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Preface

Twenty-five years ago, Earl R. Stadtman, PhD discovered that specific enzymes
regulating metabolism can be inactivated by oxidation [1]. He later showed that
age-related oxidative modification contributes, at least in part, to age-related loss
of function of the enzymes [2, 3]. Dr. Stadtman broke the ground for a new
field of study to discover how oxidative stress contributes in significant ways
to age-related cellular dysfunction and protein accumulation and that oxidation
in the aging brain influences Alzheimer’s disease, ischemia-reperfusion injury,
amyotrophic lateral sclerosis, and lifespan [4-6]. Today, his research and
mentorship have positively influenced the work of hundreds of scientists in this
field. We dedicate this book to Dr. Earl R. Stadtman (1912-2008), in celebration
of his passion for science and his superior collaborative and mentorship skills.

This book is comprised of three sections. The first describes the valuable
roles reactive oxygen species (ROS) and reactive nitrogen species (RNS) play in
cellular biology. The second section provides an overview of redox imbalance
injury with effects on mitochondria, signaling, endoplasmic reticular function,
and on aging in general. The third section takes these mechanisms to
neurodegenerative disorders and provides a state-of-the-art look at the roles
redox imbalances play in age-related susceptibility to disease and in the disease
processes.

In the first section we attempt to answer a question posed by Dr. Stadtman,
“Why have cells selected reactive oxygen species to regulate cell signaling
events” [7]. It is imperative that we understand the biochemistry and the
physiological significance of these molecules, in an effort to protect vital
ROS/RNS functions in the cell and organism, as we attempt to minimize
redox injury. As highly reactive molecules, ROS/RNS are expected to provide
very rapid and focal signaling. In Chapter “Reactive Oxygen Species, Synaptic
Plasticity and Memory”, this concept and the newly identified mechanisms
of ROS involvement in synaptic are discussed in detail. There are indeed
significant recent breakthroughs to better address Dr. Stadtman’s question,
including discovery of NADPH oxidase as a major source of ROS in long-term
plasticity. This identification has led to substantiation of the roles reactive
oxygen species play in memory and delineates neural groups involved in
NADPH oxidase-dependent plasticity. As a new discovery, future directions
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to further delineate the specific redox modifications resulting in long-term
plasticity are described. Reactive nitrogen species also play important roles in
cellular homeostasis and plasticity [8]. Chapter “Nitric Oxide Biochemistry:
Pathophysiology of Nitric Oxide-Mediated Protein Modifications” makes
sense of the elaborate biochemistry of nitric oxide species, describing the roles
of specific reactive nitrogen species in learning and signaling, their sources
and the relevance of their interactions with metals, thiols, and oxides in health
and disease. In light of the pathological roles reactive oxygen and nitrogen
species play in aging and many age-related neurodegenerative processes, the
molecules must serve, in turn, extremely vital processes.

The following three chapters focus on redox pathophysiology in neural
tissue. The common theme in these chapters is that while redox imbalance
contributes to neural injury, there are important crosstalk mechanisms with
the endoplasmic reticulum and mitochondria, and it is the combined
interactions between endoplasmic reticulum, mitochondria and redox balance
that determine susceptibility to injury. Thus, we describe how redox imbalance
can perturb specific cellular functions, focusing on organelles implicated in
neurodegenerative processes: the endoplasmic reticulum and mitochondria.
Chapter “Redox Imbalance in the Endoplasmic Reticulum” describes a
bidirectional influence between redox imbalance and endoplasmic reticulum
function. As the protein-folding center, the endoplasmic reticulum lumen is a
highly oxidative environment. Despite this, the endoplasmic reticulum lumen
cannot handle further increases in oxidative stress. With meager reducing
capacity, redox imbalance in the lumen can lead to significant oxidative
folding modifications in lumen proteins sufficient to trigger an unfolded
protein response. Small redox alterations can be addressed effectively by the
endoplasmic reticulum by slowing protein synthesis, increasing degradation of
poorly folded proteins, and increasing anti-oxidant enzymes and glutathione.
Significant redox alterations initiate an executioner response with transcription
and translation of pro-apoptotic factors. Endoplasmic reticulum stress and
protein misfolding have been shown for most neurodegenerative processes.
Thus, an understanding of the molecular mechanisms underlying redox
homeostasis and dyshomeostasis in the endoplasmic reticulum is essential
to understand toward the development of therapies for neurodegenerative
processes. Mitochondrial function is impaired early on in many neurodegenerative
processes. Chapter “Exocytosis, Mitochondrial Injury and Oxidative Stress in
Neurodegenerative Diseases” describes specifically how mitochondrial injury
and dysfunction can lead to neurobehavioral impairments. Here a major
point is made that neurobehavioral impairments are the consequence not only
of neuronal loss but also of impaired signaling in remaining neurons. This
impaired signaling occurs when energy stores decline with early mitochondrial
dysfunction. A model of how mitochondrial dysfunction would impact upon
neuronal signaling in each of the major neurodegenerative diseases is provided.
Understanding the early dysfunction of neurons in addition to mechanisms
of cell loss is critical to identifying the most effective preventative therapies for
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neurodegenerative processes. Chapter “Neuronal Vulnerability to Oxidative
Damage in Aging” adds consideration of calcium dysregulation in oxidative
neural injury and places these interactions into the context of aging: a vicious
cycle of cellular dyshomeostasis.

The third section begins to explore in greater depth specific conditions
of neural injury. We begin in Chapter “Ischemia-Reperfusion Induces ROS
Production from Three Distinct Sources” with ischemia-reperfusion injury.
Neurodegenerative processes are typically insidious and redox imbalance is
examined late in the course of injury. Ischemia-reperfusion affords a unique
opportunity to examine the acute pattern of oxidative stress with high temporal
resolution. Sources of ROS differ across this temporal course, and thus
addressing each source will be important to identify optimal therapies for
ischemia-reperfusion redox injury. The next three chapters detail oxidative
injury in Alzheimer’s disease. Chapter “Alzheimer Disease: Oxidative Stress
and Compensatory Responses” describes anti-oxidant responses of B-amyloid
and hyperphosphorylated tau to counter mitochondrial and metal abnormalities
early on in Alzheimer’s pathophysiology. Chapter “Oxidative Stress Associated
Signal Transduction Cascades in Alzheimer Disease” delves further into specific
enzyme abnormalities in mitochondrial dysfunction early on in Alzheimer’s
and how the neurons respond to the oxidative challenge. Here enters a second
vicious cycle through the stress-activated protein kinase pathway upregulating
B-amyloid and an initiation pathway for apoptosis. Chapter “Nitrated Proteins
in the Progression of Alzheimer’s Disease: A Proteomics Comparison of Mild
Cognitive Impairment and Alzheimer’s Disease Brain” complements the
previous two chapters with molecules involved in nitrative injury. Nitrosative
stress occurs early in Alzheimer’s and is present in mild cognitive impairment.
Proteomics has identified nitrated proteins in mid cognitive impairment that
may be classified by biological function to provide insight into pathophysiology
of nitrosative stress in mild cognitive impairment and in Alzheimer’s disease,
with involvement of energy, dendritic, signaling, and detoxification proteins.
Differences between proteins nitrated in mild cognitive impairment versus
Alzheimer’s suggest early and late nitrosative stress effects.

The last three chapters focus on oxidative and nitrosative stress in neuronal
injury and loss in Parkinson’s disease. Chapter “Parkinson Disease: An Overview
of Pathogenesis” provides an overview of genetic and environmental modifiers
of Parkinson’s disease, describes the strengths and weaknesses of each animal
model of Parkinson’s disease, and then places oxidative stress in the context of
pathophysiology. The latter concept is elaborated upon in Chapter “Protein
Oxidation Triggers the Unfolded Protein Response and Neuronal Injury in
Chemically Induced Parkinson Disease”, where protein oxidation is linked to
endoplasmic reticulum stress and the unfolded protein response. This book ends
on a positive note with Chapter “Treating Oxidative Neural Injury: Methionine
Sulfoxide Reductase Therapy for Parkinson Disease” describing an effective
approach for reducing oxidative stress and slowing Parkinson’s symptoms in
both the mouse and fly models.
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It is anticipated that continued comprehensive exploration of early and late
interactions between mitochondrial and endoplasmic reticulum function and
redox imbalance are required to identify the most promising targets for
preventing age-related neural injury and neurodegenerative processes. The
true test for effectiveness should come back to Dr. Stadtman’s earlier work
with testing the functionality of perturbed metabolic enzymes.

We thank Jennifer Montoya, for without her tireless assistance this book
would not have been completed.

Philadelphia, Pennsylvania S.C. Veassey
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Section I
Redox Regulation of Cell Signaling

Reactive Oxygen Species, Synaptic Plasticity,
and Memory

Kenneth T. Kishida and Eric Klann

Abstract Increasing evidence suggests that reactive oxygen species (ROS), such
as superoxide and hydrogen peroxide, act as signaling molecules necessary for
neuronal processes underlying cognition. Specifically, ROS have been shown to
be necessary in molecular processes underlying signal transduction, synaptic
plasticity, and memory formation. Research from several laboratories suggests that
NADPH oxidase is an important source of superoxide in the brain. Herein we
review evidence showing that ROS are important signaling molecules involved in
synaptic plasticity and memory formation. Moreover, we will discuss the evidence
that a neuronal NADPH oxidase complex is a key regulator of ROS generation in
synaptic plasticity and memory formation. Understanding redox signaling in the
brain, including the sources and molecular targets of ROS, is important for a full
understanding of the signaling pathways that underlie synaptic plasticity and
memory. Moreover, knowledge of ROS function in the brain is critical for under-
standing aging and neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease that may be exacerbated by the unregulated generation of ROS.

Key words Synaptic plasticity - Learning - Memory - Cognition - NADPH
oxidase - Long-term potentiation - Hippocampus - Redox signaling - NMDA
receptor - High-frequency stimulation

1 Introduction

Over the last 10 years, multiple studies have indicated that reactive oxygen
species (ROS), such as superoxide and hydrogen peroxide (H,0,), are impor-
tant signaling molecules underlying mammalian learning and memory. Histori-
cally, ROS have been described as a class of destructive molecules that hinder
neuronal function and as such have been implicated in degenerative processes

E. Klann (IX<)
Center for Neural Science, New York University, New York, USA
e-mail: eklann@cns.nyu.edu

S.C. Veasey (ed.), Oxidative Neural Injury, 1
Contemporary Clinical Neuroscience, DOI 10.1007/978-1-60327-342-8_1,
© Humana Press, a part of Springer Science+Business Media, LLC 2009



2 K.T. Kishida and E. Klann

underlying Alzheimer’s and Parkinson’s diseases [1-4], as well as processes
thought to underlie the general aging-associated decline of cognitive function
[5-7]. However, several studies utilizing cellular and behavioral levels of ana-
lyses have shown that ROS are required for normal cognitive function. Speci-
fically, ROS have been shown to be required for learning and memory, a form
of synaptic plasticity called long-term potentiation (LTP), and for biochemical
signal transduction cascades that are believed to underlie both LTP and mem-
ory formation. Thus, the source of ROS responsible for these brain functions
and how these small highly reactive molecules are regulated are important
questions that we will discuss in this chapter.

Positive correlations have been made between LTP and learning. One such
correlation is that signal transduction cascades that are activated during LTP
have been shown to be required for memory formation (see Fig. 1 for signal
transduction cascades implicated in LTP and memory). For instance, inhibition
of NMDA receptors can block LTP and can interfere with certain types of
memory formation [8]. Furthermore, deficiencies in memory formation are
observed in mice with gene-specific mutations in loci coding for signal transduc-
tion elements that are critical for LTP [9—12]. Many of these signal transduction
elements, such as small messenger molecules and protein kinases, become active
once NMDA receptors are activated, thereby permitting the influx of Ca®" into
the postsynaptic terminal. Thus, NMDA receptor-dependent LTP in acute
hippocampal slices has been used as an in vitro model to study synaptic
plasticity and the cellular mechanisms underlying memory formation.

In the hippocampus, high-frequency stimulation of CA3 Schaffer collaterals
can induce LTP at synapses in area CA1. High-frequency stimulation induces
the activation of postsynaptic NMDA receptors, resulting in the influx of Ca*"
into the postsynaptic terminal. An example of an LTP experimental setup
to measure postsynaptic potentials and a typical LTP response to a high-
frequency stimulus are provided in Fig. 2. The transient rise in Ca®" results in
the production of small messenger molecules, such as cyclic adenosine mono-
phosphate (cAMP), nitric oxide, arachidonic acid, and ROS [13]. These small
messenger molecules in turn activate kinases such as protein kinase C (PKC)
and extracellular signal-regulated kinase (ERK) and typically inhibit phospha-
tases such as calcineurin (protein phosphatase 2B or PP2B) [14, 15]. Many of
these signaling molecules and enzymes have been shown to be involved in the
induction and expression of LTP, as well as memory formation [14-16]. In
addition to these well-studied signaling pathways, NMDA receptor activation
has been shown to produce ROS [17], which are also required for LTP and
hippocampus-dependent memory [18-21]. Until very recently, the source of
ROS required for LTP and memory formation was unclear.

NADPH oxidase has been shown in multiple cell types to generate super-
oxide as a response to specific extracellular and intracellular stimuli [22, 23].
The best known of these responses is the phagocytic oxidative burst [23]. This
burst generates large amounts of superoxide rapidly, transiently, and in a well-
controlled manner. The pool of superoxide produced by NADPH oxidase is
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Fig. 1 Schematic summarizing signaling events underlying early and late phases of LTP.
NMDA receptors (NMDA-R), voltage-gated calcium channels (VGCC), metabotropic-
glutamate receptors (mGluR), and AMPA receptors (AMPA-R) become active in the
postsynaptic membrane following the appropriate stimulation from presynaptic terminals.
Activation of these receptors, individually or in combination, leads to the activation of
multiple biochemical signaling cascades, many of which lead to the production of reactive
oxygen species (ROS) and the activation of protein kinases, such as protein kinase C (PKC),
protein kinase A (PKA), extracellular signal-regulated kinase (ERK), and calcium/calmodulin-
dependent kinase I (CaMKII). Stimulation of pathways leading to LTP also includes the
inhibition of protein phosphatases, such as protein phosphatase 1 and calcineurin (PP1 and
CnA, respectively), which can be mediated by ROS directly and indirectly. Interestingly,
postsynaptic signaling cascades are not the sole targets of biochemical signals that regulate
synaptic plasticity. Presynaptic molecules also become altered by specific signaling cascades
via presynaptic membrane receptors and retrograde signaling molecules, which include nitric
oxide (NO), ROS, and arachidonic acid (AA)

used to break down phagocytosed material and as a signal to initiate signal
transduction cascades underlying the bactericidal response [23]. Furthermore,
in several cell types, production of superoxide by NADPH oxidase has been
implicated in signaling required for transcriptional activation and cell prolif-
eration [24-28].

In this chapter we will briefly discuss the evidence that ROS are important
signaling molecules underlying LTP and memory, including known biochem-
ical targets of ROS signaling in the brain. We will also discuss some of the
hypothesized sources of ROS focusing on recent evidence pointing to the role
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Fig. 2 Depiction of a hippocampal slice with stimulating and recording electrodes placed for
measuring field excitatory postsynaptic potentials (fEPSPs) during a typical LTP experiment.
(A) A drawing of a hippocampal slice indicating the dentate gyrus (DG), area CA3, and area
CALl. Schaffer collaterals emanating from pyramidal neurons in area CA3 are stimulated
using a bipolar stimulating electrode. Schaffer collaterals make synaptic contact with the
dendritic fields of pyramidal neurons in area CA1l. Synaptic communication in area CA1l is
monitored using a glass electrode placed in stratum radiatum (the dendritic region) of area
CALl. (B) Depiction of fEPSP measurements from a typical LTP experiment. The x-axis is
time; the y-axis is the measured response, which is quantified as the slope of the fEPSP
normalized to baseline responses. A high-frequency stimulus (HFS) can be used to induce
long-term potentiation, which can be measured as the long-lasting increase in the slope of the
fEPSP (A)

that NADPH oxidase plays in the generation of ROS that are required for
NMDA receptor-dependent signal transduction, synaptic plasticity, and mem-
ory formation.

2 ROS Are Critical Signaling Molecules in Synaptic Plasticity

Synaptic plasticity is the physiological process that is thought to underlie
learning and memory at the cellular level. One form of plasticity that has been
commonly studied is LTP. Many of the molecular processes underlying LTP are
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also required for learning and memory [18, 29]. Thus, LTP has become a
popular model to study the mechanisms that underlie learning and memory
behavior.

Investigations into the role of ROS in LTP have revealed an interesting, yet
complex role for oxidative species such as superoxide and H,O, in the mole-
cular processes that lead to changes in synaptic strength. The role of ROS is
specific to the identity of the oxidative molecule involved (i.e., superoxide or
H,0,) [19, 30] and the concentration of ROS during the process [19, 31, 32].

The use of pharmacological approaches and genetically modified mice that
overexpress antioxidant enzymes to block the activity of ROS has been useful in
identifying the necessity of these signaling molecules in synaptic plasticity and
memory formation. LTP studies in the rodent hippocampus have revealed that
scavenging superoxide blocks LTP induced using high-frequency stimulation
(HFS-LTP) [33, 34], suggesting that superoxide is required for HFS-LTP. On
the other hand, overproduction of H,O, as a byproduct of superoxide dismu-
tase (SOD) activity was also shown to inhibit LTP [35]. In order to better
understand the specific role of ROS, investigators have also applied exogenous
sources of either superoxide or H,O, to various in vitro systems and have
observed interesting effects on neuronal plasticity.

Xanthine—xanthine oxidase (X/XO) is often used to generate superoxide in
vitro [36]. Exogenous application of X/XO to hippocampal slices resulted in a
short-term depression of synaptic transmission that eventually potentiated in
an LTP-like manner that was inhibited by SOD [36]. The role of H,O» has also
been investigated using the application of exogenous H,O5 to study the effect of
this ROS on the molecular mechanisms underlying cellular plasticity. Kamsler
and colleagues have shown that H>O, could either potentiate or depress HFS-
LTP in a concentration-dependent manner [32]. Also, low concentrations of
H->0, have been shown to potentiate or depress intracellular Ca** levels [37, 38].

Many of the studies implicating ROS involvement in the molecular mechan-
isms underlying synaptic plasticity and memory investigate a narrow range of
superoxide or H»>O, concentrations. However, very interesting results were
obtained when a range of ROS concentrations were tested for their effects on
synaptic plasticity [19, 31, 32, 36]. For example, high concentrations of super-
oxide or H,O, resulted in the depression of excitatory postsynaptic field
potentials (fEPSPs) measured in the hippocampal area CA1, whereas lower
concentrations resulted in a potentiation of the fEPSP [32, 36].

The role of ROS in aging-related changes in synaptic plasticity and cognitive
performance is an interesting and thriving area of research. During aging, there
appears to be a shift in the role of ROS in synaptic plasticity and memory that is
dependent on either the accumulation of oxidative damage or changes in
oxidant regulation via enzymatic antioxidants [6, 39]. Although not a focus of
this chapter, understanding the aging-dependent changes in ROS function in
the context of synaptic plasticity and memory will be important for future
consideration.
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3 ROS Are Required for Learning and Memory

SOD mutant mice have been critical models for determining the role of ROS in
learning and memory. SOD scavenges superoxide and dismutates it to H,O,,
which can then be rapidly degraded by catalase. There are three SOD isozymes:
cytoplasmic-Cu/Zn-SOD (SOD-1), manganese-containing mitochondrial SOD
(SOD-2 or MnSOD), and extracellular-SOD (EC-SOD), which is also a Cu/Zn-
containing SOD. Mice that either overexpress SOD or express a dysfunctional
SOD have been analyzed using various behavioral paradigms with surprising
results.

The earliest evidence that ROS are required for learning and memory came
from mice that overexpress SOD-1. Behavioral analyses of the SOD-1 over-
expressing mice indicated that the mice displayed altered behavior in open
field analyses and more interestingly showed decreased escape latencies in the
hippocampus- and NMDA receptor-dependent Morris water maze paradigm
as compared to wild-type mice [8, 35, 40]. These data were the first to suggest
that scavenging of superoxide disrupted learning and memory. Consistent with
a requirement of superoxide in learning and memory, Levin et al. showed
that mice that either overexpress EC-SOD or are genetically deficient for the
EC-SOD gene had impaired performance in the win-shift eight-arm radial maze
[41], also a hippocampus-dependent task [42]. Further analysis of the EC-SOD
overexpressing mice revealed that these mice were impaired in hippocampus-
dependent contextual fear conditioning [43, 44] but were normal for cue-
dependent fear conditioning [5, 20, 44].

Hippocampus-dependent learning and memory formation has been a useful
model in determining the role of ROS in cognition; however, behavioral analysis
of SOD overexpressing mice has revealed potential roles for ROS in cognitive
performance associated with other brain regions as well. EC-SOD overexpressing
mice displayed alterations in performance on the eight-arm radial maze task that
was dependent on motivational state induced by food restriction [41, 45]. In a low
motivational state EC-SOD overexpressing mice showed impairments in learn-
ing; however, when highly motivated EC-SOD overexpressing mice were able to
learn, albeit at a slower rate, and express long-term memory [45].

Taken as a whole, the data generated from the analysis of SOD mutant mice
suggest that ROS are critically involved in the molecular processes involved in
cognition, particularly processes underlying learning and memory formation.

4 ROS Are Critical Signaling Molecules that Modulate Signaling
Pathways Involved in LTP and Memory

The molecular mechanisms underlying synaptic plasticity and memory have
been intensely studied and remain a thriving area of research (see Fig. 1) [15].
Investigations of signal transduction cascades involved in synaptic plasticity
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have revealed a wide range of molecular players, including protein kinases [46],
phosphatases [46, 47], transcription factors [48], translation factors [49],
GTPases [50], and Ca®"-dependent enzymes [16, 51]. Interestingly, ROS have
been shown to be important modulators of many of these pathways [30],
including some evidence of direct modification of signaling enzymes. As men-
tioned earlier, NMDA receptor-dependent signaling is one critical pathway that
is thought to underlie synaptic plasticity and long-term memory formation that
has been shown to contain several signaling molecules that are directly affected
by ROS.

Glutamatergic synaptic transmission results in the activation of AMPA
receptors and voltage-dependent calcium channels during fast synaptic trans-
mission. Given the appropriate pattern of stimulation, NMDA receptors can
become activated, which results in a transient spike in postsynaptic calcium
levels that leads to the activation of numerous signal transduction cascades.
Among the signaling events that occur following NMDA receptor activation
are the activation of various protein kinases, including calcium/calmodulin-
dependent protein kinase II (CaMKII) [16], protein kinase C (PKC) [34, 52],
and extracellular signal-regulated kinase (ERK) [10, 53, 54], and the inhibition
of protein phosphatases such as calcineurin and protein phosphatase 1 [55-58].
NMDA receptor stimulation has also been shown to result in the production of
ROS [59]. Following ROS generation, several target proteins have been shown
to become oxidatively modulated. For example, NMDA receptor activation
was shown to result in the oxidation of neurogranin (NG) in a time- and
dose-dependent manner that is sensitive to NMDA receptor antagonists [60].
Neurogranin is a postsynaptic PKC substrate that binds to and sequesters
calmodulin (CaM) [60]; either oxidation or phosphorylation [52, 61] of neuro-
granin promotes the release of CaM, thereby promoting Ca®"/CaM signaling via
the activation of CaMKII. This signaling module is likely to trigger the induction
of LTP [16]. NMDA receptor-mediated oxidation of neurogranin occurs within
3—5 minutes of stimulation and quickly returns to basal oxidation levels [60] and it
has been shown that H,O, can directly cause the oxidation of NG [60]. In
addition, the generation of superoxide by X/XO increases the phosphorylation
of neurogranin by the activation of autonomous PKC[52]. ROS also can directly
oxidize and activate PKC (will be discussed below). Taken together, these reports
suggest that neurogranin is an important target of NMDA receptor-induced
ROS production, and when either oxidized or phosphorylated by PKC, promotes
LTP and possibly long-term memory formation [11, 60, 62, 63].

Another signaling enzyme that is an important modulator of LTP and
memory formation is PKC. LTP-inducing stimulation has been shown to result
in the activation of PKC that is NMDA receptor-dependent [34, 36, 64].
Interestingly, the exogenous application of SOD and catalase was shown to
inhibit not only LTP but also the LTP-induced activation of PKC [34, 36],
suggesting that superoxide and H,O, are necessary for PKC activation. In
addition, direct application of the superoxide-generating system X/XO to
hippocampal slices induced not only an LTP-like potentiation but also the
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persistent activation of PKC [65]. SOD, but not catalase, was shown to block the
X/XO-induced activation of PKC [36, 65]. Furthermore, the PKC inhibitor
bisindomaleimide blocked X/XO-induced LTP and HFS-induced LTP [36],
suggesting a common pathway involving PKC for both HFS-LTP and X/XO-
induced LTP. The mechanism of PKC activation via oxidation seems to be
mediated via direct modification of the zinc finger region of the kinase; ZnCl,
blocked the X/XO-induced activation of PKC, whereas the zinc chelator (TPEN)
activated PKC [65]. Furthermore, X/XO stimulated the release of zinc from
PKC [65]. Interestingly, peroxynitrite, a strong oxidant that is generated via
the reaction of superoxide and NO [66], also can modulate PKC activity in a
concentration-dependent manner. Low concentrations of peroxynitrite were
shown to activate PKC, whereas high concentrations of peroxynitrite were
shown to inhibit PKC [67]. At all concentrations tested, peroxynitrite increa-
sed the nitration of PKC [67]. Interestingly, although the activation of PKC by
peroxynitrite was inhibited by reducing agents, peroxynitrite-induced in-
hibition of PKC activity was resistant to reducing agents [67]. It remains to
be determined whether peroxynitrite-induced modulation of PKC occurs
during LTP.

Activation of NMDA receptors, either pharmacologically or electrically
with LTP-inducing HFS, has been shown to activate ERK [68—70]. Consistent
with the importance of ROS involvement in NMDA receptor-dependent sig-
naling, superoxide and to a lesser extent H,O, were shown to be required for
NMDA receptor-dependent activation of ERK [68]. In this study, NMDA
receptor-dependent activation of ERK in acute hippocampal slices was blocked
by exogenously added SOD, SOD mimetics, and catalase. Furthermore, it was
shown that application of either X/XO or H,O, to hippocampal slices resulted
in the activation of ERK, which was inhibited by the general antioxidant
N-acetyl-cysteine [71]. Thus, the activation of ERK during NMDA receptor-
dependent LTP and long-term memory may require ROS.

