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Abstract of the Dissertation

The Roles of Nitric Oxide and Tuftsin
during Experimental Autoimmune Encephalomyelitis (EAE)

by
Muzhou Wu
Doctor of Philosophy
in
Neuroscience
Stony Brook University

2009

Multiple sclerosis (MS) is a demyelinating autoimmune disease, which is
characterized by infiltration and activation of T cells, and the accumulation of activated
microglia and macrophages in the central nervous system. I have employed a mouse
model of experimental autoimmune encephalomyelitis (EAE), to address questions
related to the involvement of several factors in MS.

One of the major factors participating in the inflammation cascade of MS/EAE is
nitric oxide (NO), which is produced by nitric oxide synthase (NOS). The role of NO
during MS has been debated extensively. Using biochemical, cell culture, and in vivo
techniques on genetically-modified mice, I identified contributions of individual NOS
isoform-derived NO in the development of EAE. Specifically, I found that endothelial-

NOS participates in mediating initial blood-brain barrier breakdown; neuronal-NOS

il



contributes to excitotoxicity; and inducible-NOS is responsible for the high output of NO
during EAE lesions. Furthermore, NO has been found undertaking neurodegenerative or
neuroprotective functions during different phases of EAE. These results suggested that
modulation of NO production from their varied cellular sources and the timing of
interference may have therapeutic potential in the management of MS.

The second part of my research was to study the role of tuftsin (TKRP), a
microglial activator in the modulation of T cell phenotypes and thus the progression of
EAE. Previously we found that tuftsin infusion through mini-osmotic pumps abrogated
disease severity in EAE mice. My further studies revealed that both in vivo and in vitro,
modulating microglial activity using tuftsin switched T cell phenotype from a Thl
dominant pro-inflammatory response to a Th2 dominant anti-inflammatory response, and
also favored an expansion of regulatory T cells; moreover, adoptive transfer of tuftsin
modulated T cells reversed clinical symptoms in established EAE mice, indicating that

the interaction between microglia and T cells could be targeted therapeutically in MS.
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Chapter I

General Introduction



Multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE)

Multiple sclerosis (MS) is a chronic disabling autoimmune disease, in which the
immune cells of the body, such as T cells, microglia and macrophages, mistakenly attack
the myelin sheath that protects nerve fibers in both brain and spinal cord. The symptoms
of MS range from blurry vision, loss of balance, muscle weakness, slurred speech, to
mobility impairment (Steinman, 1996). MS afflicts an estimated 400,000 Americans and
2.5 million people in the world (National Multiple Sclerosis Society). MS usually occurs
at young adulthood, be tween the ages of 20 and 50; and it strikes women twice as often
as men.

The course of MS varies, as it presents in three forms. The most common one is
“relapsing-remitting course” (RR-MS) which encompasses 80-90% of the cases. Patients
having this form have attacks separated by periods of recovery. In 10-15% of patients,
MS occurs with a “primary progressive course” (PP-MS), in which the patients have
steadily progressive neurological deficits without acute relapse. The most rare form is
called “progressive relapsing course” (PR-MS), which consists 5% of the cases. Patients
with this form of MS develop progressive disease without periods of remission or
recovery (Hemmer et al., 2006).

The prevalence of MS varies depending on the genetic background. MS is highly
common in Caucasians, but rarely affect Asians or Africans (Compston, 1997). Moreover,
the risk of developing the disease is significantly higher in family members of patients

with MS (Ebers et al., 1995). These findings promoted a large number of studies to



identify disease loci and alleles. Human leukocyte antigen (HLA) class II alleles
DR15/DQw6, which code for molecules that participate in antigen recognition by T
lymphocytes, have been identified associated with MS (Olerup and Hillert, 1991). Most
recently, two groups reported that alleles of IL2RA and IL7RA and those in the HLA
locus are heritable risk factors for multiple sclerosis (Hafler et al., 2007). In addition,
environmental and viral components play important roles in the MS. MS is often
associated with common viral infections (Sibley et al., 1985), and migration from high-
risk to low-risk areas reduces the risk of developing MS (Gale and Martyn, 1995).
Although the etiology of MS is unknown, combinations of genetic, environmental and
viral influences are thought to cause the disease (Steinman, 1996).

The immunological attacks in MS damage the brain and spinal cord in several ways.
The most prominent and important are demyelination and lack of remyelination. Myelin
is a fatty sheath that wraps around the axons in the nervous system; it acts as an insulator
and is important for signal transduction and transmission along the nerve fibers. Myelin is
produced by oligodendrocytes in the CNS. During MS, the process of destruction of the
endogenous myelin sheaths by cells of the immune system is called demyelination.
Oligodendrocytes express myelin component proteins that may be the target of
autoimmune attack thus decreasing the number of cells or factors that can re-myelinate
(Franklin, 2002). Remyelination may also fail because of the lack of oligodendrocyte
precursor cells (OPCs), which differentiate into mature myelinating oligodendrocytes and
contribute to remyelination. An insufficient recruitment of OPC or their failure to

differentiate into remyelinating oligodendrocytes may also contribute to lack of
3



remyelination (Franklin, 2002; Raivich and Banati, 2004). Secondly, the inflammatory
damage caused by activated T cells, brain resident microglia and infiltrating macrophages
interferes with the propagation of electrical impulses along the nerve fibers, which can
lead to their degeneration (Hemmer et al., 2006; Steinman, 2003;). Finally, gliosis is also
a prominent feature of MS, characterized by increased astrocyte proliferation, enhanced
glial fibrillary acidic protein expression and hypertrophy (Dinter et al., 1997). This gliosis
leads to difficulty in conducting electrical signals down the nerve fibers (Dinter et al.,
1997).

Most treatments for MS aim at inhibiting the immunological attacks. The initial
induction of MS requires migration and activation of T cells in the CNS. The migration
of encephalitogenic T cells to the CNS is dependent on the interaction of adhesion
molecules, such as very late Ag 4 (VLA-4) on T cells, with vascular cell adhesion
molecule 1 (VCAM-1) expressed by vascular endothelial cells. As a cosequence, one
treatment for MS involves interfering with the adhesive molecules. Blocking a4 integrin,
which is an adhesion molecule expressed by the attacking immune cells, has been found
to reverse the disease in a model of MS called experimental autoimmune
encephalomyelitis (EAE) (Yednock et al., 1992). Another strategy is to block the immune
activity of the immunological cells, such as inhibiting production of pro-inflammatory
cytokines, chemokines and oxygen reactive species (Steinman, 2001). A recently
developed approach is to utilize neural precursor cells (NPCs) (Pluchino et al., 2003). It

has been reported that the multipotent NPCs can move to the lesion areas once injected



into the blood. These NPCs can differentiate into myelinating cells (oligodendrocytes)
and also generate new neurons (Pluchino et al., 2003).

EAE is an experimentally induced autoimmune disease and used as one animal model
for studying MS disease. EAE can be actively induced by injection of a protein
component of myelin, such as myelin oligodendrocyte glycoprotein (MOG), myelin basic
protein (MBP), or proteolipid protein (PLP). These proteins are recognized as non-self
and immune attack is stimulated. The similarity of the injected proteins to self myelin,
aided by other injected antigens which assault the integrity of the blood-brain-barrier
(BBB), results in an autoimmune response on myelin, thus mimicking the symptoms of
MS. Another method to induce EAE is by adoptive transfer. Primed T cells isolated from
spleen and lymph nodes of immunized animals can transfer EAE to naive recipients. EAE
can be induced in various animal models such as rats, mice, monkeys and guinea pigs.
However, the disease course and severity are strain dependent (Hjelmstrom et al., 1998).
EAE is a good model for MS in that it mimics the demyelination hallmarks seen in
human patients. EAE is a simple animal model with an acute version of the disease with
no remission or relapse, which is not the case in human patients. So it is important to
acknowledge that EAE is a limited, simple model of a very complex human disease.

The animal model I have been using is MOGss.ss peptide induced EAE. Myelin
oligodendrocyte glycoprotein (MOG) is a membrane protein found primarily on the
extracellular surface of oligodendrocytes in the outermost lamellae of the myelin sheath.
It is present in low amounts in myelin and constitutes only 0.05% of total myelin proteins,

but it has high immunogenic potential. MOG has been used to induce EAE in C57BL6
5



mice and transgenic animals with C57BL6 background. MOG-induced EAE in these
mice is characterized by an acute attack followed by progressive recovery. This model
mimics the inflammation and demyelination events which occur in MS patients

(Hjelmstrom et al., 1998).

Microglia

The cells of the central nervous system (CNS) parenchyma are collectively divided
into neurons and glial cells. The common characteristic of neurons is their excitability,
which is coupled with their ability to communicate with each other via electrical or
chemical synapses and results in the formation of sophisticated networks. The glial cells
are the supporting cells that are attributed with many essential functions, such as trophic
support, secretion of neurotrophic factors, disposal of deleterious factors, insulation of
neuronal connections, and regulation of neurotransmission (Baumann and Pham-Dinh,
2001; Jessen, 2004; Kreutzberg, 1996; Verkhratsky and Toescu, 2006).

In the CNS there are three types of glial cells: microglia (which function as immune
cells), astrocytes (supporting and neuron-modulating cells) and oligodendrocytes
(myelinating cells), all of which have been shown to play important roles in MS. My
work during this Thesis has focused on the roles and modulatory functions of microglia,

and therefore I will describe these cells further.



Microglia were first described in 1932 by del Rio-Hortega as a distinct class of glial
cells, which play critical roles in innate and adaptive immune responses of the CNS.
Microglia are derived from leptomeningeal mesenchymal cells, which enter the brain
during development and transform into microglia (Bechmann et al., 2007). Microglia are
the resident immune cells in CNS, which comprise 10-20% of the total glial cells and
about 7% of all the CNS cells. In a normal brain, they exist in a resting (ramified) form,
characterized of small cell bodies and long, thin processes. They are described to use
these processes to sense their environment and respond to it (van Rossum and Hanisch
2004). Based on the expression of major histocompatibility complex type II proteins
(MHC II) and cell surface markers, resting microglia represent immature antigen
presenting cells (Adachi et al., 1997).

When microglia sense injury to the brain, they migrate to the lesion site and undergo
a process called activation: as characterized by changes in proliferation, gene expression
and morphology (Kreutzberg, 1996b). Microglia proliferate locally, and their morphology
changes from the resting state to an activated state with enlarged cell bodies and
extensive branches. In the fully activated state they acquire an ameboid shape. Microglia
secrete cytokines, chemokines and reactive oxygen species, which aid in the
inflammatory response. They also upregulate MHC and adhesion molecules on their
surface, which promote the recruitment of other inflammatory cells, such as neutrophils,
lymphocytes and monocytes, into the injury site (Hanisch, 2002).

Microglia have been implicated in the pathogenesis of many neurodegenerative

diseases including MS (Carson, 2002), Alzheimer’s disease (Eikelenboom et al., 2002),
7



and AIDS (Garden, 2002). However, microglia may play dual roles in these diseases:
they have been reported to mediate the inflammatory response and to also undertake
neuroprotective functions (please see below).

During MS/EAE it remains a matter of debate whether microglial activation is
neurotoxic or neuroprotective. Most likely, microglia can be both protective and
neurodegenerative; the timing and strength of their activity determine which of these
effects is expressed. As antigen-presenting cells, microglia secrete chemokines and
adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and CD40,
which cause activation and recruitment of T cells (Cannella and Raine, 1995). Tumor
necrosis factor-alpha (TNF-a) and nitric oxide (NO) produced by microglia cause
damage to oligodendrocytes and myelin, thus contributing to demyelination (Chao et al.,
1992). However, the effect of microglia is not only deleterious, as they can produce anti-
inflammatory cytokines that are associated with inhibition or prevention of EAE, such as
transforming growth factor beta (TGF-B) and interleukin-10 (IL-10). IL-10 has been
reported to suppress EAE (Rott et al., 1994), while TGF-p has been shown to inhibit
TNF-a production and EAE progression (Stevens et al., 1994). In addition, TGF-f is
thought to reduce astrocytic scar formation, thus promoting tissue repair (Kreutzberg,
1996). Early activation of microglia has been shown to cross-talk with the immune
response and potentially induce ‘protective autoimmunity’. In a model of optic nerve
crush injury, earlier activation of microglia results in resistance to injury and increased

neuronal survival (Shaked et al., 2004), and this is due to the fact that the early activation



of microglia can interact and modulate the adaptive immune response and thus promote
the secretion of neurotrophic factors from T cells.

During MS/EAE, following the compromise of the blood-brain barrier (BBB), the
blood-derived macrophages infiltrate the CNS and become activated in a similar manner
as microglia (Hickey 1991). Because both microglia and blood-derived macrophages are
derived from the same lineage and they express a lot of the same surface receptors, it is

difficult to dissect out the individual contributions of these two cell types.

T cells

T cells belong to a group of white blood cells known as lymphocytes, and play a
central role in cell-mediated immunity. T cells consist of different subsets: T helper cells,
cytotoxic T cells, memory T cells, regulatory T cells and natural killer T cells. Depending
on the cytokine milieu present at the time of the initial engagement of their T-cell
receptor, naive T cells can differentiate into different sub-categories. My study focuses on
T helper cells and regulatory T cells. T helper cells are also known as effector T cells,
which constitutively express the surface protein CD4; they play an important role in
establishing and maximizing the capabilities of the immune system. There are three
subsets of T helper cells, Thl, Th2 (Mosmann and Coffman, 1989) and the recently
described Th17 cells (Langrish et al., 2005). In the presence of interferon-y (IFN-y),

naive T helper cells differentiate into Thl cells and produce pro-inflammatory cytokines,



such as TNFa and IFN-y, and participate in the clearance of intracellular pathogens; in
presence of IL4, naive T helper cells differentiate into Th2 cells, and produce anti-
inflammatory cytokines, such as interleukin-10 (IL-10), interleukin-4 (IL-4), interleukin-
13 (IL-13), and orchestrate the clearance of extracellular pathogens. Both TGF and IL6
can induce naive T helper cells to differentiate into Thl17 cells, which produce
interleukin-17 (IL17), and have recently been found to play a pathogenic role in inducing
autoimmune tissue inflammation (Lock et al., 2002; Lohr et al., 2006; Wilson et al.,
2007). However, in the presence of TGF-B alone, naive T cells convert into Foxp3-
expressing induced Treg cells, which express high levels of CD25 and play a role
suppressing activation of the immune system (Kohm et al., 2002; McGeachy et al., 2005;
Liu et al., 2006; Lohr et al., 2006; Olivares-Villagomez et al., 1998). It should be noticed
that Th17 cells, once thought to only act as pathogenic effectors, have been shown to
have regulatory properties as well, with co-production of the anti-inflammatory cytokine
IL-10 by a subset now referred to as regulatory Th17 cells (Nikoopour et al. 2008).
MS/EAE is a CD4 T helper cell-mediated autoimmune disease. During MS/EAE, T
helper precursor cells can recognize crossreactive antigens presented by antigen
presenting cells (APCs), and differentiate into anti-myelin specific Thl cells. These T
cells then cross the BBB and enter the CNS, where the myelin antigens are presented to T
cells by microglia; T cells get activated and initiate an inflammatory cascade, during
which the T cells proliferate, produce both pro- and anti- inflammatory cytokines,
chemokines which cause damage to the CNS; in addition, T cells can activate microglia,

and cause further recuitment of macrophages to the CNS.
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Nitric oxide

In the late 1980s nitric oxide (NO) has been reported to play several important
physiological roles in biological systems; a lot of studies have focused on the roles of NO
in many neurodegenerative diseases. The chemistry of NO is complex, and poorly
understood in vivo, particularly in inflamed tissues. Because NO is a reactive molecule, it
does not only exist as a free radical, but also gives rise to several related compounds. In
vivo, the inflamed tissue contains a lot of factors that could affect the chemistry of NO in
different ways (pH, or oxygen tension), and NO could exist in one or several forms of
compounds, including nitroxyl (NO-) ion, nitrous acid (HNO2), the nitrogen dioxide
(NO?2) radical, peroxynitrite (ONOO-) (a product of the combination of superoxide and
nitric oxide) and peroxynitrous acid (ONOOH) (Beckman et al., 1994; Beckman et al.,
1996). Thus the forms that NO take at sites of inflammation are not known with much
certainty (Smith and Lassmann 2002).

Nitric oxide is produced by nitric oxide synthases (NOS). NOS consume L-arginine,
nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) and O2, and produce
equal amount of NO, nicotinamide adenine dinucleotide phosphate (NADP) and citrulline
(Alderton et al., 2001). This process requires calmodulin and tetrahydrobipterin (BH4) as
cofactors (Nathan and Xie, 1994). There are four types of NOS isoforms. They are named
after the cell types they were originally described to produce them: inducible NOS
(INOS), endothelial NOS (eNOS), neuronal NOS (nNOS) (Dawson et al., 1991; Lamas et

al., 1992; Stuehr et al., 1989) and more recently mitochondria NOS (mtNOS), which is
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localized in the mitochondria (Ghafourifar and Cadenas, 2005; Kobzik et al., 1995). Both
nNOS and eNOS isoforms are constitutively expressed and produce low concentrations
of NO in a calcium-dependent manner. NO produced by these NOSes contribute to the
regulation of blood flow and participate in some synaptic transmission. iNOS isoform is
not present in normal conditions, but its expression is up-regulated during inflammatory
conditions. In this case, it produces high levels of NO in a calcium-independent manner,
and contributes to inflammatory process.

