advanced stage mice. This means that the significant
increase in microglia/ macrophages precedes the increase in SHIP1
immunoreactivity. This increase in SHIP1 immunoreactivity at the symptomatic
stage may, in part, be due to an increase in microglia/ macrophage number
resulting in an increase in cytokine and chemokine production; however, it is
likely that other factors, such as ROS, may play a role in the activation of SHIP1
in microglia/ macrophages. It is also possible that the expression of SHIP1 in
individual cells is present at lower levels during the asymptomatic stage and
increases with disease progression. This can be reflected by an increase in the
immunofluorescence of SHIP1 throughout disease progression observed in the

mSOD1 spinal cord sections.

The progressive increase in SHIP1 immunoreactivity in the microglia/
macrophages of mSOD1 mice may have several benefits or consequences in

disease progression. An increase in SHIP1 expression in microglia/
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macrophages suggests a decrease in PI3K mediated signalling pathways;
however, the role of PI3K in disease pathology is unclear. Several studies have
found an association between microglial activation and progression of the
disease (Alexianu et al., 2001; Graber et al., 2010) and in the current study, a
strong correlation between SHIP1 and microglia/ macrophage expression was
observed in the mSOD1 mice. This suggests that SHIP1 may play a role in
disease progression; however, it is unclear whether SHIP1 has a neuroprotective

or neurodegenerative role in the pathogenesis of ALS.

Various studies have demonstrated SHIP1’s involvement in hematopoietic
cell apoptosis, phagocytosis, and macrophage phenotype skewing; therefore,
SHIP1 may play a similar role in microglia/ macrophages in the CNS of mSOD1
mice (Liu et al., 1997; Cox et al., 2000; Nakamura et al., 2002; Rauh et al.,
2005). SHIP1 is a negative regulator of FcyR phagocytosis. In my study, a
significant increase in SHIP1 expression at 15 weeks and advanced stage was
observed suggesting a decrease in FcyR-mediated phagocytosis. Various
studies have demonstrated the involvement of FcyR expression in microglia/
macrophages in neurodegenerative diseases including Parkinson’s Disease
(PD), Alzheimer’s Disease (AD), and Multiple Sclerosis (MS) (Okun et al., 2010).
An increase in FcyR expression may have a neuroprotective role in AD through
the clearance of AB deposits; whereas it may be involved in inducing lesions in
the substantia nigra in PD (Bard et al., 2000; He et al., 2002). FcyR is up-

regulated in mSOD1 mice, and increases throughout disease progression;
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however, it is unclear whether an increase in phagocytic function would be
beneficial or detrimental to ALS progression (Alexianu et al., 2001). Further

research is required to assess the role of FcyRs in ALS.

SHIP1 is also involved in the negative regulation of cell survival. The over-
expression of WT SHIP1 results in a reduction in cell viability (Liu et al., 1997). In
the current study, a progressive increase in SHIP1 expression was observed;
however, the number of microglia/ macrophages continued to increase
throughout disease progression. This raises the question of whether mSOD1
microglia/ macrophages have an altered function compared to WT microglia/
macrophages. Studies have shown that the presence of WT microglia in mSOD1
mice slows down disease progression (Clement et al., 2003; Beers et al., 2006).
In vitro, WT microglia release lower levels of neurotoxins and induce less
neuronal death compared to mSOD1 microglia suggesting mSOD1 microglia are
functionally abnormal (Wedyt et al., 2004; Beers et al., 2006). Due to such
differences between WT and mSOD1 macrophages, | hypothesize that although
SHIP1 is expressed in the microglia/ macrophages of mSOD1 mice, either other
factors are involved in determining microglial/ macrophage survival or there is an
impairment in signal transduction pathways in mSOD1 microglia/ macrophages.
SHIP1 expression may also be elicited secondary to cytokines or other pro-
inflammatory stimuli. Recent work has shown that the TAR DNA-binding protein
43 (TDP43), a protein found in inclusions of some ALS patients, leads to the

overproduction of pro-inflammatory cytokines and neurotoxic mediators (Swarup
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et al., 2011). Treatment with an inhibitor of NF-kB to mice over-expressing
TDP43 lead to an improvement of neuromuscular function in these mice. Further
research must be conducted in order to provide additional insight into the
mechanisms of the involvement of SHIP1 in the apoptosis of microglia/

macrophages in the mSOD1 model or other models of ALS.

SHIP1 is also believed to be involved in repressing the activation of M2
macrophages (Rauh et al., 2005). LPS-induced SHIP” macrophages derived
from mice have decreased levels of NO and an increase in Argl activity
compared to WT macrophages, which is typical of an M2 phenotype (Rauh et al.,
2005). M2 skewing is also believed to be associated with the PISK/PIP; pathway
(Fang et al., 2004; Rauh et al., 2005). An increase in the activity of the
downstream protein mTOR has been shown to bias macrophages to an M2
phenotype (Rees, 2010). The PI3K pathway enhances mTOR activity suggesting
that SHIP1 is involved in negatively regulating M1 macrophage skewing (Rees,

2010).