Protein phosphatases have also been shown to be important modulators of
synaptic plasticity [14] that are regulated by ROS. One such phosphatase is
calcineurin (CnA), which is thought to suppress LTP and long-term memory
formation by opposing the effect of LTP-inducing kinases such as CaMKII and
PKC [14]. Calcineurin has been shown to be highly sensitive to redox modifica-
tion by ROS [72]. For example, basal calcineurin activity was reduced by either
X/XO or H,O, but was enhanced by the addition of SOD. Furthermore, strong
oxidizing agents inhibit calcineurin, whereas reducing agents were shown to
enhance calcineurin activity possibly through direct oxidative modification
of calcineurin protein [72]. Consistent with the idea that a redox-sensitive
calcineurin might play a role in LTP, FK506 (a calcineurin inhibitor) blocked
H>0,-mediated enhancement of LTP and restored LTP in slices treated with
concentrations of H,O, that normally inhibited LTP [32]. Interestingly, aged
wild-type mice showed increased phosphatase activity that was similar to the
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levels of phosphatase activity observed in young wild-type mice that had been
treated with exogenously applied H>O,. Thus, modulation of calcineurin by ROS
may promote the expression of LTP following NMDA receptor activation.

Another potential target of ROS-mediated signal transduction during hip-
pocampal synaptic plasticity and memory is the redox-sensitive transcription
factor NF-xB. Several lines of evidence suggest that LTP and long-term mem-
ory may involve redox-dependent activation of NF-xB. It has been observed
that NF-kB becomes activated following LTP induction [73, 74] and that
NF-xB can be activated by redox-mediated signaling [48, 75, 76]. Furthermore,
NF-xB has been implicated in the formation of long-term memory in nonmam-
malian organisms [77, 78] as well as in the consolidation of fear memories in
rodents [77]. Taken together, these findings suggest that NF-xB may be an
important target of redox-mediated signaling during synaptic plasticity and
normal cognitive function. However, further studies are required to directly
demonstrate that ROS-dependent activation of NF-xB occurs during synaptic
plasticity and memory.

Regulation of intracellular Ca®>" is an important function that controls
synaptic plasticity and memory [51]. ROS-mediated signaling could modulate
intracellular Ca®" via the oxidative modification of Ca®" channels, thereby
altering the Ca®" response during plasticity-inducing stimuli. As mentioned
previously, ROS can directly modulate voltage-dependent Ca** channels [37];
however, there is also evidence that oxidative regulation of ryanodine receptors
could be involved in redox-mediated modulation of intracellular Ca®". Ryano-
dine receptors are very sensitive to redox modulation, which results in altera-
tions in channel function [79]. This is intriguing because mutant mice that
lack one form of the ryanodine receptor, RyR3, have been shown to express
alterations in HFS-LTP and diminished spatial memory [80, 81]. Thus, ROS-
mediated alteration of ryanodine receptor function may be an important step
during the molecular events involved in the modulation of intracellular Ca®*
that underlies LTP and memory. To test this mechanism directly, recent experi-
ments have revealed that application of X/XO directly to hippocampal slices
stimulated the activation of ryanodine receptors [82]. Also, potentiation of
fEPSPs recorded in hippocampal area CA1 via application of X/XO could be
blocked by inhibiting ryanodine receptor function. Furthermore, hippocampal
slices prepared from RyR3 knockout mice failed to exhibit X/XO-induced
potentiation. Interestingly, application of a general ryanodine receptor inhibi-
tor had no further effect on X/XO-treated hippocampal slices prepared from
RyR3 knockout mice, suggesting that the effects of pharmacological ryanodine
receptor inhibition on ROS-induced potentiation occur specifically on the
RyR3 isoform. Huddleston and colleagues went on to show in hippocampal
slices that ryanodine receptor inhibition (either pharmacological or genetic
via RyR3 knockout mice) during X/XO treatment also inhibited ERK2 phos-
phorylation, which is also a downstream effector of Ca*"-dependent signaling
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Fig. 3 Schematic depicting the role of ROS in the molecular mechanisms underlying cognition.
(A) Low concentrations of ROS are required for signaling, synaptic plasticity, and memory
formation; however, as the concentration of ROS increases, their function switches from a
signaling molecule to an inhibitory or even toxic molecule. (B) On the /ef?, superoxide and H,O,
have been shown to activate protein kinase C (PKC) and extracellular signal-regulated kinase
(ERK) and to oxidize neurogranin (NG), which then releases calmodulin, resulting in the
activation of calcium/calmodulin-dependent protein kinase II (CaMKII); whereas on the
right, superoxide and H,O, have also been shown to inhibit calcineurin (CnA). Activation of
PKC, ERK, and CaMKII promotes LTP, whereas the activity of PP2B tends to block LTP;
thus the activation of PKC, ERK, and CaMKII, along with the inhibition of PP2B, are all
plausible, redox-sensitive, mechanisms by which ROS could promote synaptic plasticity in a
concentration-dependent and cellular signaling state-dependent manner

during LTP (see Fig. 1, and 3B). Consistent with the idea that superoxide-
dependent activation of ERK is involved in LTP, X/XO-induced potentiation
was blocked by inhibiting ERK signaling [82]. Importantly, RyR3 is not the
only redox-sensitive calcium channel that is required for X/XO-induced poten-
tiation in hippocampal area CA1; inhibition of L-type calcium channels is also
sufficient to block superoxide-induced potentiation [83].

It seems clear that ROS are important modulators of signal transduction
cascades that underlie synaptic plasticity and memory formation. Further work
to identify other targets of ROS signaling will be important to better understand
the significance of redox signaling in the brain. Another important goal will be
to identify the sources of ROS that are involved in modulating redox-sensitive
signaling pathways during LTP and memory formation. Uncontrolled ROS
production would quickly become unhealthy for the neural tissue producing it;
thus any mechanism involving ROS must contain a potent, yet controlled
source of ROS. There are several candidates for sources of ROS that meet
these criteria, which will be discussed in the next section.
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5 Potential Sources of ROS Involved in LTP and Memory

Although ROS have been shown to be critical signaling molecules that are
required in the molecular events that underlie synaptic plasticity and memory
formation, the source of ROS during these events has yet to be determined.
Several sources have been hypothesized and evidence showing the plausibility
of ROS generation from these sources has been provided; however, experiments
determining the distinct physiological significance of these potential sources of
ROS have been elusive. Among the hypothesized sources of ROS are mitochon-
dria, monoamine oxidase, cyclooxygenase, nitric oxide synthase, and NADPH
oxidase. Each of these potential sources is known to generate ROS under
pathophysiological conditions, but the physiological role of the ROS produced
by these sources has not been determined. Experiments designed to determine
the physiological significance of each of these sources of ROS, especially with
respect to a role in synaptic plasticity and memory formation will be an
important goal for understanding the role of ROS signaling in the brain.

5.1 Mitochondria

Mitochondria produce superoxide as a metabolic byproduct of the electron
transport chain and oxidative phosphorylation. Typically, mitochondrial produc-
tion of superoxide is studied in models of oxidative stress, apoptosis, and neuro-
degeneration; however, there is evidence that suggests that mitochondria may
be a source of ROS that is stimulated by appropriate physiological stimuli. For
instance, elevating Ca®>" and Na™ is sufficient to produce free radicals from
isolated rat mitochondria [84]. Also, NMDA receptor activation via glutamate
application to cultured forebrain neurons induced a localized generation of ROS
that was blocked by MK-801 [85]. Interestingly, glutamate application caused
intracellular pH to decrease in a Ca>-dependent manner [85], which suggests that
NOS could play a role in superoxide generation as well [§6]. NMDA receptor
stimulation also was shown to result in the production of superoxide that occluded
superoxide production induced by the uncoupling of proton transport with FCCP
[59]. The authors of this study suggested that this was evidence for mitochondrial
production of superoxide; however, these data do not rule out the possibility that
FCCP affected proton uncoupling on NADPH oxidase [87]. Dugan et al. showed
that NMDA-induced dihydrorhodamine (DHR) oxidation may be caused by
ROS generated by mitochondria because the oxidation was inhibited by inhibitors
of mitochondrial complex I (rotenone) and III (antimycin A) [88]. Interestingly,
activation of NM DA receptors through the application of glutamate seemed to be
necessary; however, FCCP treatment in the presence of MK-801 and NBQX was
sufficient to cause the oxidation of DHR [88]. Although these reports suggest that
the mitochondrial electron transport chain may be a potent source of ROS during
increased Ca”" signaling, none of these reports distinguish the effects of high Ca**
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and ROS generation during the induction of synaptic plasticity from those under-
lying neurotoxicity and apoptotic signaling. Moreover, mice that overexpress
SOD-2, which should scavenge superoxide produced by mitochondria, exhibit
normal hippocampal LTP and memory [39]. Finally, there is much evidence
suggesting that mitochondrial production of ROS is tightly regulated and that
increased ROS production by the mitochondria quickly produces oxidative dis-
ease states, including the induction of apoptosis and neurodegeneration [89].
Thus, at this time the evidence suggest that mitochondria are not a likely source
of ROS signaling during synaptic plasticity and memory.

5.2 Monoamine Oxidase and Cyclooxygenase

Monoamine oxidase and cyclooxygenase are also potential sources, albeit
indirectly, of ROS that could be involved in synaptic plasticity and cognition.
In cerebellar granule cells a cyclooxygenase inhibitor (indomethican) and a
monoamine oxidase inhibitor (nialamide) blocked NMDA- and kainic acid
(KA)-induced ROS production, which suggests that the oxidative-metabolic
activity of each of these enzymes may be responsible for the generation of ROS
[90]. Rotenone did not block either NMDA- or KA-induced ROS production,
which suggests that mitochondria is not the source of ROS as assessed in this
system [90]. In addition, the phorbol ester phorbol-12-myristate-13-acetate
(PMA), which is a potent stimulator of NADPH oxidase, stimulated ROS
production in a mechanism that was different than NMDA- or KA-induced
ROS production because indomethican, nialamide, and rotenone were unable
to block PMA-stimulated ROS production [90]. These data indicate that there
may be as many as three different sources of ROS in cerebellar granule cells.
Further investigation into the potential role of monoamine oxidase in ROS
generation during synaptic plasticity may lead to important insights regarding
psychiatric disease, given the known effects of monoamine oxidase inhibitors
on psychiatric disorders such as major depression [91].

5.3 Nitric Oxide Synthase

Nitric oxide synthase is well known for its role in generating nitric oxide (NO)
gas, which has been observed to be a critical signaling molecule involved in
synaptic plasticity and memory [92, 93]. However, NOS may also be an impor-
tant source of ROS for the molecular events required for LTP and memory
formation. For example, purified NOS has been shown to generate superoxide
that was dependent on Ca®>" and calmodulin [94]. Interestingly, L-NAME,
but not L-NMMA, could block the superoxide generation by NOS [94]. In
addition, it was shown that NOS can generate H,O, under a variety of condi-
tions [86]. Specifically, low L-arginine and low pH each were shown to
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independently promote the generation of H,O, production by purified NOS
[86]. On the other hand Hy-biopterin inhibited H,O, and promoted NO pro-
duction by NOS [86]. Importantly, only certain NOS inhibitors were shown
to inhibit NO and H,O, formation. For instance, L-NNA, L-NAME, and
L-NMMA all inhibited NO formation; however, only L-NNA and L-NAME
also blocked H,O, formation by NOS, whereas L-NMMA failed to block H,O,
formation [86, 95]. Further evidence for NOS generation of superoxide has
come from experiments using cultures of primary cerebellar granule neurons,
where glutamate receptor stimulation induced NOS-dependent production of
superoxide if the cultures were pretreated with arginase [96].

NOS contains two enzymatic domains, one that generates NO and another
that contains NADPH oxidase activity. NOS expression was shown to result in
increased ERK activation that was inhibited by cotransfection of SOD [97],
which suggested a role for either superoxide or H,O, in NOS-mediated ERK
activation. Interestingly, a mutation in NOS that rendered the NO synthase
portion of the enzyme incompetent, yet retained NADPH oxidase activity, had
no effect on ERK activation. In contrast, deletion of the NADPH-binding
region of NOS blocked NOS-dependent ERK activation [97]. These results
suggest that NOS may generate superoxide that is critical for signal transduc-
tion cascades that is separable from NO generation.

Experiments that use various pharmacological agents to inhibit NOS activity
often fail to discriminate between the specific roles that each of these domains
play. For instance, L-NAME, which is often proposed to inhibit NO generation
by NOS, is actually a very good inhibitor of NOS-mediated NADPH oxidation
and superoxide generation [95]. In addition, L-NMMA was shown to have little
to no effect on the detection of the superoxide-dependent formation of DMPO-
OOH, a superoxide-dependent electron spin-adduct, via neuronal NOS [95],
suggesting that this pharmacological agent is good at dissecting the dual enzy-
matic function of NOS. Furthermore, diphenylene iodonium (DPI) is often
used as an NADPH oxidase inhibitor [98]; however, DPI also was shown to
inhibit the effect of L-arginine inhibition of NOS-mediated superoxide forma-
tion [95], likely via interaction with the NADPH oxidase domain of the NOS
enzyme. Unfortunately, many of the experiments that implicate generation of
NO by NOS in synaptic plasticity use pharmacological inhibitors of NOS that
fail to distinguish the enzymatic generation of NO from NOS from the genera-
tion of superoxide by NOS. There is substantial evidence that NO is an impor-
tant signaling molecule during synaptic plasticity [93], but the potential role of
superoxide generated by NOS is relatively unexplored.

Taken together these reports suggest the possibility that NADPH oxidation by
NOS could be an important source of ROS that is independent of NO generation
during synaptic plasticity and memory formation. However, there is another
enzyme complex whose primary enzymatic activity is the oxidation of NADPH
and concomitant production of superoxide. The role of NADPH oxidase in the
generation of superoxide will be the focus of the remainder of this chapter.
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5.4 NADPH Oxidase

The NADPH oxidase complex is a plausible source of ROS in synaptic plasti-
city and memory that previously has been considered primarily as a generator
of superoxide in nonneuronal cells, including immune system cells [23, 99],
endothelial cells [100], and glia [3, 99]. In these previous studies, NADPH
oxidase has been shown to be tightly regulated, such that a burst of super-
oxide could be generated in response to particular stimuli, which could
subsequently be turned off; thus, the generation of ROS via the NADPH
oxidase system has been shown to be rapid, tightly controlled, and specific to
particular signaling events [22]. Interestingly, several of the activators and
effectors of the NADPH oxidase complex also have been implicated in signal
transduction mechanisms that underlie synaptic plasticity and memory for-
mation. Moreover, recent evidence has been provided that directly supports
arole of NADPH oxidase-dependent superoxide generation during brain func-
tion, which may explain why human patients with mutations in genes encod-
ing subunits in the NADPH oxidase complex may display mild cognitive
deficits [101].

The structure and regulation of the NADPH oxidase has been well studied
[102]. Briefly, the NADPH oxidase complex consists of five subunits, three
cytosolic (p677"°*, p47°"°* and rac) and two membrane-spanning (gp917°*
and p227"°¥). The membrane-spanning components exist as a heterodimer;
gp917°~ is the catalytic subunit that is responsible for the transfer of electrons
between NADPH and molecular oxygen, as well as the H" conductance that
has been associated with this process. The regulation of NADPH oxidase
activity is mediated through complex interactions between the cytosolic and
membrane-associated components. Translocation of p677"°* and GTP-bound
active Rac to the membrane is essential for the activation of gp917"*-mediated
electron transfer. p47”"°*, once phosphorylated, acts as an “organizer” of the
complex and mediates correct positioning and association of the p67”"°* “acti-
vator” subunit with the gp917"°~ and p22”"°* heterodimer. Thus, translocation
of all the cytosolic subunits in response to specific stimuli is required for the full
activation of the NADPH oxidase complex. A model of NADPH oxidase is
shown in Fig. 4.

Interestingly, many of the signaling agents involved in LTP and memory for-
mation are also known to regulate NADPH oxidase activity. The transcription-
dependent regulation of NADPH oxidase subunits implicates transcription
factor components known to be important in the regulation of LTP and
memory formation. Specifically, treatment of murine monocytic cell with
lipopolysaccharide (LPS) and interferon-y (IFN-y) resulted in the increased
expression of gp91”"°* mRNA and protein that was dependent on NF-xB
[103], which has been shown to be an important transcription factor involved
in LTP and memory [73, 74, 77]. More near term signaling events have also



ROS Signaling in the Brain 15

Fig. 4 Subunit composition
and activation of the
NADPH oxidase complex.
(A) The NADPH oxidase
complex consists of two
membrane-bound subunits
(gp917"°* and p227"°~) and
three cytosolic subunits
(p67°"° rac, and p47°),
which upon activation
translocate and associate
with the membrane-bound
subunits (B). Upon
activation, the NADPH
oxidase complex transfers
electrons from NADPH
substrate to molecular
oxygen, thus producing
superoxide. During this
process NADPH oxidase
also pumps protons across
the membrane

implicated a potential role for NADPH oxidase in the generation of ROS-
mediated signaling in neurons.

The phorbol ester PMA is a widely used compound that induces NADPH
oxidase activation via the phosphorylation of p47”"° through activated PKC
[104]. In cerebellar granule cells, PMA was shown to stimulate ROS production
[90] and in hippocampal slices, PMA treatment leads to an LTP-like potentia-
tion that is dependent on PKC activation [36]. Furthermore, phospholipase A,
(PLA,)-dependent genesis of arachidonic acid was also shown to induce the
activation of NADPH oxidase in intact neutrophils [105]. Consistent with the
possibility that this type of signaling might be involved in synaptic plasticity,
hippocampal slices treated with arachidonic acid during a brief train of tetani-
zation resulted in an LTP-like potentiation [106]. Moreover, NMDA applied to
cultured cerebellar granule cells led to the generation of superoxide that was
mimicked by the application of arachidonic acid and inhibited by mepacrine, a
PLA; inhibitor [107]. In addition, NMDA- and glutamate-induced oxidation of
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dichlorofluorescein (DCF) in cerebellar granule cells could be blocked via PLA,
inhibition [17]. The PI3 kinase-Akt pathway is another kinase signaling path-
way that plays a critical role in synaptic plasticity [108—110] and has been shown
to be an important activator of NADPH oxidase in nonneuronal cells [27, 111].

Not only have upstream activators of NADPH oxidase been shown to be
important regulators of plasticity and memory formation, but downstream
effectors of NADPH oxidase-generated ROS in nonneuronal cells also parallel
important signaling pathways involved in synaptic plasticity and memory. For
instance, NADPH oxidase-generated ROS have been shown in T cells to
regulate phosphorylation and activation of the ERK signal transduction path-
way [24], which has been shown to be a critical signaling pathway in LTP and
memory formation in neurons. The evidence above is consistent with the
hypothesis that NAPDPH oxidase is an important source of ROS in signal
transduction pathways in the brain. More direct evidence recently has been
provided that implicates NADPH oxidase function in the brain.

6 NADPH Oxidase Expression in the Brain

Consistent with an important function for the NADPH oxidase complex in the
central nervous system, all components of the complex, including the various
homologs of specific subunits, have been shown to be expressed in various
regions throughout the brain [112—118]. Serrano et al. have shown that mouse
hippocampi are immunoreactive for gp91, p47, p67, p40, and p22”"°* proteins
[112, 113] and that p47°"°* and gp91”"°* immunoreactivities were observed in
pyramidal neurons in area CAl [113]. Furthermore, the NADPH oxidase
subunits gp917"°* and p67”"°* have been found in synaptosomal fractions
prepared from the whole brain and the hippocampus [114], suggesting a localized
distribution that is consistent with a role for NADPH oxidase in synaptic
plasticity. Interestingly, gp917"°~ and p47”"°~ proteins were also found in several
other areas of the brain including the cortex, habenula, paraventricular thalamic
nucleus, anterior and posterior basolateral nucleus, basomedial nucleus of the
amygdala, and striatum [113].

As discussed earlier, gp917"°~ is the catalytic subunit of NADPH oxidase
that is responsible for the transfer of electrons between NADPH and molecular
oxygen. Recently, homologs of gp917"°* have been described, several of which
are also expressed in the brain. In addition to gp917"°* (also referred to as NOX-2),
NOX-4 [116, 117] and NOX-5 [116] have been shown by rt-PCR to be exp-
ressed in the adult brain and NOX-4 was detected using in situ hybridization in
the mouse cortex, cerebellum, and pyramidal cells of the hippocampus [117].
Furthermore, NOX-3 was shown to be highly expressed in the inner ear by
rt-PCR and by in situ hybridization [115]. p47°"°* and p67”"°* and their respec-
tive homologs were also detected in the brain using rt-PCR analysis [115] and by
Northern blot analysis [112]. Rao et al. also showed that NADPH oxidase is
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expressed and functional in lens epithelium [118]. Thus, there are likely to be
multiple homologs of gp917"°* that are important for normal cognitive func-
tion. However, whether the other NOX proteins are regulated in a similar
manner to gp91”"°* and whether they are critical for ROS signaling in the
brain remain to be determined.

The expression pattern of NADPH oxidase suggests that it may be involved in
ROS-dependent signaling throughout the brain. Consistent with this notion, it
was shown in cultured hippocampal neurons that PMA could stimulate the
redistribution of the cytosolic subunits of the NADPH oxidase complex to the
membrane [114]. Also in hippocampal slices, PMA induced the generation of
superoxide that was inhibited by either DPI or AEBSF [114], two pharmacolo-
gical inhibitors of the NADPH oxidase complex [98, 119]. Furthermore, stimula-
tion of the cellular prion protein (PrPc) was shown in a number of neuronal and
nonneuronal cell lines to lead to the activation of NADPH oxidase, which
induced the activation of the MEK-ERK pathway in an NADPH oxidase- and
ROS-dependent manner [28]. Thus, a functional NADPH oxidase is expressed in
the brain, suggesting that this superoxide-generating complex may be involved in
signaling, synaptic plasticity, and memory.

7 NADPH Oxidase-Mediated Signaling in the Brain

NMDA receptor-dependent activation of ERK is well known to be involved in
various forms of synaptic plasticity and memory [13, 15, 51]. Consistent with a
role for NADPH oxidase in mediating this type of signaling, DPI, an NADPH
oxidase inhibitor, was shown to inhibit NMDA receptor-mediated ERK acti-
vation [68]. Moreover, mice that lacked the p47”"°* subunit [120] also lacked the
NMDA receptor-dependent activation of ERK [68]. These findings are consis-
tent with previous reports that have implicated NADPH oxidase activity with
MEK-ERK signal transduction in nonneuronal cells [24, 28]. However, it was
unclear from these studies whether the response to NMDA receptor activation
was one typical of synaptic plasticity or one typical of neurotoxicity. However,
a recent series of studies with NADPH oxidase mutant mice indicate that this
enzyme is indeed critical for synaptic plasticity.

8 A Role for NADPH Oxidase in Hippocampal Synaptic Plasticity
and Memory

Recent studies with pharmacological inhibitors of NADPH oxidase as well as
studies with mutant mice that are genetically deficient for either gp917"°* [121]
or p477"°¥ [120] indicate that NADPH oxidase is involved in LTP. Two phar-
macological inhibitors of the NADPH oxidase complex, DPI and apocynin
[98, 122], blocked early phase LTP (E-LTP) and mutant mice that lacked either
the gp917"°¥ or p47°"°* subunits also expressed deficient E-LTP. Interestingly,
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slices from gp917"°* knockout mice and slices from wild-type mice treated with
DPI also expressed deficient post-tetanic potentiation (PTP) which is a form
of NMDA receptor-independent short-term plasticity [123]. Other forms of
presynaptic plasticity were normal in both p47”°* and gp917"°* knockout
mice [123]. Thus, NADPH oxidase appears to be required for E-LTP.

Behavioral studies with the NADPH oxidase mutant mice indicate that
superoxide produced by this enzyme may have an important role in hippocampus-
dependent learning and memory. Consistent with the idea that NADPH
oxidase-generated superoxide is necessary for learning and memory, it was
shown that gp917"°~ knockout mice displayed mild deficits in the Morris water
maze and that p47”"°* knockout mice displayed deficits in the contextual fear
conditioning [123]. Interestingly, these mice also showed differences in the accel-
erating rotating rod apparatus and in the open field analysis suggesting that areas
other than the hippocampus may be affected in these mutant animals [123]. Thus,
in addition to its role in hippocampal LTP, NADPH oxidase appears to play a
role in several types of hippocampus-dependent memory.

9 Conclusions and Future Directions

Here we have discussed evidence that ROS, including superoxide and H,O,, are
important signaling molecules in a variety of neuronal and nonneuronal systems.
Importantly, ROS have been shown to be critical signaling molecules underlying
fundamental cognitive functions including learning and memory. This is atypical
of previous views that placed ROS in a class of oxidatively destructive molecules
that when produced lead to toxic processes underlying cellular degeneration and
apoptosis [124]. We have also presented evidence that NADPH oxidase is likely
an important source of ROS in the brain. This is evidenced by the fact that
NADPH oxidase has been shown to be required for biochemical signal transduc-
tion cascades, synaptic plasticity, and cognitive behaviors involved in the forma-
tion and expression of memory. The relatively small amount of research aimed at
determining the role of NADPH oxidase in brain function already has uncovered
interesting results that warrant further investigation.

NADPH oxidase was shown to be required for hippocampus-dependent
learning and memory, as well as for normal performance in behavioral para-
digms that require other brain regions. This is consistent with the observation
that ROS-dependent learning and memory has a motivational component [125]
and that subunits of the NADPH oxidase complex have been shown to be
expressed in brain regions other than the hippocampus, including the cortex,
cerebellum, striatum, and amygdala [113]. Future research into the role that
NADPH oxidase plays in cognitive function should address the role of ROS
signaling in these other brain regions as well.

Interestingly, there are several homologs of the main catalytic subunit
gp917°¥ that have been shown to be expressed in various regions of the brain
including the cortex and the hippocampus. These other NADPH oxidase
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subunit homologs may be important for plasticity and cognition. Interestingly,
it is known that each of these homologs requires different upstream signals for
oxidase activation. For example, NOX-5 contains EF-hand regions that
respond directly to Ca®" influx [126]. Determining the role that the various
NADPH oxidase subunit homologs play in synaptic plasticity and memory
should be an important goal for future investigations.

Not only is it important to determine the role of NADPH oxidase in
generating ROS involved in plasticity and cognition, but also it will be equally
important to determine the role of other sources of ROS in these processes. We
have mentioned several other potential sources of ROS that have been impli-
cated in signal transduction and synaptic plasticity. Future research should
address the distinct roles each of these sources of ROS play in mediating the
molecular signaling underlying synaptic plasticity and memory.