All the NOS isoforms are present in the CNS and the level of NO has been to be up-
regulated during neurodegenerative diseases such as ischemia, stroke and MS (Endoh et
al., 1994; Murphy, 2000; Nomura and Kitamura, 1993; Zhang et al., 1995). The specific
roles of NOSes still remain unclear, but it’s believed that nitric oxide generated from
different cellular sources can be either neurodegenerative or neuroprotective during
disease (Samadani et al., 1997). During inflammatory conditions, glial cells such as
microglia and astrocytes produce large amount of NO through the induction of iNOS
(Bal-Price and Brown, 2001). Generally, iNOS is considered to be responsible for the
high output of NO seen in various pathological states of CNS that involve inflammation
(Chao et al., 1992). In a model of focal ischemia, activation of eNOS contributes to
neuroprotection, while activation of nNOS exhibits neurotoxic effects (Samadani et al.,
1997).

It has been well addressed that the production of NO is significantly upregulated
within MS lesions. Since much of the NO produced within the body is ultimately

converted to nitrite and nitrate, several studies have examined the concentrations of these
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ions in the cerebral spinal fluid (CSF), blood, and urine of MS patients. High levels of
nitrite and nitrate were detected, indicating important disregulation of NO metabolism in
MS. NO may be involved in the development of several pathological features of MS, and
the induction and control of the inflammatory process. As a vasodilator, NO can provoke
the vasodilatation of the cerebral vasculature. In pathological conditions, NO-mediated
vasodilation can decrease the velocity of blood flow, and facilitate the migration of
leukocytes through the vasculature, and thereby promotes inflammation. Vasodilation can
also cause a disturbance of the blood-brain barrier, which will promote the passage of
inflammatory cells and mediators into the CNS parenchyma (Brian et al., 1996). It has
been found that the nitrite and nitrate concentrations in CSF of MS patients are correlated
with BBB breakdown, as measured by the leakage of albumin (Giovannoni, 1998).
Although it has been showed that NO can disturb BBB permeability in both in vivo and in
vitro settings, the precise mechanism is complex and poorly understood. With their cell
bodies wrapping around the capillary lumen and the ends of the cells sealed by tight
junctions, endothelial cells are well-positioned to regulate BBB integrity by controlling
the entry of cells into the CNS. Moreover, eNOS expression is up-regulated in
endothelial cells during EAE (Zhao et al., 1996). It has been reported that in a model of
kainite- induced hippocampal excitotoxicity, eNOS-derived NO mediates breakdown of
the BBB (Parathath et al., 2006).

A potential role for NO is to cause damage of oligodendrocytes. In vitro, it has been
shown that oligodendrocytes are much more sensitive to NO-mediated toxicity than

microglia and astrocytes (Mitrovic et al., 1994). Some of the effects of NO on
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oligodendrocytes may be mediated by promotion of DNA strand breaks (Mitrovic et al.,
1994). In vivo, NO causes direct damage to oligodendrocytes, which results in
demyelination. NO has also been found to block the axon conduction by affecting sodium
and calcium channels in axon terminals (Ahern et al., 2000; Kurenny et al., 1994).
Despite the detrimental roles of NO in MS, it has also been reported that NO can
mediate protective effects by interfering with the T cell mediated inflammatory cascade.
NO can cause inhibition of T cell proliferation and activation, thus inhibiting T cell
mediated inflammation (Albina et al., 1991); NO can also down-regulate the expression
of adhesion molecules, which would inhibit further recruitment of inflammatory cells
(Kubes et al., 1991); NO can promote apoptosis of T cells, contributing to the termination
of inflammation response (Zettl et al., 1997). Some contradictory results were obtained
by several NOS/iNOS inhibitor treatment study reports for EAE (Okuda et al., 1998;
Zhao et al., 1996): in some cases the inhibitors ameliorated the disease symptoms,
whereas in others, more severe symptoms were provoked, possibly because the
treatments were delivered or were effective at different times in the disease course.
Aminoguanidine (AG), a selective inhibitor for iNOS, has been reported to have different
effects on EAE in the induction and progression phase. Administration of AG during the
induction phase showed partial preventive effects, while administration during the
progression phase had a harmful effect with more severe disease and higher mortality
(Okuda et al., 1998). Both in vitro and in vivo experiments provide evidences that NO

play both aggravating and protective roles in MS/EAE.
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Blood Brain Barrier

In the early 1900s, Lewandowsky found that some intravenously administered
pharmacological drugs such as bile acids or ferrocyanide had no effect in the CNS
(Lewandowsky 1900); this might be due to that a physical barrier existing between the
CNS and the rest of the body. The failure of the intravenously administered trypan blue
dye to stain the brain and spinal cord tissue confirmed this view. This physical barrier
was thus referred to as the blood brain barrier (BBB).

Electron microscopy (EM) studies showed that the BBB is localized at the level of
tight junctions (TJ) between adjacent brain endothelial cells, which normally inhibit the
free exchanges of solutes between brain and blood (Reese and Karnovsky, 1967). In
healthy conditions, BBB prevents the entry of blood cells, leukocytes and plasma
components into the CNS. In neurodegenerative conditions, such as intracerebral
hemorrhage, ischemia and multiple sclerosis, the BBB is compromised, and these blood
components can cross the BBB, enter the CNS, and generate neurotoxic factors which
can cause further damage to disease (Hawkins and Davis, 2005). However, small lipid-
soluble molecules (molecular weight lower than 400 Da) with fewer than nine hydrogen
bonds, can cross the BBB through lipid-mediated diffusion (Pardridge, 2007). Therefore,
all drugs in clinical use now for CNS therapy are small molecules with these
characteristics.

The basic structure of BBB is comprised of several cell types. One of the major cell

types is the endothelial cell. A single endothelial cell wraps around the capillary lumen,
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and their end-feet are connected by tight junction. The second major cell type is the
pericytes, which are attached to the abluminal surface of the endothelial cells. These two
cell types are surrounded by the basal lamina (BL), which is contiguous with the plasma
membranes of astrocytic end-feet and endothelial cells. Endothelial cells maintain the
BBB integrity through the function of tight junctions. Pericytes play a role in maintaining
the integrity of the BBB, as well as in regulating homeostatisis (Balabanov and Dore-
Dufty, 1998; Shepro and Morel, 1993) . The final major cell type of BBB is the
astrocytes. Astrocytes play a role in the BBB formation by increasing the tight junction
protein expression in endothelial cells junctions (Janzer and Raff, 1987; Tao-Cheng et al.,
1987). They also enhance BBB properties of endothelial cells and thus enhance BBB
integrity (Abbott et al., 2006; Gaillard et al., 2000; Hayashi et al., 1997).

Tight junctions seal the end-feet of endothelial cells, and restrict the influx of
molecules into CNS. Tight junctions consist of various components. Occludin was the
first integral membrane protein discovered within the tight junction of endothelial cells.
Deleting the N terminus of occludin had a dramatic effect on the tight junction integrity,
indicating an important role of N terminus of occludin in maintaining BBB function
(Bamforth et al., 1999). In addition to the function as a tight junction protein, occludin
has some other important physiological roles, such as regulation of epithelial cell
differentiation (Schulzke et al., 2005) and control of cell apoptosis through inhibition of
mitogen-activated protein kinases (MAPK) and Akt signaling pathways (Murata et al.,
2005). Recent study showed that occludin dephosphorylation was observed prior to the

change of BBB permeability and the development of clinical symptoms in a mouse
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model of EAE (Morgan et al., 2007). This suggested a role of occludin in regulating BBB
integrity in response to inflammation in MS. Claudins are a multigene family of more
than 20 members that form another component of the tight junctions. They form tight
junctions through homophilic claudin-claudin interactions. Claudin-5, -3, and -12 are
localized at the BBB (Nitta et al., 2003), whereas the presence of claudin-1 is
controversial (Lee et al.,, 2003). Each claudin regulates the diffusion of a group of
molecules of a certain size (Nitta et al., 2003). The peripheral membrane-associated
guanylate kinase (MAGUK) family contains some cytoplasmic multidomain scaffolding
proteins such as ZO-1, ZO-2, and ZO-3 (Hawkins and Davis, 2005). These proteins act as
a cytoskeletal anchorage for the transmembrane tight junction proteins. In MS lesions, a
reduced ZO-1 expression was related to a tight junction abnormality (Kirk et al., 2003).
Failure of the BBB is a critical event in the development and progression of several
diseases that affect the CNS. Increased BBB permeability is a consequence of some
diseases such as ischemia (Ilzecka, 1996) and brain trauma (Morganti-Kossmann et al.,
1999). Compromisation of BBB could also be a cause of the diseases, such as multiple
sclerosis (Floris et al., 2004). While in other conditions, such as Alzheimer's disease, the
relationship between BBB breakdown and pathology is not clear (Wardlaw et al., 2003).
In normal conditions, few leukocytes are present in the CNS. During some
pathological conditions such as MS, once the BBB is compromised, the leukocytes can
cross the BBB and enter the CNS; about 80% of these leukocytes are T cells. The
infiltrating T cells can trigger an inflammatory cascade, during which a lot of

inflammatory cells release Thl cytokines, including active T cells,
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microglia/macrophages, and astrocytes. The major Thl cytokines involved in
pathogenesis of relapses of MS are IFN-y, TNF-a, interleukin-1-f3 (IL-1f), and IL-6.
These Th1 cytokines can activate endothelial cells, which modulate the BBB phenotype
by induction of several inflammatory genes. Cytokines can also induce the expression of
endothelial cell adhesion molecules (ECAMs), including ICAM-1, VCAM-1, E-selectin,
and platelet/endothelial cell adhesion molecule 1 (PECAM-1) (Dore-Duffy et al., 1993;
Losy et al., 1999). Elevated levels of ICAM-1 have been described in MS during relapses
and are associated with enhancing lesions on MRI (Giovannoni et al., 1997; Hartung et
al., 1995; Rieckmann et al., 1997). Similarly, soluble forms of ECAMs are also increased
in MS CSF and correlate with disease activity (Elovaara et al., 1998; Losy et al., 1999;
Rieckmann et al., 1994). Endothelial cells exposed to Thl cytokines, particularly IFN-y,

can alter the architectural organization of the tight and adherens junctions.
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General Methods and Materials
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Animals

C57BL6 (wild-type, wt), eNOS deficient (eNOS™) (Shesely et al. 1996), nNOS
deficient (N(NOS™) (Huang et al. 1993) and iNOS deficient (iNOS™) (Laubach et al. 1995)
mice were bred in-house under specific pathogen-free conditions [Division of Laboratory
Animal Resources at the State University of New York (SUNY) Stony Brook], controlled
for temperature (21°C), and maintained under a 12-hour light/dark cycle. Access to food
and water was ad libitum. All transgenic mice used have been backcrossed for more than
12 generations into the C57/BL6 background. Adult (6- to 8-week-old) female mice were
used in all experiments and were routinely genotyped to confirm the NOS isoform

deficiency.

MOG peptide

MOG35-55 peptide MEVGWYRSPFSRVVHLYRNGK) was synthesized by Quality

Controlled Biochemicals and purified using reverse-phase (C18) HPLC.

Induction of EAE with MOGgs._ss peptide

EAE was induced as described previously (Bernard et al. 1997; Bhasin et al. 2007; Lu
et al. 2002) by subcutaneous injection into the mouse flank on day O with 300 pg of
MOGs3s.ss peptide thoroughly emulsified in complete Freund's adjuvant (CFA) containing

500 pg of heat-inactivated Mycobacterium tuberculosis (Difco, Detroit, MI). One week
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later (day 7), the mice were boosted with 300 pg of MOGss_ss peptide subcutaneously in
the other flank. 500 ng Pertussis toxin (List Biologicals, Campbell, CA) in 200 pl of PBS

was injected intraperitoneally on days 0 and 2.

Evaluation of EAE symptoms

After immunization with MOG, mice were observed and weighed daily. Symptom
severity was scored on a scale of 0 to 5 with graduations of 0.5 for intermediate
symptoms. The score is designed as follows (Hjelmstrom et al. 1998): 0, no detectable
symptoms; 1, loss of tail tone; 2, hindlimb weakness or abnormal gait; 3, complete
paralysis of the hindlimbs; 4, complete hindlimb paralysis with forelimb weakness or

paralysis; 5, moribund or death.

Time-controlled Drug Delivery

Alzet miniosmotic pumps (Durect, Cupertino, CA) were used to ensure time-
controlled drug delivery. 14-day pumps (rate of infusion 0.25 pl/hr, 100 pl total volume)
were filled with PBS, ImM NO donor 2,2’-(Hydroxynitroshydrazino)is-ethanamine
[NOC-18 (Calbiochem; San Diego, CA)], ImM N&-Methyl-L-Arginine [NMMA (Sigma,
Saint Louis, MO)] or 500uM Tuftsin (American Peptide Company, Sunnyvale, CA), and

incubated at 37°C overnight before implantation.
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Adult mice (6-10 weeks old) were deeply anesthetized using atropine (0.6mg/kg body
weight) and 2.5% avertin (0.02ml/g body weight). The pumps were implanted
subcutaneously in the back of the mice. The pumps were replaced with fresh pumps after

14 days delivery.

Eriochrome Cyanine stain

Eriochrome cyanine staining was used to visualize myelin. In brief, spinal cord
sections previously stored at -80°C were air-dried for 1 hour at room temperature and a
second hour at 37°C in a dry incubator. After incubation with acetone for 5 minutes, the
slides were air-dried for 30 minutes and then stained in eriochrome cyanine solution
(0.2% eriochrome cyanine RS (Sigma), 0.5% H,SO4 (Sigma), 10% iron alum (Sigma) in
distilled water) for 30 minutes, differentiated in 5% iron album (Sigma) for 10 minutes,
and placed in borax-ferricyanide solution (1% borax (Sigma), 1.25% potassium
ferricyanide (Sigma), in distilled water) for 5 minutes. The slides were then dehydrated
through graded ethanol solutions and coverslipped using Permount (Fisher Scientific, NJ,

USA).

FluoroMyelin stain

FluoroMyelin fluorescent myelin stain was also used to visualize myelin.
Experiments were performed following the manufacturer’s instructions. In brief, slides

previously stored at -80°C were rehydrated in PBS or PBS-T for 20 minutes, incubated in
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staining solution (300-fold dilution of stock solution in PBS) for 20 minutes at room
temperature, washed 3 times for 10 minutes each with PBS, and then mounted with
Fluoromount-G (Southern Biotech, AL, USA). Myelin profiles were quantified based on
the fluorescent intensity of Fluoromyelin staining. Briefly, the mean fluorescent intensity
in spinal cord white matter was calculated by the total fluorescent intensity in spinal cord
white matter/areas selected. The mean fluorescent intensity in spinal cord grey matter
was also calculated and used as background. The myelin signal was calculated using the
mean fluorescent intensity in spinal cord white matter subtracts the mean fluorescent
intensity in spinal cord grey matter (background). Quantifications were performed on five
sections per mouse for three different mice in three separate EAE experiments.

To co-image Ibal, after the wash step above the slides were blocked with 5% goat
serum and processed using standard immunostaining with anti-Ibal antibodies (please see

below).

Immunofluorescence

Mice were transcardiacally perfused using 4% paraformaldehyde/PBS and the spinal
cords removed and post-fixed in 4% paraformaldehyde/PBS for 1 hour at room
temperature followed by 30% sucrose dehydration at 4°C overnight. The spinal cords
were embedded in Tissue-Tek (Miles, Elkhart, IN) optimal cutting temperature
compound, frozen on dryice, and stored at -80°C until use. Cross sections (20 um) were

cut on a cryostat (Leica, Nussloch, Germany) at -20°C.
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Spinal cord sections were blocked in serum of the host of the secondary antibody [5%
serum in PBS-T (0.5% TritionX-100 in PBS)], and then incubated overnight at 4°C in
rabbit anti-mouse Ibal (Wako, Japan) at a 1:500 dilution in PBS to detect both resting
and activated microglia/macrophages. After washing in PBS, sections were incubated
with fluorescence-conjugated (FITC or Texas Red) goat anti-rabbit secondary antibody
for 1 hour at room temperature, washed 3 times 10 minutes each with PBS, and mounted
using Fluoromount-G (Southern Biotech, AL, USA).

The stained sections were photographed using a SPOT RT camera with a Nikon

Eclipse E1600W microscope.