In the current study, there was a significant increase in SHIP1
immunoreactivity throughout disease progression suggesting that the microglia/
macrophages are skewed towards an M1 phenotype in the mSOD1 mouse
model. Human ALS spinal cord tissue and mSOD1 animal models have an
increase in the gene expression and levels of pro-inflammatory factors including
TNF-a, IFN-y, and NADPH oxidase complex (NOX2), which are characteristic of

M1 macrophages (Hensley et al., 2003; Chen et al., 2004; Henkel et al., 2004;
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Beers et al., 2011). LPS-induced stimulation of SHIP" cells also results in a
decrease in TNF-a compared to WT cells (Fang et al., 2004). The ratio of IL-4 to
TNF-a and IFN-y is significantly lower in mSOD1 mice compared to WT mice
suggesting a decrease in anti-inflammatory factors in the mSOD1 mouse model
(Takeuchi et al., 2010). Based on the evidence above, | hypothesize that the
increase in SHIP1 expression aids in maintaining an M1 phenotype in microglia/
macrophages resulting in the increase of pro-inflammatory factors in an mSOD1

mouse model of ALS.

Studies have also found that pro-inflammatory factors are involved in
neuronal loss. LPS activated microglia reduce motor neuron survival; whereas,
the anti-inflammatory cytokine IL-4 protects them (Zhao et al., 2006). In vitro
derived mSOD1 microglia co-cultured with primary motor neurons also induce
more neuronal death compared to WT microglia (Beers et al., 2006). |
hypothesize that the combination of the cytotoxic potential of mSOD1 microglia/
macrophages and an increase in SHIP1 expression results in a shift towards an
M1 phenotype resulting in an increase in pro-inflammatory factors and potentially
neurodegeneration in the mSOD1 murine model. Reducing SHIP1 expression in
the microglia/ macrophages of mSOD1 mice could potentially skew them towards
an M2 phenotype which could reduce pro-inflammatory factors and increase

neuroprotective effects in ALS patients.

In my study, an increase in the percentage of SHIP1+ microglia/

macrophages was observed in both the grey and white matter throughout

56



disease progression. This raises the question of why only certain microglia/
macrophages express SHIP1, and whether this difference in SHIP1
immunoreactivity may be due to phenotypic differences between microglia and
macrophages. Recent studies have suggested that microglia and macrophages
display different markers in their M1 and M2 phenotype (Durafourt et al., 2012).
For instance, one in vitro study found that M2 treatment of microglia did not
induce MR expression; whereas MR expression was observed in blood-derived
macrophages (Durafourt et al., 2012). This is consistent with a study that found
MR expression only within perivascular macrophages in the CNS of mSOD1
mice (Lewis et al., 2009). Further research should be conducted in order to
determine whether SHIP1 is more likely to be expressed in either microglia or
macrophages, and whether SHIP1+ cells are more likely to characterize an M1 or

M2 phenotype.

It is important to note that the timing, concentration, and synergistic effects
between extracellular factors play a role in determining the microglia/
macrophage phenotype. One study found that a combination of TNF-a, IL-6, and
IFN-y stimulation amplified nitrite release from macrophages compared to TNF-a
stimulation alone (Hensley et al., 2003). Another study found that motor neuron
survival was significantly higher in motor neuron and macrophage cell cultures
treated with IL-4 first and then LPS, instead of vice-versa (Zhao et al., 2006).
Also, SHIP™ in vitro derived macrophages did not skew to an M2 phenotype

unless mouse plasma was added (Rauh et al., 2005). Further research is
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required to determine how different concentrations, the order in which factors
stimulate macrophages, and extracellular interactions influence SHIP1

expression and the microglial/ macrophage phenotype in vivo.

5.4. Future Research

From the research that | have conducted, it is evident that there is an
increase in SHIP1 expression throughout disease progression. In order to
continue to understand the role of SHIP1 in ALS, it is important to further
characterize SHIP1 expression by performing Western blot and RT-qgPCR
experiments to examine both the protein and gene expression of SHIP1. Murine
models with altered phenotypes must also be examined. Although it has been
proven to be somewhat challenging to breed mSOD1/SHIP™ mice, these
transgenic mice should be studied in order to determine how microglial/
macrophage expression is altered in the absence of SHIP1. | hypothesize that an
increase in the number of microglia/ macrophages in mSOD1/SHIP™ mice would
suggest that SHIP1 is involved in suppressing microglial/ macrophage activation,
proliferation, and survival in an mSOD1 mouse model of ALS. If this is the case,
further research should be conducted to determine whether microglia/
macrophages in mSOD1/SHIP” mice express M2 markers and whether this
reduces neuroinflammation and neuron loss. FcyR expression should also be
examined to determine whether it has a neuroprotective or neurodegenerative

role in ALS. If, however, the number of microglia/ macrophages in mSOD1/SHIP”
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"is not altered, this suggests that SHIP1 may have a different function in mSOD1

mice. Levels of PI3K activity, PIP3, and downstream molecules should be
examined to determine whether SHIP1 expression in mSOD1 mice correlates to
a decrease in PI3K activity and PIPslevels. This will also help to determine if
there are impairments in the PI3K/PIP3 signal transduction pathway in mSOD1

mice.