An important issue that has been addressed only sparingly is the identity
of the relevant targets of ROS signaling during synaptic plasticity and mem-
ory. As discussed earlier, several studies point directly to activation and
inactivation of various kinases and phosphatases [36, 46, 64, 65, 71, 127].
Although there have been few reports in neuronal systems, direct oxidative
modification of ion channels, including voltage-gated Ca®" channels and the
ryanodine receptor, has been shown to regulate the levels of intracellular Ca®"
[37, 80]. Also shown to be an important signaling target of ROS are redox-
sensitive transcription factors such as NF-xB [48]. The elucidation of all of the
targets of ROS signaling, in addition to the sources of ROS responsible for
redox regulation of these targets, will be critical in understanding the roles
that these highly reactive molecules play in normal cognitive function, and
importantly, how perturbation of these signaling systems could lead to altera-
tions in cognition, including neurodegenerative conditions mediated by
oxidative stress.

We have argued that ROS signaling plays an important and necessary role in
synaptic plasticity and memory formation. Moreover, NADPH oxidase is likely
to be one of the important sources of ROS mediating these effects. Two key
features make NADPH oxidase an attractive candidate for an ROS source in
these physiological processes. First, the enzymatic complex generates large
amounts of superoxide quickly and second, it can do so in a well-regulated
manner. Misregulation in either of these aspects could lead to neuronal dysfunc-
tion, as well as potential cognitive problems. Recent work indicates that not
generating enough superoxide via NADPH oxidase leads to deficient synaptic
plasticity and cognitive function in mice [123]. Interestingly, human patients with
mutations that render NADPH oxidase inactive may also express mild cognitive
deficits [101]. One can imagine that if NADPH oxidase regulatory mechanisms
were altered, especially the mechanisms responsible for shutting down superoxide
production, the well-known destructive role that ROS are known for in the
brain could be fulfilled. Exuberant ROS generation could quickly lead to
oxidative stress and subsequent neuronal dysfunction and damage. A fuller
understanding of ROS signaling may lead to a better understanding of the
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degenerative mechanisms that underlie disorders such as Parkinson’s disease
[128] and Alzheimer’s disease [4] that may be in part caused by aberrant ROS
generation. Thus, understanding the regulatory mechanisms that underlie
NADPH oxidase-mediated signaling in the brain, as well as the regulation
of other potential sources of ROS, should be an imperative for future research.

10 List of Abbreviations

CaM - calmodulin

CaMKII — calmodulin dependent kinase I1

CnA - calcineurin

DCF - dichlorofluorescein

DHR - dihydrorhodamine

DPI - diphenylene iodonium

EC-SOD - extracellular-superoxide dismutase
E-LTP — early long-term potentiation

ERK - extracellular signal-regulated kinase
FCCP - carbonylcyanide p-trifluoromethoxyphenylhydrazone
fEPSPs — field excitatory postsynaptic potentials
H,0, — hydrogen peroxide

HFS — high-frequency stimulation

HFS-LTP — high-frequency stimulation induced long-term potentiation
IFN-y — interferon gamma

KA - kainic acid

L-NAME — N-nitro-L-arginine methyl ester
L-NMMA — N-methyl-L-arginine acetate
L-NNA — nitro-L-arginine

LPS — lipopolysacharide

LTP - long-term potentiation

NG - neurogranin

NMDA — N-methyl-p-aspartate

NO - nitric oxide

NOS — nitric oxide synthatse

PKC - protein kinase C

PLA2 — phospholipase A2

PMA — phorbol-12-myristate-13-acetate

PP2B — protein phosphase 2B

PrPc — prion protein

PTP — post-tetanic potentiation

ROS - reactive oxygen species

SOD — superoxide dismutase

TPEN — N,N,N',N'-Tetrakis(2-pyridylmethyl)ethylenediamine
X/XO — xanthine/xanthine oxidase
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Nitric Oxide Biochemistry: Pathophysiology
of Nitric Oxide-Mediated Protein Modifications

Alba Rossi-George and Andrew Gow

Abstract Nitric oxide (NO) is a pluripotent signaling molecule, which has been
proposed to be critically important in both physiological and pathological
processes of the brain. The wide-ranging functionality of NO is in opposition
to its relatively simple chemical structure. In this chapter we attempt to sum-
marize the functional involvement of NO within the neurological system and
then discuss how such complex signaling may be achieved via the differential
post-translational modification of protein targets. It is our contention that the
redox properties of NO allow this molecule to modify proteins in a variety of
ways with physiological or pathological consequences. In this way the effects of
NO production are dependent on the quantity produced, the redox environ-
ment in which it is synthesized, and the presence of reactive targets. A summary
of known post-translational modifications is given as well as the functional
consequences of their formation.

Keywords Nitric oxide - Nitrosothiol - Nitration . Nitroalkene - Thiol -
Nitrosylation

1 Introduction

Nitric oxide (NO) plays a variety of physiological roles in the nervous system,
including respiratory and blood flow control, immune defense, intracellular
signaling, and neurotransmission. It is synthesized by all brain cells including
neurons, endothelial cells, and glial cells and under physiological conditions,
approximately 20 times more NO is produced in the brain than in the entire
vasculature. The enzymes responsible for the production of NO are collectively
known as nitric oxide synthases (NOS) with three distinct isoforms: endothelial
(eNOS), inducible (iNOS), and neuronal (nNOS) [1]. Transient increases in
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intracellular calcium (Ca®™) result in the release of nanomolar fluxes of NO by
the Ca”" Jcalmodulin-dependent nNOS and eNOS isoforms, which are essen-
tial for neurotransmission and the control of cerebral blood flow. However,
iNOS (which is constitutively active) induces the release of fluxes of a higher
order of magnitude of NO by glial and vascular cells [2]. iINOS function is
principally controlled by its expression and degradation. The role of NO is para-
doxical as it is not only critical in modulating immune function but also appears
to play a role in mediating tissue damage. Indeed, a variety of neuropathological
events including stroke and several neurodegenerative diseases are marked by
elevated levels of NO [3]. Therefore, whether NO is protective or detrimental
depends on the conditions under which it is released, including its flux and the
cell environment. In order to provide a basis for understanding this complexity
of NO-based mechanisms, this chapter will consider some of the basic biology
surrounding NOS and NO within the brain and then provide an overview of the
chemistry that underlies this biology.

2 NOS, NO, and the Brain

The nNOS isoform can be considered ubiquitous within the brain as it is found
in a variety of neural structures including the cerebral cortex [4], the olfactory
bulb [5], the nucleus accumbens, the striatum, the amygdala [6], the hippocam-
pus (especially the CA1l and the dentate gyrus), the hypothalamus [7], the
thalamus [8], and the cerebellum [4]. It is important to note that despite this
generalized expression the distribution of nNOS is far from uniform but rather
has areas of concentration. eNOS expression is also widespread as it is found in
cerebral endothelial cells, but its expression in neurons appears to be limited to
the hippocampus, where it is found in the granule cells of the dentate gyrus
as well as those of the CA1, CA2, and CA3 regions [9]. Under physiological
conditions, iNOS levels in the brain are low but are increased in response to
glial activation. The mechanisms controlling iNOS induction within glial cells
appear to be similar to those in other inflammatory cells, being responsive to
toxins, such as lipopolysaccharide, and cytokines, such as interferon-y. iNOS
function is turned off either by its own degradation or by apoptosis of the
induced cell. It is important to remember that the function of NOS is in fact
more complicated even than just the production of NO. It is dependent on a
number of cofactors including, NADPH, FMN, and tetrahydrobiopterin. In
addition, substrate supply, namely, both oxygen and arginine, can affect both
the products and rate of enzyme activity.

The importance of NO in signaling cannot be underestimated as NO can
modify receptors and can activate intracellular messengers, ultimately affect-
ing neurotransmitter release. Classically, NO interacts with soluble guanylyl
cyclase (sGC, a cytosolic heme-containing enzyme that catalyzes the conversion
of GTP into cGMP) ultimately affecting protein kinase G (PKG) and cyclic
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nucleotide-gated channels, both of which are important for neuronal transmis-
sion. For example, stimulation of N-methyl-p-aspartate (NMDA) receptors by
glutamate results in the influx of Ca®* with the subsequent activation of nNOS
(which is physically associated with the NMDA receptor at the NR2B subunit)
and the release of NO. The release of NO, in turn, results in the activation of
nearby glutamatergic neurons that stimulate the release of acetylcholine from
the nucleus accumbens [10]. NO also modulates the release of norepinephrine
and glutamate in the hippocampus. NO donors increase norepinephrine and
glutamate release, while NO scavengers (e.g., hemoglobin) inhibit the release
of norepinephrine and glutamate. The effects on the GABAergic system also
depend on NO concentration. Basal concentrations of NO reduce the release of
GABA, whereas higher levels result in an increase of GABA [11]. Dopamine
and serotonin release from the medial preoptic area in rats are similarly affected
by NO levels [12].

Long-term potentiation (LTP), which is a cellular model of synaptic plas-
ticity and purportedly a model of learning and memory, also appear to be
modulated by NO. NO-mediated modulation of synaptic plasticity is an sGC-
dependent mechanism: LTP is inhibited by the addition of an sGC inhibitor to
hippocampal and amygdala slices, and potentiated when sGC is added [13].
It has been proposed that when produced post-synaptically, NO affects pre-
synaptic transmission as a retrograde diffusible messenger in hippocampal and
cortical LTP. One of the roles that NO plays in the mesencephalon is its involve-
ment in the sleep—wake cycle [14]. Administration of L-arginine (the precursor of
NO) into the pedunculopontine tegmentum during the light phase results is an
increase in slow-wave sleep in rats [15], a result that was also corroborated in cats
administered an NO donor [16].

The presence of nNOS in the PVN and the supraoptic nucleus of the hypotha-
lamus attests to its involvement in the stress response. Both neural groups sec-
rete corticotropic-releasing hormone (CRH) and arginine vasopressin (AVP). In
response to stress, CRH and AVP are released in the median eminence where
they stimulate the release of adrenocorticotropin-releasing hormone into the
general circulation and, ultimately, stimulate the secretion of glucocorticoids
from the adrenal gland. NO seems to exert diverging effects on different compo-
nents of the stress response: the upregulation of CRH and AVP expression in
response to a neurogenic stressor is decreased when rats are administered the
NOS inhibitor L-NAME, and increased in response to intracerebroventricular
administration of NO, but, basal levels of both CRH and AVP are unaffected by
NO administration in rats [17]. Interestingly, the administration of L-NAME
downstream of the PVN increases the release of ACTH from the pituitary gland
suggesting that NO plays an inhibitory role possibly starting at the level of the
median eminence [17].

NO plays an important role in neuroprotection, as it has been shown that
inhibition of NO in cultured cerebellar granule cells results in enhanced apop-
tosis via activation of caspase-3, which can be reversed by the addition of NO
donors[18]. In models of neurotoxicity where prolonged stimulation of NMDA
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receptors results in cell death by Ca?" overload, NO has been shown to reduce
the Ca®>" burden by S-nitrosylating the NR1 and NR2 subunits of the NMDA
receptor [10]. A second mechanism by which NO might be neuroprotective is via
the induction of heme oxygenase-1, which is an early marker of oxidative stress
and has been shown to play a role in antioxidant protection pathways [19].

In contrast to its potential neuroprotective function, NO production in
excess, potentially in response to inflammation, has been implicated in neuro-
degenerative diseases. For example, patients afflicted by either Alzheimer’s (AD)
or Parkinson’s disease show an increase in nitrotyrosine, a marker of nitrative
stress [20-22]. NO release also activates cyclooxygenase, which is found in
brain cells during the inflammatory state. The upregulation of cyclooxygenase,
and other peripheral inflammatory signals, are potential biomarkers for the
progression of AD [23, 24]. Postmortem examination of AD patients also reveals
nitration of mitochondrial proteins implying a role for NO in energetic dys-
function [25, 26]. The finding that both eNOS and iNOS expression is promoted
by a-amyloid expression has been confirmed in autopsied AD patients, where
increased NOS levels are observed [27]. It has also been suggested that nNOS
expression is significantly altered in neurodegenerative disease [28]. Another
neurodegenerative disorder where NO appears to play a central role is multiple
sclerosis (MS), which is characterized by demyelinating lesions in the central
and the peripheral nervous system. The cerebrospinal fluid of MS patients has
elevated levels of nitrite [29]. Elevated levels of NO have also been confirmed in
experimental autoimmune encephalomyelitis (EAE), an animal model of MS
[30], although inhibition of NOS appears to play a role in inducing the disease
[31]. This connection between NO production and neurodegeneration may stem
from NO’s function as a cell death mediator in neurodevelopment. During
normal neurodevelopment, many more neurons are produced than those that
survive. Programmed cell death or apoptosis is an important mechanism for the
normal development of the central nervous system and in this regard NO has
been shown to play an instrumental role. Peak levels of NOS in rats and guinea
pigs are observed immediately before the period of maximal synaptogenesis,
whereas both nNOS and iNOS expression is several fold higher during early
postnatal development [32]. And, although nNOS is expressed in less than 4%
of neurons, these cells are capable of killing neighboring cells.

Although NO is governed by the same rules that apply to other neurotrans-
mitters, it appears to be more versatile and can be considered a non-conventional
transmitter system. A few important differences between NO and other neuro-
transmitters include the lower amount of NO needed, the fact that it is not stored
in vesicles but directly produced on demand and the lack of a specific receptor,
which confers it the ability to act on tissue volume and not necessarily in a defined
cellular region [33]. Because of its properties, NO is not limited to any particular
cell type or brain region, and, therefore, can potentially affect a variety of
structures and functions. Among some of the important functions that have
been so far identified are synaptic plasticity [34], neurodevelopment [35], sleep
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[36], appetite [37], reproductive behavior [38], sensory [§8] and motor involve-
ment [39], thermal regulation [40], pain [41], as well as hormonal secretion [42].

3 Biological Chemistry of NO

A principal question that remains within NO biology is how can a simple
diatomic molecule be utilized to obtain such wide-ranging signaling functions.
The answer may lie in the unique biological chemistry of NO. Much discussion
has been made of NO’s gaseous nature, the fact it is a free radical, and that it is
highly soluble especially in hydrophobic media. But perhaps the most interest-
ing physical characteristic of NO is its ability to readily undergo redox transi-
tions. This results primarily from the ability of nitrogen to adopt a variety of
redox states. Within the field of oxidative stress research one is accustomed
to consider partially reduced states of oxygen, such as superoxide, hydrogen
peroxide, and peroxy radicals, and the relative facility with which such mole-
cules can react within the biological system. The same can be said for nitrogen,
which in its fully oxidized form, nitrate, has a redox state of +5 and its fully
reduced form, ammonia, has a redox state of —3. However, like oxygen, nitro-
gen exists in reactive partially reduced states, such as nitroxyl anion (NO,
oxidation state + 1), nitric oxide (oxidation state +2), and nitrosonium cation
(NO™) or nitrite (oxidation state + 3) [43]. Each of these partially reduced, or
reactive nitrogen species (RNS), possesses its own particular reactivity [44].
NO and its isoforms are capable of reacting with a number of biological
molecules, however, for the purpose of this review we will restrict our discussion
to those that have been implicated in cellular signaling within the nervous
system. NO reaction with proteins can be divided into three broad and basic
pathways, namely reaction with (1) metals, (2) oxides, and (3) thiols. In the
following section we will consider the reactivity involved in each of these pathways.

3.1 Metals

NO was first shown to interact with metal centers by Keilin and Hartree in the
early 20th century when studying the reactions of various gaseous molecules
with hemoglobin and cytochromes [45]. The binding of NO to the heme pros-
thetic group of soluble guanylate cyclase (sGC) along with the identification of
the endothelium-derived relaxing factor raised the possibility of physiological
relevance [46, 47]. Although the exact nature of this interaction is still undeter-
mined, the generally accepted principle is that binding of NO to the iron within
the heme group of sGC produces a conformational change and enzyme acti-
vation [48]. Peculiar to sGC, the binding of NO to the heme is approximately
400-fold faster than the binding of carbon monoxide, implying there are struc-
tural constraints, which focus the heme toward NO reactivity [49]. Clearly there
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are many other heme-containing proteins that bind NO avidly including hemo-
globin [50]. Indeed, the possibility has been raised by recent research that redox
interaction of hemoglobin with NO and its related oxides is an essential part of
the hypoxic vasodilator response of the systemic vasculature [51-55]. The
relevance of such reactions within the brain has been highlighted by the dis-
covery of neuroglobin, which has been proposed as an antioxidant protein [56].
Cytochrome P450 has also been shown to be a target for binding of NO
resulting in functional inhibition [57, 58]; the implications of this in xenobiotic
degradation have not been clearly established [59].

The metalloproteins of the mitochondrion form another principal target for
NO reactivity. Cytochrome oxidase has been shown to be reversibly inhibited
by NO and it has been suggested that this is an important mechanism to control
cellular respiration, especially under hypoxic conditions [60-63]. There are a
number of iron—sulfur proteins within the mitochondria, such as aconitase and
mitochondrial electron transport chain complex I. These proteins are targets for
NO reactivity [64—66]. Zinc—thiolate clusters have also been shown to be the
targets for NO reactivity. Metallothionein reacts with NO to release zinc con-
verting a redox-based signal, NO, to a redox inactive one, zinc, protecting the
cell against potentially harmful reactions [67—69]. Aberrant reactions of NO
and other oxidants with metalloproteins have been proposed in the mechanisms
of neurodegenerative diseases such as ALS [70, 71]. Critically important in these
reactions is the potential involvement of copper [70], particularly in the + 1 redox
state [72]. In this regard it is interesting to note that ceruloplasmin appears to
react with NO to produce nitrosothiols in a copper-dependent manner [73, 74].

3.2 Oxides

As a result of the relative ease with which nitrogen can be altered in its oxidation
state, NO is capable of participating in both reduction and oxidation reactions.
Perhaps the best known of these reactions is its oxidation by molecular oxygen
[75]. This trimolecular reaction, involving two NO molecules and one of oxy-
gen, is slow at physiological concentrations of NO. However, under pathophy-
siological conditions of raised NO concentration this reaction becomes of
greater relevance [76]. It is worth remembering that such reactions may become
more relevant within microenvironments, such as the membrane or that sur-
rounding NOS itself [77]. Although the autoxidation of NO is known to be
bimolecular in NO and unimolecular in oxygen; there are a number of potential
pathways. However, all of the potential intermediates are nitrosating agents,
such as dinitrogen trioxide and dinitrogen tetroxide. Within biological systems
there is a wide variety of targets for nitrosation, including reduced thiol. How-
ever, such nitrosation is by an entirely different chemical species to either that
produced by transnitrosation or free radical NO. Therefore it may occur not
only at different targets, such as amines, but also at different members of one
class of targets, i.c. the same group of thiols may not be nitrosated.
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Nitric oxide is also capable of interacting with other oxides, such as super-
oxide and peroxy radicals [78]. Although there is clearly a significant role for
these higher oxides of nitrogen in pathological processes, it is unclear what role
they play in physiological systems. Much has been made of the potentially toxic
consequences of the formation of peroxynitrite, the reactive product of NO and
superoxide, and certainly it is capable of a number of potentially adverse
reactions such as DNA damage and the generation of 8-hydroxyguanine,
lipid peroxidation, and tyrosine nitration [78]. Peroxynitrite is also capable of
oxidizing thiol residues and of nitrosating a number of targets including amine
and thiol residues [79]. Tyrosine nitration is often used as a hallmark of this type
of chemistry [80]. Invariably the presence of tyrosine nitration is taken as a
sign of pathological NO chemistry [81], however, the potential for physiologi-
cal signaling does exist either through the formation of nitrosothiols or tyrosine
nitration [82-85].

Recently a novel set of signaling molecules, derived from higher oxides of
nitrogen, has been identified, the nitroalkenes [86]. These molecules are formed
by the combined action of nitrosative and oxidative stress upon unsaturated
fatty acids [87]. Among the first such molecules identified was nitro-linoleic acid
[88], which was identified as having an NO-like signaling in the vasculature.
Nitroalkenes have been identified within human red cells and plasma [89] and
have been suggested to operate as anti-inflammatory signals by activation of
targets such as peripheral peroxisome activator-y [90], inhibiting platelet aggre-
gation [91], and neutrophil activation [92]. There are multiple mechanisms for
such molecules to act as signaling molecules including NO release [93] and post-
translational modification [94] via Michael addition to nucleophilic targets like
cysteine [95]. The potential for these molecules to act within the brain has not
been investigated.

3.3 Thiols

There are multiple mechanisms whereby NO can modify thiol residues includ-
ing nitrosation via a higher oxide intermediate, direct reaction with a thiyl
radical, direct reaction followed by electron abstraction, and via metal catalysis.
It is also possible for NO to be involved in oxidative reactions with thiols either
directly or through the decomposition of intermediates such as nitrosothiol.
The chemistry of these reactions has been reviewed elsewhere [43, 96] and
indeed in a recent kinetic model thiolates were predicted to form one of the
principal targets for NO reactivity [97]. Although a complete discussion of the
formation of nitrosothiols is beyond the scope of this submission, it is important
to consider that different mechanisms may result in the synthesis of a different
subset of nitrosothiols, i.e., the conditions under which NO is produced will
alter which thiols are modified. These considerations have considerable impor-
tance with relevance to how higher oxides of nitrogen, such as peroxynitrite,
might produce cellular signaling.
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As well as considering the conditions surrounding NO production as factors
in determining nitrosothiol formation, it is important to consider the thiol
residues themselves. The pKa of thiol side chains vary greatly depending on the
surrounding environment. For instance in cysteine itself the pKa is 8.75, while
in glutathione, where there are two interacting amino groups, the pKa is 8.35.
But not only the pH dependency can vary, as cysteines are often buried within
extremely hydrophobic areas of the protein. These differences in environment
can alter the ease with which a thiol may be nitrosylated; the stability of any
nitrosothiols formed; and the mechanism whereby such nitrosothiols are
formed (and hence which proximal chemical species will be the nitrosylating
agent). Nowhere, is this variability of thiol environment more clearly demon-
strated than in hemoglobin, in which the movement between relaxed and tense
structure forms the basis of nitrosothiol formation and decay, allowing for
delivery of NO equivalents in areas of hypoxia [53, 54, 98]. Consideration
of nitrosothiols, which have been shown to be formed, such as those on the
NMDA-receptor and caspase-3, has led to the development of two potential
“consensus” sequences for formation. The first is the acid/base motif, in which
the presence of proton donating and accepting groups promotes the ability to
nitrosate a thiolate [99]. The second is the positioning of a cysteine in a hydro-
phobic region, which may promote the direct interaction between NO and
thiol due to the hydrophobicity of dissolved NO [100, 101]. Two groups have
attempted to use a proteomic approach in order to evaluate total nitrosothiol—
protein formation in vivo [102, 103]. Utilizing modified biotin-switch [104]
technology coupled with mass spectrometry, these groups have identified a
wide range of proteins that can be nitrosylated under stimulated conditions.
Greco et al. attempted to verify the two proposed consensus motifs for nitro-
sothiol formation and found that all of the modified cysteine residues con-
formed to one or another of the motifs [102]. The development of these new
technologies for assessing nitrosylation within biological systems will rapidly
accelerate our understanding of the importance of this form of post-translational
modification within cellular signaling.

It has been proposed that nitrosothiols form a prevalent redox-based signal-
ing post-translational modification [105]. Central to this proposal is the ability
of nitrosothiol formation to functionally regulate a wide range of proteins.
Within the literature proteins ranging from regulatory kinases [106, 107] to
channel proteins [10], to transcription factors [108], to metabolic enzymes [109]
have been suggested to be regulated by nitrosothiol formation at key cysteine
residues. As one would predict the effect of nitrosylation, in terms of function,
varies from protein to protein. For instance, nitrosylation of the NMDA receptor
has been shown to inhibit calcium flow [10]; however, within the ryanodine
receptor it increases ion current through the channel [110]. This observation of
opposite regulatory effects on proteins of similar classes is reflected in the kinases,
where p2lras is activated by the reaction of NO with its key cysteine residue
[106, 107] while JNK1 is inhibited [111]. The pluripotency of S-nitrosylation as
a mediator of post-translational signaling is underscored by the different
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mechanisms through which functional regulation is achieved. For instance,
S-nitrosylation of the NMDA-receptor leads to a physical blockade of the
calcium channel [10]; while nitrosothiol formation on Parkin appears to pro-
mote its association with E3 ubiquitin ligase leading to secondary enzyme activa-
tion [112]. In contrast, S-nitrosylation of GAPDH inhibits glycolytic activity
while increasing its association with Siah-1 resulting in nuclear localization and
initiation of a secondary signaling cascade [109].

These observations give some idea of the complexity of signaling that can be
initiated by S-nitrosylation and the potential naivety of assigning nitrosothiol
formation as either “good” or “bad”. This would be similar to trying to deter-
mine whether an increase in total phosphorylation would either promote or
inhibit cell death. Despite this complexity it is possible to develop models of
nitrosothiol-based signaling as a result of NOS activation. Largely as a result of
the work of Lipton and coworkers, the NM DA -receptor system forms one such
model. The NMDA-receptor possesses key regulatory cysteine residues, whose
identification formed the original basis of the acid/base motif for nitrosothiol
formation [10]. The receptor is also physically linked to nNOS via a PDZ domain.
Upon glutamate binding the calcium channel of the receptor opens allowing
calcium entry to the cell, and among other signaling events activation of the
calcium-dependent nNOS. The consequent production of NO leads to inhibi-
tion of the channel function of the receptor via nitrosylation at key reactive
cysteine residues [113], thus providing a feedback inhibition mechanism. Recently
it has been shown that COX-2 is also physically linked to nNOS, as well as
iNOS in non-neuronal tissue [114], and that stimulation of NOS function leads to
nitrosothiol-mediated activation, inducing the prostaglandin signaling cascade
[115]. However, nNOS also activates Dex-ras, which is not directly linked to it but
rather is associated via CAPON, providing another downstream target [116].
Therefore, both COX-2 and Dex-ras are potential feedforward activators of
glutamate signaling via nitrosylation; but importantly they are targeted differ-
ently as a result of their proximity to nNOS. As work continues more and more
potential protein targets are being identified for nitrosylation and hence the
potential consequences expand often with diametrically opposed functions. For
instance nitrosylation of GAPDH [109] appears to promote apoptosis while
modification of caspase-3 is inhibitory [101]. Thus it has become important to
not only evaluate the potential of a particular protein to be modified but also to
measure its relevant degree of nitrosylation within cellular systems.