TUNEL assays

TUNEL assays were performed according to manufacturer’s guide (Roche). Briefly,
T cells were fixed with 4% paraformaldehyde and incubate on ice for 30 min. T cells then
were washed with PBS three times. Ice cold 70% Ethanol was added to cells for
additional fixation, and incubated on ice for 30 min. The cells were incubated with the
TUNEL reaction mixture containing TdT and fluoresceindUTP. Apoptosis cells were

indentified using a SPOT RT camera with a Nikon Eclipse E1600W microscope.
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Western blotting

Mice were sacrificed and the spinal cords isolated and homogenized in 0.25% Triton
X-100 in PBS. Debris was removed by centrifugation, and the supernatant protein
concentration measured using the Bio-Rad Bradford detergent-compatible (DC) assay.
Protein (20 mg) was separated by SDS-PAGE and transferred to a polyvinylidene
difluoride membrane. Membranes were blocked using 5% nonfat dry milk in PBS
containing 0.05% Tween 20, and then incubated with rabbit anti-mouse Ibal antibody
(1:1000, Wako, Japan), rabbit anti-mouse actin antibody (1:2500, Sigma), rat anti-mouse
IL4 antibody (1:1000, BD Pharmingen), rat anti-mouse IL10 antibody (1:1000, BD
Pharmingen), rabbit anti-mouse phospho-STAT1 (1:1000, Cell Signaling), rabbit anti-
mouse pan-STAT1 (1:2500, BD Transduction), rat anti-mouse Foxp3 (1:1000,
eBioscience), rabbit anti-mouse neuropilin-1 (1:1000, Abcam), overnight at 4°C.
Horseradish peroxidase (HRP)-conjugated secondary antibody (Jackson Immunoresearch)
was used at appropriate dilutions and detected using the LumiGLO Chemiluminescent

Substrate System (KPL).

BBB Breakdown assays

BBB breakdown was assessed both by the disruption of occludin immunostaining, as
well as by Evans Blue diffusion, as described before (Parathath et al. 2006; Yepes et al.
2003). For the Evans Blue diffusion method, in brief, eNOS™ and wild-type mice were

injected intravenously with a solution of 2% Evans blue (Sigma). After 24 hours, the
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mice were sacrificed by transcardiac perfusion with saline, and the spinal cords removed,
weighed, and homogenized in 0.5% TritonX-100 in PBS, and centrifuged at 21,000xg for
30min. The amount of Evans blue in the supernatant was quantified at 620nm, subtracted
from the background, and divided by the wet weight of the tissue. Values are presented as
a percent of the total signal and represent average values for a minimum of three mice per
experimental group.

I also used occludin immunostaining as an indicator of BBB integrity (Parathath et al.
2006; Parathath et al. 2007). Briefly, mice were transcardiacally perfused using PBS and
the spinal cords were removed and dehydrated in 30% sucrose at 4°C overnight. The
spinal cords were embedded in Tissue-Tek (Miles, Elkhart, IN) optimal cutting
temperature compound, frozen on dryice, and stored at -80°C until use. Cross sections
(20 um) were cut on a cryostat (Leica, Nussloch, Germany) at -20°C. Spinal cord sections
(20um) were fixed in 95% ethanol for 30min at 4°C followed by an additional 3min
incubation with acetone. After blocking in serum [5% serum in PBS-T (0.5% TritonX-
100 in PBS)], sections were incubated with 3ug/mL mouse anti-occludin (Zymed; San
Francisco, CA) overnight at 4°C. After a 10min wash in PBS, FITC-goat anti-mouse
secondary antibody was added for lhr at room temperature. Sections were washed 3
times for 10min in PBS and mounted using Fluoromount-G. The stained sections were

photographed using a SPOT RT camera with a Nikon Eclipse E1600W microscope.
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Measurement of nitrite levels

Measurement of nitrite levels was based on the reaction of nitrates/nitrites with 2,3-
diaminonaphthalene (DAN) under acidic conditions, which results in the formation of the
fluorescent product 2,3-naphthyltriazole. In brief, 100 ul of sample or standard (NaNO)
were loaded in each well of a black 96-well plate with a clear bottom. 20 ul freshly
prepared DAN (0.05 mg/ml in 0.62 M HCl) was added to each well. The reaction was
allowed to proceed at RT for 20 min and then terminated by the addition of 100 ul 0.28
M NaOH. After 10 min incubation at RT, fluorescence was measured on a Titertek
Fluoroscan II fluorescence plate reader using an excitation 355 nm and an emission 460

nm filter pair.

BrdU-based proliferation assay

The BrdU-based cell proliferation assay (Roche) was performed to assess the
proliferation of T cells and microglia. Briefly, 10 ul of the BrdU labeling solution was
added to each well of a 96-well plate and the cells were left to incorporate the BrdU for
16 h. Cells were fixed with 200 ul/well of FixDenat solution for 30 min at RT. Anti-
BrdU-POD was then added to each well and was incubated for 2 h at 37 °C. After three
washes, 100 ul of substrate was added to each well and incubated for 30 min. Reaction
was stopped by H,SO4. Absorbance was read at 370 nm on a SpectraMax microplate

reader using the Softmax Pro software.
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ELISA

To measure levels of TNFo/IL10/IL4 in the culture medium, the OptEIA Set Mouse
TNF/IL10/IL4 kit from BD Biosciences were used according to manufacturer’s
instructions. Briefly, Nunc MaxiSorp 96-well plate was coated with capturing antibody in
coating buffer (0.2 M sodium phosphate buffer pH 6.5) overnight. The plate was washed
three times with PBS-T (0.05% Tween-20/PBS) and blocked with Assay Diluent for 1
hour at RT. Following three washes with PBS-T, 100 ul of cytokine standard and
experimental samples were added to the wells and incubated for 2 hours at RT. After 5
washes with PBS-T, 100 ul of Assay Diluent containing biotin-conjugated detection
antibody and Avidin-HRP reagent were added and incubated for 1 hour at RT. Following
7 washes with PBS-T, 100 ul of Substrate Solution was added to each well. After 30 min
incubation in the dark, 50 ul of Stop Solution (2 N H2SO4) were added and absorbance

was read at 450 nm using a SpectraMax microplate reader.

Primary T cells culture from mouse spleen

T cell negative isolation kit (Invitrogen) was used to isolate primary T cells from
mouse spleen. Briefly, a mixture of monoclonal antibodies against unwanted cells was
added to spleen cells. T cells were isolated by depleting the antibody-labeled cells using
mouse depletion dynabeads and a dynal MPC. T cells were resuspended in RPMI
medium supplemented with 10% FBS.
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Mixed cortical cultures and Primary microglia culture

Tissue culture plates used for plating mixed cortical cultures were coated with 5
ug/ml poly-D-lysine (PDL, Sigma) overnight at 4 °C. Newborn (d 0-d 2) pups of wild-
type mice were euthanized, and the heads were removed and briefly immersed in 70%
ethanol and then transferred to Hank’s Balanced Salt Solution (HBSS). The brains were
removed, and the cortices were freed from meninges, hippocampi and basal ganglia and
kept in HBSS on ice.

The cortical tissue was digested in 0.25% Trypsin/EDTA (Sigma) at 37 °C for 20 min
and trypsin was inactivated by addition of full medium (DMEM, 10% FBS, 40 ug/ml
Gentamycin). The tissue was triturated and filtered through a 40 wm cell strainer. The cell
suspension was plated at desired density.

The medium was changed 3 days after plating. Microglial cells were harvested 10
days after plating. Briefly, lidocaine was added directly to the culture medium at a final
concentration of ImM and the culture was left at RT for 15 min. The medium containing
the floating microglia was collected, and 5 mM EDTA was added to the microglial
suspension. Cell suspension was centrifuged at 500g for 5 min, then resuspended in
microglia medium (DMEM, 1% FBS) and counted using a hemocytometer. Cells were

plated at the desired density and left to rest for 2 days before treatment.
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Primary Neuronal Cultures

Tissue culture plates used for plating neuronal cultures were coated with 5 ug/ml
poly-D-lysine (PDL, Sigma) overnight at 4 °C. Primary neuronal cultures were prepared
from embryonic day 17-19 mice as previously described (Rogove and Tsirka, 1998; Siao
and Tsirka, 2002). Briefly, mouse cortices were dissected and put in Hanks solution
(HBSS), and gently trypsinized (0.25% trypsin in HBSS) at 37°C for 20 minutes and then
triturated to form single cell suspensions. The cells were plated at a density of 100,000
cells/cm” in Neurobasal medium with B27 supplements, 25 pM glutamate, 0.5 mM L-
glutamine and 10 g/L gentamycin sulfate. The medium was changed 4 hours after the
initial plating and the glutamate removed after four days in culture. Neurons were used

after 7 days after plating.

PCR arrays

Mouse inflammatory cytokines and receptors arrays (SABioscience) were used on
RNA samples isolated from T cells. Briefly, RNA was isolated from T cells after
different treatment. cDNA was prepared from RNA samples using RT2 First Strand Kit
(SABioscience). cDNA and RT-PCR master mix were added to 96-well PCR array plate.
Thermal cycling was performed. Data was analyzed using PCR Array Data Analysis Web

Portal provided by SABiosciences.
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Statistics

Statistical analysis was performed using one-way ANOVA followed by a Bonferroni-
Dunn test for multiple comparisons within a group, or a two-tailed t-test for comparisons
between groups as indicated by the figure legends; p < 0.05 was considered significant
and is marked by an (*) or (); p < 0.01 and p < 0.001 were considered very significant
and are marked by two (**) or (**); and three (***) or (") respectively. All results are
represented as average with error bars indicating the standard error of the mean. In all

experiments, n refers to the number of animals used for each genotype or condition.
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Chapter 111

Contributions of individual NOS isoform-derived NO in the

development of experimental autoimmune encephalomyelitis

(EAE), a mouse model of multiple sclerosis (MS)
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Introduction

Multiple sclerosis is a demyelinating autoimmune disease resulting from immune
attack on myelin, leading to neurodegeneration. A widely used MS animal model is
experimental autoimmune encephalomyelitis (EAE), which mimics histopathological
hallmarks of human MS. During EAE, T cells, which are normally excluded from CNS,
infiltrate the CNS through a compromised blood-brain barrier (BBB). T cells recruit and
activate microglia and macrophages (Boje and Lakhman 2000; Steinman 1996) that
release cytokines and chemokines and affect disease progression (Kreutzberg 1996;
Raivich and Banati 2004; Rott et al. 1994; Stevens et al. 1994) by promoting either
neurodegeneration or neuroprotection.

Activated microglia produce nitric oxide (NO), which can modulate demyelination
and inflammation (Farias et al. 2007; Mitrovic et al. 1994). NO can aggravate CNS
inflammation, but studies using NO synthase (NOS) inhibitors to treat MS produced
confusing results (Kahl et al. 2003; Okuda et al. 1997; Okuda et al. 1998). NO was
suggested to have opposing roles as a proinflammatory factor, promoting cytotoxicity,
and as an anti-inflammatory factor, suppressing the immune response (Cowden et al.
1998; O'Brien et al. 1999; Okuda et al. 1997).

There are three major NOS isoforms: neuronal (nNOS), endothelial (eNOS), and
inducible (iNOS) (Dawson et al. 1991; Lamas et al. 1992; Stuehr et al. 1989). Because
the three NOS isoforms are expressed primarily by distinct cell types, part of the

complexity of NO effects appears to result from different location of the isoforms and

33



kinetics of NO production. Neuronal NO produced by nNOS has toxic consequences in
focal ischemia animal models, whereas endothelial NO produced by eNOS confers
neuroprotection (Samdani et al. 1997). iNOS, expressed primarily by glia (Bal-Price and
Brown 2001; Marques et al. 2008; Tran et al. 1997), is responsible for the high NO
output seen in pathological states of CNS inflammation (Calabrese et al. 2002; Chao et al.
1992; Farias et al. 2007; Shin et al. 2000). iNOS mRNA (Koprowski et al. 1993) and
protein (Cross et al. 1997; Van Dam et al. 1995) expression within the inflammatory
lesions of EAE animals, coincides temporally and quantitatively with the severity of
clinical symptoms. Extensive literature exists investigating the role of iNOS in MS/EAE
(Dalton and Wittmer 2005; Kahl et al. 2004; Kahl et al. 2003; Zehntner et al. 2004), but
the other two NOS isoforms have not been evaluated.

BBB disruption is associated with several CNS diseases including MS. In
pathological conditions, exaggerated NO-mediated vasodilation increases BBB
permeability so that inflammatory cells can infiltrate the CNS (Hurst and Fritz 1996;
Shukla et al. 1996; Thiel and Audus 2001) in conditions like stroke (Mayhan and Didion
1996) and hypertension (Mayhan 1995). We showed previously that mice deficient in
individual NOS isoforms respond differently to excitotoxicity, and that BBB integrity is
differentially affected by the loss of each isoform (Parathath et al. 2007; Parathath et al.
2006). However, it’s not known which NOS isoform produces the NO that mediates BBB
breakdown in EAE (Thiel and Audus 2001).

In this chapter, I indentified contributions of individual NOS isoform-derived NO in

the development of EAE. First, I determined which NOS isoform-derived NO is
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responsible in mediating BBB breakdown in EAE. BBB is composed primarily of
endothelial cells that express eNOS (Reese and Karnovsky 1967). The endothelial cells
their cell bodies wrap around the capillary lumen and their end-feet are sealed by tight
junction proteins, which are important in maintaining BBB integrity, so endothelial cells
are well-positioned to influence BBB permeability. Activation of eNOS and NO
production by endothelial cells would be ideally situated to mediate a powerful local
effect on BBB integrity. To investigate the role of NO and eNOS in MS, I applied the
myelin oligodendrocyte glycoprotein (MOG)-induced EAE model to eNOS-deficient
(eNOS™) mice and examined disease progression. Our results indicate that lack of eNOS
affects the onset, severity and recovery from EAE in a complex manner: decreased
eNOS-produced NO protects the BBB, but enhances the severity and persistence of the
autoimmune response. The late pathology was largely rescued by delivering an NO donor,
suggesting that a useful approach to this disease might be through the judicious use of
both NOS inhibitors and NO agonists at different phases of the process.

Second, I also determined the contribution of iINOS/NNOS-derived NO in
development of MOG-induced EAE. Our results showed that iNOS-deficient (iNOS™)
mice exhibited a similar disease onset as the wild-type mice, but with much more severe
symptoms and limited recovery, while delivery of NO donor was beneficial for the late
pathology. nNOS-deficient (nNOS™) mice, showed severe and sustained symptoms
similar to both eNOS and iNOS-deficient mice, however, they exhibited more delayed

disease onset, indicating a role of nNOS during the early events of EAE.
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Furthermore, I blocked general NO production by delivery of the global NOS
inhibitor NMMA in the wild-type mice with MOG-induced EAE. NMMA infusion
resulted in exaggerated symptoms and limited recovery, suggesting a protective role of
NO during the late phase of EAE.

The results from this chapter will help us to characterize the role of individual NOS in
the development of MS/EAE, thus modulation of NO production from their varied

cellular sources may have therapeutic potential in the management of MS.

Results

eNOS-deficient mice reveal dual roles for nitric oxide during EAE
Altered progression of EAE in eNOS™ mice

To evaluate the role of eNOS in EAE, the clinical course of MOG-induced EAE was
assessed in wild-type (wt) and eNOS mice (Fig. III-1A). Wt mice exhibited signs of
disease on average at day 7 (7.2+0.4) after immunization, in contrast to the eNOS™ mice,
which showed a significant delayed disease onset (day 11.9+0.3). However, the eNOS™
mice exhibited a dramatic exacerbation of signs on about day 15 (score 2.36+0.12).
Symptoms worsened faster than those of the wt mice, which had a more gradual onset of
disease severity (score 1.36+0.23 on day 15). Disease severity also peaked at different

levels for the eNOS™ mice and wt mice. In wt mice, the peak of disease severity was
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around days 20 - 22, with a maximum score of 2.25+0.14. In contrast, the disease peak in
eNOS™ mice started on day 17 and persisted until day 22 with a maximum score of
2.75+0.25. All of the eNOS™ mice exhibited paralysis of one or both hindlimbs, which
was not the case for the wt mice. Following the peak of disease, wild-type mice showed a
progressive recovery; by day 50, the clinical score observed for wt mice was 0.85+0.23
(loss of tail tone) and they exhibited no other motor dysfunction. In contrast, the eNOS™
mice exhibited sustained symptoms with a slow and limited recovery (score 2.18+0.11 on
day 50), and their neurological and motor dysfunction was persistent.

An alternate approach to characterize EAE severity is to weigh the mice daily, since
mice become sick and lose weight as a consequence of the disease process. Wild-type
mice exhibited weight loss as disease progressed, with the biggest drop seen between
days 18 to 22 (Fig. III-1B). The mice then re-gained weight as the recovery began. The
eNOS™ mice similarly showed significant weight loss with biggest drop between days 18
to 22. However, the eNOS” mice only slowly re-gained weight during the recovery
period, paralleling the slow symptomatic recovery seen in Fig. ITI-1A.

Taken together, the delayed onset of disease and the prolonged recovery period
suggested that eNOS-generated NO plays both an early damaging role and a late

protective role in MOG-induced EAE.
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eNOS™ mice exhibit delayed BBB breakdown

The delay in onset of EAE in eNOS™ mice indicates that the NO produced by eNOS
contributes to the induction of disease. Since eNOS is primarily expressed by endothelial
cells and by astrocytes (Lin et al. 2007), cells that are the main constituents of the BBB,
and T cell infiltration through a compromised BBB is a requisite early event in the
disease, this raised the possibility that the role of the NO generated in this setting might
be to affect BBB permeability.