SHIP1 expression in chimeric mSOD1 mice with WT microglia/
macrophages should also be examined to determine whether SHIP1 in WT and
mSOD1 microglia is expressed to the same extent. Several studies have shown
that the presence of WT microglia in mSOD1 mouse models slows down disease
progression; therefore, there is reason to believe that there may be differences in
SHIP1 expression between WT and mSOD1 microglia/ macrophages (Clement
et al., 2003; Beers et al., 2006). Also, SHIP1 immunoreactivity was only present
in a certain percentage of microglia/ macrophages. Identifying markers to
differentiate between macrophages and microglia, and an M1 and M2 phenotype
would give further insight as to whether SHIP1+ cells have a unique phenotype

compared to cells that do not express SHIP1.

Finally, in vitro experiments on the interactions between pro-inflammatory
and anti-inflammatory stimuli, and their influence on microglial/ macrophage
skewing and SHIP1 expression should also be examined to mimic in vivo

settings. Further analysis will allow researchers to discover an optimal level of
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SHIP1 expression to maximize its function as a potential therapeutic strategy in

ALS.

5.5. Limitations

Due to differences between mice and humans, caution should be used
when extrapolating data from mice to humans. mSOD1 murine models represent
patients with fALS, whereas most ALS patients (90-95%) have sALS. It is
therefore difficult to determine whether these results will translate to sALS
patients (Philips & Robberecht, 2011). Mice also express different cell-surface
markers compared to humans and sometimes have different responses to
various signals. For example, mice only express one form of the FcyRII, whereas
humans express two functionally different forms (Tridandapani et al., 2002). Also,
in humans, M-CSF leads to the development of M2 macrophages; whereas GM-
CSF leads to an M1 phenotype. In the murine model, GM-CSF leads to an
increase in Argl levels, which is characteristic of an M2 phenotype (Weisser et
al., 2011). Finally, ALS patients usually have the disease long before treatment
has started (Philips & Robberecht, 2011). When determining whether SHIP1 can
be altered to slow down disease progression, it is important to alter and analyze
protein levels at the symptomatic and advanced stages rather than the
asymptomatic stage in order to more closely parallel disease progression in

humans.
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5.6. Conclusion

In conclusion, the present research examined the changes in SHIP1
immunoreactivity in microglia/ macrophages in the CNS of mSOD1 mice. This
study demonstrated that co-labelling of SHIP1 and Iba1 was evident at all stages
of disease progression and was not observed in the absence of the primary
antibody or in WT mice. SHIP1 was highly expressed in mSOD1 mice at
symptomatic and advanced stages and correlates with microgliosis in the CNS
suggesting its involvement in the progression of the disease. SHIP1
immunoreactivity was present in only a percentage of microglia/ macrophages;
therefore it is crucial to understand why only certain cells have the ability to
express SHIP1, and whether this is due to microglia/ macrophages having
different phenotypes. This will give researchers a further understanding of the
different types of microglia and macrophages in the CNS and how they influence

disease progression.

At this point, it is unclear whether SHIP1 expression in mSOD1 mice has a
neuroprotective or neurodegenerative role in ALS; however, the increase in
SHIP1 expression in the CNS suggests a role for SHIP1 in ALS. Further research
in determining how SHIP1 affects phagocytosis, macrophage skewing, cell
activation, and cell survival is required to determine how SHIP1 is involved in
ALS. Future studies will give us further insight on how SHIP1 can be used as a

potential target for therapeutic strategies in ALS.
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Appendix A.

Solutions

PBST (500mL)

- 475mL distilled H20
- 25mL PBS

- 1500uL Triton-X

EDTA-Antigen retrieval buffer

- 500mL ddH20

-0.185g EDTA

1) Adjust pH to 8.0 using NaOH
2) Add 0.25mL Tween20

1 °and 2° Antibody Solution (4mL)
- 400uL NDS

- 0.12g BSA

- 3.48mL PBST

De Olmos

- 5g PVP40

- 150mL ethanediol
- 1509 sucrose

- 25mL 20x PBS

4% PFA Solution

-200mL 1x PBS

- 8g PFA

1) Stir @ 65°C

2) Add 12-14 NaOH pellets to dissolve
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3) Wait ~15-20 minutes or until dissolved
4) Filter
5) Balance pHto 7.0
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