4 Summary

The work summarized here demonstrates the huge biological diversity that is
achieved by NO, a simple diatomic molecule. It is our contention that this
diversity is achieved through the redox chemistry of NO and its ability to post-
translationally modify proteins through a variety of mechanisms, including
metal nitrosylation, amino acid side chain oxidation and/or nitration, thiol
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alkylation, and/or nitrosylation. Thus it becomes a question not so much of when
is NO made, but of how much, and under what conditions, and in the presence of
what target molecules. In other words, physiological NO signaling requires the
right amount of NO to be made at the right time and in the right place, which may
explain the importance of NOS localization [117]. Disruption in quantity, time,
or location is potentially an initiator of pathological processes and hence our
often confused view of NO as both a “good” and a “bad” molecule.
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Section II
Pathophysiology of Redox Imbalance

Redox Imbalance in the Endoplasmic Reticulum
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Abstract The redox homeostasis of the endoplasmic reticulum critically
depends on the concerted action of membrane transporters and local oxidor-
eductases that maintain the oxidized state of the thiol-disulfide and the reducing
state of the pyridine nucleotide redox systems in the lumen. This situation,
which is characteristically different from that of the other subcellular compart-
ments, is a prerequisite for the normal functions of the organelle. The powerful
thiol-oxidizing machinery allows oxidative protein folding but continuously
challenges the local antioxidant defense. Alterations of both the cellular and
the luminal redox environment either in oxidizing or reducing direction affect
protein processing and may induce endoplasmic reticulum stress and the
unfolded protein response. The activated signaling pathways attempt to restore
the balance between protein loading and processing and induce apoptosis if the
attempt fails. Recent observations strongly support the involvement of redox-
based endoplasmic reticulum stress in a plethora of human diseases, including
brain ischemia, neurodegenerative diseases, and traumatic injury. The aim of
the present chapter is to overview those neurological diseases, in which the
redox imbalance of the endoplasmic reticulum is an integral part of the patho-
mechanism either as a causative agent or as deleterious consequence.
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1 Introduction

Investigating the mechanisms that mediate neuronal cell death is particularly
important since it is a major feature of such diseases as brain ischemia, neuronal
degenerative diseases, and traumatic injury. It became evident that the signaling
pathways involved in the control of neuronal cell death can be initiated and
moderated by various organelles. The role of the endoplasmic reticulum (ER)
dysfunction is suggested by recent molecular evidence. Although the stress
response of the ER is regarded as a defense mechanism with a primary aim to
maintain the function of the organelle, long-lasting or intensive ER stress
ultimately leads to the induction of cell death. Such a lethal stress is often
caused by a severe redox imbalance in the ER lumen. The consequent
impairment of oxidative protein folding results in the luminal accumulation
of unfolded/misfolded proteins, leading to the initiation of the unfolded protein
response (UPR). It has been demonstrated that several luminal redox systems
participate in the process. Since both hypoxia and neurodegenerative diseases
result in the dysfunction of the ER due to a redox imbalance, studies on the
malfunction of this cellular organelle may facilitate the development of novel
strategies to prevent neuronal cell death by oxidative injuries. The aim of this
chapter is to summarize the luminal redox systems and the redox sensing
mechanisms of the ER, as well as their involvement in neurological diseases.

2 ER Stress and Unfolded Protein Response

The ER is not only an important metabolic compartment of the eukaryotic cell
but also the principal site of the harmonization of the extra- and intracellular
environment. Stimuli deriving from the neighborhood or from the interior of the
cell are sensed by this organelle and tuned by ER-to-nucleus signaling pathways.
It has been recently suggested that the ER can function as a sensor for electron
donors and acceptors, i.e. nutrients and oxygen [1-3]. The imbalance of electron
donors and acceptors, in other words, the discrepancy between demand and
capacity, initiates an adaptation mechanism called ER stress. Since one of the
most important functions of the ER is the synthesis and posttranslational mod-
ification of secretory and membrane proteins, the lumen of the organelle is
equipped with a powerful protein-folding machine composed of chaperones,
foldases and also with sensors that detect the presence of misfolded or unfolded
proteins. Physiological and pathological effects or experimental agents that dis-
turb the normal folding process provoke the UPR, an intracellular signaling
pathway that coordinates ER protein-folding demand with protein-folding capa-
city and is essential to adapt to homeostatic alterations that cause protein mis-
folding. These include changes in intraluminal calcium, altered glycosylation,
nutrient deprivation, pathogen infection, expression of folding-defective pro-
teins, and changes in the redox status. Since there is a plethora of excellent reviews
on ER stress and UPR [4-8], only the skeletonized events are summarized here.
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There are three main proximal sensors of the UPR: the PKR-like ER protein
kinase/pancreatic elF2a (eukaryotic translation initiation factor 2, o subunit)
kinase (PERK/PEK); the activating transcription factor 6 (ATF6); and the
inositol-requiring enzyme 1 (IRE1). These sensors are integral proteins of
the ER membrane; according to the dominant model of UPR, the association
of their luminal domain with one of the most abundant ER resident chaperones
BiP (immunoglobulin heavy chain-binding protein or Grp78, glucose-regulated
protein of molecular weight 78 kDa) keeps them in inactive state. Perturbed ER
homeostasis leads to the accumulation of unfolded/misfolded proteins in
the ER lumen, which can preferentially bind BiP sequestering the chaperon
in the lumen. The consequent dissociation of BiP from the transmembrane
sensors permits their signaling. Signaling is principally based on dimerization—
phosphorylation (IRE1 and PERK) or translocation—proteolysis (ATF6). The
luminal domain of IREl and PERK regulates the protein kinase activity of
these proteins by ER stress-regulated di- and oligomerization. The luminal
domain of the transmembrane basic leucine zipper (bZIP) transcription factor
ATF6 functions as a retention motif under normal conditions, but in ER stress,
the protein is translocated to the Golgi complex, where it undergoes limited
proteolysis. The cytosolic bZIP transcription factor domain is released from the
membrane to allow its translocation to the nucleus.

These three mechanistically distinct arms of the UPR induce expression of
chaperones, attenuate protein translation, promote the proliferation of ER
membrane to enlarge the luminal compartment, and activate ER-associated
degradation (ERAD) by not only regulating the expression of numerous genes
related to protein folding but also affecting the metabolism of proteins, amino
acids, and lipids. Alternatively, ER stress can also induce macroautophagy, a
process whereby the cell recycles and remodels its macromolecules and orga-
nelles. Autophagy either counterbalances ER stress-induced ER expansion,
enhances cell survival or commits the cell to nonapoptotic death [9]. The
integrated UPR provides a tool to remodel the secretory apparatus and aligns
cellular physiology to the demands imposed by ER stress. If the efforts of UPR
are insufficient, prolonged ER stress can trigger mitochondria-dependent and
mitochondria-independent forms of apoptosis [10]

Besides the classical sensors and signaling pathways of UPR, several other —
sometimes cell-specific — mechanisms have been described. In the nervous system
two sensors should be mentioned. OASIS (old astrocyte specifically induced sub-
stance) is an astrocyte-specific ER-resident transmembrane protein [11], while
BBF2H7 (BBF2 human homolog on chromosome 7) [12] is a structurally homo-
logous protein in neurons. Both proteins are bZIP transcription factors. Similar to
ATF®6, they are cleaved at the membrane in response to ER stress, and their cleaved
cytoplasmic portions containing the bZIP domain, translocate into the nucleus and
activate the transcription of target genes with ER stress-responsive and cyclic
AMP-responsive elements. It should be noticed that BBF2H7 protein is not
expressed under normal conditions but markedly induced during ER stress, sug-
gesting that BBF2H7 might contribute only to the late phase of UPR signaling.
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3 ER Stress and Redox Stress

The ER is particularly rich in oxygenases and oxidases (e.g., cytochrome P450s,
flavin-containing monooxygenases, prolyl and lysyl hydroxylases), which often
produce ROS as a by-product. Although ROS are formed in all cellular com-
partments, the ER seems to be a major place of production. Oxidative protein
folding can be responsible for about one-fourth of ROS produced in a profes-
sional secretory cell [13]. ROS (presumably hydrogen peroxide) generated by
Erolp (endoplasmic reticulum oxidoreductin) is a putative end product of the
electron transfer from protein thiols to molecular oxygen during disulfide bond
formation. An ER-resident hydroxyl radical generation by an iron-dependent
Fenton reaction has also been reported [14]. The oxidizing environment may
cause a nonspecific oxidation of luminal proteins. Indeed, increased age-
dependent carbonylation of BiP, protein disulfide isomerase (PDI), and calre-
ticulin was observed in mouse liver [15]. The activity of BiP and PDI is inversely
dependent on age and oxidative damage [16]. Increased carbonylation of these
key proteins during ageing suggests an age-associated impairment in oxidative
protein folding and posttranslational modifications in the liver.

Beside ROS, presumably RNS are also formed in the ER. This assumption is
supported by the fact that S-nitrosylated PDI was found in brains manifesting
sporadic Parkinson’s or Alzheimer’s disease. S-Nitrosylation of PDI inhibits its
enzymatic activity, leads to the accumulation of polyubiquitinated proteins,
and activates the UPR [17]. By this mechanism S-nitrosylation blocks the
protective effect of PDI during UPR in neurodegenerative diseases. Although
S-nitrosylation would imply the colocalization of an NO source (i.e., nitric
oxide synthase), such enzyme has not yet been demonstrated in the ER [18].

The isomerization of misfolded proteins by PDI consumes GSH to reduce
nonnative disulfide bonds; these reduced thiol groups will interact again with
Erolp to be reoxidized. This futile cycle continuously consumes GSH and produces
ROS even under normal conditions; any factor disturbing the folding aggravates
the situation. In fact, the GSH/GSSG redox system is present in more oxidized
form in the ER lumen compared to the cytosolic, which means that the antioxidant
mechanisms of the organelle cannot keep pace with the prooxidant effects.

GSH can also be utilized for the elimination of hydrogen peroxide by
glutathione peroxidase, phospholipid hydroperoxide glutathione peroxidase
[19], and peroxiredoxins [20]. From the latter family of enzymes the ER is
equipped with peroxiredoxin I'V, belonging to the class of 2-Cys peroxiredoxins.
A redox-active cysteine in the active site of these proteins is oxidized to a
sulfenic acid by the peroxide substrate. The recycling of the sulfenic acid back
to a thiol occurs at the expense of glutathione.

Beyond the local redox imbalance, luminal accumulation of unfolded/mis-
folded proteins may cause generalized oxidative stress independent of disulfide
bond formation. A typical accompaniment of the ER stress is the increased Ca®"
leak into the cytosol, which, in turn, stimulates ROS production in mitochondria.
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Reductive stress is another known, albeit less intensively studied and less
frequently mentioned, type of redox imbalance in the ER. It is defined as an
excessive electron dumping or an overwhelming reducing power. Overreducing
conditions prevent the formation of disulfide bonds; therefore, reducing agents
(B-mercaptoethanol, dithiothreitol) belong to the group of prototypic ER
stressors and UPR inducers [21, 22]. Recent observations suggest that over-
nutrition by supplying an excess of reducing equivalents also leads to ER stress
[1, 2, 23, 24]. Although the exact pathomechanism of ER stress is unknown in
these conditions, the role of ER luminal redox alterations can be supposed.

Taking together, redox and ER stress can be developed on the ground of
each other [25]. The activation of UPR upon exposure to redox and ER stress is
an adaptive mechanism to preserve cell function and survival. However,
persistent oxidative stress and protein misfolding ultimately initiate apoptotic
cascades and are known to play eminent role in the pathomechanism of several
human diseases including neurological diseases.

4 Redox Environment in the ER Lumen

The ratios of the oxidized and reduced components of the main redox couples in
the ER lumen are fundamentally different from, yet not independent of, those in
the cytosol. The luminal redox environment is determined by local oxidoreduc-
tions, by transmembrane fluxes of redox-active compounds, and by transmem-
brane electron fluxes. The major redox buffer of the ER lumen — similar to other
compartments of the cell — is composed of glutathione and glutathione disulfide.
Although the total concentration of the two components in the ER lumen and in
the cytosol is similarly in the millimolar range, the ratio of [GSSG] to [GSH] is
higher in the ER as compared to the cytosol, falling in the ranges of approximately
1:1-3 versus 1:30-100, respectively [26, 27]. The calculated redox potentials are
—180 mV and —230 mV, respectively, i.e., the ER lumen can be regarded as a more
thiol-oxidizing environment. Moreover, high percentage of luminal glutathione
was shown to form mixed disulfides with proteins, which may play a role as a GSH
reserve and also as a component of the thiol-disulfide redox buffering system [28].

It was supposed that this peculiar intraluminal ER milieu ensures disulfide
bond formation in secretory proteins by maintaining an oxidizing power.
However, it has been shown that protein disulfide formation is independent
of glutathione, both in vivo and in vitro [29, 30]. The process is catalyzed by a
protein-mediated electron relay system, in which the concerted action of PDI
[31] and Erolp [32-35] delivers the electrons from thiol groups to the ultimate
acceptor, molecular oxygen. These studies demonstrated that, contrary to
previous assumptions, glutathione is not the source of oxidizing equivalents
for oxidative protein folding within the ER. It rather functions as a reductant
for both PDI and secretory proteins, allowing the isomerization of disulfide
bonds, until the correct conformation is achieved. Another important
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conclusion of these recent findings is that the relatively oxidized state of the
glutathione redox buffer within the ER is not the actual cause, but rather the
consequence of the oxidative protein folding. Nevertheless, the possible inter-
ferences between the GSSG/GSH system and both oxidation and reduction of
protein thiols underscore the importance of a tight regulation of the ER redox
milieu, since changes in either direction can drastically disturb ER functions.

The presence of other redox-active compounds has also been demonstrated in
the ER lumen. However, their local concentration and redox state are presently
unknown. Besides glutathione, the other antioxidant components of the Halliwel-
l-Asada cycle are also present in the ER. The cycle may represent an alternative,
possibly minor pathway for the transfer of electrons from (protein) thiols to
oxygen. Ascorbate does not only act as an antioxidant in the lumen but also as a
cofactor for various luminal enzymes (e.g., prolyl- and lysyl hydroxylases) and its
oxidized form, dehydroascorbate, can accept electrons from PDI [36-38]. Ascor-
bate, in turn, can regenerate the oxidized form of tocopherol, a hydrophobic
antioxidant in the ER membrane, which can mediate a transmembrane electron
transfer [39]. Ascorbate is formed in the ER of ascorbate-synthesizing animals,
while in species unable to produce this vitamin it is transported through the
membrane as dehydroascorbic acid [40]. This circumstance might cause — presently
unexplored — differences in the ascorbate-dependent processes of the ER.

The vitamin K-dependent glutamyl-y-carboxylation of certain proteins in the
ER involves the formation of reduced vitamin K, an essential cofactor for y-car-
boxylase catalyzing this posttranslational protein modification. By accepting elec-
trons from PDI, vitamin K can be regenerated during the protein y-carboxylation-
linked redox cycle [41]. FAD is known to act both as a tightly associated prosthetic
group and as a relatively free cofactor of Erolp, thereby making this enzyme
highly responsive to small changes in the physiological levels of free FAD [30, 42].
Although FAD transport has been demonstrated in yeast and rat liver micro-
somes, the concentration and the redox state of luminal FAD are unknown.

Several oxidoreductases with intraluminal active site require pyridine
nucleotides as coenzymes. Although their in vivo redox state and concen-
trations have not been elucidated, their presence has been demonstrated in
ER-derived microsomal vesicles [43]. This luminal pyridine nucleotide pool is
overwhelmingly composed of reduced NAD(P)H, which presumably mirrors
the in vivo situation. The redox state is ensured by local dehydrogenases such
as hexose-6-phosphate dehydrogenase (H6PDH) [44] and isocitrate dehydro-
genase [45], because the permeability of the ER membrane to pyridine nucleo-
tides is insignificant [46]. The reducing equivalents derive from the cytosol by
means of a glucose-6-phosphate transporter [47]; the existence of an isocitrate
transport has not been evidenced yet. The reduced state of the luminal pyr-
idine nucleotides seems to be important for the functioning of luminal ER
reductases such as NCB5OR [48] and short-chain dehydrogenases/reductases
[49] including 11B-hydroxysteroid dehydrogenase type 1 (11HSD1) [50].
11BHSDI1, an enzyme responsible for the prereceptorial activation of gluco-
corticoids, catalyzes the reversible interconversion of cortisone and cortisol in
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the lumen of the ER [51]. Under in vivo conditions, this reaction is predomi-
nantly shifted toward cortisone reduction, substantiating a high luminal
[NADPH]/[NADP™'] ratio.

Colocalized redox couples are often linked to one another by oxidoreductases
to form complex redox systems. However, if the linking enzymes are missing, the
redox couples can coexist independently and have different redox potentials. For
example, the luminal pyridine nucleotide pool and the GSH/GSSG system seem to
be uncoupled. While both NADPH and glutathione are present predominantly in
the reduced state in the cytosol, the ER Iumen can be characterized by an oxidized
glutathione and a reduced pyridine nucleotide system. The enzymatic coupling of
the two redox pairs is catalyzed by glutathione reductase in the cytosol. Since
glutathione reductase is hardly detectable in the lumen [46], pyridine nucleotides
remain reduced in spite of the oxidizing power of the GSSG/GSH system. The
peaceful coexistence of the two redox systems ensures the concurrent functioning
of oxidative protein folding and local reductases.

Redox imbalance of these luminal redox systems and the shortage of their
components have been reported to cause ER stress and ER-dependent apoptosis
both in cellular systems and in vivo. Experimental agents affecting the redox state
of glutathione are prototypic inducers of ER stress. The deficiency of the FAD
precursor riboflavin impairs oxidative protein folding in various cell types [52, 53].
Inhibition or genetic absence of the ER glucose-6-phosphate transporter provokes
apoptosis in glia cells [54, 55] and neutrophil granulocytes [56], presumably
through the altered redox state of the luminal pyridine nucleotides. A very recent
paper [57] supports this assumption, showing that the deletion of HOPDH [58]
activates the UPR in skeletal muscle and leads to myopathy. These effects can be
related to the antioxidant role of NADPH. Although in vivo models of ER stress
are less numerous, some observations also support the view that ER redox
imbalance is an important motive of ER stress. Ascorbate deficiency (scurvy)
causes ER stress and apoptosis in the liver of guinea pigs [59]. The oxidation
and depletion of luminal glutathione and the appearance of ER stress markers
were also demonstrated in the background of acetaminophen hepatotoxicity [60].

5 Influence of Cytosolic Redox Changes on the ER
and Vice Versa — Transport of Redox-Active Compounds

The continuous ER membrane isolates the inner and outer compartments, yet the
luminal environment is not completely independent of the cytosol. The redox state
of the ER lumen is greatly affected by the influx and efflux of potential oxidizing
and reducing agents. The permeation of several redox-active compounds across
the ER membrane has been demonstrated; nevertheless, the transporter proteins
participating in this traffic remain to be identified. In general, the available
information regarding the ER transporters [61] is relatively poor compared to
other organelles, which is due to the technical difficulty of ER transport measure-
ments and of the purification and reconstruction approach [62].
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The inward transport of nascent polypeptides abundant in cysteinyl thiols — a
process mediated by the translocon protein channel — is responsible for the
majority of reducing equivalent import into the lumen. In addition, the tempora-
rily open translocon was shown to allow the transport of various small molecules;
hence, its further contribution to the permeation of redox-active compounds
cannot be excluded [63, 64]. The hypothesis [27] that the relatively high
[GSSGJ/[GSH] ratio in the lumen is a consequence of the preferential import of
GSSG from the cytosol was contradicted by the results of direct microsomal
transport measurements. GSH has a slow protein-mediated transport, while the
membrane is impermeable to GSSG [65]. Therefore, it seems more plausible that
GSH entering the ER lumen is oxidized locally and gets entrapped in the form of
GSSG, corresponding to the thiol-oxidizing environment in the compartment.

Reducing equivalents can be transported into the lumen also in the form of
glucose-6-phosphate. The corresponding transporter (G6PT) is one of the few
ER transporters characterized at molecular level [47]. Its concerted action with
H6PDH seems to be the main source of the reduced NADPH in the ER lumen
[44, 66, 67].

Although the generation and maintenance of the oxidative luminal environ-
ment can be attributed mostly to local oxidoreductases, the transport of oxi-
dants can also contribute. The observation of dehydroascorbate and FAD
transport across the ER membrane [40, 42, 68] is relevant from this aspect. It
should be noticed that ascorbate and pyridine nucleotides were reported to be
unable to enter the ER lumen at a significant rate [40, 46, 69].

6 BiP-Mediated Redox Sensing

Certain oxidative modifications can be considered as integral elements of the
protein maturation process in the ER, which is, hence, often referred to as oxidative
folding. The majority of the secretory and membrane proteins require the forma-
tion of disulfide bonds in proper positions for their appropriate and stable folding.
Redox imbalance caused by either experimental agents or pathophysiological
conditions leads to the accumulation of unfolded/misfolded proteins in the ER
lumen. The ER stress component is involved in the putative pathomechanism of
ageing, Alzheimer’s, diabetes, etc. (for review see [70] and [71]) and similar danger
can be posed by either oxidative or reductive stress. The accumulation of defective
proteins can lead to the activation of UPR [5]. The present theory of the UPR
premises that the various misfolded proteins are recognized and the diverse signal-
ing pathways are initiated by a single master regulator, BiP.

This hypothesis is based on the observation that BiP is associated with the
stress transducer proteins under stress-free conditions and is released upon
accumulation of unfolded proteins. Moreover, BiP overexpression attenuates
the initiation of all the three signaling branches of UPR. In conclusion, BiP
functions as a sensor of unfolded proteins, which mechanistically links luminal
redox imbalance with UPR activation. This attractive model, though valid in
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case of experimental, acute, and severe ER stress, cannot account for the
selective activation of ER stress subpathways in pathophysiological conditions.
Therefore, the in vivo mechanism seems much more complicated than pre-
viously thought. The passive competition model for BiP between unfolded
proteins and transmembrane signal transducers has been challenged by recent
observations. A relatively stable binding between ATF6 and BiP was observed,
and a region within the luminal domain of ATF6 was identified as a specific ER
stress-responsive sequence required for ER stress-triggered BiP release [72].
Furthermore, deletion of the BiP-binding site of IRE1 failed to alter the
inducibility of ER stress, showing that BiP is not the principal determinant of
IREL1 activity, but an adjustor for sensitivity to various stresses [73]. On the
basis of these findings it can be supposed that additional regulators are involved
in the initiation of UPR or that other tissue-specific adaptor proteins can
moderate the signaling events and the biological responses once UPR is
initiated by different physiological stimuli.

7 Direct Redox Sensing

The transmembrane proteins involved in ER stress signaling can also detect the
changes in the luminal redox state directly, i.e., independently of the transiently
luminal secretory proteins. For example, association/dissociation of BiP is not the
sole regulatory mechanism in case of ATF6. It has been recently shown that owing
to the presence of intra- and intermolecular disulfide bridges, ATF6 mono-, di-,
and oligomers are formed in the unstressed ER. Various experimental ER stress
inducers cause the reduction of these disulfide bonds, which increases the amount
of reduced ATF6 monomers that are active in the UPR signaling. ER stress
evoked by a more physiological mechanism, such as glucose starvation, also
activates ATF6. Besides an enhanced ATF6 synthesis likely due to transcriptional
induction, reduction of disulfide bridges and transport of reduced monomers to
Golgi occurred in response to glucose starvation. The results show that at least two
events are necessary for ATF6 activation, namely the dissociation of BiP and the
reduction of disulfide bridges [74, 75]. Although the mechanism of ATF6 reduc-
tion is still enigmatic, it was supposed that ER luminal oxidoreductases, activated
upon glucose starvation, may participate in the process. The enzymes responsible
and the source of luminal reducing power remain to be clarified.

Ca’" release from the luminal store is an important event of ER stress and
ER-dependent apoptosis. Several observations indicate the role of luminal
redox imbalance in the remarkable alteration of cellular calcium homeostasis
in ER stress. Both ER/SR calcium channels and calcium pumps were proven to
be greatly affected by intraluminal redox changes. Dynamic redox-sensitive
thiols in the ryanodine receptor calcium channel are subject to reversible
oxidoreduction, which, in turn, modulates the open probability of the channel.
On this ground, the ryanodine receptor calcium channel has been postulated as
a transmembrane redox sensor in the SR [76, 77]. Recent findings demonstrate a
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similar dependence of the InsP3 receptor (InsP3R) activity on the ER luminal
redox status. It was found that ERp44, an ER luminal protein belonging to the
thioredoxin family, interacts with the third Iuminal loop of InsP3R type 1
(InsP3R1) and directly inhibits the receptor. This interaction is dependent on
the redox state (as well as on luminal pH and Ca”* concentration). The presence
of reduced cysteinyl thiols in the third loop is required for the interaction. Thus,
ERp44 seems to sense the environment in the ER lumen and modulate the
calcium homeostasis through InsP3R1 activity [78].

Calcium reuptake into the ER is also regulated by the redox state and
calcium. The luminal protein ERp57 was shown to regulate SERCA2b activity
[79]. ERp57 overexpression reduces the frequency of SERCA 2b-dependent
Ca”" oscillations; the effect is dependent on the presence of cysteinyl residues
located in intraluminal loop 4. Store depletion results in ERpS57 dissociation
and a relief of SERCAZ2b inhibition. The results suggest that ERpS57 modulates
the redox state of luminal thiols in SERCA 2b in a Ca*"-dependent manner,
providing dynamic control of ER Ca>* homeostasis.

These interactions between luminal redox and Ca*" signaling may also be
significant in the cellular response to stress, serving to protect the cell from
apoptosis. Indeed, expression of both ERp57 and ERp44 is increased by cellular
stress. ERp44 overexpression was shown to inhibit apoptosis [78]. In conclusion,
these studies underline the interdependence of luminal redox state, oxidative
protein folding, and calcium signaling. InsP3R-induced calcium release may be
an important link between luminal redox imbalance and apoptosis.

8 ER Redox Changes in Neurological Diseases
8.1 Trauma

The signs of activation of the UPR indicative of ER dysfunction were demon-
strated in animal models of brain or spinal cord trauma. Processed X-box
protein 1 (xbpl) mRNA levels — generated by the endonuclease activity of
IRE1l in UPR - dramatically rose 1 h after the trauma in the cortex and
remained high till 24 h. A delayed elevation of processed xbpl mRNA levels
was observed in the hippocampus and striatum [80], as well as in case of spinal
cord trauma. In the latter, the significant increase (peaking at 6 h of recovery)
was observed not only at the site of the primary insult but also in the adjacent
segments [81]. In addition to the processing of xbpl mRNA, another event of
UPR, the activation of caspase-12 was also detected in brain trauma, which
further supports the presence of ER dysfunction [82]. The exact mechanisms
leading to ER stress after the trauma are unexplored; however, local hypoxia,
the excessive release of excitatory neurotransmitters, and the accumulation of
reactive oxygen and nitrogen species alike can disturb the normal ER functions
[83]. In summary, a trauma of the central nervous system induces ER dysfunc-
tion, which spreads from the primary spot to the surrounding areas. These
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circumstances may have clinical implications: ER stress can prove to be an
important element in the pathomechanism of the secondary nonmechanical
damage and hence should be considered as a target for therapeutic intervention
of traumatic brain injury.