We evaluated BBB integrity by assessing the diffusion of Evans Blue dye in the
spinal cord at different time points after immunization with MOG; the presence of Evans
Blue after perfusion would indicate breakdown of the BBB. On day 0, WT and eNOS™
mice displayed very low levels of Evans Blue dye in the spinal cord (0.46+0.01 and
0.46+0.02, respectively), which was indicative of BBB integrity (Fig. I1I-2A). Increased
levels of Evans Blue dye were detected on day 8 in WT mice (1.18+0.06), but no increase
was observed for the eNOS™™ mice until day 12 (0.96+0.06), which correlated with the
delayed disease onset observed in Fig. 1. The extent of BBB breakdown as reflected by
the level of Evans Blue dye increased progressively in WT mice with the maximal level
seen on day 22 (3.0140.16). In contrast, eNOS™ mice showed a dramatic increase on day
15 (2.97+0.09) that went beyond that seen in the WT mice and that peaked on day 18
(4.5+0.18). Recovery of BBB integrity was observed for both genotypes; however, the

eNOS-/- mice lagged substantially behind the WT mice.
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Breakdown of the BBB was also investigated by immunofluorescence using an anti-
occludin antibody, since occludin localizes exclusively to tight junctions which are
important for maintaining BBB integrity (Hirase et al. 1997). In the cerebellum of
untreated wt and eNOS™ mice on day 0, occludin showed strong and typical staining of
the endothelial layer at contact points between cells (Fig. III-2B). By day 8, WT mice
began to exhibit a diffuse staining pattern, indicating significant BBB breakdown. This
pattern persisted, peaking on day 22 and then resolving by day 30. In contrast, the eNOS
" mice showed a normal-looking staining pattern until day 15, at which point a marked
and much more diffuse occludin staining was observed that progressed until day 22,
suggesting almost complete breakdown of the BBB. The diffuse staining pattern
improved subsequently but still remained incompletely resolved at day 40.

The results from these experiments suggested that the considerable difference in the
clinical course of EAE between eNOS” and wild-type mice correlates with the
differences in extent of BBB breakdown. To determine whether there was a general
correlation between BBB permeability and disease severity, the quantification of the
levels of Evans Blue dye in the spinal cord from different time points were plotted
against the clinical score on that day (Fig. I1I-2C). A close linear correlation was evident

(r* = 0.884 for wild-type mice, and r2 = 0.936 for eNOS-/- mice).
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Altered demyelination pattern during disease progression in eNOS™" mice

Inflammation and demyelination are two well-defined characteristics of EAE.
Eriochrome cyanine (EC) staining was used to detect myelin profiles in mouse spinal
cord. On day 0, both wild-type and eNOS™ mice showed compact myelin staining in the
white matter of spinal cord (Fig. I1I-3A). In contrast, severe demyelination was detected
in eNOS™ mice on day 15, as characterized by a large area devoid of EC staining
(asterisks), whereas only minimal demyelination was observed in WT mice. By day 22,
WT mice showed large areas lacking EC staining, and eNOS™ mice exhibited almost
50% demyelination of the white matter. Recovery (remyelination) was apparent by day
30 and complete by day 40 for the WT mice. In contrast, although partial remyelination
was seen in the eNOS-/- mice, large areas of demyelination still remained at days 30 and
40.

Demyelination was also evaluated by FluoroMyelin, a fluorescent myelin stain, for
which similar results were obtained (Fig. III-3B). Quantification of the fluorescence
intensities (Fig. III-3C) revealed that the extent of demyelination was significantly

different from day 15 through the end of the experiment at day 40.

eNOS™ mice exhibit increased microglial infiltration and activation

During EAE, infiltrating T cells attack the endogenous myelin. Activated microglia

are then recruited to the demyelinated area and through their phagocytotic activity
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remove cellular debris (Benveniste 1997; Diemel 1998). We evaluated the levels of
microglia/macrophage activation at different time-points (Day 15, 22, 30, and 40) during
EAE, using the Ibal antibody which detects resting microglia/macrophages and becomes
upregulated during activation (Fig. I1I-4A, B). Ibal staining in WT and eNOS™ mice on
day 0 revealed resting microglia/macrophages, as defined by a ramified morphology with
long thin cell bodies (arrows). On day 15 in WT mice, the microglia/macrophages
observed still appeared to be largely in the resting state, whereas in eNOS™ mice,
dramatic numbers of activated microglia/macrophage were visible in the white matter of
spinal cord, as defined by an ameboid shape and extensive branching. This accumulation
of activated microglia/macrophages continued in eNOS™ mice through day 40. WT mice,
on the other hand, where characterized by activated microglia/macrophage on day 22 to
day 30, but a return to the resting state and a decrease in the total number of Ibal-positive
cells was apparent by day 40.

Spinal cord extracts were prepared at different time points during EAE and western
blotting performed to determine Ibal expression as a quantitative measure of the extent
of microglia/macrophage recruitment and activation (Fig. III-4C). In both WT and eNOS’
" spinal cord extracts, the levels of Ibal increased as disease progressed. eNOS™ spinal
cords showed early upregulation of Ibal starting on day 15, whereas no increase was
observed in WT spinal cords. By day 22, increased Ibal was seen for both genotypes, but
the levels of expression were much higher in the eNOS™ spinal cords. The eNOS™ spinal
cord levels of expression remained elevated at day 30, whereas the levels of expression in

WT spinal cords had begun to decrease. These results correlate with the extent of
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microglia/macrophage activation described in panels A and B, and with the clinical

symptoms described earlier.

Microglia recruits in the demyelinated area and perform phagocytotic activity

Previous studies reported that in the early stages of EAE there is extensive axonal
damage, which results in recruitment and activation of microglia (Carson, 2002).
Activated microglia phagocytose the myelin debris and hasten the loss of myelin
progression. To investigate the role of microglia during demyelination, we stained spinal
cord with FluoroMyelin fluorescent myelin stains and Ibal antibody for
microglia/macrophage. As shown in Fig. III-5A, on sections of wild-type mice spinal
cords on day 15, the white matter showed compact FluoroMyelin stain, and Ibal stained
microglia/macrophage with resting morphology and long thin cell bodies. In Fig. III-5B,
in day 22 wild-type mice, FluoroMyelin stain showed demyelinated area, and double
staining with Ibal revealed activated microglia/macrophage accumulating especially in
the demyelinated areas. In sections from eNOS” mice on day 22, more severe
demyelination was evident and activated microglia/macrophage were evident over all the
FluoroMyelin-negative area (Fig. III-5C). These findings suggested that during EAE
microglia/macrophage are recruited into the demyelinated area.

Higher magnification revealed that in the demyelinated area activated
microglia/macrophages are recruited from the surrounding area potentially to

phagocytose cell debris. Fig. III-5D shows that in the demyelinated area a large number
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of activated microglia/macrophage were present, while in the compact myelin area, there

were only a few microglia/macrophage present.

Providing nitric oxide using an NO donor does not affect the onset and severity of

. . . . /- .
disease, but is beneficial for recovery in eNOS™™ mice

As shown above, eNOS™ mice exhibit a delayed but then worsened clinical course,
pattern of demyelination and extent of microglial infiltration in comparison to WT mice.
To determine whether it is the lack of eNOS gene or the lack of nitric oxide produced
during disease that caused these differences, we provided nitric oxide using the NO donor
2,2’-(Hydroxynitroshydrazino)is-ethanamine (NOC-18) by delivery through mini-
osmotic pumps into the eNOS”™ mice. 14-day pumps (rate of infusion 0.25 pl/hr, 100 pl
total volume) filled with PBS or ImM NOC-18 in PBS were implanted in the back of the
mice on day 1 after MOG immunization, and replaced with fresh pumps on days 15 and
29. As shown in Fig. III-6A, the eNOS™ mice infused with NOC-18 showed delayed
disease onset with symptoms starting around day 12, similar to the mice infused just with
PBS. The rapid exacerbation of disease symptoms started on day 15 with a maximal
severity score of 2.67+0.24 on day 18. However, in contrast to the limited recovery seen
in eNOS™ mice, the mice infused with NOC-18 recovered faster, with the clinical score
on days 30 and 40 indistinguishable from that seen for WT mice, and EC staining (Fig.

I1I-6B) that showed a remyelination pattern like that of WT mice. The extent of
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infiltration and activation of microglia also altered during the recovery period in eNOS™
mice infused with NOC-18: fewer activated microglia were recruited on day 30 to the
spinal cord (Fig. III-6C). On day 40, most Ibal-positive microglia were in a resting state,
correlating with the better remyelination at this timepoint.

BBB breakdown in NOC-18-infused eNOS” mice was investigated using occluding
immunofluorescence (Fig. I1I-6D). More diffused occludin staining was observed in the
animals starting on day 15, progressed to day 22, and resolved by day 30. The early BBB
breakdown in these mice is consistent with the rapid exacerbation of disease symptoms,
which resembled that of eNOS™™ mice. However, these mice showed an almost complete
BBB restoration during the recovery period, comparable to the wt mice, suggesting that
the NO provided by NOC-18 plays a beneficial role.

To determine whether NOC-18 was effective in providing nitric oxide during the 14-
day period of pump implantation, we measured nitrite production in the spinal cords
during EAE. Nitrite production was measured at different time points in WT mice, eNOS’
" mice and eNOS” mice infused with NOC-18, and we found that the NOC-18 as
delivered only partially restored the nitrite levels towards normal levels seen in WT mice
(Fig. III-6E). Interesting, the overall level of nitrites decreased in correlation with the
severity of the EAE symptoms in all mice examined; the basis for this is not presently
understood.

These experiments suggested that providing even modest amounts of NO using NOC-

18 are beneficial during the recovery phase for mice lacking eNOS, and that higher levels
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of NOC-18 delivery might succeed in reversing the altered onset and disease progression

during the early stages of EAE.

Characterization of EAE in iNOS-deficient mice
iNOS™" mice show altered disease progression of EAE

I applied MOG-induced EAE to wild-type (wt) and iNOS™ mice, clinical course and
weight score were assessed. iNOS” mice showed similar disease onset as that of the
wild-type mice around day 7 (7.3+0.5 for wild-type mice and 7.35+0.5 for iNOS™ mice).
However, iNOS™ mice had a more dramatic exacerbation of symptoms during the
progression phase, with score 2.54+0.3 on day 15, while wild-type mice had a
progressively increased symptoms, with score 1.6+0.25 on day 15. Disease was much
more severe in iNOS™ mice, peaking around day 18 (18.05+0.21) with score 2.95+0.15;
in contrast, in wild-type mice it reached peak around day 20 with score 2.35+0.12.
Following the peak of disease, wild-type mice showed a nice recovery and only scored
0.5+0.1 on day 50, however, the iNOS™ mice scored 2.03+0.1 on day 50; symptoms
sustained and only minimal recovery was observed (Fig. III-7A). The weight course
showed the similar trend as the clinical course (Fig. I1I-7B).

Previous literature showed that iNOS™ mice display exaggerated symptoms in
response to EAE induction (Dalton and Wittmer, 2005). Our experiments of iNOS™ mice

showed consistent results with previous findings.
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iNOS™" mice show altered pathological hallmarks during EAE

I examined the demyelination pattern using eriochrome cyanine (EC) staining in both
wild-type and iNOS™ mice (Fig. III-8A). iNOS™ mice showed severe demyelination
starting from day 15, and peaking around day 22, compared to wild-type mice which
exhibited less severe demyelination. During the recovery phase, large areas of
demyelination were still observed in iNOS™ mice, only minimal remyelination occurred.
However, in wild-type mice remyelination was apparent from day 30, and recovery was
almost complete by day 40.

Increased microglia/macrophage infiltration and activation is another pathological
hallmark of EAE, so I evaluated the levels of microglia/macrophage activation at
different time-points (Day 15, 22, 30, and 40) during EAE, using the Ibal antibody (Fig.
III-8B). iNOS”™ mice showed an early recruitment and activation of
microglia/macrophage starting from day 15, with more dramatic numbers of activated
microglia/macrophage on day 22, and this activated pattern continued until day 40. In
contrast, in wild-type mice, the numbers of activated microglia/macrophage peaked on
day 22, and reduced during the recovery phase. By day 40, most of the cells re-assumed
their resting morphology.

The patterns of demyelination and microglia/macrophage infiltration and activation

correlated with the clinical symptoms described earlier.
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Providing nitric oxide using an NO donor is beneficial for recovery in iNOS” mice

Previously I showed that providing nitric oxide using an NO donor promoted the
recovery in eNOS™ mice (Fig. I1I-6). I wanted to examine if this also is the case in iNOS”
" mice. Using the same method (as described early), I provided nitric oxide using the NO
donor NOC-18 by delivery through mini-osmotic pumps into the iNOS™ mice. 14-day
pumps filled with PBS or ImM NOC-18 in PBS were implanted in the back of the mice
on day 1 after MOG immunization, and replaced with fresh pumps on days 15 and 29.
The iNOS™ mice infused with NOC-18 showed disease onset starting around day 7, and a
rapid exacerbation of disease symptoms starting on day 15, similar to the mice infused
just with PBS. However, NOC-18 infused animals showed less severe symptoms during
the peak of disease, with score 2.45+0.13 on day 18, compared to PBS infused iNOS™
mice which scored 2.95+0.15 on day 18. In contrast to the limited recovery seen in iNOS’
. mice, the mice infused with NOC-18 recovered faster, with the clinical score
reassembled that seen for WT mice (Fig. III-9A). iNOS™ mice infused with PBS
exhibited comparable clinical symptoms as iNOS™ mice carrying no pumps, indicating
that the difference caused by NOC-18 was not an effect of the infusion process or pump
placement.

Both the remyelination pattern and the extent of infiltration and activation of
microglia/macrophages were altered in the NOC-18 infused iNOS™ mice (Fig. I1I-9B, C):
remyelination was promoted during the recovery period; fewer activated microglia were

recruited and most of the cells were in their resting state by day 40.
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nNOS-deficient mice exhibit altered disease progression of EAE

MOG-induced EAE was applied to wild-type (wt) and nNOS™ mice and the clinical
score was recorded each day after the induction (Fig. III-10). Wt mice exhibited signs of
symptoms around day 7 (7.3+0.4) after immunization, in contrast to the nNOS™ mice
which showed a more significantly delayed onset (day 14.5+0.5). More interestingly,
same as that of eNOS™ and iNOS™ mice, the nNOS™ mice also exhibited a dramatic
exacerbation of symptoms, which worsened faster than that of the wt mice. Disease was
much more severe in the nNOS™ mice, peaking around day 21 (21.5+0.5) with score
2.83+0.23, while wild-type mice peaked around day 21 with score 2.35+0.25. Same as
both eNOS™ and iNOS™ mice, the nNOS™ mice showed sustained symptoms with
minimal recovery until day 50.

These results together with our findings in both eNOS™ and iNOS™ mice suggested
that NO may have protective roles during the recovery period of EAE by exerting an
immunosuppressive effect, and that this effect is independent on the cellular source of

NO production.

Blocking NO production in wild-type mice exacerbated the progression of EAE
Blocking NO production alters the clinical course in the wild-type mice

Our previous results showed that individual NOS isoform-derived NO may contribute

differently during EAE, especially in the early progression phase; however, all three NOS
48



isoform-deficient mice showed sustained clinical symptoms during the recovery period.
To determine if the cellular source-independent NO production is beneficial for the
recovery of EAE, I blocked the general NO production by delivery of the global NOS
inhibitor NMMA in the wild-type mice, and applied MOG-induced EAE in these mice.
The NMMA infused wild-type mice showed comparable clinical course as the PBS
infused controls during the progression period of disease (Fig. III-11A). However, they
reached much more severe peak of disease around day 21 - day 22 with score 2.88+0.18,
while the PBS infused controls peaked around day 20 - day 21 with score 2.35+0.12. In
the NMMA infused wild-type mice, the symptoms sustained until day 50 (score
2.14+0.15), with minimal recovery, while the PBS infused controls scored 0.53+0.1 on
day 50 (loss of tail tone with no other motor dysfunction). The weight score showed the

same trend as the clinical course (Fig. I1I-11B).

Blocking NO production results in altered pathological hallmarks in the wild-type mice

during EAE

Demyelination pattern was assessed using eriochrome cyanine (EC) staining in wild-
type mice infused with NMMA and PBS (Fig. III-12A). NMMA infused animals showed
comparable demyelination pattern as PBS-infused controls on day 15 (when they both got
minimal demyelination) and day 22 (when they had large areas of demyelination),

however, the severe demyelination continued until day 40 with limited remyelination in
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the NMMA infused mice, while the PBS infused controls showed almost compact myelin
staining on day 40. The demyelination pattern in the NMMA infused mice was consistent
with the impaired recovery shown in the clinical course.

I next examined the levels of microglia/macrophage activation at different time-points
(Day 15, 22, 30, and 40) during EAE, using the Ibal antibody (Fig. III-12B). Both
NMMA and PBS infused mice showed large numbers of activated
microglia/macrophages in the spinal cord white matter on day 22 (the peak of disease),
however, they showed different pattern during the recovery period: NMMA infused mice
had recruitment of activated microglia/macrophages until day 40, while in the PBS
infused controls most cells returned to their resting morphology.

These results suggested that blocking general NO production in wt mice worsened
disease symptoms, impaired remyelination and caused sustained recruitment and
activation of inflammatory cells during EAE. We therefore conclude, that the cellular
source-independent NO has protective roles during the recovery period of EAE. The

mechanism underlying needs to be further investigated.

Discussion

The cellular source from which NO is produced has been proposedto be responsible
in part for determining whether NO has toxic or protective effects during many

neurological diseases. In this chapter, in an effort to determine NOS isoform-specific
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effects, we used individual NOS isoform-deficient animals and analyzed the development
and pathological hallmarks of EAE. We identified that the individual NOS isoform-
derived NO contributes specifically the progression phase of EAE.

Initial BBB breakdown is crucial for the induction of EAE. It has been reported that
NO can disturb BBB permeability in both in vivo and in vitro settings, however, the
precise mechanism is poorly understood. With their cell bodies wrapping around the
capillary lumen and the ends of the cells sealed by tight junctions, endothelial cells are
well-positioned to regulate BBB integrity by controlling the entry of cells into the CNS.
eNOS expression is up-regulated in endothelial cells during EAE (Zhao et al. 1996). In
the model of kainate hippocampal excitotoxicity, eNOS-derived NO mediates breakdown
of the BBB (Parathath et al. 2006), and we report a similar finding here in the EAE model
of MS (Fig. III-2). Accordingly, developing methods to preventing eNOS-derived NO
production might succeed in delaying or preventing initiation of new MS (EAE) events.

The nNOS isoform is physically and functionally linked to the NMDA receptor via
interaction with the scaffolding protein post-synaptic density 95 (PSD-95) (Brenman et al.
1996; Sattler et al. 1999). This interaction places nNOS in close proximity to the calcium
entering the cell through the NMDA receptor upon its activation (Sattler and Tymianski
2000). Since nNOS requires increased calcium levels to produce NO, the opening of the
NMDA receptor is functionally coupled to the production of NO. It has demonstrated that
the pharmacological or genetic disruption of nNOS function results in neuroprotection
after NMDA treatment (Ayata et al. 1997). Previous work in our lab showed that nNOS

was a mediator of neurodegeneration and nNOS™™ mice resisted excitotoxicity (Parathath
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et al. 2007). In our model, nNOS™ mice showed delayed disease onset of EAE (Fig. III-
10). One explanation is that the nNOS-deficient mice were resistant to excitotoxicity, and
there was no neuronal death in the CNS, so microglia/macrophages cannot be activated
and thus were not be able to recruit the other cell types into the CNS. Since all the events
that were required to trigger BBB breakdown were inhibited, so BBB breakdown was
slowly occurred and disease onset was delayed. Another possibility is that the nNOS-
derived NO may directly participate in mediating BBB breakdown, thereby caused
delayed disease onset. There is evidence that like eNOS, nNOS can regulate cerebral
blood flow (Montecot et al. 1997). nNOS may mediate BBB permeability independently
from eNOS through indirect signaling events from neurons to BBB.

We report here that all three NOS isoform-deficient mice showed (1) increased
severity and limited recovery of neurological and motor dysfunction; (2) early severe
demyelination around day 15 which persists through day 40; and (3) an altered pattern of
microglia infiltration and activation that occurs early and is similarly persistent. These
results suggest that general NO production has a protective role by promoting innate
immunosuppression during EAE symptom progression and recovery. Delivery of global
NOS inhibitor NMMA in the wild-type mice showed impaired recovery, which further
confirmed this finding (Fig. I1I-11, 12).

The literatures showed that NO secreted by iNOS plays a crucial role in EAE. iNOS
activity significantly increases during EAE in correlation with the clinical course, and the
NO produced by iNOS is thought to mediate protective effects, since EAE symptoms are

exacerbated in mice lacking this isoform (Fenyk-Melody et al. 1998). Mechanistically,
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iNOS-generated NO may function to increase T-helper 1 responses (Kahl et al. 2003) or
to eliminate inflammatory cells from the CNS by promoting their apoptosis (Okuda et al.
1997). Our results of iNOS™ mice were consistent with previous findings. Moreover,
results of both eNOS™ and nNOS™ mice showed persistent recruitment and activation of
microglia/macrophages in the spinal cord, indicating a similar role, directly or indirectly,
for eNOS and nNOS. The immunosuppressive effects of NO might be functioning
through any of several mechanisms including inhibition of T cell proliferation or down-
regulation of adhesion molecules, both of which would inhibit further recruitment of
inflammatory cells.

These NOS findings shed light on contradictory results obtained by several
NOS/iNOS inhibitor treatment study reports for EAE (Okuda et al. 1998; Zhao et al.
1996): in some cases the inhibitors ameliorated disease, whereas in others, more severe
symptoms were provoked, possibly because the treatments were delivered or were
effective at different times in the disease course. Aminoguanidine (AG), a selective
inhibitor for iNOS, has been reported to have different effects on EAE in the induction
and progression phase. Administration of AG during the induction phase showed partial
preventive effects, while administration during the progression phase had a harmful effect
with more severe disease and higher mortality (Okuda et al. 1998). These studies, along
with our study, suggest that the timing or route of drug administration must be considered
as an important factor.

Here we indentified the roles of different NOS isoform-derived NO during the

development of MOG-induced EAE. Several studies have been done to investigate the
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role of NO in neurotoxicant-induced demyelination model (Arnett et al. 2002; Linares et
al. 2006). This model features demyelination hallmarks, but with a less prominent
immunologic component. In a cuprizone-induced demyelination model, iNOS-/- mice
exhibited more severe demyelination in the corpus callosum compared to wild-type mice,
however they displayed less extent of activation of microglia and macrophages. The
severe demyelination may be attributed with a greater depletion of the mature
oligodendrocytes. The eNOS™ mice mice showed a similar extent of demyelination as the
wild-type mice, but with a slightly delayed remyelination. Moreover, the demyelination
was greatly inhibited in the nNOS™ mice, which was associated with a dramatic increase
in mature oligodendrocyte survival. These findings suggested that NO has protective
roles in the neurotoxicant-induced demyelination model. Different NOS isoform-derived
NO exhibit individual pathological effect.

Early studies reported that total NOS activity is increased in the CSF from MS
patients (Calabrese et al. 2002), but more recent studies have complicated the story: Total
NOS activity in the spinal cord has also been reported to remain unchanged or to
decrease during EAE (Kabhl et al. 2003), and calcium-dependent NOS (eNOS and nNOS)
activity in the brain have been reported to decrease concomitantly with iNOS
upregulation (Teixeira et al. 2002). The different outcomes reported might be explained
by the use of different models for EAE induction, or the different tissue examined (brain,
spinal cord or CSF). However, since the NOS activity represents the combined activity of
all three NOS isoforms, it is conceivable that each isoform could play a different role in

EAE. In this chapter, we describe the finding that nitrite levels in the spinal cord are
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about 20% lower in eNOS™ mice than in WT mice, and that the nitrite levels fall in
parallel for both strains during EAE progression and then rise again during recovery (Fig.
I11-6C). We also observe benefit in recovery for the eNOS™ mice when nitrite levels are
partially restored through administration of the NO donor NOC-18 (Fig. III-6A, B).
Although not tested, this now raises the possibility that administration of NOC-18 to
elevate the falling levels of nitrite in WT animals during the course of EAE could have a
beneficial outcome for them as well.

It is intriguing that NO appears to play both aggravating and protective roles in EAE
in different contexts. Although both could be mediated directly by NO, it is also possible
that the negative outcomes triggered by NO production could ensue from its conversion
to the toxic metabolite peroxynitrite (ONOOQO) through reaction with superoxide. ONOO',
a highly reactive oxidant, modifies proteins through the formation of nitrotyrosine
adducts and when present at sufficiently high levels, induces excitotoxicity, DNA
damage, and apoptosis (Brown and Bal-Price 2003; Crow and Beckman 1996; Kroncke
et al. 2001). Contrasting roles for NO and ONOO™ have been reported. In vitro,
peroxynitrite induces lipid peroxidation in myelin preparations, whereas NO inhibits it
(Hooper et al. 2000), and human adult CNS-derived oligodendrocytes are relatively
resistant to NO-mediated damage but highly susceptible to peroxynitrite-mediated injury
(Beckman et al. 1994). We hypothesize that NO may be a protective molecule in the
recovery phase of EAE, whereas its toxic metabolite peroxynitrite triggers BBB

breakdown. Future studies will focus on the effects of peroxynitrite in EAE.
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Finally, in our attempt to complement eNOS deficiency by administering a synthetic
NO donor (NOC-18), we noted that no effect was observed in the phase where NOS-
generated NO is harmful, i.e. BBB breakdown, since no change in the timing of EAE was
observed, but beneficial outcomes were obtained in the recovery phase (Fig. III-6A). This
could reflect the fact that the NO provision only partially restored the deficiency
triggered by eNOS deficiency (Fig. III-6C), and that lower levels of nitrite are required
for immunosuppression than for BBB breakdown. Alternately, it could indicate that
diffuse provision of nitrate suffices to confer immunosuppression in this setting, whereas
BBB breakdown requires local production by the endothelial cells that can not be
mimicked by diffuse exogenous provision. Regardless of the mechanism, this outcome is
potentially useful and suggests that a combination therapy based on an eNOS inhibitor
and NOC-18 supplementation could simultaneously delay or prevent new MS episodes
by preventing BBB breakdown while enhancing immunosuppression/recovery for ones in

progression.
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Figure III-1: eNOS™ mice exhibit delayed EAE onset followed by exaggerated

disease severity and limited recovery.

(A). Clinical course of EAE. Wild-type (WT) and eNOS™™ mice were injected with
MOGs;,_5s peptide in CFA and pertussis toxin to induce EAE. The disease severity was
scored on a clinical scale from 0 to 5 as described in Experimental Procedure. (B).
Weight score of WT and eNOS™ mice during EAE (Experiment has been repeated three

times. Cumulative data was provided; total number of animals tested, n=25/genotype).
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Figure III-2: Delayed but ultimately more extensive BBB breakdown in eNOS™

mice.

(A). WT and eNOS™ mice were injected with 2% Evans Blue intravenously at different
time points after MOG immunization. 24 hours later, the mice were perfused with 4%
PFA and the spinal cords removed, weighed, and homogenized. The extent of BBB
breakdown was assessed as the amount of Evans Blue (quantified using absorbance at
620 nm) that leaked into the spinal cord normalized to the wet weight. Values are
presented as a percent of the total amount of Evans Blue Dye and represent the average of
a minimum of three mice per experimental group. A two-tailed 7 test was performed to
analyze the difference of BBB breakdown between wild-type and eNOS™ mice for each
timepoint (***, p<0.001; **, p<0.01). (B). BBB breakdown in the cerebellum was
assessed by immunofluorescent staining of the tight junction protein occludin, which in
the non-disease setting visually presents as spatially-restricted puncta (e.g. day 0). When
BBB breakdown occurs, the pattern of localization becomes more diffuse (e.g. day 22).

(C). Correlation between BBB permeability and disease severity.
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Figure ITI-3: Increased demyelination in eNOS™ mice during EAE.

(A). Frozen cross-sections of spinal cords isolated from WT and eNOS™™ mice at different
time points during the EAE course were stained with Eriochrome cyanine (EC), which
visualizes myeline (blue). Sites of demyelination are indicated by asterisks (e.g. eNOS™
mice at day 15). (B, C). Use of FluoroMyelin to fluorescently and quantitatively image
myelin. (Quantifications were performed on five sections per mouse for three different
mice in three separate EAE experiments; results are presented as an average with error
bars indicating the standard error of the mean. A two-tailed ¢ test was performed to
analyze the significance of the difference of FluoroMyelin staining intensity between WT

and eNOS™ mice at each timepoint (*** p<0.001; **p<0.01).
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Figure I1I-4: Increased microglia/macrophage infiltration and activation in eNOS™

mice.

(A). Frozen cross-sections of spinal cords from WT and eNOS™ mice at different time
points in EAE were stained with anti-Ibal to detect microglia. Ibal is expressed on both
resting and activated microglia, which can be distinguished by their morphological
appearance. Arrows (e.g. as seen in Day 0 panel) indicate resting microglia, characterized
by long, thin cell bodies. Arrowheads (e.g. as seen in Day 22 and 30 panels) indicate
activated microglia that are characterized by thicker, rounded cell bodies and multi-
branched cellular protrusions. (Experiment has been repeated three times. In total five
mice were assessed for immunostaining each timepoint per genotype, representative data
were provided.) (B). Higher magnification (boxed areas in panel A) shows morphology
of resting state (day 0) and activated state (day 22) microglia/macrophages. (C). Protein
extracts from WT and eNOS™ mice spinal cords were collected at different timepoints in
EAE and analyzed using western blotting to quantitate levels of Ibal. Equal loading of
protein was confirmed by anti-actin blotting. (Western blot was repeated three times on

mouse spinal cord samples from three separate EAE experiments.)
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Figure III-SA-C: Recruitment of microglia/macrophages into regions of

demyelination.

Double staining with FluoroMyelin and anti-Ibal to image regions of demyelination and
microglia/macrophage localization. (A). WT day 15 section, low and high magnification.

(B). WT day 22 section. (C). eNOS™ day 22 section.
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Figure III-5D: Recruitment of microglia/macrophages into regions of demyelination.

(D). Higher magnification revealed that in the demyelinated area, activated
microglia/macrophage recruited from the surrounding area potentially to phagocytose
(Sites of demyelination are indicated by asterisks, arrows point to activated microglia

surrounding demyelinated areas).
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Figure III-6A-C: Therapeutic administration of an NO donor is beneficial in the

recovery phase for eNOS™ mice.

(A). Clinical course and weight score in eNOS™ mice infused with NOC-18 pumps.
(Experiment has been repeated three times. Cumulative data was provided; total number
of animals tested: n=19/WT, n=19/eNOS™, n=21/eNOS™ infused with NOC-18.) (B).
Eriochrome cyanine (EC) staining to assess demyelination in spinal cords of eNOS™
mice supplemented with NOC-18. (C). Anti-Ibal staining to show extent of
microglia/macrophage infiltration and activation in eNOS” mice supplemented with
NOC-18. (At least four mice were assessed each timepoint per genotype for both EC
staining and Iba-1 staining; representative data were provided.) Quantitative data was

provided as the relative microglia/macrophages intensity.
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Figure III-6D-E: Therapeutic administration of an NO donor is beneficial in the

recovery phase for eNOS™ mice.

(D). BBB breakdown was assessed by immunofluorescent staining of the tight junction
protein occludin in eNOS™ mice supplemented with NOC-18. These mice showed
diffused occludin staining from day 15 through day 22, but with almost complete BBB
restoration by day 30. (E). Nitrite production during EAE, measured as described in
Methods. Statistical analysis was performed using one-way ANOVA followed by a
Bonferroni-Dunn test for multiple comparisons within each timepoint. *p < 0.05 indicates
significant difference in nitrite production, **p < 0.01 and ***p < 0.001 indicates very
significant difference in nitrite production. Within each genotype or treatment (i.e. WT
mice, eNOS™ mice and eNOS™” mice infused with NOC-18), one-way ANOVA was
conducted and followed by a Bonferroni-Dunn test for multiple comparisons for all
timepoints versus control (day 0). "p < 0.05 indicates significant difference in nitrite
production, p < 0.01 and "p < 0.001 indicates very significant difference in nitrite

production.
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Figure I11-7: iNOS™ mice exhibit exaggerated disease severity and limited recovery.

(A). Clinical course of EAE. Wild-type (WT) and iNOS™ mice were injected with
MOG;,_5s peptide in CFA and pertussis toxin to induce EAE. The disease severity was
scored on a clinical scale from 0 to 5 as described in Experimental Procedure. (B).
Weight score of WT and iNOS™ mice during EAE (Experiment has been repeated three

times. Cumulative data was provided; total number of animals tested, n=20/genotype).
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Figure III-8A: iNOS™ mice showed altered pathological hallmarks during EAE.
g p g g

(A). Frozen cross-sections of spinal cords isolated from WT and iNOS™ mice at different
time points during the EAE course were stained with Eriochrome cyanine (EC) to assess
demyelination pattern. (Experiment has been repeated three times. In total five mice were
assessed for immunostaining each timepoint per genotype, representative data were

provided.)
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Figure I11-8B: iNOS™ mice showed altered pathological hallmarks during EAE.
g p g g

(B). Spinal cord sections were stained with anti-Ibal to detect microglia/macrophages.
Ibal is expressed on both resting and activated microglia, which can be distinguished by
their morphological appearance. Resting microglia (e.g. as seen in Day 0 panel), are
characterized by long, thin cell bodies. Activated microglia (e.g. as seen in Day 22 and 30
panels) are characterized by thicker, rounded cell bodies and multi-branched cellular
protrusions. (Experiment has been repeated three times. In total five mice were assessed

for immunostaining each timepoint per genotype, representative data were provided.)
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Figure I1I-9: Providing nitric oxide using an NO donor is beneficial for recovery in

iNOS™ mice.