8.2 Neurodegenerative Diseases

The group of conditions referred to as neurodegenerative diseases is quite hetero-
geneous with regard to both their symptoms and the underlying pathomechan-
isms. However, they have certain common features like the deficiency of the
ubiquitin—proteasome system (UPS) [84], the disturbance of mitochondrial func-
tions [85], the increased oxidative damage [86], and the accumulation of misfolded,
aggregated proteins [87]. These conditions secondarily lead to ER stress [88], which
has been suggested to be involved in the pathomechanism of human neurodegen-
erative diseases such as Parkinson’s, Alzheimer’s, and prion disease. The contribu-
tion and the significance of ER stress, however, are matters of debate. All the three
diseases are associated with the accumulation of misfolded proteins, which should
trigger the UPS but its activity is depressed by oxidative effects or by the deposited
protein aggregates. The further accumulation of misfolded proteins, in turn, leads
to more serious ER stress and the aggravation of the discase.

8.2.1 Parkinson’s Disease (PD)

The signs of ER stress and UPR are present in PD [89]; however, it is not clear
whether the observed ER stress is secondary and largely neuroprotective or
rather it contributes directly to the disease progression. The S-nitrosylation of
PDI and parkin was reported [17, 90], suggesting the presence of reactive species
in the luminal compartment of the ER. In accordance, the disease process can be
mimicked by certain redox-active neurotoxins both in cell culture and in vivo.
These model compounds, such as 6-hydroxydopamine and N-methyl-4-phenyl-1,
2,3,6-tetrahydropyridine or its active derivative, N-methyl-4-phenylpyridinium,
induce oxidative stress, which can affect the ER. Studies on cultured neuronal
cells, including dopaminergic neurons, showed that these compounds trigger ER
stress with the upregulation of ER chaperones and the transcription factor
CHOP/Gadd153, in addition to the phosphorylation of the ER stress kinases,
IREI1, and PERK [91, 92]. Collectively, these observations suggest a redox-based
ER stress in PD.

8.2.2 Alzheimer’s Disease (AD)

Fibrillar AP accumulating in familial AD is toxic to neuronal cells and leads to
the production of great amounts of ROS [93]. Recent studies concerning the
role of the UPR revealed increased levels of BiP/Grp78 and the protein kinase
PERK in the brain of the patients [94]. This shows the occurrence of ER stress in
AD although the contribution of redox mechanisms remains to be clarified.
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8.2.3 Amyotrophic Lateral Sclerosis (ALS)

Increased ROS production causing oxidative damage to crucial proteins and to
other cell components may play a role in ALS. These changes can be attributed
to a disturbed glutamate metabolism with prolonged stimulation of excitatory
amino-acid receptors leading to increased intracellular calcium that can damage
the mitochondria and the ER [95, 96]. It has been recently reported that
cleavage of caspase-12 occurs in the spinal cord of transgenic ALS mice indi-
cative of ER stress. The observed cleavage of caspase-12 in the ALS mice could
be due to the activity of the calcium-dependent enzyme calpain that was also
activated in the spinal cord of these mice [97]. It remains to be studied whether
the ER-mediated caspase activation plays a role in the disease progression of
ALS. Other markers of ER stress, such as the induction of BiP/Grp78 were also
detected in the ALS mice, although not at the same extent [97]. Further evidence
for ER stress in ALS comes from studies showing a large increase in BiP/Grp78
in spinal motorneurons of transgenic ALS mice prior to the onset of motor
symptoms [98]. It was also reported that mutant, but not wild-type, SODI can
aggregate and associate in the ER [99]. The possible role of the altered
antioxidant protection of the ER and the consequent redox changes in the
mechanism of ER stress need further investigations.

8.3 Hypoxia, Ischemia — Reperfusion

Oxidative protein folding in the ER requires oxygen as the ultimate electron
acceptor; therefore, it is not surprising that the ER functions are sensitive to
hypoxia. In addition to this direct effect, reduced oxygen availability can also
influence ER functions through the adaptive and corrective cellular responses,
controlled principally by the transcription factor, hypoxia-inducible factor-1
(HIF-1)[100]. HIF-1 target genes play key roles in multiple pathways, including
angiogenesis, vascular reactivity and remodeling, glucose and energy metabo-
lism, cell proliferation and survival, erythropoiesis, iron homeostasis, and
others [for a review see [101]]. From our point of view, it is important that
some ER proteins are known to be regulated by hypoxia, including Grp78,
Grp94[102], ORP150 (150 kDa oxygen-regulated protein) [103], PDI [104], and
ErolLa[105]. Consequently, hypoxia can lead to ER stress and UPR activation
by two means: impairment of the oxidative folding in the ER due to the shortage
of electron acceptor and induction of certain ER proteins.

In agreement with the theoretical considerations, ER stress has been shown
to be present in acute brain disorders complicated with ischemia. Focal cerebral
ischemia in mice resulted in the activation of the UPR sensors, elF2a and
PERK, due to the detachment of BiP/Grp78 [106]. Global ischemia in mice
also induced ER stress and the activation of the ER transcription factors,
CHOP/Gadd153 and ATF4. It has been reported that hippocampal neurons
from CHOP/Gadd153-deficient mice are more resistant to cell death induced by
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hypoxia reoxygenation compared with controls [107]. Fewer neurons degener-
ated in the CHOP—/— mice after ischemia, suggesting an important role for ER
stress in ischemia/stroke. Autophagy was also observed in an animal model of
cerebral ischemia [108]. It was proposed that the autophagy in neurons was
stimulated by oxidative and ER stresses in cerebral hypoxia [109].

The hypoxia-induced ER chaperones, ORP150 and Grp94, have been shown
to afford protection against ischemia-induced cell death in brain [110, 111]. In a
mouse model of focal brain ischemia, the ER stress-inducible ER stress sensor
BBF2H7 protein is prominently induced in neurons in the peri-infarction region
[12]. The overexpression of the protein in neuroblastoma cell culture prevents
ER stress-induced cell death.

Redox mechanisms are possibly underlying the ischemia-induced impair-
ment of ER functions [112]. First, it was observed that the ischemia-induced
PERK-dependent ER stress response is markedly less pronounced in animals
overexpressing SOD1. Therefore, superoxide radicals play a role in provoking
ER stress probably by PERK activation [113]. Furthermore, ischemia-induced
activation of PERK and phosphorylation of eIF2a was blocked in animals with
targeted deletion of the endothelial or neuronal nitric oxide synthase gene [114].
The role of NO in ischemia-induced ER stress is further strengthened by the
observation that ER calcium stores are depleted after ischemia and that recov-
ery of ER calcium homeostasis was observed in the presence of NO synthase
inhibitor in neuroprotective level [115]. Moreover, exposure of primary neuro-
nal cell cultures to NO suppressed ER calcium pump activity, depleted ER
calcium stores, and suppressed protein synthesis [116]. Collectively, these find-
ings suggest that the neuronal toxicity of NO — excessively produced after
ischemia — involves the dysfunction of the intracellular Ca®" transport systems
including ER and may contribute to ER stress.

9 Concluding Remarks

Recent investigations provide an insight into the redox circumstances in the ER
lumen. This compartment is equipped with powerful oxidizing mechanisms, but
its antioxidant defense is relatively weak. Consequently, the lumen can be
regarded as an oxidizing environment. While these conditions favor and permit
oxidative protein folding, one of the most important functions of the ER, they
also make the organelle vulnerable to redox insults. Either oxidative or reduc-
tive stress may affect protein synthesis and induce ER stress and UPR, albeit by
different mechanisms. ER redox changes are integral parts of the pathomechan-
isms of neurological diseases, either as causative agents or as complications of
the disorders due to other primary factors.
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Exocytosis, Mitochondrial Injury and Oxidative
Stress in Neurodegenerative Diseases

Mark P. Zanin and Damien J. Keating

Abstract Common features seen in the early stages of many neurodegenerative
diseases include increases in oxidative stress and mitochondrial dysfunction,
ultimately leading to defects in cellular energy production. These changes
particularly affect cells that are highly active, such as neurons. As such, reduced
synaptic transmission is a common early feature associated with neurodegen-
erative diseases, such as Parkinson s disease, Alzheimer s disease, Huntington s
disease and Amyotrophic Lateral Sclerosis. Many genes associated with neu-
rodegenerative diseases are now known to regulate either mitochondrial func-
tion, redox state or the exocytosis of neurotransmitters. Mitochondria are a
significant source of cellular ATP and reactive oxygen species and are preval-
ent in synapses at areas of exocytosis. Therefore, it follows that reductions
in mitochondrial function and/or increases in oxidative stress will impact on
neurotransmission.

Keywords Mitochondria - Oxidative stress - Exocytosis - Neurotransmission -
Synaptic transmission - SNARE proteins - Long-term potentiation - f-amyloid -
Alzheimer s disease - Parkinson s disease - Amyotrophic lateral sclerosis -
Huntington s disease

1 Introduction

It is important to recognize that neurodegenerative disorders involve not only
loss of neurons, but significant dysfunction in select populations of remaining
neurons. This impaired function of remaining but injured neurons manifests in
disruption of neurotransmission. This chapter describes the impact of oxidative
stress and deficits in cellular energy and mitochondrial function on neurotrans-
mission, particularly in the context of neurodegenerative disease. A functional
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window into neural injury enables elucidation of early injuries. The roles these
deficits are thought to play in the early aetiology of several neurodegenerative
diseases are highlighted. The theory underlying pertinent techniques used to
study exocytosis and neurotransmission and the application of these techniques
in the study of neurodegenerative disease are also described.

2 Synaptic Transmission, Oxidative Stress
and Mitochondrial Dysfunction

2.1 Gene Responses to Normal Ageing in the Brain

While the factors underlying cognitive decline in both normal ageing and neuro-
degenerative diseases are not clearly understood, reductions in the amount and
efficiency of synaptic transmission are obvious focal points. Synaptic transmis-
sion decreases during normal ageing [1, 2] and in the early stages of disease
pathology in animal models of some neurodegenerative diseases [3-8]. A post-
mortem analysis of gene expression in the frontal cortex of human subjects aged
26—106 revealed that the expression of genes involved in synaptic plasticity,
vesicular transport and mitochondrial function decrease after 40 years of age
[9]. However, genes involved in the stress response, antioxidation and DNA
repair are induced after 40 years of age [9]. DNA damage is also markedly
increased in the promoters of genes that show reduced expression in the aged
cortex and these same genes are less capable of undergoing DNA repair [9].

2.2 Oxidative Injury in Normal Ageing with Impact
on Synaptic Transmission

Oxidative damage is a likely contributing factor to the cognitive decline that
accompanies ageing. Mitochondrial dysfunction, amounts of reactive oxygen
species (ROS) and prolonged periods of oxidative stress increase with age
(reviewed in [10]). Sources of ROS, in the form of O,"", and hence ultimately
oxidative stress, include mitochondria, NADPH oxidase, xanthine oxidase and
P450 oxidase. Throughout this text, the term ROS will be used in reference to
hydrogen peroxide (H,O,). The usual reference is to the superoxide anion (O,"),
which is produced during the reduction of O, to water in the mitochondrial
electron transport chain. As O, ™ is spontaneously or enzymatically converted
to H,O, at rapid rates, the term ROS usually refers ultimately to H,O,, as it is
far more long-lived than O," ~ within cells.

Increasing amounts of ROS have been attributed to impairing long-term
potentiation (LTP), an increase in the strength of a neuronal synapse, in hippo-
campal area CA1 in an age-related manner as determined by measuring excitatory
postsynaptic potentials (EPSPs) from hippocampal slices [1, 11]. Hippocampal
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slices from older rats produce more H,O, than younger rats (reviewed in [12]) and
age is associated with decreases in the hippocampal concentration of vitamins C
and E and increased activity of superoxide dismutase [13]. The concentrations of
ROS applied to these slices have differential effects on LTP. For example, low
concentrations (1 pM) of H,O, potentiate LTP in hippocampus of young rats by
up to two-fold by affecting internal calcium (Ca*") stores [14]. However, high
concentrations (20 LM or above) of H,O, impair synaptic transmission and LTP
via calcineurin-dependent mechanisms [14]. These findings indicate that optimal
amounts of ROS are required for the highest levels of LTP to occur and too few or
too many ROS are detrimental to synaptic transmission. The requirement for
an optimal amount of ROS is also evident in other aspects of normal cellular
function, such as the regulation of neuronal excitability via redox-sensitive ion
channels [15-18], synaptic plasticity [12], gene transcription [19], multiple signal
transduction pathways [19] and the activity of enzymes controlling protein phos-
phorylation [20].

2.3 Redox Regulation of Exocytosis

The synaptic fusion machinery can be directly and acutely regulated by redox
state. This was illustrated in frog and mouse motor nerve endings, where evoked
and spontaneous quantal release was reduced by physiological levels of ROS
[21]. Antioxidants also increased the quantal level of release, consistent with the
tonic inhibition of exocytosis by endogenous levels of ROS [21]. The use of a
Ca’" ionophore subsequently revealed that this effect of ROS was due to action
directly on the fusion machinery [21]. Subsequent investigations established
that some SNARE proteins are sensitive to oxidative stress, SNAP-25 being the
most sensitive of those studied [21]. Specific cysteine residues in SNAP-25 are
required for SNARE disassembly and exocytosis but not for membrane target-
ing [22]. As cysteine residues are commonly affected by redox state, crucial
alterations in SNAP-25 structure may underlie the lack of SNARE complex
assembly and reduced exocytosis seen in motor nerve endings during conditions
of oxidative stress. Interestingly, the expression of some exocytotic proteins,
including SNARE proteins, is altered in disease-relevant brain areas in neuro-
degenerative diseases such as AD and HD [23, 24]. Therefore, the redox
modulation of SNARE complex formation is a mechanism by which mitochon-
drial dysfunction occurring early in some neurodegenerative diseases might
reduce synaptic activity.

2.4 Energy-Dependence of Exocytosis

Certain steps in the exocytotic pathway are also regulated by ATP in the cell.
The two major ATP-regulated steps in exocytosis have been identified as a
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reversible ATP-dependent priming of docked granules, which is followed by a
second, Ca® " -dependent step involving vesicle fusion and the release of vesicle
contents [25, 26]. The ATP-dependent step comprises both vesicle recruitment
to the plasma membrane and vesicle priming [27, 28]. The role of ATP here is to
enable the phosphorylation of phosphatidylinositol groups via phosphatidyli-
nositol kinases localized to both vesicle and plasma membranes. These kinases
include phosphatidylinositol-4-phosphate 5-kinase [29], phosphatidylinositol
4-kinase [30] and phosphatidylinositol 3-kinase C2a [31]. While there is some
association between neurodegenerative diseases and the effects of ATP on exo-
cytosis, most of this evidence is indirect. An example of this is the overexpression
of the PD-associated protein a-synuclein inhibiting a vesicle-priming step prior to
Ca®"-dependent vesicle fusion but after secretory vesicle trafficking to docking
sites [32]. While it is unknown how this inhibition occurs, the step at which it takes
place is also where ATP-dependent priming occurs.

Two recent independent studies on Drosophila mutants with synapses con-
taining few or no mitochondria support the hypothesis that proper synaptic
mitochondrial ATP production is vital for normal synaptic transmission and
that mitochondria play a specific role in regulating synaptic strength [33, 34].
Flies with loss-of-function mutations in dynamin-related protein (drp), which is
implicated in the fission of the outer mitochondrial membrane, display almost
no synaptic mitochondria. These animals sometimes develop into adult flies
and the mitochondria in cell bodies remain functional, allowing the role of
synaptic mitochondria in neurotransmission to be assessed. In the neuromus-
cular junction of these mutants, resting Ca®" levels are slightly increased and
basal synaptic properties are hardly altered. However, during intense stimula-
tion, normal neurotransmission cannot be maintained [34]. This is not due to
alterations in the kinetics of vesicle fusion or fission, but rather stems from a
reduced ability to mobilize the reserve pool of vesicles, an effect that is partially
rescued by exogenous ATP [34].

Drosophila mutants of Miro (dmiro), a mitochondrial GTPase with an essen-
tial role in mitochondrial trafficking, exhibit defects in locomotion and die
prematurely [33]. Neuronal and muscular mitochondria in dmiro mutants are
not transported into axons and dendrites but accumulate in neuronal somata.
Similarly to drp mutants, dmiro mutants only display changes in neurotransmis-
sion during prolonged stimulation [33]. Given the considerable reduction in
synaptic mitochondria, it might be presumed that amounts of ROS would be
considerably reduced in these mutants. As previously stated, a significant reduc-
tion in ROS can be detrimental to multiple facets of neuronal function. Unfortu-
nately, neither of the studies mentioned [33, 34] measured synaptic ROS levels
in these mutant flies, so assessment of the separate effect of mitochondrial ATP
and ROS on neurotransmission in this setting cannot be made. However, these
studies highlight the requirement for synaptic mitochondrial ATP during periods
of intense activity for the recruitment and transport of vesicles from the reserve
vesicle pool (Fig. 1).
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Fig. 1 Mitochondrial and vesicular trafficking, mitochondrial function, exocytosis and LTP
are altered in various neurodegenerative diseases. (A) Axonal mitochondria and vesicle traffick-
ing are regulated by mutant Htt in ALS patients and in Drosophila mutants of dmiro and drp in
which a lack of mitochondrial ATP results in reduced recruitment and transport of vesicles from
the reserve vesicle pool during prolonged stimulation. Exocytosis and/or LTP are reduced by
the factors indicated in the white box (B) Disease-associated proteins which either reduce
mitochondrial ATP production or increase mitochondrial ROS levels. (C) Simple schematic
illustrating the points at which ATP and ROS regulate exocytosis. ATP is needed for trafficking
of vesicles towards the plasma membrane and then for ‘priming of vesicles for release. ROS
inhibit the formation of SNARE protein complexes and therefore inhibit the final steps in
vesicle fusion. Increased ROS may either reduce the amount of SNARE proteins available and
may also reduce its function

3 Neurodegenerative Disorders

There is extensive evidence supporting a role for mitochondrial dysfunction and
oxidative stress in the pathogenesis of multiple neurodegenerative disorders and
in animal models of these diseases. Mitochondria are significantly more likely
to be localized at synaptic sites [35] and the speed of mitochondrial motility is
greatest in younger, developing neurons [36]. Mitochondria are increasingly
localized to dendritic spines during early developmental stages or following
repeated stimulation [37]. This mitochondrial localization is necessary for the
normal development and morphological plasticity of dendritic spines [37]. The
following section describes studies that provide evidence for roles of mitochon-
drial dysfunction, oxidative stress and cell signalling in the early aetiologies of
some neurodegenerative diseases.
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3.1 Alzheimer s Disease

In human Alzheimer s disease (AD) patients, signs of oxidative damage are
observed earlier in the disease course than the characteristic plaques [38]. Similar
observations were also made in transgenic amyloid precursor protein (APP)
mice, in which the upregulation of genes involved in mitochondrial metabolism
and apoptosis precede AP deposition [39, 40]. Oxidative stress may be a causa-
tive agent of AD as it induces the intracellular accumulation of Ap. Secretion of
neuronal A into the extracellular space is positively correlated with synaptic
activity [41-43] and intraneuronal AP accumulation is linked with early elec-
trophysiological, synaptic and pathological abnormalities (reviewed in [44]).
Intracellular AB accumulation is reduced by antibodies against A in transgenic
mice [45] and this reduction currently provides the best correlate for improving
cognitive function [46]. It is possible that AP accumulation caused by oxidative
stress is due to reduced exocytosis from neurons. Various mouse models of AD
manifest synaptic dysfunction, including LTP deficits, well before classical
pathologies such as neurodegeneration and plaque and tangle formation are
evident [3, 6, 7]. Similar results are also seen in nonmammalian models of AD,
such as in Drosophila, where the deletion or overexpression of the Drosophila
APP orthologue, App-like gene, results in reduced axonal transport of synaptic
vesicles [47].

3.2 Parkinson s Disease

Mitochondrial dysfunction and vesicular abnormalities have also been impli-
cated in Parkinson s disease (PD). Several genes associated with PD have roles
in mitochondrial function, such as Parkin and PINK-1. The inhibition of
complex I of the mitochondrial electron transport chain has been shown to
cause widespread neuronal damage [48]. This damage includes PD-like pathol-
ogy, such as nigrostriatal dopaminergic degeneration and a-synuclein-positive
cytoplasmic inclusions [48]. The mechanisms underlying these changes are thought
to involve oxidative stress [49].

The role of a-synuclein, a presynaptic protein, is thought to be central in PD
pathogenesis. However it remains unclear exactly what role a-synuclein plays in
the development of PD. In transgenic mice overexpressing a-synuclein, mito-
chondrial function is impaired, oxidative stress is increased and nigral degen-
eration, induced by inhibitors of mitochondrial complex I, is enhanced [50].
a-synuclein at normal expression levels appears to be neuroprotective in non-
dopaminergic human cortical neurons but induces apoptosis when overex-
pressed in the dopaminergic neurons affected in PD [51]. Ablation or reduction
of a-synuclein expression reduces transmitter release, LTP and the size of
vesicle pools [32, 52, 53]. Mice overexpressing a dominant-negative mutation
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of a-synuclein exhibit decreased dopamine release in response to prolonged
stimulation [54, 55]. However, while the mutations in o-synuclein that cause
genetic forms of PD are clinically of interest, no clear evidence has been published
to clearly illustrate that cellular levels of free a-synuclein are increased or decreased
in PD brains and thus it is difficult to assess exactly what role a-synuclein plays in
the pathogenesis of sporadic forms of PD.

Parkin, a PD-related ubiquitin ligase, is thought to be protective of mito-
chondria. In Parkin-null mice, oxidative stress and mitochondrial dysfunc-
tion are evident [56]. Parkin also seems to be susceptible to oxidative stress, as
S-nitrosylation of Parkin reduces its ubiquitin-ligase activity as well as its protec-
tive function [57]. Similar effects are also seen in vivo in a mouse model of PD and
in the brains of patients with PD [57]. PD mouse models exhibit various altera-
tions in dopaminergic neuronal function prior to the degeneration of dopaminer-
gic brain areas [55, 58, 59].

The role of PINK-1 has also been studied using PINK-1 null mice. The
numbers of dopaminergic neurons and dopamine content in the striatum are
unaltered in PINK-1 null mice [60]. However, evoked dopamine release from
striatal slices is reduced, as is LTP in striatal medium spiny neurons, the main
target of dopaminergic neurons [60]. These results, and those mentioned pre-
viously, indicate that altered dopaminergic exocytosis may be a pathogenic
precursor to nigrostriatal degeneration in PD.

3.3 Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS), commonly known as motor neuron
disease, is another neurodegenerative disease with a mitochondrial and oxi-
dative stress component. Mutations in the Cu/Zn-superoxide dismutase gene
account for approximately 20% of familial ALS (FALS) cases. Spinal cords
and brains obtained from mice that overexpress a SOD1 mutation (G93A)
found in some FALS patients display defects in mitochondrial respiration,
electron transfer chain activity and ATP synthesis. Signs of oxidative damage
to mitochondrial proteins and lipids, indicative of oxidative stress at the time of
disease onset, are also evident [61]. Changes in mitochondrial function are seen
before this stage though, as mitochondria in the spinal cord and brain display
reduced Ca>* loading ability in these mice [62]. Mitochondria in the proximal
axons of anterior horn neurons also appear to be aberrantly localized to the
axon hillock in sporadic ALS patients and mouse models of ALS [63, 64]. This
was observed in transgenic mice expressing the G93A mutant human SODI1
during presymptomatic stages, indicating that alterations in mitochondrial
localization may occur prior to the onset of ALS [64]. Early changes in synaptic
transmission are also seen in mouse models of ALS prior to the onset of
neurodegeneration [65, 66].
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3.4 Huntington s Disease

Huntington s Disease (HD) is also thought to have a mitochondrial component.
In neurons of huntingtin knock-in mice, ATP production and mitochondrial
respiration are decreased [67], as are the activities of complexes I and III of the
electron transport chain in human HD brain samples [68]. These effects may be
caused by direct interaction of the huntingtin gene with mitochondria. Mutant
huntingtin is localized to neuronal mitochondrial membranes and incubation
of mutant huntingtin with normal mitochondria results in depolarization of
the mitochondrial membrane at lower Ca?” loads. This defect has also been
observed in mitochondria obtained from HD patients and mice that transgeni-
cally overexpress mutant huntingtin [69].

Huntingtin is involved in axonal trafficking in mammals and mutant hunt-
ingtin impairs the in vitro and in vivo trafficking of vesicles and mitochondria
in mammalian neurons [70]. Importantly, these changes are seen prior to the
development of observed neurological abnormalities [70], implying a possible
causative role for this altered mitochondrial localization in axons in HD.
Huntingtin also interacts with the transcription factor p53 [71], which is known
to regulate genes that are responsive to oxidative stress as well as genes which
regulate mitochondrial function. In both Drosophila and mouse models of HD,
p53 has been found to link nuclear and mitochondrial pathologies characteristic
of HD [72]. Altered synaptic plasticity in the R6/2 mouse model of HD occurs
prior to the more overt disease phenotypes [5], indicating that synaptic pathol-
ogy also occurs early in this disease.

4 Methods Used to Study Exocytosis

The following sections attempt to provide a detailed explanation of some of the
more common techniques used in the study of exocytosis and synaptic trans-
mission. These methods are relevant to many of the studies mentioned in this
chapter. Along with an explanation of the methodology itself, we have also
attempted to profile the pros and cons associated with the use of individual
techniques and the types of preparations they can be applied to.

4.1 Carbon Fibre Amperometry and Cyclic Voltammetry

Carbon fibre amperometry is a technique used to detect exocytosis in cells that
secrete oxidizable molecules such as adrenaline, noradrenaline, dopamine and
serotonin. It involves placing a carbon fibre electrode on a single cell in culture
or in a brain slice preparation. The cell is then stimulated to trigger exocytosis,
releasing vesicle contents that are then oxidized upon contact with the charged
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Fig. 2 Example recordings of carbon fibre amperometry and whole cell membrane capacitance
measurements from mouse chromaffin cells. (A) Carbon fibre amperometry recording of
exocytosis. The line beneath the trace indicates where the cell has been stimulated. Current
spikes indicate the release of catecholamines from an individual vesicle. (B) Membrane capaci-
tance measurement of exocytosis in which exocytosis is elicited by a repeated set of voltage
pulses from —70 to 0 mV. The membrane capacitance is measured in between these pulses and
increases accordingly. Scale bar in (B) represents 50 pA and 10 s in (A) and 200 fF and 1 s in (B)

carbon fibre electrode. This oxidation results in a flow of current which can be
recorded as an amperometric spike (Fig. 2A).

Amperometry is useful as it is noninvasive and does not alter the intracellular
environment. It is possible to visualize single exocytotic events providing the
stimulus to the cell is not too great and does not cause overlap of individual
amperometric spikes. This allows the shape of individual spikes to be studied,
providing insight into the kinetic parameters of individual fusion events. Such
parameters include the amount of transmitter released from a single vesicle, the
speed of fusion pore opening and closing and the kinetics associated with the
formation of the transient fusion pore.

Studies of exocytosis using amperometry have shown that, in addition to the
classical model of full collapse fusion, where the vesicle membrane fully col-
lapses into the plasma membrane, transient fusion events occur that also result
in secretion [73-75]. Amperometry has also provided insight into the kinetics
of vesicle fusion and the mechanisms behind it in a diverse array of cell types,
including chromaffin cells, dopaminergic neurons, PC12 cells and pancreatic
B-cells [76—80]. Whilst pancreatic -cells do not secrete endogenous compounds
which can be oxidized, they can be loaded with a ‘false oxidizable transmitter
such as dopamine. However, in our experience, this loading of false transmitter
works poorly and is highly unreliable.

Amperometry is limited to cells that secrete oxidizable molecules and by the
geometry of the electrode and the cell, as exocytotic events will only be detected
when they occur within the proximity of the electrode. This necessitates the use
of large sample sizes to reduce the random effects of signal diffusion from
exocytotic events more distant from the electrode and also due to the Gaussian
distribution of vesicle size within a cell. Amperometry has been utilized in the
studies described in this section to assess the effects of PINK1 inactivation on
catecholamine release from dissociated adrenal chromaffin cells and the release
of dopamine from acute striatal slices obtained from PINKI~/~ mice [60].
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Amperometry has also been used to study secretion from dissociated chromaffin
cells isolated from mice overexpressing a-synuclein [32].

Itis not possible to determine the identity of the molecules secreted from cells
using carbon fibre amperometry. This information is discernable using a similar
technique called cyclic voltammetry, which involves constantly scanning the
electrical potential of the electrode through a range of voltages [80]. The identity
of the molecule is determined according to the potential at which it is oxidized
or reduced [80]. Cyclic voltammerty has been used to study dopamine release
from neurons in vivo, in mice where the human a-synuclein gene has been
overexpressed, mutated or knocked out, and in vitro, such as in brain slices
obtained from DJ-1 null mice [54, 55, 58].

4.2 Patch Clamp Capacitance and Postsynaptic Potential
Measurement

Measurement of cell membrane capacitance via whole cell patch clamp provides
another means to study exocytosis (Fig. 2B) [81]. Vesicles that fuse with the cell
membrane cause an increase in membrane area, which can be detected as an
increase in membrane capacitance (a capacitor being any material that sepa-
rates two charged environments). Carrying out capacitance measurements in
‘Cell-Attached mode allows single exocytotic events to be resolved on a milli-
second timescale. Unlike amperometry and voltammetry, patch clamping is not
limited to cells that secrete oxidizable molecules. However, patch clamping is
invasive and can disturb the intracellular environment. Most importantly, it is
not applicable to the direct study of exocytosis in most types of neurons as the
synapse is too small to place a microelectrode onto and obtain a seal. Record-
ings can be made at the neuronal soma but this places the microelectrode too
electrically distant from the site of synaptic release, precluding direct measure-
ment of presynaptic exocytosis. Such recordings are limited to neurons with
relatively large synapses, such as the Calyx of Held and ribbon synapses in the
inner ear and retina. Studies using these cells have provided a greater under-
standing of the mechanisms underlying neuronal exocytosis.

Another application of patch clamping is in the study of postsynaptic cur-
rents in neurons. Such experiments involve patch clamping a neuron in culture
or in a brain slice preparation then applying electrical or pharmacological
stimuli to neurons that synapse onto the patched neuron. Measuring the post-
synaptic response elicited by the stimulated neuron provides insights into the
exocytotic activity elicited in the presynaptic neuron [60]. This method is
advantageous as it allows recordings to be obtained in a system that is relatively
more representative of the in vivo environment. However, recording from
postsynaptic neurons following a stimulus applied presynaptically in order to
gauge presynaptic levels of exocytosis assumes that the applied experimen-
tal conditions have only affected presynaptic vesicle release and not the
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postsynaptic response. This is a popular assumption but one in which extreme
care should be taken when making.

Insights into synaptic dysfunction and memory deficits in murine models of
neurodegenerative diseases have been obtained by measuring field excitatory
postsynaptic potentials. These measurements are obtained using field electro-
des to detect action potentials from a population of neurons in hippocampal
slices in response to electrical stimulation. Such measurements give insights into
synaptic plasticity, learning and memory by providing a comparison of stimulus
intensity and the speed and strength of the resulting postsynaptic potential
[3, 5-7, 52, 65, 66].

4.3 Fluorescent Dyes and Live Cell Imaging

Fluorescent styryl compound dyes, commonly known as FM dyes (such as
FM1-43], reversibly stain membranes and can be used to give a fluorescent
readout of exocytosis and endocytosis. These compounds emit a low fluores-
cence in aqueous solutions which increases upon membrane binding. Stimulat-
ing cells in the presence of FM dyes in the extracellular solution results in dye
becoming trapped in recycling vesicles, which can be visualized as punctate
fluorescence within cells. Upon exocytosis, the trapped dye is released and the
rate and the amount of decrease are indicative of the kinetics of exocytosis and
the size of the vesicle recycling pool, respectively. Studies using FM dyes have
yielded information on the rate and regulation of vesicle exocytosis and recy-
cling in numerous cell types, such as frog neuromuscular junctions, hippocam-
pal neurons and chromaffin cells [8§2—84].

pHluorins are another set of fluorescent molecules used to study exocytosis.
These molecules consist of a mutant form of green fluorescent protein that
displays pH-dependent fluorescence [85]. One such molecule is synapto-
pHlourin consisting of a pHlourin molecule fused to VAMP2, a synaptic vesicle
protein involved in SNARE formation and vesicle exocytosis [85]. Synapto-
pHluorin fluorescence is quenched in the relatively low pH of the vesicle lumen
(approximately 5.6]. During exocytosis, exposure of the vesicle lumen to the
extracellular environment increases the luminal pH to approximately 7.4, result-
ing in increased fluorescence of the synapto-pHluorin and a visual indication
of exocytosis [85]. Synapto-pHluorins have been used to study exocytosis and
vesicle recycling in real time, in both astrocytes and neurons [85-88].

Fluorescent dyes are also available that specifically bind to Ca* " within cells.
These are important tools in the study of exocytosis as Ca® * entry into the cell is
the major physiological trigger of vesicle exocytosis and recycling. These dyes,
such as fura-2, are fluorophores linked to calcium chelators. When the calcium
chelator binds to calcium in a cell, the absorption spectrum of the fluorophore is
altered, leading to fluorescence and a visual readout of changes in intracellular
Ca?" levels. This technique is useful in experiments using groups of cells, as the
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excitation of all cells present can be assessed simultaneously. However, it is not
sensitive enough to detect small influxes of calcium that could still be sufficient
to stimulate exocytosis [89, 90]. It is also technically difficult, but not impos-
sible, to measure changes in intracellular Ca®" levels in structurally limited
areas such as synaptic boutons. Thus, imaging synaptic Ca®* changes while
simultaneously measuring neuronal exocytosis is not frequently performed.

5 Conclusion

Identifying the steps which instigate human neurodegenerative diseases is
extremely complex and continues to elude researchers within the field. Studies
described in this chapter provide evidence for an early disease course involving
mitochondrial dysfunction leading to aberrant ROS and ATP levels. These
abnormalities then lead to reduced synaptic activity and altered neuronal com-
munication, underlying cognitive deficits and sometimes motor dysfunction,
and possibly neuronal death. Whilst there is evidence supporting this hypoth-
esis, it would be imprudent to believe it is the only compelling hypothesis on this
topic or that it might be responsible for all facets of these diseases. The use of
animal models for these diseases will likely prove to be invaluable in identifying
the precise sequence of events leading to neurodegeneration and the subsequent
verification of these findings in human samples. Proper use of techniques which
enable neuronal exocytosis and vesicle recycling and trafficking to be measured
will also play a vital part in increasing our understanding of the pathogenesis of
such diseases. An improved understanding of the pathogenesis of neurodegen-
erative diseases will hopefully lead to treatments that are increasingly effective
and disease specific.
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Neuronal Vulnerability to Oxidative Damage
in Aging

Eitan Okun and Mark P. Mattson

Abstract The aging process in the brain is as robust as it is in other body organs
and manifests as decrements in cognition, sensory and motor abilities, and
autonomic control of various organ systems. This is due to the fact that, with
advancing age, brain cells are exposed to increasing levels of oxidative stress,
disturbed energy homeostasis, and accumulation of damage to protein, lipids,
and nucleic acids. While these changes occur during normal aging, they are
exacerbated in neurons that are susceptible to neurodegenerative disorders.
The final outcome of the balance between a person’s own genetic background
and the environmental changes that affect him or her determines if and when a
neurodegenerative disorder will occur. Oxidative molecular alterations that
occur during normal aging and that are amplified in the neurons that are
affected in neurodegenerative disorders include protein nitrosylation, oxida-
tion of amino acids and DNA bases, lipid peroxidation, and increased
amounts of neurotoxic amino acid derivates such as homocysteine. Oxida-
tive damage may render neurons vulnerable to metabolic stress, excitotoxi-
city, and apoptosis in Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS). Oxida-
tive stress contributes to the abnormal protein aggregations specific to each
disorder — amyloid B-peptide (AB) in AD, a-synuclein in PD, huntingtin in
HD, and Cu/Zn-superoxide dismutase (Cu/Zn-SOD) in ALS. These pro-
tein inclusions may arise, in part, from impaired proteasome function and
autophagy. Although the utility of antioxidant ingestion as a preventative
strategy for age-related neurological disorders has not yet been demonstrated,
age- and disease-related oxidative damage to neurons can be decreased by
dietary energy restriction and exercise and accelerated by overeating and
diabetes.
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1 Introduction

In a simplified sense, aging may be considered as progressive dyshomeostasis
in many biological processes across time. The inability to maintain biological
processes over time occurs as a direct consequence of repeated physiological
challenges to cellular homeostasis where at least some of the challenges are
countered by incomplete repair. The net result is cumulative injury across time
that translates into both impaired function and impaired energy homeostasis.
The dysfunction and dyshomeostasis then render cells more susceptible to
future perturbances, perpetuating a vicious cycle. While this seems straightfor-
ward, it remains perplexing why within species some age faster or more slowly
than others, why within an organism some tissues age faster or more slowly than
others, and why within a specific tissue or organ, specific cells age more rapidly
than others.

Within the nervous system, aging influences functions in most groups of
neurons. Yet not all groups are affected at the same time and to the same degree.
This selective vulnerability to aging across neural groups can be accentuated in
neurodegenerative disorders. Yet each neurodegenerative disorder first impairs
function and destroys cells in unique populations of neurons, adding a second
layer to the selective vulnerability. Recent studies have begun to identify mole-
cular tags to the selective vulnerability to aging and selective vulnerability to
neuronal groups in neurodegenerative disorders. Oxidative stress is present in
affected groups across aging and the oxidative modifications are accentuated in
neurodegenerative disorders.

In this chapter, we describe the effects of aging on specific molecules and
cellular processes and describe how genetics, environment, and cellular sub-
strate combine to predict the effect of aging on neuronal function and on risk
for neurodegenerative processes.

2 Aging and Oxidative Stress

2.1 Oxidatively Damaged Molecules Accumulate in Neurons
During Aging

Accumulation of damage to DNA, proteins, and lipids that is caused by reactive
oxygen species (ROS) and their byproducts is believed to contribute to the
functional decline of the brain during aging. Lipid peroxidation products,
such as 4-hydroxy-2-nonenal (4-HNE) and acrolein, react with DNA and
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proteins to produce further damage to neurons during aging [1]. It has been
estimated that 10,000 oxidative interactions occur between endogenously gen-
erated free radicals and DNA in each cell of the body every day, and at least one
of every three proteins in the cell of older animals is rendered dysfunctional
through oxidative modification [2]. Although these estimates reveal that free
radical-mediated protein and DNA modification play significant roles in the
deterioration of the brain, they do not imply that free radical damage is the only
cause of functional decline. However, the effects of oxidative stress on postmitotic
cells such as neurons are cumulative [3], and neurons may therefore be particularly
prone to age-related oxyradical-mediated dysfunction and degeneration.

2.2 Reactive Oxygen Species Involved in Brain Aging

Reactive oxygen species (ROS) include oxygen-containing molecules that are
either free radicals with an unpaired electron (for example, superoxide anion
radical, hydroxyl radical, and peroxynitrite) or reactive molecules such as
hydrogen peroxide that can readily generate free radicals [4]. ROS form as
a natural byproduct of the normal mitochondrial metabolism of oxygen
and have important roles in cell signaling [5]. However, during aging and in
times of environmental stress ROS levels can increase dramatically, which can
result in significant damage to macromolecules (Fig. 1). Cells are normally
able to defend themselves against ROS damage through the use of enzymes
such as Cu/Zn-SOD, catalases and glutathione peroxidases, and free radical-
scavenging molecules such as glutathione, bilirubin, coenzyme Q10, and tocopher-
ols [6-8]. The oxygen-rich environments in which cells exist tend to produce a
variety of chemical reactions in proteins. ROS are responsible for deamidation,
racemization, and isomerization of protein residues; these oxidatively modified
proteins are not repaired and must be removed by means of protein degradation
[9, 10].

Nitric oxide (NO) can induce protein modifications in neurons including
nitrosylation of metal and thiol centers and nitration of tyrosine residues; levels
of these NO modifications increase in brain cells during aging [11]. These
modifications, in turn, have their own specific effects on the function of the
proteins that are modified; exacerbation of these effects may be involved in the
pathogenesis of neurodegenerative disorders. At least 115 different proteins
have so far been identified as targets for S-nitrosylation; these proteins include
kinases, ion channels, transcription factors, structural proteins, proteases, and
respiratory enzymes [12, 13]. Protein tyrosine nitration is a covalent protein
modification resulting from the interaction of peroxynitrite or nitrogen dioxide
with tyrosine residues resulting in the addition of a nitro group onto one of the
two equivalent orthocarbons of the aromatic ring of tyrosine residues. Nitro-
tyrosine residues have commonly been used as a marker of pathological pro-
cesses and of oxidative stress [12, 13].
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Fig. 1 Factors that may influence the amount of oxidative damage to neurons that occurs
during aging, and thereby determine whether brain health is maintained or a neurodegenera-
tive disorder occurs. Factors that promote brain health during aging include a low dietary
energy (calorie) intake, regular exercise, and a cognitively stimulating lifestyle. Specific dietary
components that may benefit neurons include omega-3 fatty acids, folic acid, and certain
phytochemicals (e.g., curcumin and resveratrol). The latter factors may reduce levels of
oxidative damage in neurons by increasing the expression of neurotrophic factors, antioxidant
enzymes, and protein chaperones, thereby decreasing the accumulation of proteins such as 8-
amyloid and a-synuclein. Low levels of oxidative damage ensure that synapses function
properly and that brain functions (cognitive, motor, and behavioral) are maintained. Factors
that may endanger neurons during aging by exacerbating oxidative damage to neurons
include overeating, a sedentary lifestyle, diabetes, and depression. Certain dietary factors
(e.g., saturated fats and cholesterol) may promote oxidative stress during aging. Finally,
genetic factors also influence one’s risk for age-related neurodegeneration

Two ROS that are particularly prominent inducers of membrane lipid per-
oxidation are hydroxyl radical (generated as the result of interaction of hydro-
gen peroxide with Fe’" and Cu™) and peroxynitrite (formed in a reaction of
superoxide anion radical with nitric oxide). Lipid peroxidation is increased in
brain cells during normal aging and to a much greater extent in AD and PD [14,
15]. While direct damage to membranes by lipid peroxidation may adversely affect
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neurons, recent findings suggest that toxic aldehydes such as 4-hydroxynonenal
(4-HNE), liberated from peroxidized membrane lipids, mediate many of the
adverse effects of lipid peroxidation on neuronal function and viability [15].
Although highly reactive with macromolecules, the aldehydes are much more
stable than the ROS, so they can spread from the site of origin and act at
more distant sites. One of the most important products of lipid peroxidation
is the highly reactive aldehyde 4-HNE, which has been shown to be genera-
ted during various physiological and pathophysiological conditions [15].
The presence of 4-HNE is increased in brain tissues and cerebrospinal fluid
of AD patients and in spinal cord of ALS patients [16, 17]. Immunohisto-
chemical studies show the presence of 4-HNE in neurofibrillary tangles and
in senile plaques in AD, in the cytoplasm of the residual motor neurons in
sporadic ALS, in Lewy bodies in neocortical and brain stem neurons in
Parkinson’s disease (PD) and in diffuse Lewy bodies disease [18-21]. Thus,
increased levels of 4-HNE in neurodegenerative disorders and immunohis-
tochemical distribution of 4-HNE in brain tissues indicate pathophysiologi-
cal roles for neuronal oxidative stress and membrane lipid peroxidation in
these diseases.

2.3 Aging Tips the Redox Balance

Quantities of oxidatively modified proteins, lipids, and nucleic acids increase
in many brain regions with age [12]. In addition to oxidative modifications
in the brain, the redox state shifts with aging toward a more oxidant state
[22]. Glutathione (GSH) is the most abundant nonprotein thiol to buffer
oxidative stress in brain tissues. Amounts of reduced:oxidized glutathione
(GSH:GSSG) may be used as an index of oxidative stress. GSH/GSSG falls
significantly in the cortex, striatum, and cerebellum, where declines in
GSH:GSSG paralleled protein oxidation [23]. In contrast, glutathione levels
are much lower in the brainstem and do not show an overall age-related
decline [23].

Antioxidant enzymatic activity would be expected to increase in response to
increased oxidative stress. In select brain regions, however, manganese super-
oxide dismutase activity is reduced in aged animals in the midbrain, the caudate
putamen, and the hippocampus, while other regions show no change [24].
Methionine sulfoxide reductase activity is reduced in the aged forebrain in
parallel with declining gene transcription [25]. In contrast, enzymes involved
in increased oxidation of GSH (e.g., glutathione peroxidase and glutathione
S-transferase) are increased with age, while the major enzyme involved in GSH
synthesis (y-glutamylcysteine synthetase) declines [26]. In addition to an impaired
antioxidant response, the production of superoxide increases with age in the
brain [27].
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3 Oxidative Stress and Neuronal Cell Death in the Aging Brain

3.1 ROS and Neuronal Loss

Most brain regions in rodents and mammals exhibit little or no loss of neurons
during normal aging [28]. However, in age-related neurodegenerative disorders
neurons in brain regions affected by the disease process die [see reference [29] for
review]. In AD, pyramidal neurons in the hippocampus, layer II entorhinal
neurons, and large neurons in temporal and frontal lobe association cortices
die. In PD, dopaminergic neurons in the substantia nigra and monaminergic
neurons in the brainstem degenerate, while in HD medium spiny neurons in
the striatum and cortical neurons die. ALS involves the death of lower motor
neurons in the spinal cord and, in late stages of the disease, upper motor neurons
in the motor cortex. Although a few populations of neurons may be replaced by
new cells generated from stem cells (dentate gyrus granule neurons and olfactory
bulb interneurons), the neurons affected in neurodegenerative disorders are not
replaced [30].

Because oxidative stress may play a major role in the death of neurons in age-
related neurodegenerative disorders, it is believed that the selectivity of neuro-
nal vulnerability may result, at least in part, from differences amongst neurons
in the amount of oxidative stress they encounter and/or their ability to protect
themselves against oxidative stress [29] (Fig. 1). In all of the major age-related
neurodegenerative disorders, there is evidence that oxidative stress results in the
dysregulation of cellular Ca®" homeostasis, metabolic (mitochondrial) impair-
ment, the accumulation of damaged proteins, and neuronal apoptosis [31].

3.2 Oxidative Stress, Neuronal Calcium Dysregulation,
and Excitotoxicity

Regulation of the Ca*" concentration in the cytosol is tightly controlled in all
cell types. In neurons, the Ca®" concentration is typically in the range of 75—200
nM and may transiently reach 1—10 pM in response to membrane depolariza-
tion due to opening of voltage-dependant Ca®>" and NMDA receptor channels
[32]. Ca®* may also be released from the endoplasmic reticulum in response to
extracellular signals or increased cytosolic Ca®* concentrations. Ca®>" removal
from the cytosol is mediated by plasma membrane and endoplasmic reticulum
Ca’" ATPases, and calcium-binding proteins that may buffer Ca®". One or
more of the systems that control Ca®" influx, efflux, and buffering may be
perturbed during the normal aging of the brain [33, 34]. It is well established
that prolonged elevations of intracellular Ca®" levels can cause synapse and
neurite degeneration, and eventually cell death by activating proteases and
inducing ROS production [33, 34].
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Oxidative stress may occur upstream or downstream of perturbed neuronal
Ca’" regulation in neurodegenerative disorders. Studies of the physiological
consequences of mutations in the genes that cause familial forms of AD suggest
that disturbances in Ca®* homeostasis are pivotal to the disease-causing effects
of the mutations [33]. Mutations in the B-amyloid precursor protein (APP)
result in increased production and accumulation of amyloid B-peptide (Ap) at
synapses. Oligomers of AP may increase Ca>" influx by forming pores in the
plasma membrane and by inducing membrane lipid peroxidation, which impairs
the function of the ion-motive ATPases and glucose and glutamate transporters
[35]. Mutations in presenilin-1, which cause many cases of early onset inherited
AD, may compromise a Ca>"-regulating function of the presenilin-1 protein in
the endoplasmic reticulum [31]. There is evidence that differential expression of
Ca*"-regulating proteins may contribute to the selective vulnerability of neurons
in AD. For example, in the hippocampus CA1 pyramidal neurons which express
high levels of NMDA receptors and relatively low levels of calcium-binding
proteins are vulnerable, whereas dentate granule neurons which express high
levels of calcium-binding proteins are resistant [see [29]].

Glutamate is the main excitatory neurotransmitter in the central nervous
system. Excessive activation of glutamate receptors causes continuous Ca™>
influx and ROS production. This, in turn, leads to excitotoxicity that can harm
dendrites and cause cell death. The overall changes that aging neurons undergo
render them more susceptible to excitotoxicity. Disease-specific abnormalities,
such as misfolded proteins or aggregated proteins, might enhance the adverse
effects of glutamate on neurons. For example, AB, dopamine, mutant hunting-
tin, and mutant Cu/Zn-SOD were all shown to sensitize neurons to excitotoxic
death [29, 33-35].

4 Mitochondrial Dysfunction

Mitochondrial function declines during aging in general and aging of the nervous
system, in particular [36]. Analysis of mitochondria from different brain regions
of young, middle aged, and old rats revealed that mitochondria from the cerebral
cortex of old rats produce more ROS and exhibit mitochondrial swelling due to
increased Ca™ loads when compared to younger rats [37]. However, the sen-
sitivity of brain mitochondria to Ca™? was relatively unaffected by the aging
process. Reduced buffering of voltage-gated Ca*? influx in basal forebrain
neurons from aged rats suggests that the capacity of mitochondria to appro-
priately respond to excitation might be impaired during aging [38]. In addition,
neurons show impaired glucose uptake during the normal aging process, which
may further compromise their ability to maintain ion homeostasis and other
energy-consuming cellular processes. The perturbed glucose metabolism may
contribute to hyperphosphorylation of the microtubule-associated protein tau
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due to reduced tau GlcNacylation, a cascade that may contribute to tau protein
aggregation in AD and other tauopathies [39].

Mitochondrial abnormalities have been widely reported in studies of post-
mortem brain tissue samples from AD and PD patients and in studies of animal
and cell culture models of these disorders [40, 41]. For example, measurements
of the activity of mitochondrial enzymes in various brain tissues from AD
patients showed significant decreases in the activity of pyruvate dehydrogenase,
isocitrate dehydrogenase, and a-keto glutarate dehydrogenase. Increased levels
of oxidative stress are associated with mitochondrial abnormalities in mice
expressing mutant forms of APP and/or presenilin-1 which cause AD in humans
[42—-44]. Mitochondria-associated oxidative stress is also strongly implicated in
the pathogenesis of neuronal dysfunction and death in stroke, PD, HD, and ALS
[45-47].

5 Oxidative Stress, Misfolded Proteins, and Damaged DNA

An obvious alteration that occurs in neurons during aging is the accumulation
of misfolded, oxidatively damaged molecules within and outside of the cells.
Normally, damaged proteins are degraded by lysosomes, proteasomes, and
autophagy; data suggest that all three of these clearance mechanisms for dama-
ged proteins are impaired in neurodegenerative conditions [see [48—50] for review].
The effect of aging on the proteasomal activity can be mimicked by using phar-
macological proteasomal inhibitors, which induce some of the adverse conse-
quences of aging on the neuronal function. Proteasome functionality in rats is
decreased with advancing age in the cerebral cortex, the hippocampus, and the
spinal cord, but not in the cerebellum or the brainstem [51]. This adverse effect of
aging on proteasome function may be exacerbated in AD, wherein A and tau are
the two main proteins that are prone to aggregate. Impairment of one or more of
the cellular protein degradation systems for AP (proteasome, insulin-degrading
enzyme, or neprilysin) by age-related increases in oxidative stress or by protein
damage might contribute to the formation of AP deposits in aging and AD [52].
The aggregation of A might also be promoted by oxidative processes that involve
hydrogen peroxide, Fe’", and Cu™ [53, 54]. Tau normally plays a critical role in
regulating cytoskeletal plasticity in neurons. During aging, and more so in AD,
this function of tau is compromised as a result of oxidative stress-induced aggre-
gation of tau to form neurofibrillary tangles [55, 56].

Aging is also associated with increasing amount of DNA damage in neurons.
The amount of oxidative DNA damage to neurons is greatly increased in
age-related neurodegenerative disorders such as AD [57, 58]. In addition to
increased oxidative stress causing more DNA damage, the ability of neurons to
repair damaged DNA may be compromised in aging and neurodegenerative
disorders [59]. Age-related oxidative DNA damage to promoters of genes may
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cause a widespread dysregulation of gene expression in neurons resulting in
their dysfunction [60]. Indeed, mutations in DNA repair proteins such as Werner
and Cockayne proteins cause premature aging phenotypes in humans [61].