(A). Clinical course and weight score in iNOS™ mice infused with NOC-18 pumps.
(Experiment has been repeated three times. Cumulative data was provided; total number
of animals tested: n=20/wild-type mice infused with PBS, n=20/iNOS™ mice infused
with PBS, n=20/iNOS”" mice infused with NOC-18) (B). Eriochrome cyanine (EC)
staining to assess demyelination in spinal cords of iNOS™ mice supplemented with NOC-
18. (C). Anti-Ibal staining to show extent of microglia/macrophage infiltration and
activation in iNOS™ mice supplemented with NOC-18. (At least four mice were assessed
each timepoint per genotype for both EC staining and Iba-1 staining; representative data

were provided.)
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Figure III-10: nNOS™ mice exhibit delayed EAE onset followed by exaggerated

disease severity and limited recovery.

Wild-type (WT) and nNOS™ mice were injected with MOG;;_ss peptide in CFA and

pertussis toxin to induce EAE. The disease severity was scored on a clinical scale from 0
to 5 as described in Experimental Procedure. (Experiment has been repeated twice.

Cumulative data was provided; total number of animals tested, n=10/genotype)
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Figure I1I-11: Blocking NO production using NMMA in wild-type mice exacerbated

the progression of EAE.

(A). Clinical course of EAE. Wild-type (WT) were infused with global NO production
inhibitor NMMA and PBS on day 1 after MOG immunization. The disease severity was
scored on a clinical scale from 0 to 5 as described in Experimental Procedure. (B).
Weight score of EAE. (Experiment has been repeated three times. Cumulative data was
provided; total number of animals tested, n=20/PBS infused wild-type mice,

n=18/NMMA infused wild-type mice).
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Figure I1I-12A: Altered pathological hallmarks in the wild-type mice infused with

NMMA during EAE.

(A). Frozen cross-sections of spinal cords isolated from NMMA and PBS infused wild-
type mice at different time points during the EAE course were stained with Eriochrome
cyanine (EC) to assess demyelination pattern. (Experiment has been repeated three times.
In total five mice were assessed for immunostaining each timepoint per genotype,

representative data were provided.)
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Figure I1I-12B: Altered pathological hallmarks in the wild-type mice infused with

NMMA during EAE.

(B). Spinal cord sections were stained with anti-Ibal to detect microglia/macrophages.
Ibal is expressed on both resting and activated microglia, which can be distinguished by
their morphological appearance. Resting microglia (e.g. as seen in Day 0 panel), are
characterized by long, thin cell bodies. Activated microglia (e.g. as seen in Day 22 panel)
are characterized by thicker, rounded cell bodies and multi-branched cellular protrusions.
(Experiment has been repeated three times. In total five mice were assessed for

immunostaining each timepoint per genotype, representative data were provided.)
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Table III-1. Summery of clinical course and pathological markers in NOS
deficient mice, NOS deficient mice infused with NOC-18, and wild-type mice infused

with NMMA.
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Chapter IV

The effects of nitric oxide on microglia and T cell properties in

VIitro
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Introduction

MS/EAE is a T helper 1 (Thl) cell-mediated autoimmune disease. Thl cells can
infiltrate the compromised BBB and enter the CNS, where they encounter the myelin
antigens presented by microglia and become activated. The activated T cells then initiate
an inflammatory cascade, during which they proliferate, produce both pro- and anti-
inflammatory cytokines and chemokines which can affect the CNS; in addition, T cells
can activate microglia, and cause recruitment of macrophages to the CNS.

Microglia/macrophages are the major inflammatory cells during MS/EAE; they
become activated and are recruited to the lesion site. However, it has not been clear
whether microglial activation contributes to neurotoxicity or neuroprotection. Most likely,
microglia can be both protective and neurodegenerative; the timing and strength of their
activity determine which of these effects is expressed. As antigen-presenting cells,
microglia secrete chemokines and adhesion molecules, and further recruit T cells
(Cannella and Raine, 1995). Microglia can produce pro-inflammatory cytokines (i.e.
TNFa) and oxygen reactive species (i.e. NO), which can damage the oligodendrocytes
and myelin sheath. Microglia can also produce anti-inflammatory cytokines, such as IL10
and TGFp, which suppress EAE (Rott et al., 1994) and promote tissue repair ( Kreutzberg,
1996).

There are three subtypes of Th cells (Th1, Th2 and Th17 cells) that participate during
MS/EAE. Thl cells produce proinflammatory cytokines such as TNFa, IFN-y, and IL6,

which contribute to the development of inflammatory response, while Th2 cells secrete
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anti-inflammatory cytokines such as IL4, IL10 and TGFp, which play a role suppressing
activation of the immune system. Th17 cells primarily secrete the cytokine IL17. The
balance between the Thl and Th2 response determines the status of the immune system,
thus either promoting or preventing the development of MS/EAE.

In the previous chapter I presented results that NO can play deleterious and protective
roles during the development and progression of EAE. In this chapter, I investigate the
effects of NO on microglia and T cells, which are the major effector cell types during
MS/EAE. Previous literature showed that NO plays a role in nerve repair and recovery
from injury by modulating accumulation of microglia in the lesion areas (Chen et al.,
2000). In the studies presented here, I cultured primary microglia from wild-type mouse
brain and evaluated the proliferation rate and cytokine profiles of microglia after NO
treatment. NO has been found to interfere with the T cell mediated inflammatory cascade:
NO can influence T cell proliferation, modulate the expression of adhesion molecules,
affect T cell apoptosis, and change the balance between Th1 and Th2 cytokine production.
I isolated primary T cells from wild-type mouse spleen, and measured T cell properties in
response to NO donor (NOC-18) treatment. I proposed that by modulating the properties
of microglia and T cells, NO can affect the outcome of the immune response during EAE.
These findings will provide further insights into the underlying mechanisms of the NO

effect during MS/EAE.
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Results

Effects of NO on T cell properties

NO affects T cell proliferation rate in a dose-dependent manner

Primary T cells from wild-type mouse spleen were cultured, as described in Methods.
Anti-CD3 antibody was used to coat the tissue culture plate to activate the T cells, and
NOC-18 in a gradient of concentrations was added to the culture. BrdU assay was
performed to measure the T cell proliferation rate after 72 hours incubation. Fig. IV-1
shows that NOC-18 affects T cell proliferation in a dose-dependent manner. CD3 alone
activates T cells and promotes T cell proliferation. Low levels of NOC-18 further
increase the proliferation rate of T cells (T cells incubated with 100 uM NOC-18
proliferate 1.3 fold more than CD3-treated controls; T cells treated with 200 uM NOC-18
proliferate approximately 1.8 fold more than the control group). In contrast, high levels of

NOC-18 (500 uM) decreased the T cell proliferation rate by 20% of that of the control

group.

NO modulates T cell cytokine profiles

The next question addressed was whether NO modified the T cell cytokine profiles by
affecting the production of Thl and Th2 cytokines. T cells were incubated with multiple

concentrations of NOC-18 for 72 hours. ELISA assays were performed to evaluate the
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levels of Th2 cytokines IL4 and IL-10, and Thl cytokine TNFa (Fig. IV-2). CD3 alone
activates T cells and elevates the production of all three cytokines compared to the
untreated group. Providing NO (with NOC-18) did not have significant effect on TNFa
production, however, the levels of both IL-4 and IL-10 increased after treatment with
100uM and 200uM NOC-18 (they increased 2 fold with 200uM NOC-18 treatment). The
levels of IL-4 and IL-10 decreased after treatment with 500uM NOC-18. These results

suggested that low levels of NO can induce an up-regulated Th2-response.

NO promotes apoptosis of T cells

Previous reports suggested that NO may act as an anti-inflammatory factor by
promoting apoptosis of T cells. T cell apoptosis was measured using TUNEL assay (Fig.
IV-3A). Both untreated and only CD3 antibody-treated cultures showed minimal
numbers of apoptotic T cells. However, the number of TUNEL-positive cells increased in
cultures that had been treated with NOC-18. High levels of NOC-18 treatment resulted in

increased numbers of apoptotic T cells.

Effects of NO on the properties of microglia

NO exerts no significant effect on microglial proliferation
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Primary microglia were isolated from wild-type mouse brain, as described in Methods.
100ng/ml lipopolysaccharide (LPS) was added in the culture to activate microglia, and a
gradient of concentrations of NOC-18 were added to the culture. After 10 hours
incubation, BrdU assay was performed to measure the microglial proliferation rate (Fig.
IV-4). LPS alone activated microglia and promoted the microglial proliferation rate
compared to untreated group, in agreement with the literature. However, adding NOC-18
had no additional effect on the microglial proliferation rate; they showed comparable

proliferation rate as the LPS alone treated group.

NO does not affect microglial cytokine profiles

Next we asked whether NOC-18 can modulate microglial cytokines profiles.
100ng/ml LPS and multiple concentrations of NOC-18 were added to the primary
microglial culture. After 10 hours incubation, ELISA assays were performed to quantify
the production of Th2 cytokine IL-10, and Thl cytokine TNFa secreted by microglia (Fig.
IV-5). LPS treatment activated microglia and caused an upregulation of the production of
both IL10 and TNFa. However, the addition of NOC-18 has no significant effect on

either cytokine production.
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Discussion

Both microglia and T cells play important roles during the inflammatory cascade in
MS/EAE. In the previous chapter, I showed that NO has protective effect during the
recovery period of EAE, and early damaging roles in a cellular-source dependent manner.
In an effort to determine the underlying mechanism of NO functions during EAE, I
proposed that NO may affect the properties of immune cells such as microglia and T cells,
which further modulate the outcome of MS/EAE. In this chapter, I examined the roles of
NO on microglia and T cells in culture. The results showed that NO affected the T cell
properties in a dose-dependent manner. Low levels of NO (100 uM, 200 pM) increased T
cell proliferation, and caused up-regulation of anti-inflammatory cytokines IL10, IL4
production; while high levels of NO (500 uM) decreased T cell proliferation rate, and
inhibited the production of IL10 and IL4. The results suggested that low levels NO
promoted the anti-inflammatory properties of T cells, and potentially favored Th2 cell
development. Under the treatment of low doses of NO, T cells are driven to the Th2 cell
fate, and in the mean time, low levels of NO can increase T cell proliferation, thus
boosting the Th2 response. High levels of NO treatment, however, inhibit the anti-
inflammatory properties of T cells, suggesting a dominant Thl response. Adding high
doses of NO decreased the T cell proliferation rate, potentially confining the pro-
inflammatory response. Taken together, both low and high levels of NO are potentially
protective during MS/EAE, by modulating T cell properties, either to promote anti-

inflammatory responses or to contain pro-inflammatory responses.
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Next I determined the role of NO in affecting T cell apoptosis. The results showed
that NO promoted T cell apoptosis in a dose-dependent manner. I also examined the
effects of NO on primary microglia. The results showed that NO had no significant effect
on microglia proliferation or cytokine production. Then I asked, whether NO could affect
microglia apoptosis. In Fig. III-4A and Fig. I1I-8B, NOS deficient mice (eNOS™ and
iNOS™ mice) showed accumulation of activated microglia/macrophages in spinal cord
white matter on day 22 (peak of disease), which continued until day 40 (recovery period).
This activation pattern of microglia/macrophages was consistent with the sustained
symptoms in these mice. It has been reported that NO can eliminate the inflammatory
cells by promoting their apoptosis. We then hypothesized that it might be because of the
lack of NO in the NOS deficient mice, which caused deficiency in clearing the
inflammatory cells out of the lesion site, such as microglia/macrophages. Further studies

may focus on the role of NO on microglia apoptosis both in culture and in vivo.
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Figure IV-1: The effect of NO on T cells proliferation.

BrdU-based cell proliferation assays were performed to evaluate the proliferation of T
cells. n = 4, a two-tailed t-test was used for comparisons between experimental groups

and CD3 alone treated group. *, p<0.05.
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Figure IV-2: The effect of NO on T cells cytokines production.

ELISA assays were performed to evaluate the proinflammatory cytokine TNFa (A), anti-
inflammatory cytokine IL-10 (B) and IL4 (C) produced by T cells. n = 4, a two-tailed t-
test was used for comparisons between experimental groups and CD3 alone treated group.

*, p<0.05; ** p<0.01.
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Figure I'V-3: The effect of NO on apoptosis of T cells.

(A), T cell apoptosis was measured using TUNEL assay. (B), Quantification of the

percentage of TUNEL-positive T cells out of CD3-positive cells. *, p<0.05; **, p<0.01.
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Figure IV-4: NO has no significant effect on microglia proliferation.

BrdU-based cell proliferation assay was performed to assess the proliferation of T cells. n

=3.
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Figure IV-5: The effect of NO on microglia cytokines production.

ELISA assay were performed to evaluate the proinflammatory cytokine TNFa (A), anti-

inflammatory cytokine IL-10 (B) produced by microglia. n = 3.
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Chapter V

Tuftsin (TKPR) attenuates disease symptoms in Experimental

Autoimmune Encephalomyelitis (EAE): a switch to anti-

inflammatory responses
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Introduction

T cells and microglia/macrophages contribute to the pathogenesis of MS/EAE by
mediating inflammatory cascade. MS/EAE is a T helper 1 cell-mediated autoimmune
disease, during which a lot of pro-inflammatory cytokines are generated, such as TNFa
and IFNy. Recovery in MS/EAE is normally promoted by T helper 2 cells and regulatory
T cells, which produce anti-inflammatory cytokines, such as IL10 and TGFp. The
balance between the pro- and anti-inflammatory responses determines the outcome of
disease.

Protective autoimmunity, a hypothesis formulated by Dr Michal Schwartz’s group,
suggests that in the CNS autoimmunity is not only an outcome of immune system
malfunction, but rather it is the body’s own protective mechanism against destructive
self-compounds (Schwartz and Kipnis, 2005). Early activation of microglia could then
ameliorate the disease by presenting antigen to T helper cells and subsequently
coordinating the resulting adaptive immune response, thus inducing protective
autoimmunity. Shaked et al. have shown in a model of optic nerve crush injury that
earlier onset of phagocytic activity and antigen presentation by microglia results in
resistance to injury and neuronal survival, and this is due to the fact that the early
activation of microglia can modulate the adaptive immune response and thus promote the
secretion of neurotrophic factors from T cells (Shaked et al., 2004).

Tuftsin is a naturally occurring tetrapeptide, which promotes phagocytic activity for

cells of monocytic origin, such as neutrophils, macrophages and microglia, all of which

110



express tuftsin receptors. Subsequent reports indicated that tuftsin or tuftsin-like peptides
exert multiple stimulatory effects on a subset of immunologic effector cells, including
enhanced migration/chemotaxis, enhanced phagocytotic activity and antigen presentation
(Siemion and Kluczyk, 1999). Additionally, tuftsin is reported to have effects on the
nervous system, including induction of analgesia (Herman et al., 1981), and inhibition of
axonal regeneration in a model of optic nerve transection (Thanos et al., 1993).

Previous work in our laboratory revealed that modification of the status of microglia
affected the timing and symptoms of EAE (Bhasin et al., 2007). In particular, tuftsin
decreased the severity of EAE symptoms and drastically improved recovery in wild-type
mice. Real-time PCR showed that wild-type EAE mice exhibited a prevalent T-bet
(transcription factor driving the expression of Thl cytokines) presence, while tuftsin
infusion resulted in a shift towards an increased GATA3 (transcription factor of Th2
cytokines) expression. I proposed that early activation of microglia with tuftsin
ameliorated EAE by recruiting and interacting with the adaptive immune response, rather
than worsening it, and by potentially inducing protective autoimmunity. In this chapter, I
used both in culture and in vivo methods to investigate the mechanism by which tuftsin
can modulate the immune response in the MOG-induced EAE model. The results showed
that in culture, modulating microglia activity with tuftsin affected T cell responses by
down-regulating the Th1 response and up-regulating anti-inflammatory cytokines. /n vivo,
tuftsin infusion promoted development of type II Th cells, and favored expansion of
Tregs. Moreover, adoptive transfer of tuftsin-modulated T cells reversed clinical signs of

disease in mice with established EAE.
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Results

Modulating microglia activity with tuftsin switched T cell phenotypes in culture

Tuftsin-infused wild-type mice showed a shifted immune response towards an anti-
inflammatory phenotype (Bhasin et al., 2007). I proposed that modulation of microglia
activation with tuftsin can affect the immune system by modifying the T cell phenotypes.
However, there is a possibility that tuftsin may exert a direct effect on T cells. I
investigated these two hypotheses using primary cell cultures.

To test the direct effect of tuftsin on T cells, I cultured primary T cells isolated from
wild-type mouse spleens, as described in Methods. MOG peptide was used to prime T
cells, then a gradient of concentrations of tuftsin were added to the culture. After 72
hours incubation, supernatants from the T cell culture were collected, and ELISA assays
were performed to determine the production of the Thl cytokine TNFa, and the Th2
cytokine IL-10 (Fig. V-1). TNFa levels increased at the higher doses of tuftsin (Fig. V-
1A), but there was no significant difference in IL-10 production (Fig. V-1B). Given that
TNFa is a proinflammatory cytokine, these findings do not support our previous in vivo
results, which indicated that tuftsin treatment yields increases in anti-inflammatory
factors; I sought, therefore, to examine the indirect effect hypothesis.