6 Implications for Promoting Healthy Brain Aging

One of the major goals of research in the field of aging is to identify ways of
preventing or delaying age-related morbidity including neurodegenerative dis-
orders. As described above, oxidative stress and impaired cellular stress adap-
tation are among the factors that render neurons vulnerable to dysfunction and
degeneration during aging. One general approach for reducing oxidative
damage to neurons during aging is to administer antioxidants, either by con-
suming fruits and vegetables rich in antioxidants or by supplementing the diet
with specific antioxidants. While much epidemiological data have suggested
health benefits of diets rich in fruits, vegetables, and spices, therapeutic trials of
supplementation with antioxidants such as vitamins E, A, and C have been
disappointing, typically with no beneficial effects or even adverse effects
[62, 63]. It is possible that in diseases such as AD, clinical trials with antiox-
idants usually begin when the patients already exhibit early or late symptoms,
whereas the ability of lifelong administration of antioxidants to slow down the
progress of AD in susceptible populations was never tested. However, an
alternative explanation comes from recent findings which suggest that, rather
than acting as free radical scavengers, phytochemicals may exert their beneficial
effects on the nervous system by activating adaptive stress response pathways in
neurons [64]. Examples of such phytochemicals and the pathways they activate
include sulforaphane (in broccoli), Nrf-2—antioxidant response element path-
way; resveratrol (in red grapes and wine), sirtuin— FOXO pathway; and allicin (in
garlic and onions).

Perhaps the most effective approaches for reducing oxidative damage to
neurons and reducing the risk of age-related functional decline are dietary
energy restriction and regular exercise [65, 66] (Fig. 1). Dietary energy restric-
tion may reduce oxidative damage to neurons by stimulating adaptive stress
response pathways involving neurotrophic factors and protein chaperones that
enhance antioxidant defense mechanisms [65-69]. Similarly, exercise induces
the expression of neurotrophic factors and suppresses oxidative stress [70]. In
support of antioxidant effects of dietary energy restriction and exercise are data
showing that diabetes (which is typically caused by overeating and lack of
exercise) accelerates age-related neuronal dysfunction [71, 72]. Alas, there is
no easy solution to the problems created by oxidative stress during aging. How-
ever, if you have the will to maintain a healthy brain as you age, then a Spartan
lifestyle will do the trick.
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Section I11
Oxidative Injury in Neurodegenerative
Processes

Ischemia-Reperfusion Induces ROS Production
from Three Distinct Sources

Rosemary H. Milton and Andrey Y. Abramov

Abstract Most neurodegenerative disorders are insidious with substantial
neural injury present well before symptoms are revealed. Thus, at the time
of evident disability or impairment, secondary injuries may obscure the
inciting neuropathology. This is not true of stroke, where the onset of injury
and symptomatology typically coincide. Moreover, there is a distinct and
relatively brief temporal pattern of injury. Therefore, models of ischemia/
reperfusion can provide significant insight into early and late injuries and the
specific mechanisms of each component of injury. Modelling hypoxia and
reoxygenation in primary cultures of hippocampal and cortical neurons to
examine temporally the source of reactive oxygen species has identified three
phases of reactive oxygen species production in hypoxia/reoxygenation.
Mitochondria respond first but are quickly limited by the insufficient oxygen.
At this point in ischemia, xanthine oxidase becomes an important source of
superoxide, whereas during reperfusion NADPH oxidase is a major source of
superoxide. This work highlights the value of a model of early and temporally
distinct phases of injury and supports the concept that multitarget
approaches will be necessary to effectively prevent or reduce neural injury
of stroke.
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1 Introduction
1.1 The Clinical Significance of Stroke

Stroke remains a devastating and debilitating event — one associated with high
mortality and a high emotional cost and financial burden to patients, families,
and society. Stroke is the third most common cause of death worldwide, and of
the patients who survive, 20% will require institutionalization within 3 months
[1]. It is, therefore, of paramount importance to understand more completely
the mechanisms by which cerebral ischemic events injure neurons so that we
may develop therapies to minimize neural injury in stroke.

1.2 Stroke Pathophysiology

During a stroke, or cerebrovascular accident, the blood supply to a part of
the brain becomes restricted and the brain becomes ischemic. The blood supply
can be interrupted by thrombosis, embolism, or systemic hypoperfusion
(e.g., during cardiac arrest). Alternatively, in a hemorrhagic stroke a ruptured
blood vessel may cause a hematoma, affecting perfusion of other brain areas. In
all such events, affected cells will experience hypoxia (low oxygen levels) or
anoxia (a total absence of oxygen). In addition, birth asphyxia represents a
serious challenge to the infant brain and a major cause of brain injury.

Cell injury during periods of ischemia and subsequent reperfusion is caused
by the loss of the energy supply due to deprivation of oxygen and glucose, but
the area of damage is extended by the effects of excessive accumulation of
neurotransmitters. Oxygen and glucose deprivation results in reduced produc-
tion and depletion of ATP. A pivotal event is the loss of ATP-dependent
Na*-K*-ATPase function, resulting in profound membrane depolarization
and sodium and calcium dyshomeostasis. It has been proposed that increased
intracellular calcium causes increased release of glutamate [2], and that ATP
depletion causes changes in ionic balance that drive ion-dependent glutamate
transport in reverse, leading to further extracellular glutamate accumulation
[3]. Glutamate release contributes to a vicious cycle, as the activation of gluta-
mate receptors further increases intracellular calcium concentration, causing
calcium overload which can trigger cell death (for review see [3]).

An important aspect of cellular damage, causing severe protein and
lipid modification, is the overproduction of reactive oxygen species (ROS).
Oxidative stress occurs when the levels of production of ROS overwhelm cellular
antioxidant defenses. The exacerbation of hypoxic injury by reoxygenation (the
oxygen paradox) represents a major clinical problem in treating episodes of
cerebral ischemia; it is obviously important to ensure the return of blood supply,
yet this restoration of oxygen provision can itself be an important cause of
cellular injury throughout a wide area surrounding the initial pathology.
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1.3 Reactive Oxygen Species Implicated in Neuronal Injury
in Stroke

Free radicals have been implicated in cerebral ischemic damage since the 1970s,
yet the full complexity of their role is still not understood. It is worth noting at
this stage that one of the first papers to describe a role for oxidative damage in
stroke [4] refers to the species of interest as free radicals, and identified their role
through diminution of antioxidant defenses in cat brain following focal ische-
mia. This highlights some interesting and enduringly relevant issues. Most
literature now refers to these damaging species as ROS, but not all ROS are
free radicals. Free radicals have an unpaired electron. Electrons within atoms
and molecules can be said to occupy orbitals, each orbital holding a maximum
of two electrons. If an orbital contains only one electron, that electron is said to
be unpaired. A free radical species is capable of independent existence and
contains one or more unpaired electrons. ROS are often radicals or easily
converted to radicals, but are defined by their ability to oxidize. For instance,
hydrogen peroxide (H,0,) is a ROS, but not a free radical.

Furthermore, the use of the blanket term “free radicals” highlights how little
it is possible to know about precisely which ROS are implicated, or from
whence they came. Even if a certain reaction produces a certain species, the
inherent reactivity of this class of molecules results in often very rapid changes
into other forms of ROS, in addition to reactive nitrogen- and chlorine-based
species. The primary ROS produced at source in mammalian cells is usually the
superoxide anion O, , but it is rapidly subject to further reactions, resulting in
the downstream production of other ROS, such as H,O,, OHe, and so on. The
authors of this original paper [4] also implicated free radicals through having
measured levels of antioxidant defenses and found them to be depleted. This
emphasizes the dynamic equilibrium not only between different classes of ROS,
but also between ROS and the scavengers designed to remove them.

The importance of ROS in instigating neuronal injury has been highlighted
more recently through transgenic animal studies. Major enzymes involved in
the clearance of ROS include superoxide dismutase, catalase, and glutathione
peroxidase. Superoxide dismutase converts superoxide to hydrogen peroxide,
which may then be decomposed by either catalase or glutathione peroxidase.
One of the three superoxide dismutase (SOD) isoforms, copper/zinc SOD, or
SODI1, plays a critical role in minimizing neural injury in cerebral ischemia.
SOD1-overexpressing transgenic mice have approximately 35% smaller infarct
volume after focal ischemia [5]. In a model of global ischemia, SODI1 over-
expression resulted in a 50% reduction in hippocampal CA1 neuron loss. In
contrast, SOD1 knockout mice have increased neuronal loss in models of focal
or global ischemia [6, 7]. Mice with transgenic absence of both SOD1 and
glutathione peroxidase show even larger infarcts, suggesting that glutathione
peroxidase is also important in reducing neural injury in ischemia [8]. Reactive
nitrogen species may also contribute to neural injury in ischemia, in that
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mice with transgenic absence of neuronal nitric oxygen synthase, a major source
of neuronal nitric oxide, are substantially protected from cerebral ischemia
[9, 10]. In summary, reactive oxygen species and nitrogen species play important
roles in neuronal injury and loss in animal models of stroke.

2 Sources of Reactive Oxygen Species in Stroke

Since these original observations, we have come some way in toward under-
standing how, where, and whence particular ROS cause cell damage in
ischemia-reperfusion injury. We have some appreciation of causality, and the
relative extent and sequence of different contributors. Genetic and pharmaco-
logical studies have provided information about enzymatic ROS sources,
complimenting each other with their specificity and acuteness, respectively. It
is now clear that different sources of ROS combine in complex ways to produce
the final damage we observe and shown us that different manipulations must
be studied at different time points. It is unlikely that inhibition of any one
source of ROS would be sufficient to totally protect neurons from death, yet
some inhibitors have proved encouraging in trials, and more general antiox-
idant therapy offers some hope. If the oxidative damage induced in ischemia-
reperfusion can be reduced, the outcome for the patient can be improved. The
major sources of ROS in the brain are the mitochondrial respiratory chain,
xanthine oxidase (X0O), and NADPH oxidase (NOX).

2.1 Mitochondrial Sources of ROS

The first observation of ROS production in mitochondrial fragments was
reported by Jensen (1966) [11], while subsequent studies by Britton Chance’s
group established that intact mitochondria generate ROS [12]. It is now
understood that healthy mitochondria convert 1-4% of consumed oxygen
into superoxide. Within the mitochondrial respiratory chain, there are several
centers which can in principle provide the single electron required to produce
superoxide (O, ) from molecular oxygen (O,). During hypoxia, the electron
transport chain is generally inhibited by lack of substrate and oxygen, and it
actually harbors electrons, facilitating the donation of electrons to any available
oxygen to form superoxide. Furthermore, mitochondrial ROS production is
thought to be subject to positive feedback, a so-called ROS-induced ROS
release. This process involves mitochondrial ROS production causing oxidative
stress and collapse of the mitochondrial membrane potential, thereby increas-
ing mitochondrial ROS production and the release of ROS to neighboring
mitochondria.

There is growing evidence that most of the superoxide anion generated by
mammalian mitochondria in vitro is produced by complex I [13, 14], although
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the exact site of production is not known, with the flavin-containing subunit,
the iron—sulfur center, and the semiquinone all being implicated. This super-
oxide production occurs primarily on the matrix side of the inner mitochondrial
membrane, i.e., within the mitochondria, although it is important to bear in
mind, when speaking of ROS localization, that superoxide itself has a very short
half-life and is rapidly converted to H,O> which can cross membranes. Inter-
estingly, ROS production at complex I is very sensitive to depolarization of the
mitochondrial membrane potential, and several authors have therefore sug-
gested that increasing the membrane permeability to protons (mild uncoupling)
could be protective. However, it has recently been shown that this intervention
is not neuroprotective and does not, in fact, lower superoxide levels within the
mitochondrial matrix in cerebellar granule neurons [15]. Since different experi-
ments have been performed in different systems using different techniques, it
seems the different results have not provided a clear indication of the effects of
modulating the mitochondrial membrane potential on ROS production.

Complex III is also regarded as an important site of superoxide production;
ROS produced at this site can spread to either side of the inner membrane [16].
Within the mitochondrial respiratory chain, ubiquinone connects complexes I
and IT with complex III, and its reduction products are regarded as major
contributors to the formation of ROS by complex III [14, 17]. Under hypoxic
conditions, the lifetime of the ubisemiquinone radical is likely to be increased,
increasing the chances of superoxide formation at complex III [18]. Examina-
tion of mitochondria within intact nerve terminals suggests, however, that
massive inhibition of complex III (and indeed complex 1V) is required for
increases in ROS production, whereas complex I is more sensitive and therefore
has a lower threshold for induction of ROS production, suggesting it might
represent a more important source of ROS in isolated nerve terminals under
normoxic conditions [19]. However, the total ROS production capacity of
complex III is greater than that of complex I.

Recently, it has been suggested that mitochondrial components outside the
respiratory chain also contribute to the production of ROS. A key Krebs cycle
enzyme, alpha-ketoglutarate dehydrogenase (alpha-KGDH), is also able to
produce ROS and is itself sensitive to oxidative stress [20]. Although this
cellular source of ROS has not been studied with respect to ischemia, its
newly described properties highlight the complexity of ROS production, the
variety of different sources, and the possibility of finding other (albeit minor)
contributors.

2.2 Xanthine Oxidase (XO)

XO has the distinction of being expressed in cows’ milk, which has made it
accessible to investigation for many decades. This complex molybdoflavoen-
zyme is also widely expressed in the human body and particularly in the brain.
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XO is the terminal enzyme of purine catabolism in mammalian cells, catalyzing
the hydroxylation of hypoxanthine to xanthine and of xanthine to urate. This
reaction also produces superoxide anions and H,O,. Interestingly, XO exists in
two forms, one of which is xanthine oxidase, the other, and more prevalent and
innocuous of which, is known as xanthine dehydrogenase. The conversion of
XDH to XO, which is therefore pro-oxidative, is thought to be dependent
on calcium and proteolysis. Although there is some suggestion that this con-
version is not required for the production of ROS, it is nevertheless generally
thought that during ischemia, XO becomes active, while its activity is boosted
further through simultaneously increasing levels of its substrate, as ATP is
catabolized to hypoxanthine.

Inhibiting XO with allopurinol has, in human trials, been shown to improve
survival in severely asphyxiated infants, which is obviously encouraging [21].
Nevertheless, identifying a precise role for XO has been complicated by the
pharmacology of its inhibitors, since allopurinol and oxypurinol have been
shown to have direct antioxidant capacities themselves, which could prove
neuroprotective through means unrelated to XO. It should also be mentioned
that oxypurinol and allopurinol can have slightly different effects, since some
studies have failed to find protective effects of oxypurinol [22, 23].

2.3 NAPDH Oxidase

The physiological function of NOX enzymes is to generate reactive oxygen
species, which may differentiate this enzyme system from others whose ROS
production abilities are often considered epiphenomenal. NOX enzymes trans-
fer an electron across a membrane to molecular oxygen, forming superoxide
which is then released and can undergo further reactions to produce other ROS.
In the brain, two main isoforms of NOX are expressed, namely NOX2 and, to a
much lesser degree, NOX4 and NOXS.

NOX2 is the prototype NADPH oxidase, expressed by circulating immune
cells (neutrophils and macrophages) but also by microglia, astrocytes, and
neurons in the brain. NOX2 is the main subunit of the enzyme complex and is
also known as gp91P"°*. NOX2 is constitutively associated with p22P"°* within
both intracellular and plasma membranes. To activate the enzyme to begin
superoxide production, two cytosolic components must translocate to the
membrane. It is thought that phosphorylation of p47°"°* enables it to interact
with p22P"°* and bring the p67°"°* subunit into contact with NOX2. The p67 is
closely linked to a p40 subunit, which binds to phosphotadiylinositides in the
membrane. Racl then interacts with NOX2 and p67°"*. The assembly and
phosphorylation of the complex marks the start of the activation of NADPH
oxidase activity.

It should be noted that much work on NADPH oxidase has focused on the
enzyme in neutrophils, and, while the principles are likely to remain similar, the
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details may vary between cells types. The regulation of NOX activity has been
linked to the Vav family of Rho GTPase guanine exchange factors, phospho-
lipase C, protein kinase C, DAG and calcium. In terms of ischemia, the stimulus
activating NADPH oxidase is not clear and could include calcium influx
mediated by neurotransmitter receptors or substances released by dying
neurons.

NOX has been implicated in ischemia-reperfusion injury by studies in which
its contribution has been minimized and the outcome thereby improved. Mice
lacking a functional NOX2 and subjected to acute middle cerebral artery
occlusion (MCAO) and reperfusion have a significantly reduced infarct size
compared to controls [24, 25]. In gerbils, the effects of occlusion of the common
carotid arteries were reduced through administration of the NOX inhibitor
apocynin [26]. Corroborating evidence of an important role for NOX is derived
from the increase in NOX expression observed following ischemia-reperfusion
injury. The role of NOX seems mainly linked to reperfusion; microglial
ROS production was reduced during hypoxia and stimulated by reoxygenation
[27]. This is consistent with a role for NOX in ROS production during reperfu-
sion, therefore, rather than ischemia, and highlights the importance of NOX
inhibitors during this later stage during which the patient is more likely to be
under medical care. Overexpression of copper—zinc—superoxide disumtase
(CuZnSOD) is known to reduce the infarct size following ischemia-reperfusion,
but not permanent global ischemia without reperfusion.

There is the potential for NOX enzymes hosted by different cell types to
contribute to the total damage. Mice lacking a functional NADPH oxidase,
as described, show reduced infarct sizes, yet mice lacking NOX function in
neutrophils only were not protected to the same extent, suggesting that NOX
in other cell types contributes significantly to ROS production in ischemia-
reperfusion [25]. As mentioned, microglia express NOX2 and respond more
vigorously to NOX-activating stimuli after hypoxia-reoxygenation [27].
Endothelial cells also express NOX2, and the enzyme has been implicated in
ischemic damage to the blood—brain barrier [24]. As we discuss below, NOX
expressed in neurons and astrocytes is also required for ROS production during
reperfusion. It should be remembered that a variety of isoforms of NOX could
be expressed in the brain, for instance, NOX5 in endothelial cells and NOX4 in
neurons, and more so in neurons exposed to ischemia-reperfusion [28]. While
NOX enzymes have been implicated in ROS production for some time, there-
fore, the specific cell types and enzyme isoforms which contribute to the damage
are not clearly identifiable at this stage.

Interestingly, NOX also seems to play a role in ischemic tolerance (or
ischemic preconditioning), the phenomenon wherein a noxious stimulus admi-
nistered to the brain affords it some protection from subsequent ischemic
injury. Administration of lipopolysaccharide to mice before MCAO resulted
in a reduced infarct size, and there was only a benefit to mice expressing normal
NOX?2 which was not seen in mice lacking a functional NOX2 subunit [29]. At
this stage, exploitation of the ischemic preconditioning response has remained
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minimal, but it offers some insight into prevention of damage in stroke and
perhaps hope for preemptive treatments in high-risk patients.

3 A More Complete Picture of ROS Production in Ischemia
and Reperfusion

3.1 Temporally Distinct Sources of ROS in Ischemia|Reperfusion

Recently, we have examined the kinetics of ROS production during hypoxia
and reoxygenation in primary cultures of neurons from rat hippocampus and
cortex [30]. The nature and time course of these changes were somewhat
unexpected; three distinct phases of ROS generation were identified, occurring
with a specific temporal relationship to metabolic events taking place within the
cells. We found that these three phases of ROS production in neurons were
attributable to three distinguishable sources as we have described above,
namely mitochondria, xanthine oxidase, and NADPH oxidase. Most interest-
ingly, we found a role for all these three sources at different time points during
ischemia and reperfusion, and demonstrated that they all, having been pre-
viously implicated independently, have an important and interactive role to
play in generating ROS during hypoxia—reoxygenation.

Mitochondria increase their level of ROS generation during the first few
minutes of hypoxia (Fig. 1A-B). Their ROS production ability is limited
primarily by changing mitochondrial membrane potential and the availability
of oxygen for ROS production. When cells were incubated with the uncoupler
FCCP, which dissipates the mitochondrial membrane potential, then the initial
burst of ROS production normally seen following the removal of oxygen and
glucose was not observed. We examined ROS production not only throughout
the cells, but also specifically in mitochondria using a mitochondrially localized
ROS-sensitive fluorescent indicator (MitoSOX).

Mitochondrial ROS production is high during the initial minutes of hypoxia,
and also, to a certain extent, during reperfusion. During these times, sufficient
oxygen will be present and available for reduction to superoxide. During the
first phase of mitochondrial ROS production following the onset of hypoxia,
we envisage that ROS are generated from complexes I and III, since only
complex III can release ROS to the cytosol. Using mitochondrial-specific
ROS probes led to the detection mostly of ROS from complex I. In light of
this, using only mitochondrially located antioxidants, such as mito-Q, is unli-
kely to prove sufficient to protect cells at this stage of ischemia-reperfusion
injury, and other general antioxidants should also be present. The use of
uncouplers is also problematic, since they have effects on energetic metabolism
(Fig. 1C). Itis also worth noting that, despite constant claims that mitochondria
are the prevalent source of ROS in cells and contribute massively to ischemia-
reperfusion, we found the contribution of the mitochondrial respiratory chain
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Fig. 1 A triphasic reactive oxygen species response to oxygen glucose deprivation.
(A) Cultured primary cortical and hippocampal neurons with glia were exposed to hypoxia
(<1mMHg) and medium without glucose at time zero and followed over time for changes in
effect on reactive oxygen species generation, measured as dihydroethidium (HEt) fluores-
cence. Gray spheres show the time-dependent increase in HEt across the period of oxygen/
glucose deprivation (gray shaded box) and continuing across reperfusion. The lower line (o)
shows the change in HEt per unit time, revealing three temporally distinct increases and
decreases in reactive oxygen species generation. This pattern in the rate of reactive oxygen
species generation strongly supports three temporally distinct components in reactive oxygen
species production. (B) The triphasic pattern in rates may be altered by inhibiting the
production of ROS in mitochondria with p-trifluoromethoxy carbonyl cyanide phenyl hydra-
zone (FCCP) or inhibiting xanthine oxygen ROS production with a xanthine oxidase inhi-
bitor, oxypurinol, or inhibiting NADPH oxidase ROS production with DPI, a NADPH
oxidase inhibitor, but each inhibitor only at one specific time point. (C) The effect of blocking
ROS production on cell viability. Inhibiting mitochondria (FCCP) as expected increases cell
death for both neurons and glia. In contrast, NADPH oxidase inhibition improves survival of
glia and xanthine oxidase inhibition improves neuronal viability across oxygen glucose
deprivation. Error bars represent standard error of the mean; *p<0.05; **p<0.001

as a ROS generator to be the smallest and most evasive in this study, high-
lighting the need for careful and quantitative experiments conducted under
relevant physiological (or pathophysiological) conditions.

Xanthine oxidase, most interestingly, is able to generate ROS in the middle
phase of hypoxia during which, obviously, the availability of oxygen for ROS-
producing reactions is negligible. XO has long been ascribed a major role in
ischemia-reperfusion injury, but only more recently has attention been focused
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on its role during ischemia rather than during reperfusion. We have recently
demonstrated that XO is able to produce ROS during ischemia because it is
activated by downstream products of ATP degradation and can in fact be
inhibited following reoxygenation due to reinstatement of ATP production.
An inhibitor of XO, oxypurinol, abolishes this second phase of ROS production
(Fig. 1A-B). Most interestingly, oxypurinol is neuroprotective (Fig. 1C).

The third source of ROS, playing an instrumental role during reperfusion, is
NADPH oxidase. The NOX enzyme seems to be activated by the calcium signal
in neurons initiated by activation of glutamate receptors [30, 31]. The role of
NOX during reoxygenation is consistent with its requirement for the presence
of oxygen to act as an electron receiver; the enzyme requires 15 mmHg of
oxygen to become functional. The oxidative stress induced by NADPH oxidase
in particular, as described by ourselves and many other groups, is the most
destructive, thus administration of NOX inhibitors is likely to be the most
potent means of countering oxidative stress in ischemia-reperfusion injury.

4 Conclusions and Future Directions

Oxygen glucose deprivation rapidly causes a large increase in reactive oxygen
species (ROS) in cultured cortical and hippocampal neurons and glia. There are
three phases to the generation of ROS: mitochondrial (early deprivation),
xanthine oxidase (mid-later deprivation), and NADPH oxidase (reperfusion). It
therefore seems evident that several sources contribute to ROS production in
brain cells during ischemia-reperfusion injury. In light of these observations, it is
most probable that several classes of inhibitors and specifically localized antiox-
idants will be required to optimally protect brain cells in stroke. Future trials of
xanthine oxidase and/or NADPH oxidase inhibition across careful time courses
should be compared for effect on stroke in animal models as a translational step
toward the development of effective therapies to minimize neural injury in stroke.
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Alzheimer Disease: Oxidative Stress
and Compensatory Responses

Paula I. Moreira, Akihiko Nunomura, Xiongwei Zhu, Hyoung-Gon Lee,
Gjumrakch Aliev, Mark A. Smith, and George Perry

Abstract Oxidative stress occurs early in the progression of Alzheimer disease,
significantly before the development of the pathologic hallmarks, neurofibril-
lary tangles, and senile plaques. All classes of macromolecules are affected by
oxidative stress leading, inevitably, to neuronal dysfunction. Extensive data
from the literature support the notion that mitochondrial and metal abnorm-
alities are key sources of oxidative stress in Alzheimer disease. Furthermore, it
has been suggested that in the first stage of the development of Alzheimer
disease, amyloid-p deposition and hyperphosphorylated tau function as com-
pensatory responses to ensure that neuronal cells do not succumb to oxidative
damage. However, during the progression of the disease, the antioxidant activ-
ity of both agents evolves into prooxidant activity, resulting in the exacerbation
of reactive oxygen species production.