To test such an indirect effect of tuftsin on T cells, we set up culture conditions to
mimic the in vivo tuftsin infusion in the EAE model (Chart. V-1). Neuronal conditioned
medium and tuftsin were added to primary microglia to modulate microglia activity.

Neuronal conditioned medium (from neurons incubated with 25uM glutamate for 4 hrs)

112



was used to mimic the early excitotoxic events of EAE (Pitt et al., 2000). After 10 hours
incubation, microglia medium was collected and added to primary T cells. 72 hours later
the supernatants from the T cell culture were collected after 72 hours. ELISA assays were
performed to measure the levels of the Th2 cytokine IL-10, and Thl cytokine TNFa (Fig.
V-2). Microglial medium treated with only neuronal conditioned medium or tuftsin had
no significant effect on T cell cytokine production; however, the combined effect of
neuronal conditioned medium and tuftsin modulated microglia activity, such that it had a
significant effect on TNFa and IL10 levels produced by T cells. TNFa levels decreased
with 50ug/ml, 100ug/ml and 150ug/ml tuftsin treatments; in contrast, a significant
increase of IL10 production was observed. Microglia also secrete TNFa and IL10. Since
microglial medium was added to T cell culture, the cytokines produced by microglia
could be considered as factors affecting T cell cytokine levels. ELISA assays were
performed on microglia medium after 82 hours (equal to the 10 hours of microglial
exposure to NCM, plus 72 hours equal to the T cell exposure to microglial medium)
incubation in culture. Both cytokine levels were low (data not shown), so the residual
cytokine concentration in the conditioned microglia medium had insignificant effect on T
cell cytokine levels.

These in culture experiments suggested that modulating microglia activity with tuftsin
under glutamate-stimulation conditions affected T cell phenotype by down-regulating

Th1 response while up-regulating Th2 response.
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Identification of participating genes in T cells after tuftsin modulation.

To identify genes that are modulated in T cells under these conditions, mouse
inflammatory cytokines and receptors arrays were performed on RNA samples isolated
from T cells (Chart V-2). Several participating genes were identified (Table V-1). The
expressions of the pro-inflammatory cytokine TNFa, and its receptor la and 1b were
decreased after treatment with NCM plus tuftsin. Expression of several anti-inflammatory
cytokines, such as the Th2 type cytokine IL 10 and its receptor alpha and beta,
Interleukin 13 (IL13) and Interleukin 4 (IL4), were significantly up-regulated after
treatment with NCM plus tuftsin. Transforming growth factor beta 1 (TGFB1) functions
as an anti-inflammatory cytokine; it is also a cytokine stimulus for Th17 and T regulatory
cell generation. Our data showed a significant up-regulation of TGFB1 expression after
NCM and tuftsin treatment. The expression of CCR3, a chemokine receptor that has been
reported to mediate the recruitment of Th2 cells, was also up-regulated. CCRS, which is
reportedly expressed primarily by Thl cells, was up-regulated as well after NCM plus
tuftsin treatment. There was also an up-regulation of interferon y (IFN y), which has been
regarded as a pro-inflammatory cytokine in EAE, but described with anti-inflammatory
properties too, as IFN-y knockout mice were susceptible to EAE (Ferber et al., 1996).
Taken together, the PCR array results showed that modulating microglia activity with
NCM and tuftsin effectively up-regulated Th2 response and also favored regulatory T cell

formation.
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Tuftsin infusion promoted the development of type II T cells.

STATI is a member of the Signal Transducers and Activators of Transcription family
of transcription factors. STATI1 augments production of several pro-inflammatory
cytokines (TNF and IL-12), while repressing production of anti-inflammatory cytokines
(IL10). STAT1 phosphorylation (activation) is increased in EAE lesions. FoxP3, a
regulatory T cell transcription factor, facilitates regulatory T cell lineage commitment by
amplifying and stabilizing its own expression and by repressing alternative cell fates. In
the presence of TGFf, naive T cells convert into FoxP3-expressing Tregs. I evaluated the
levels of STAT1 phosphorylation and FoxP3 expression in wild-type mice subjected to
MOG-induced EAE, and in mice infused with tuftsin. Mouse spinal cord homogenates
were prepared at different time points after MOG immunization. Western blots were
performed to examine protein expression. As shown in Fig. V-3, phospho-STAT1
expression increased on days 21 and 30 in PBS infused control mice, which is consistent
with the literature that STATI phosphorylation (activation) is up-regulated in EAE
lesions (Weber et al., 2007). Tuftsin infusion promoted development of type II T cells,
characterized by increased secretion of IL10 and IL4. This shift towards the production of
anti-inflammatory cytokines was associated with reduced STAT] signaling in the tuftsin-
infused mice. More interestingly, tuftsin infusion also presumably directed differentiation
of regulatory T cells, by increasing the expression of the Treg transcriptional factor
FoxP3 (Fig. V-3). Taken together, these results suggest that in vivo, tuftsin infusion

promotes development of type II T cells, and favors expansion of Treg cells.
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Tuftsin-modulated T cells reversed clinical symptoms following adoptive transfer in

mice with established EAE.

To assess whether the protective effect of tuftsin in EAE was mediated by the tuftsin
modulated T cells, I transferred tuftsin-treated T cells into wild-type EAE mice. 5 x 10°
tuftsin-treated T cells were injected intravenously 14 days after the onset of disease into
recipient C57BL/6 mice immunized with MOG. T cells treated with the NCM/tuftsin-
modulated microglial medium decreased the clinical signs of EAE, and the disease course
paralleled with that of tuftsin infused animals (Fig. V-4). However, T cells treated only
with NCM or tuftsin modulated microglial medium resulted in a clinical course similar to
that of PBS-infused control mice (Fig. V-4). The results were consistent with our culture
data, indicating that modulating microglia activation using NCM and tuftsin affected the

T cell fate and resulted in attenuated signs of EAE.

Attenuated demyelination pattern in EAE mice adoptively transferred with tuftsin-

modulated T cells.

Inflammation and demyelination are two well-defined characteristics of EAE.
Eriochrome cyanine (EC) staining was used to detect myelin profiles in mouse spinal
cords. The timing of demyelination correlated with the clinical progression (Fig. V-5A).
All three groups (PBS-infused wild-type mice, tuftsin-infused wild-type mice, and wild-

type mice adoptively transferred with NCM/tuftsin-modulated T cells) showed minimal
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demyelination on day 15. During the peak of disease (day 22), PBS-infused wild-type
mice showed severe demyelination in spinal cord white matter, as characterized by large
areas devoid of EC staining. EAE mice transferred with NCM/tuftsin T cells showed
similar demyelination pattern as tuftsin-infused animals; both displayed less severe
demyelination, and revealed almost complete remyelination by day 30, while there was
still apparent demyelinated areas visible in PBS-infused mice.

Demyelination was also evaluated by FluoroMyelin, a fluorescent myelin stain, for
which similar results were obtained (Fig. V-5B). Quantification of the fluorescence
intensities (Fig. V-5C) revealed that the extent of demyelination in mice that received the
NCM/tuftsin-T cells is comparable to that in tuftsin-infused mice; however, the extent of
demyelination was significantly different between mice transferred with T cells alone and

control animals.

Adoptive  transfer of  NCM/tuftsin-modulated T cells decreased

microglia/macrophages infiltration and activation in EAE mice.

During EAE infiltrating T cells attack the endogenous myelin. Activated microglia
are then recruited to the demyelinated areas and through their phagocytotic activity
remove cellular debris (Benveniste, 1997; Diemel, 1998). 1 evaluated the levels of
microglia/macrophage activation at different time-points (Day 15, 22, 30) during EAE,

using an antibody against Ibal, which is expressed in resting microglia/macrophages and
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becomes upregulated during activation (Fig. V-6A). Ibal staining on day 15 revealed
resting microglia/macrophages in all groups, as defined by the cells’ ramified
morphology with long thin cell bodies (arrows). On day 22, in PBS-infused wild-type
animals high numbers of activated microglia/macrophages were visible in the white
matter of spinal cord, with ameboid shape and extensive branches. On day 30, activated
microglia/macrophages were still evident in these animals. In contrast, in tuftsin-infused
mice and mice with adoptive transfer, microglia became activated on day 22, but cell
density was less compared to PBS infused mice. On day 30, the number of Ibal-positive
cells decreased with most of the cells re-assuming a resting morphology.

Spinal cord extracts were prepared at different time points during EAE and western
blotting was performed to determine Ibal expression, as a semi-quantitative measure of
the extent of microglia/macrophage recruitment and activation (Fig. V-6B). All three
groups expressed Ibal at basal levels on day 15, and the level of Ibal increased as disease
progressed. PBS-infused animals showed a dramatic upregulation of Ibal levels on day
22, while Iba 1 levels decreased but still remained higher on day30. In contrast, tuftsin-
infused mice and mice with adoptive transfer showed lower extent of Ibal upregulation
on day 22, and the expression of Ibal dropped to basal levels by day 30. These results
correlate with the extent of microglia/macrophage activation described in panel A and

with the clinical symptoms described earlier.
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Neuropilin-1 (Nrp-1) expression is up-regulated after tuftsin infusion

In order to indentify the mechanism of immunomodulatory effect of tuftsin, it is
important to determine the binding target/targets of tuftsin. It has been reported that
cultured human aortic and umbilical vein endothelial cells express tuftsin receptors and
that in these cells the binding target for tuftsin is Nrp-1 (von Wronski et al., 2006).
Moreover, Nrp-1 has been found to be present on both microglia and T cells (Agudo et al.,
2005; Majed et al., 2006; Tordjman et al., 2002). So I determined the expression of Nrp-1
in spinal cord protein samples after tuftsin infusion. Spinal cord homogenates were
collected at multiple time points after EAE induction. Western blot was performed to
evaluate Nrp-1 expression. Tuftsin-infused animals showed detectable Nrp-1 expression
on dayl5, and much higher expression on day 22, followed by decreased expression on
day 30. In contrast, PBS-infused animals only showed detectable Nrp-1 level on day 30
(Fig. V-7). Nrp-1 has been found to be surface marker of regulatory T cells, and Nrp-1
expression correlates with the expression of FoxP3 (Bruder et al.,, 2004). This is
consistent with our previous results that increased FoxP3 expression was also observed in
tuftsin-infused animals, particularly on day 22 (Fig. V-3). This result indicated an

involvement of Nrp-1 in the tuftsin-modulated events.
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Discussion

In this chapter, I found that in culture modulation of microglial activation with tuftsin
under glutamate stimulation affected the phenotype of T cells by down-regulating the
Thl response and up-regulating the Th2 response. In vivo, tuftsin infusion promoted
development of type II Th cells, and favored expansion of Tregs. Moreover, adoptive
transfer of (NCM and) tuftsin-modulated T cells reversed clinical symptoms in mice with
established EAE. The extent of demyelination and the infiltration and activation of
microglia/macrophages were decreased in mice with NCM and tuftsin-modulated T cells
adoptive transfer.

Since tuftsin was first identified by Najjar and Nishioka in 1970, it has been studied
in the immune and nervous systems. Tuftsin primarily contributes to the function of the
immune system. Tuftsin or tuftsin-like peptides exert multiple stimulatory effects on a
subset of immunologic effector cells (Siemion and Kluczyk, 1999). Tuftsin deficiency,
either hereditary or following splenectomy, results in increased susceptibility to
infections. Tuftsin’s broad activities on the phagocytotic cells, especially microglia and
macrophages, make the peptide a potential candidate for immunotherapy. Tuftsin and its
analogs have been chemically synthesized, and applied in clinical studies (Fridkin and
Najjar, 1989). The normal tuftsin serum level is 250 — 500 ng/ml. It has been found that
tuftsin can destroy several microorganisms at a high concentration of 60 pg/ml. The LDsg
dose of tuftsin is 2.4 g/kg, which suggests that a serum level of 60 pg/ml is a suitable

physiological concentration for applying tuftsin in therapeutic studies. Here we delivered
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tuftsin through mini-osmotic pumps at a concentration of 500 pM, with an infusion rate
of 0.25 pl/hour. In theory, an infusion of tuftsin with amount of 0.06 pg per hour will be
diffused through the length of the whole spinal cord and surrounding tissues, which
certainly brings it to a physiological concentration for the therapeutic effects without
other untoward effects.

In our previous work, we found that early activation of microglia/macrophages by
tuftsin attenuated clinical symptoms in EAE mice, and this correlated with a switch
toward an increased expression of Th2 transcriptional factor. These findings led us to
explore the concept of protective autoimmunity. In MS/EAE the balance between the
proinflammatory Thl response and the anti-inflammatory Th2 response, together with the
beneficial effect of the regulatory T cells, is thought to determine the outcome of
MS/EAE. Here I observed that after tuftsin treatment, there was development of type II T
cells and expansion of Tregs. Our current studies confirmed the idea that early activation
of microglia by tuftsin results in a coordination of the immune response, by favoring
protective autoimmunity as opposed to autoimmune disease.

Many treatments for MS aim at the repression of the immune response. Some
reagents work through the inhibition of activation of microglia and T cells, and cause a
downregulation of the production of proinflammatory cytokines (Stanislaus et al., 2005).
These treatments through their “anti-inflammatory effects” attenuate MS symptoms.
Tuftsin, however, affects MS/EAE symptoms in a different manner, by inducing a
protective autoimmunity response rather than attenuate the immune response itself.

Tuftsin can modulate the T cell fates (promote Th2 and Tregs development), more than
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just inhibiting Th1 response. So tuftsin works through the “modulation of the immune
system”.

Despite its 30-year history, the binding target and mechanism of action of tuftsin
remain unknown. However, based on the broad range of action of tuftsin in both the
immune and nervous systems, it’s expected that the tuftsin receptor should be common in
both systems. Recently a group identified that cultured human aortic and umbilical vein
endothelial cells express tuftsin receptors and that in these cells the binding target for
tuftsin is neuropilin-1 (von Wronski et al., 2006). Because neuropilin-1 plays a critical
role in the immune, vascular, and nervous systems and interacts with a number of
different ligands, cell surface receptors and adhesion proteins (Gavazzi, 2001; Tordjman
et al., 2002; Wang et al., 2003), it is possible that some of the previously reported effects
of tuftsin are mediated through neuropilin-1.

Neuropilin-1 (Nrp-1) binds to SEMA3A in the nervous system (Kolodkin et al., 1997),
and vascular endothelial growth factor (VEGF) in cardiovascular development (Soker et
al., 1998). Recent findings revealed important roles of Nrp-1 in immune system. Nrp-1
mediates interactions between DCs and T cells that are essential for the initiation of the
primary immune response (Tordjman et al., 2002). Nrp-1 homotypic binding mediates
prolonged interactions between Treg cells and immature DCs (iDCs) (Sarris et al., 2008).
Nrp-1 is also expressed in microglia and its levels are increased during inflammatory
conditions (Agudo et al., 2005; Majed et al., 2006). It is therefore possible that during
inflammatory conditions, the binding of tuftsin to microglial Nrp-1 can initiate a series of

events that would actually deliver tuftsin-modulated signals to regulatory T cells and
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affect EAE outcomes. Our results showed up-regulation of Nrp-1 expression in tuftsin
infused animals, which indicates an involvement of Nrp-1 in tuftsin-mediated protection.

Future investigations should focus on the role of Nrp-1.
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Figure V-1: The direct effect of tuftsin on T cells cytokines production.

ELISA assays were performed to evaluate the proinflammatory cytokine TNFa (A) and
anti-inflammatory cytokine IL-10 (B) produced by T cells. n = 4, a two-tailed t-test was
used for comparisons between experimental groups and MOG-primed untreated control.

* p<0.05; ** p<0.01; *** p<0.001.
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Figure V-2: Modulating microglia activity with tuftsin under excitotoxic conditions

affected T cell cytokines production.

ELISA assays were performed to evaluate the proinflammatory cytokine TNFa (A) and
anti-inflammatory cytokine IL-10 (B) produced by T cells. n = 4, a two-tailed t-test was
used for comparisons between experimental groups and MOG-primed untreated control.

* p<0.05; ** p<0.01; *** p<0.001.
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Figure V-3: Tuftsin infusion induces type II T cells and Tregs.

Western blots were performed on mouse spinal cord extracts to examine protein
expression. Phosphorylation of STATI1 is reduced in tuftsin infused EAE mice, anti-
inflammatory cytokines IL10 and IL4 protein levels are up-regulated in tuftsin infused
EAE mice. Treg transcriptional factor FoxP3 expression increases in tuftsin treated
samples. Equal loading of protein was confirmed by pan-STAT]1 blotting. (Western blot
was repeated three times on mouse spinal cord samples from three separate EAE

experiments.)
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Figure V-4: Adoptive transfer of tuftsin modulated T cells prevents and reverses

established EAE.

Clinical course of EAE. Wild-type (WT) mice were injected with MOG;; 55 peptide in
CFA and pertussis toxin to induce EAE. Osmotic pumps filled with PBS or 500 uM
tuftsin in PBS were implanted in the back of the mice on day 1 after MOG immunization.
5 x 10° tuftsin treated T cells (three conditions: tuftsin plus NCM treated T cells; tuftsin
only treated T cells; NCM only treated T cells) were injected intravenously into recipient
C57BL6 mice immunized with MOG on day 14, after the onset of disease (Arrow
indicates timepoint when T cells transfer was performed). The disease severity was
scored on a clinical scale from 0 to 5 as described in Methods. (Experiment has been
repeated twice. Cumulative data was provided; total number of animals tested, n=12/PBS
infused mice; n=12/tuftsin infused mice; n=12/mice adoptively transferred with tuftsin
plus NCM modulated T cells; n=5/mice adoptively transferred with only tuftsin treated T

cells; n=5/ mice adoptively transferred with only NCM treated T cells)
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Figure V-5A: Attenuated demyelination pattern in EAE mice adoptively transferred

with tuftsin-modulated T cells.

(A). Frozen cross-sections of spinal cords were isolated at different time points during the
EAE from PBS infused wild-type mice, Tuftsin infused wild-type mice and wild-type
mice adoptively transferred with Tuftsin modulated T cells. spinal cord sections were
stained with Eriochrome cyanine (EC), which visualizes myeline (blue). Sites of

demyelination are indicated by asterisks (e.g. PBS infused wild-type mice at day 22).
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Figure V-5B-C: Attenuated demyelination pattern in EAE mice adoptively

transferred with tuftsin-modulated T cells.

(B). (C). Use of FluoroMyelin to fluorescently and quantitatively image myelin.
(Quantifications were performed on five sections per mouse for three different mice in
two separate EAE experiments; results are presented as an average with error bars
indicating the standard error of the mean. A two-tailed t test was performed to analyze the
significance of the difference of FluoroMyelin staining intensity across groups at each

timepoint (*** p<0.001; **p<0.01).
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Figure V-6: Reduced microglia/macrophage infiltration and activation in mice with

adoptive tranfer.

(A). Frozen cross-sections of spinal cords from PBS, tuftsin infused and adoptively
transferred mice at different time points in EAE were stained with anti-Ibal to detect
microglia. Ibal is expressed on both resting and activated microglia, which can be
distinguished by their morphological appearance. Arrowheads (e.g. as seen in Day 15
panel) indicate resting microglia, characterized by long, thin cell bodies. Arrowheads (e.g.
as seen in Day 22 panel) indicate activated microglia that are characterized by thicker,
rounded cell bodies and multi-branched cellular protrusions. (Experiment has been
repeated three times. In total five mice were assessed for immunostaining each timepoint
per genotype, representative data were provided. (B). Protein extracts from mice spinal
cords were collected at different timepoints in EAE and analyzed using western blotting
to quantitate levels of Ibal. Equal loading of protein was confirmed by anti-actin blotting.
(Western blot was repeated three times on mouse spinal cord samples from two separate

EAE experiments.)
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Figure V-7: Increased Nrp-1 expression in tuftsin infused animals.

Spinal cords protein extracts from WT mice infused with PBS or tuftsin were collected at
different timepoints in EAE and analyzed using western blotting to quantitate levels of
neuropilin-1. Equal loading of protein was confirmed by anti-actin blotting. (Western blot
was repeated three times on mouse spinal cord samples from two separate EAE

experiments.)
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Table V-1: PCR arrays on T cells reveal several responsible genes. n=2
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Fold Change (comparing to control group)
Gene Symbol Group 1 (NCMH+Tuftsin) Group 2 (Tuftsin) Group 3 (NCM)

Tnf 0.1175 0.9979 1.3827
Tnfrsf1a 0.1183 0.7537 0.7717
Tnfrsf1b 0.0923 0.9618 1.2724
Bcl6 0.2016 0.8649 0.8938

Fold Change (comparing to control group)
Gene Symbol | Group 1 (NCM+Tuftsin) | Group 2 (Tuftsin) Group 3 (NCM)

110 234176 1.0335 2.5401
I110ra 19.4227 0.7006 0.8383
1110rb 6.5925 1.1945 1.0885
113 12.7354 0.7719 1.0649
14 15.124 0.7938 1.6686
| Tgfb1 27.6091 1.2373 1.3031
Ccr3 36.8303 0.841 0.9663
Ccrd 86.9654 31.0864 0.9342
Ifng 7.6099 0.839 1.1929
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Chart V-1: An in culture model to mimic the tuftsin infused EAE model in vivo.
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Chart V-2: Diagram of PCR array samples preparation.
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Chapter VI

General Conclusions, Discussion and Future Directions
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NO and MS/EAE

A major part of this dissertation concerns the investigation of the role of NO, and
the elucidation of the contributions of different NOS isoforms during EAE. We
concluded that the cellular-independent production of NO had protective roles during the
recovery period of EAE, while different NOS isoform-derived NO participated during the
early onset and progress of disease. NO is not stable in the tissue, it can be converted to a
lot of metabolites, one of which is peroxynitrite (ONOQO"). Peroxynitrite has many toxic
effects. It has been reported that peroxynitrite can induce myelin damage and cause loss
of oligodendrocytes. It always remains a question: is the toxic effect of NO caused by
peroxynitrite? To address this question, we can infuse peroxynitrite scavengers FeTMPyP
and FeTPPS into wild-type mice, and monitor if the clinical symptoms will be
ameliorated; or we can provide peroxynitrite into wild-type mice, to see if the symptoms
become severe. Pathological markers, such as demyelination and oligodendrocytes loss,
can also be evaluated. Providing or scavenging peroxynitrite during different phases of

EAE could generate a timeline for the functions of peroxynitrite.

The blood brain barrier

Initial BBB breakdown is crucial for the induction of MS/EAE. It has been reported
that NO can disturb BBB permeability in both in vivo and in vitro settings, however, the
precise mechanism is poorly understood. One major part of this dissertation focused on

the determination of the responsible sources that contribute to BBB disruption. In chapter
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111, we identified that eNOS™ mice showed delayed BBB breakdown, which can not be
restored by infusion of general NO donor, suggesting that eNOS-derived NO contributes
to BBB breakdown. This is in agreement with previous findings that showed that eNOS
displays protective effects in ischemia by increasing cerebral blood flow and blocking
platelet aggregation (Samadani et al., 1997). It has been reported that eNOS expression is
up-regulated in endothelial cells during EAE (Zhao et al. 1996). In addition, astrocytes
and neurons also are cellular sources of eNOS. It will be important to determine the
cellular sources of eNOS during MS/EAE. To address this question, we can examine the
expression of eNOS in these cell types both qualitatively and quantitatively during
MS/EAE, and also evaluate whether its expression correlates with the timeline of BBB
breakdown.

Another interesting result we obtained is that the nNOS™ mice also showed delayed
(and even more delayed than eNOS” mice) BBB breakdown. Previous work in our lab
showed that nNOS was a mediator of neurodegeneration and nNOS” mice resisted
excitotoxicity (Parathath et al. 2006). Is the delayed BBB breakdown in these mice a
consequence of the resistance to excitotoxicity due to nNOS deficiency? Or nNOS may
mediate BBB permeability independently from eNOS through indirect signaling events
from neurons to the BBB? All these questions need to be further addressed.

Both eNOS and nNOS derived NO participate in BBB disruption, however, blocking
global NO production using NMMA has no effect on BBB breakdown as showed that
these mice had normal disease onset. One explanation may be that the concentration of

NMMA infused in the wild-type mice was not sufficient to block all NOS activity.
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Another possibility is that NO may only partly contribute to the BBB breakdown, and
there are other factors that mediate BBB disruption during NMMA infusion.

Peroxynitrite (ONOO-), a NO metabolite product has been found to be critical for
BBB breakdown in CNS pathologies involving chronic inflammation, such as MS. A
question may arise: whether it is NO or ONOO" that directly influence BBB permeability?
To answer this question, we can infuse ONOOQO" scavengers FeTMPyP and FeTPPS into
wild-type mice before induction of EAE, then monitor the onset of disease and measure
the breakdown of BBB. Elucidating the roles of NO versus ONOO™ will help us target the
cure for MS/EAE more specifically.

Activated T cells infiltrate the CNS once the BBB is compromised. It is of great
interest to assess the extent of T cell infiltration during disease progression both
temporally and quantitatively. To investigate this, we can prepare MOG-specific GFP-
labeled T cell clones isolated from B-actin GFP transgenic mice, and adoptively transfer
these T cells into wild-type and NOS deficient mice. The extent of T cell infiltration
could then be determined by imaging GFP-positive T cells in mouse spinal cord sections
at multiple timepoints during EAE progression. Flow cytometry could be used to

quantitatively evaluate T cell infiltration.
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Excitotoxicity and MS/EAE

MS/EAE has been recognized as a demyelinating, autoimmune disease, which is
associated with T cell-mediated inflammation. Accumulating evidence also indicates that
MS/EAE is generally linked with excitotoxicity. In the CSF of MS patients, high levels of
glutamate correlated with disease severity and progression (Barkhatova et al. 1998).
Moreover, in MS/EAE lesions, excitotoxicity-induced oligodendrocyte loss contributes to
axonal damage (Matute et al. 2001). Our results with the nNOS-/- mice also suggest a
correlation between nNOS-mediated excitotoxicity and pathological features of EAE.
One explanation of the delayed pathological events observed in nNOS™ mice could be
that due to the resistance to excitotoxicity, all the events that would be required to trigger
BBB breakdown were inhibited, so BBB breakdown slowly occurred and disease onset
was delayed. A new question may arise: whether other pathological markers, such as
those for axonal and oligodendrocytes loss, would also be attenuated due to nNOS
deficiency? Although it has been reported that in KA-induced excitotoxicity nNOS™
mice were protected from BBB breakdown and neurodegeneration as well (Parathath et al.
2007), we showed here in EAE, nNOS™ mice do show delayed BBB breakdown, but
with increased disease severity, severe demyelination and extensive infiltration and
activation of microglia/macrophages. One may wonder whether the resistance to
excitotoxicity mediated by nNOS deficiency is not sufficient to protect against EAE. Or,
whether this protective effect of nNOS deficiency is restricted within certain time frame
(i.e. early disease onset). To address these questions, we could induce EAE in wild-type

mice, and provide nNOS-specific inhibitors during different phases of disease to
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determine the effective time frame of nNOS inhibition. One possible explanation would
be that in MS/EAE, more factors in addition to excitotoxic mechanisms contribute to
disease progression: T cell, microglia/macrophages-mediated inflammation may be

minimally affected by preventing excitotoxicity.

Protective autoimmunity and MS/EAE

Autoimmune diseases are usually recognized as the mal-functioning of the immune
system. An autoimmune response is the body’s own mechanism to deal with the CNS
damage, however, when it goes out of control, it elicits immune attacks on itself. So in
other words, if well controlled, the effect of protective autoimmunity will be beneficial.
Protective autoimmunity has been observed during a lot of diseases. In type 1 diabetes
(T1D) and EAE, microbial agents, such as Bacille Calmette-Guérin (BCG) or Freund's
adjuvant (CFA), induce a regulatory Th17 response, which are protective. The induction
of innate immunity by these microbial products alters the balance in the cytokine
microenvironment and may be responsible for modulation of the inflammation
(Nikoopour et al. 2008). In cancer, naturally occurring antibodies act as the first line of
defense against malignant cells invasion. Natural protective autoantibodies against tumor-
antigens isolated from cancer patients reflect the development of naturally occurring B-
cell responses during the process of cancer evolvement. Autoimmunity and malignancy

always coexist and they may share etiological and pathological mechanisms.
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The concept of protective autoimmunity provides therapeutic perspectives to treat
CNS diseases. For treatment of CNS diseases which are not due to the mal-function of
immune response, one can boost the autoimmune response; for treatment of autoimmune
diseases, one can modulate the immune response by maximizing the beneficial
component while minimizing the destructive part, rather than suppressing the entire
immune response.

Numerous molecules and approved drugs alleviate MS/EAE by inducing protective
autoimmunity. Matrix metalloproteinase 12 (MMP 12) has been found to be highly up-
regulated in EAE spinal cord, which was associated with protection, as MMP-12 null
mice had significantly worse symptoms. Moreover, spleen T cells isolated from MMP-12
null mice had significantly higher Thl to Th2 cytokine ratio, and increased T-bet
expression (Weaver et al. 2005). Glatiramer acetate (GA), an administered
immunomodulatory agent approved for MS treatment, and statins exhibit
immunomodulatory properties. Combination therapy using both agents prevented
development of EAE, with decreased secretion of Thl cytokines and increased Th2
cytokine production (Weber et al., 2007). Recently, it has been reported that type I IFNs
exhibits protective function during autoimmune inflammation of the CNS. Interferon
alpha receptor 1 deficient mice (Ifnarl” mice) showed enhanced disease severity with
increased Th1, Th17 immune response (Guo et al. 2008).

Here, as described in chapter V, I identified that tuftsin may induce a protective effect
in EAE in the same manner: early activation of microglia by tuftsin results in a

coordination of the immune response by favoring protective autoimmunity as opposed to
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autoimmune disease. Working through the “modulation of the immune system”, tuftsin
modulate the T cell fates (promote Th2 and Tregs development) more than just inhibiting
Thl response. It will be intriguing to examine the effect of tuftsin on CD8+ T
lymphocytes, which are important for protection against chronic (latent) CNS viral
infections. We hypothesize that if tuftsin shows no suppression on CD8+ T lymphocyte
function or even promotes their differentiation, it could be considered a possibly safe,
therapeutic target in MS.

In chapter 111, I showed that NO appears to play both aggravating and protective roles
in EAE. Blocking NO production by NMMA in wild-type mice, or using NOS deficient
mice, | found a significantly worse disease course in these mice. In chapter 1V, in vitro
analysis showed that NO modulates T cell cytokine profiles: NO has no significant effect
on Thl cytokine TNFa, however low concentrations of NO increase Th2 cytokines 1L4
and IL10 production. These results suggest a protective effect of NO on the T cell
immune response, which is beneficial for disease development. Based on these data,
further investigation could focus on the mechanism of NO mediated protection,

identifying gene changes and differentiation pattern of T cells.

Neuropilin-1 and tuftsin

In chapter V, I showed the immunomodulatory effect of tuftsin during EAE. Future

investigation could focus on the underlying mechanisms. One important question is: what
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is/are the binding target/targets of tuftsin? As I mentioned before, we proposed that
neuropilin-1 is a potential candidate as a receptor for tuftsin. Up-regulated levels of Nrp-1
expression in tuftsin infused animals indicate an involvement of Nrp-1 (Fig. V-7). Both
in vivo and in culturing results showed that the direct effect of tuftsin on T cells is to
promote the pro-inflammatory response. The protective effect of tuftsin observed in vivo
represents a more complicated scenario, during which both microglia and T cells are
involved. We hypothesized that it is the factors present in the microglial conditioned
medium after treatment that modulate T cell properties. However, microglial conditioned
medium treated with only tuftsin or only NCM has no effect on T cells, suggesting that
both components are necessary for triggering changes in microglia. NCM mimics the
excitotoxicity which occurs in EAE in vivo. This in culture model mimics the in vivo
model most efficiently.

Nrp-1 is expressed in microglia and its levels are increased during inflammatory
conditions (Agudo et al. 2005; Majed et al. 2006). Nrp-1 mediates interactions between
DCs and T (Tordjman et al. 2002), and it’s also constitutively expressed on regulatory T
cells. Nrp-1 can form homotypic bindings. Based on these, I proposed that, during EAE,
microglia express high levels of Nrp-1 under excitotoxic conditions. Tuftsin activates
microglia and further up-regulates Nrp-1 expression. Thus microglia could be able to
interact with Treg cells through homotypic bonds, and have prolonged interactions with
Treg cells. On the other hand, tuftsin also suppresses the interaction between microglia
and T helper cells, particularly Thl, Th17 cells, and inhibits the pro-inflammatory

response during EAE. To investigate this hypothesis, we can first examine the expression
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of Nrp-1 on microglia and T cells both in vivo and in culture, and evaluate the changes of
Nrp-1 expression after tuftsin plus NCM treatment. Both of the excitotoxic signals and
tuftsin treatment are required, which may be explained by a threshold of Nrp-1
expression on microglia in order to form more efficient contact with T cells. The
expression pattern after treatment of tuftsin or NCM alone may be a control to determine
the threshold. Another possibility for this combined requirement could be that both the
excitotoxic signals and tuftsin treatment are needed to trigger signaling events
downstream. It has been shown that Nrp-1 can form a receptor complex with plexin-Al
which functions as a signal transducer in the targeted cells.

It would be intriguing to determine the interaction of the homotypic bindings of Nrp-
1 between microglia and T cells. A detailed confocal microscopic analysis could be used
to construct a 3-dimentional image. One may ask whether Nrp-1 homotypic interactions
functionally contribute to this tuftsin mediated protection. A straightforward experiment
would be adding Nrp-1 blocking antibody to microglia and T cells respectively in culture

to see if the beneficial phenomenon is abrogated.
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