Keywords Alzheimer disease - amyloid B-protein - hyperphosphorylated tau
protein - metals - mitochondria - oxidative stress

1 Introduction

Alzheimer disease (AD) is a progressive, degenerative brain disorder resulting in
cognitive and behavioral decline and is the leading cause of dementia in the
Western world. Two pathological hallmarks are observed in the brains of AD
patients at autopsy: intracellular neurofibrillary tangles and extracellular senile
plaques in the neocortex, hippocampus, and other subcortical regions essential for
cognitive function [1]. Neurofibrillary tangles are formed from paired helical
filaments composed of neurofilaments and hyperphosphorylated tau protein [2].
In turn, plaque cores are formed mostly from deposition of amyloid-B (ApB)
peptide that results from the cleavage of the amyloid-B-protein precursor (ABPP).
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Oxidative stress is an important issue in understanding the pathogenesis of
AD. Indeed, there is accumulating evidence suggesting that oxidative stress
occurs prior to the onset of symptoms in AD and oxidative damage is found not
only in the vulnerable regions of the brain affected in disease [3—5] but also
peripherally [6-9]. Indeed, oxidatively modified products of nucleic acids
[e.g., 8-hydroxydeoxyguanosine, 8-hydroxyguanosine (80OHG)] and proteins
(e.g., 3-nitrotyrosine, protein carbonyls), as well as products of lipid peroxida-
tion [e.g., 4-hydroxynonenal (HNE), F2-isoprostane, malondialdehyde] and
glycoxidation (e.g., carboxymethyllysine, pentosidine) are studied as markers
for oxidative damage. Among these, many have been demonstrated in the
affected lesions in postmortem brain tissue or premortem cerebrospinal fluid
(CSF), plasma, serum, and urine from the patients with these diseases [10, 11].
Moreover, oxidative damage occurs before AP plaque formation [3]. Most
recently, there have been multiple studies showing that lipid peroxidation,
protein oxidation, and nucleic acid oxidation occur in mild cognitive impair-
ment (MCI), which possibly represents a prodromal stage of AD [12-16]. The
increased levels of oxidative damage in neurodegenerative conditions are often
accompanied by reduced levels of antioxidant defense mechanisms in the sub-
jects [17, 18]. Remarkably, a number of known genetic and environmental
factors for neurodegenerative diseases, namely disease-specific gene mutations,
risk-modifying gene polymorphisms, and risk-modifying lifestyle factors, are
closely associated with oxidative damage [11, 17, 19], which implicates a patho-
genic role of oxidative damage in the process of neurodegeneration.

The complex nature and genesis of oxidative damage in AD can now be
partly answered by mitochondrial abnormalities and alterations in metal home-
ostasis that can initiate oxidative stress. Here we provide evidence that mito-
chondrial and metal abnormalities are key sources of oxidative stress in AD.
Finally, the role of AD-specific lesions, AB and neurofibrillary tangles, in
disease development and progression will be discussed.

2 Main Sources of Oxidative Stress in Alzheimer Disease
2.1 Mitochondria

Mitochondria are essential organelles for neuronal function because the limited
glycolytic capacity of these cells makes them highly dependent on aerobic
oxidative phosphorylation for their energetic needs. However, oxidative phos-
phorylation is a major source of endogenous toxic free radicals, including
hydrogen peroxide (H,O,), hydroxyl ((OH), and superoxide (O, "), which are
products of normal cellular respiration [20]. With inhibition of the electron
transport chain, electrons accumulate in complex I and coenzyme Q, where they
can be donated directly to molecular oxygen to give O, that can be detoxified
by the mitochondrial manganese superoxide dismutase (MnSOD) to give H,O,,
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which, in turn, can be converted to H,O by glutathione peroxidase (GPx).
However, O, " in the presence of (nitric oxide) NO', formed during the con-
version of arginine to citrulline by nitric oxide synthase (NOS), can form
peroxynitrite (ONOO™). Furthermore, H,O; in the presence of reduced transi-
tion metals can be converted to toxic “OH via Fenton and/or Haber Weiss
reactions, a process that we have specifically localized to neurofibrillary pathol-
ogy in AD [21]. Inevitably, if the amount of free radical species overwhelms the
capacity of neurons to counteract these harmful species, oxidative stress occurs,
followed by mitochondrial dysfunction and neuronal damage. Reactive oxygen
species (ROS) generated by mitochondria have several cellular targets including
mitochondrial components themselves (lipids, proteins, and DNA).

Besides the key role of mitochondria in the maintenance of cell energy and
generation of free radicals, these organelles are also involved in cell death
pathways, namely apoptosis. There are three main apoptotic pathways leading
to the activation of caspases, which converge onto mitochondria and are
mediated through members of Bcl-2 family such as Bid, Bax, and Bad [22].
The end result of each pathway is the cleavage of specific cellular substrates,
resulting in the morphological and biochemical changes associated with the
apoptotic phenotype. The first of these depends on the participation of mito-
chondria (mitochondrial pathway), the second involves the interaction of a
death receptor with its ligand (death receptor pathway), and the third is trig-
gered under conditions of endoplasmic-reticulum (ER) stress (ER-specific
pathway) [23].

Previous studies from our laboratory show that the neurons showing
increased oxidative damage in AD also possess a striking and significant
increase in mtDNA, cytochrome oxidase, and lipoic acid [5, 24]. Surprisingly,
much of the mtDNA, cytochrome oxidase, and lipoic acid are found in the
neuronal cytoplasm and in the case of mtDNA and lipoic acid, in vacuoles
associated with lipofuscin. We also observed an overall reduction in microtu-
bules in AD compared to controls [25]. Altogether, these data indicated that the
abnormal mitochondrial turnover, as indicated by increased perikaryal
mtDNA and mitochondrial protein accumulation in the face of reduced num-
bers of mitochondria, could be due to a defective microtubule system resulting
in deficient mitochondrial transport.

Furthermore, we analyzed the ultrastructural features of vascular lesions
and mitochondria in brain vascular wall cells from human AD, yeast artificial
chromosome (YAC), or C57B6/SJL transgenic-positive Tg(+) mice over-
expressing APBPP. We observed a higher degree of amyloid deposition,
overexpression of oxidative stress markers, mtDNA deletion, and mitochon-
drial structural abnormalities in the vascular walls in human AD and in both
YAC and C57B6/SJL Tg(+) mice when compared to the respective controls.
All the abnormalities observed occur before neuronal degeneration and amy-
loid deposition [26, 27].

These results indicate a clear involvement of oxidative stress, mitochondria
dysfunction, and neuronal damage/death during AD evolution. In fact, an



112 P.I. Moreira et al.

intricate interorganelle cross-talk was previously suggested by Ferri and
Kroemer [22], who reviewed the participation of distinct organelles, namely
the nuclei, lysosomes, ER, and Golgi, in the release of death signals that
converged in mitochondria, the central executioner. To obtain more informa-
tion on the involvement of mitochondria in AD pathophysiology, please see
review articles by Moreira et al. [28, 29] and Zhu et al. [30].

2.2 Redox-Active Metals

The loss of homeostasis of iron and copper in the brain is accompanied by
severe neurological consequences. In AD patients, overaccumulation of iron in
the hippocampus, cerebral cortex, and basal nucleus of Meynert colocalizes
with AD lesions, senile plaques, and neurofibrillary tangles [31]. Iron is an
important cause of oxidative stress in AD because it is found in considerable
amounts in the AD brain [32] and, as a transition metal, is involved in the
formation of *OH via Fenton reaction. Furthermore, it has been reported that
AB itself is a substrate for "OH [31]. AP extracted from postmortem AD brains
presents oxidative modifications such as carbonyl adduct formation, histidine
loss, and dityrosine cross-linking, making this protein less water-soluble and
less susceptible to degradation by the proteases [31]. Furthermore, it has been
reported that AP deposition and ABPP cleavage and synthesis are promoted by
the presence of iron [33]. Huang and collaborators [34] presented in vitro
evidence that trace levels of zinc, copper, and iron are initiators of AB;_4»-
mediated seeding process and AP oligomerization and these effects were
abolished by chelation of trace metals. Recently, we reported that rRNA
provides a binding site for redox-active iron and serves as a redox center within
the cytoplasm of vulnerable neurons in AD in advance of the appearance of
morphological change indicating neurodegeneration [4].

Data from our laboratory and others indicate that heme oxygenase-1 (HO-1)
is induced in the brain during the development of AD [35, 36]. HO-1 catalyzes
the conversion of heme to biliverdin and iron, and biliverdin, in turn, is reduced
to bilirubin, an antioxidant. Since HO-1 is induced in proportion to the level of
heme [37], the induction of HO-1 suggests that there may be abnormal turnover
of heme in AD. This idea is consistent with the mitochondrial abnormalities
associated with AD since it is well known that many heme-containing enzymes
are found in mitochondria. As previously discussed, our ultrastructural studies
suggest a high rate of mitochondrial turnover and accumulation of iron in the
residual body of lysosomes [5, 24].

Furthermore, we observed that oxidized nucleic acids are commonly
observed in the cytoplasm of the neurons that are particularly vulnerable to
degeneration in AD [3]. 8SOHG, a marker of nucleic acid oxidation, is likely to
form at the site of " OH production, a process dependent on redox-active, metal-
catalyzed reduction of H,O, together with cellular reductants such as ascorbate



Alzheimer Disease: Oxidative Stress and Compensatory Responses 113

or O, . Interestingly, the levels of SOHG are inversely related to the extent of AP
deposits although this oxidative marker is found distant from the AP deposits [3],
suggesting a complex interplay between A and redox metal activity that may be
critical to metal dynamics within the neuronal cytoplasm. A possible key element
to these dynamics is mitochondria in the neuronal cell body.

Copper can also participate in the Fenton reaction to generate ROS [38, 39].
Although conflicting results exist concerning the amount of copper and the
formation of senile plaques [40, 41], there is accumulating evidence that both
iron and copper in their redox-competent states are bound to neurofibrillary
tangles and AP deposits [21, 32, 42]. However, a recent study reported that
cognitive decline correlates with low plasma concentrations of copper in
patients with mild-to-moderate AD [43]. To obtain more information on the
involvement of metals in AD pathophysiology, please see the review articles by
Adlard and Bush [44] and Zhu et al. [30].

3 Alzheimer Disease Lesions: Compensatory Responses?
3.1 Amyloid-B peptide

It is now over two decades since AP was first sequenced and recognized as a
potential marker of AD [45]. Soon after this, a 3943 amino-acid peptide was
identified as the major component of the senile plaque, one of the hallmarks of
AD. Since then a wealth of academic and commercial research has been aimed
at understanding where this peptide comes from because many believe that if its
production is stopped, the development of AD may be prevented. Yet, it has
been shown that this peptide is present in the CSF and plasma of healthy
individuals throughout life [46, 47]. Kamenetz and collaborators [48] reported
that AP is secreted from healthy neurons in response to activity and that AB, in
turn, downregulates excitatory synaptic transmission. This negative feedback
loop provides a physiological homeostatic mechanism aimed to maintain nor-
mal levels of neuronal activity. More recently, Lesne and collaborators [49]
reported that the specific stimulation of NMDA receptors upregulates ARPP,
inhibits o-secretase activity, and promotes AP production. Together these
studies argue strongly that ABPP processing and the presence of A itself are
closely associated with synaptic activity and may serve to provide physiological
control of activity, guarding against excessive glutamate release. Previous
studies also suggest that AP might act as a regulator of ion channel function
in neurons [50, 51]. Furthermore, it has been shown that neurons respond to
oxidative stress, both in vitro and in vivo, by increasing A production [52-54].

An antioxidant role for AP in vivo is in agreement with recent data on the
distribution of oxidative damage to AD neurons. As previously discussed,
80HG markedly accumulates in the cytoplasm of cerebral neurons in AD.
Unexpectedly, an increase in AP deposition in AD cortex is associated with a
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decrease in neuronal levels of SOHG, i.e., with decreased oxidative damage [55].
Similar negative correlation between AP deposition and oxidative damage is
found in patients with Down syndrome [56]. A deposits observed in both studies
mainly consist of early diffuse plaques, meaning that these diffuse amyloid
plaques may be considered as a compensatory response that reduces oxidative
stress [57]. The strong chelating properties of AP for zinc, iron, and copper
explain the reported enrichment of these metals in amyloid plaques in AD [32]
and suggest that one function of A is to sequester these metal ions. Chelation of
transition metals in a redox-inactive form may theoretically serve to inhibit
metal-catalyzed oxidation of biomolecules. Methionine at residue 35 on Af
sequence can both scavenge free radicals [S8—60] and reduce metals to their
high-active, low-valence form [61], thereby possessing both anti- and prooxida-
tive properties. As discussed above, reduced metal ions are highly active oxidants
and can catalyze further oxidation of biomolecules. These data indicate that A is
a lipophilic metal chelator with a metal-reducing activity.

The redox properties of AP indicate that it could function as both an anti-
oxidant and a prooxidant under specific conditions. However, the conditions
under which A ceases to act as an antioxidant and functions as a pro-oxidant
are not clearly understood, although several lines of evidence indicate that the
activity is dependent on the concentration of the peptide. The concentrations of A3
required to induce toxicity in vitro are in the micromolar range [62]. Indeed, it has
been shown that A induces peroxidation of membrane lipids [63], generates H>O,
[64] and HNE [65] in neurons, damages DNA [66], and inactivates transport
enzymes [67]. In CSF where A has been reported to act as an antioxidant, the
concentration of the peptide is between 0.1 and 1 nM, while at higher concentra-
tions this activity is ablated [68]. Similarly, antiapoptotic activity is observed only at
nanomolar levels and conversely at higher concentrations it is toxic [69)].

The presence of transition metals and methionine on residue 35 is necessary
for AP to induce oxidation fibrillation. The presence of transition metals is a
requisite for AP aggregation and its prooxidative activity [70, 71]. The toxicity
of AB is likely to be mediated by a direct interaction between this peptide and
transition metals with subsequent generation of ROS [38]. Another factor
essential for the prooxidative activity of A} seems to be the presence of methio-
nine on residue 35. It has been demonstrated that the substitution of this residue
by another amino acid abrogates or significantly diminishes the prooxidant
action of AP [72, 73]. Methionine 35 can scavenge free radicals [74] and reduce
transition metals to their high-active, low-valence form [75], thereby exhibiting
both anti- and prooxidative properties.

3.2 Hyperphosphorylated tau protein

In the adult human brain, tau proteins are found essentially in neurons. They
bind microtubules through the microtubule-binding domains and this assembly
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depends partially upon the degree of phosphorylation, since hyperphosphory-
lated tau is less effective than hypophosphorylated tau on microtubule poly-
merization [76]. Besides the role in microtubule stabilization, tau has other
functions such as membrane interactions or anchoring of enzymes [77, 78].
Among the 80 Ser/Thr residues on tau, at least 30 phosphorylation sites have
been described, most of which occur on Ser-Pro and Thr-Pro motives. In fact,
phosphorylation of Ser262, located in the first microtubule-binding domain,
dramatically reduces the affinity of tau for microtubules in vitro [79]. Never-
theless, this site alone is insufficient to abolish tau binding to microtubules.
Thus, phosphorylation outside the microtubule-binding domains may also
strongly influence tubulin assembly by modifying the affinity between tau and
microtubules. By regulating microtubule assembly, tau has a role in modulating
the functional organization of the neuron, particularly in axonal morphology,
growth, and polarity [76]. In AD, hyperphosphorylated tau accumulates in
neurons, aggregates into paired helical filaments, and loses its microtubule-
binding and stabilizing function, leading to neuronal degeneration [80]. The
abnormal phosphorylation of tau associated with AD may be related to either
an increase in kinase activity (glycogen synthase kinase 3, cyclin-dependent
kinase-5, p42/44 MAP kinase, p38 MAPK, stress-activated protein kinases,
mitotic protein kinases) or a decrease in phosphatase activity (protein phos-
phatases 1, 2a, 2B) [76, 79, 81-83]. However, there is evidence indicating that
hyperphosphorylated tau exerts protective functions. It has been shown that
oxidative stress and the modification of tau by products of oxidative stress [84]
lead to protein aggregation (formation of neurofibrillary tangles) and enable
neurons to survive for decades [85]. Intriguingly, although neurofilament heavy
subunit has a long half-life, the same extent of carbonyl modification is found
throughout the normal aging process as well as along the length of the axon [86],
suggesting that oxidative stress-modified molecules are under tight regulation.
Neurofilament and tau proteins appear adapted to oxidative stress due to their
high content of lysine—serine—proline (KSP) domains [86]. So, these molecules
may work as a buffer by absorbing lipoxidation-derived and glycoxidation-
derived aldehydes. Furthermore, transfection studies of neuroblastoma cells
showed that HO-1 expression is coordinated with tau phosphorylation suggest-
ing a physiological interaction between cytoskeleton reorganization and oxida-
tion [84]. In addition, the coordination between the enzymatic activity of HO-1
to produce iron and tau to bind iron [42] seems to be related to iron home-
ostasis. These results clearly implicate a regulated process for modifications and
response. Changes such as MAP kinase and HO-1 may be a few of many
responses that interrelate to lipid peroxidative modification [87, 88]. While
more studies are required to understand the role of these oxidative modifica-
tions in neuronal homeostasis, it is tempting to consider them as augmentations
to the neuronal defenses important in protecting the axon. The slow turnover
rate of proteins in the axon, which can take years, may necessitate this
protection.
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4 Conclusions

Oxidative stress plays a major role in the development and progression of AD.
Extensive evidence suggests ROS-mediated oxidative damage to proteins,
lipids, nucleic acids, and sugars in AD and this damage results from extensive
mitochondrial and metal abnormalities. Data from the literature support the
notion that the oxidative modifications that occur in AD may elicit compensa-
tory mechanisms, such as AP deposition and hyperphosphorylated tau that try
to restore the redox balance in an attempt to avoid neuronal death. However,
with the progression of AD and the consequent increase of ROS, efficient
removal of AB—metal complexes and hyperphosphorylated tau would be over-
taken by their disproportionably high generation, resulting in an uncontrollable
growth of plaques and neurofibrillary tangles and, consequently, an increase in
ROS generation.
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Abstract An unfortunate consequence of high metabolism in the brain is the
age-related increase in oxidative stress observed. Multiple lines of evidence
indicate that oxidative stress is one of the earliest events in Alzheimer disease,
occurring before the development of plaques and tangles. The large number of
metabolic signs of oxidative stress and markers of oxidative damage suggest
that oxidative stress likely plays a key pathogenic role in the disease and is
clearly involved in the cell loss and other neuropathology associated with
Alzheimer disease. However, although long-lived markers of oxidative damage
persist throughout the disease, the levels of rapidly turned over markers of
oxidative damage, i.e., oxidized nucleic acids, which are initially elevated,
decrease as the disease progresses to advanced Alzheimer disease indicating
that oxidative stress decreases with disease progression. Thus, the initial burst
of reactive oxygen species not only results in damage to cellular structures but
also engenders a cellular response(s), i.e., the compensatory up-regulation of
antioxidant enzymes found in vulnerable neurons in Alzheimer disease. In
addition, oxidative stress also stimulates the stress-activated protein kinase
pathways, which are extensively activated during Alzheimer disease. In this
chapter, we review the evidence of oxidative stress and compensatory responses
in Alzheimer disease and conclude with a focus mechanism of activation of
stress-activated protein kinase pathways and the role of this pathway in the
disease process.
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1 Introduction

All aerobic organisms produce free radicals, as a direct consequence of energy
production, predominantly in the form of superoxide, a side product formed
during the reduction of molecular oxygen by mitochondria. The average cell
utilizes 10"* O, molecules per day, and of these 10'* O, molecules, approxi-
mately 1% will form O,". As a result, the average cell produces 10'" free
radical species in a day. Neuronal cells, due to their heightened oxygen
metabolism, undoubtedly generate more. This suggestion is supported by
the observation that although the brain constitutes only 2-3% of total body
mass, 20% of the basal oxygen supplied to the body is utilized in the brain.
Normally mitochondria sequester most of the radicals produced; however, the
likelihood of untoward oxidative damage is exacerbated by age and metabolic
demand ultimately contributing to disease conditions such as Alzheimer dis-
ease (AD).

Cerebral metabolism is reduced in AD and impaired mitochondrial function
has been implicated as the cause [1-3]. The reduced activity of specific mito-
chondrial enzyme complexes in AD such as cytochrome oxidase (COX), the
pyruvate dehydrogenase complex (PDHC), and the a-ketoglutarate dehydro-
genase complex (KGDHC) are reflected in the decrease in metabolism [2, 4-9].
The reduction in COX activity was demonstrated to be the result of the complex
losing a kinetically identifiable site for reduced cytochrome ¢ [9]. Most impor-
tantly, the alteration of these key enzymes may favor the increased production
of reactive oxygen species (ROS). Loss of COX activity, the component of the
mitochondrial electron transport chain that directly interacts with molecular
oxygen, may lead to increased side-production of superoxide and that could in
turn back up electrons at the complex I1I site resulting in elevated formation of
ROS in mitochondria. Further, detoxifying ROS requires electrons provided by
a functional Krebs tricarboxylic acid cycle for their chemical resolution. Thus,
reduced efficiency of the Krebs cycle as the result of the deficiency in PDHC and
KGDHC favors the production of ROS. Although mitochondria are significant
producers of ROS they do not themselves exhibit striking evidence of oxidative
damage [10]. For example, oxidative damage to nucleic acids is primarily
limited to the cytoplasm of susceptible neurons in AD using SOHG as a marker
for nucleic acid oxidation [10, 11]. Thus, mitochondria in AD likely supply a key
reactant that, once in the cytoplasm, produces free radicals resulting in cellular
damage. H,O,, which can freely diffuse across the outer membrane of the
mitochondria, is a likely potential candidate. H,O, in the cytoplasm or other
cellular compartments, which have a lower ability to resolve free radicals than
the mitochondria, provides the potential for increased free radical damage [12].
Although H-»O, itself does not pose a significant threat to the cell, because it is
not highly reactive, it is toxic at high levels. Of relevance to neurodegeneration,
H>O, can participate in chemical reactions producing highly reactive radicals
that are able to modify cellular macromolecules.
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The most significant reaction involving H,O, in the cytoplasm is that with
redox-active iron that results in the production of the highly damaging hydroxyl
radical, ®OH, via the Fenton reaction. In AD there are conspicuous changes in
iron distribution localized to the cytoplasm of vulnerable neurons in AD; in
addition, AP deposits and neurofibrillary tangles (NFT) contain redox-active
iron, which mirrors the site of oxidative damage [13]. Dysregulation of cellular
iron metabolism in AD results in impaired iron homeostasis. IRP-1 and IRP-2
are the two major regulatory proteins involved in iron metabolism in the central
nervous system. IRP-2 is increased in AD and is found in association with the
pathologic hallmarks of AD [14]. Ferritin is decreased in the AD brain while the
iron concentration is increased, which would lead to an increase in free iron
[15, 16]. Ferritin expression is regulated by the binding of IRPs to a conserved
RNA structure, termed the iron-responsive element (IRE), found in the ferritin
mRNA. Binding to the mRNA can repress translation, 5’ end of the message, or
enhance mRNA stability, 3’ end of the message, thereby regulating the amount
of ferritin produced in the cell. The disruption observed in iron homeostasis in
AD seems to be linked to alterations in the IRP/IRE interaction [14, 17].
Another source of increased ROS production is provided by the alteration in
copper homeostasis found in AD [18], but in this case the alteration is specifi-
cally associated with AP deposits.

A final category of ROS producers is the lesion-associated proteins, such as A,
found in AD. AB-mediated neuronal damage appears to be caused by free radical
damage to membranes and, as such, can be attenuated using antioxidants such as
vitamin E [19, 20] or catalase [21]. AB-induced lipid peroxidation results in the
production of several reactive aldehydes including HNE that are capable of
modifying membrane proteins and changing their function which in turn leads
to deleterious consequences to neuronal cells. For example, AB-induced HNE
production impairs the glutamate transporter, the glucose transporter, mitochon-
drial function in synaptosomes, and disrupts ion homeostasis [22-26]. Fibrillar A
generates ROS by binding to the receptor for advanced glycation end products
(RAGE) which initiates an oxidative inflammatory response [27]. Senile plaques
activate microglia, the macrophages of the brain, which produce free radicals [28].
Lastly, NFT and senile plaques contain abundant iron [29], which, as described
above, is critical to the initiation of free radical formation. Indeed, the cell free
generation of H,O, by AP resulting in its neurotoxicity is mediated by the peptide-
binding catalytic amounts of Cu®>* [30] or by its direct interaction with iron [31].
The latter observation led us to consider AP as redox-active with both prooxidant
(in vitro) and antioxidant (in vivo) activities [10, 32, 33].

2 Evidence of Oxidative Stress in Alzheimer Disease
As detailed above, free radical generation is an inherent property of the high

metabolism found in neurons and the potential for oxidative damage is
increased with age. Free radicals produced during oxidative stress have been
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postulated to be pathologically important in the development of Alzheimer
disease (AD) and other neurodegenerative diseases [34, 35]. Oxidative modifi-
cation is observed in virtually all classes of biomacromolecules in the susceptible
neurons of AD. First, DNA and RNA are oxidized as shown by the increased
levels of 8-hydroxyl-2’-deoxyguanosine [SOHdG) and 8-hydroxyguanosine
[BOHG) found in vulnerable neurons. Higher levels of DNA breaks, DNA
nicking, and fragmentation are observed in AD patients indicating a deficiency
in DNA repair [10, 11, 32, 36, 37]. Oxidative modification of proteins is
indicated by the significantly elevated levels of protein carbonyls and the
widespread nitration of tyrosine residues [38—40]. Proteomic analysis has
been used to identify proteins that are specifically oxidized [41-43]; many are
enzymes related to ATP generation or enzymes involved in glycolysis, for
example, creatine kinase BB, an enzyme involved in production of high-
energy phosphate used for ATP synthesis. Oxidative modification of these
proteins may in turn lead to the metabolic impairment evident in AD
[44-46]. Protein crosslinking by oxidation may render the proteins found
in lesions unavailable for intracellular or extracellular degradation even
though they are extensively ubiquitinated [47—49]. Lipid peroxidation is
marked by higher levels of thiobarbituric acid reactive substances
(TBARS), malondialdehyde (MDA), 4-hydroxy-2-transnonenal (HNE), iso-
prostane, and the altered phospholipid composition of membranes [26, 50].
Lastly, modification to sugars is marked by increased glycation and glycox-
idation products [34, 51-53].

Oxidative stress represents a very early contributor to the disease process.
The very earliest neuronal and pathological changes characteristic of AD show
evidence of oxidative damage [10, 32, 54, 55]. A systematic examination of the
spatiotemporal relationship between oxidative modification and the presence of
hallmark AD lesions at early AD stages in our laboratory suggests that oxida-
tive damage is present in susceptible neurons even before they exhibit neurofi-
brillary pathology [11, 56]. In addition, analysis of the cytoplasm of cerebral
neurons from Down syndrome cases showed a marked accumulation of SOHG,
as well as advanced glycation end products and nitrotyrosine, at ages preceding
amyloid-p (AB) deposition by decades [32, 33, 57]. The primacy of oxidative
damage has been recapitulated in a transgenic mouse model of AD, Tg2576, in
which lipid peroxidation was significantly increased in 7-8-month-old animals,
which precedes apparent AP deposition and increases in A levels by several
months [55].

Neurites with membrane abnormalities, i.e., extensive lipid peroxidation,
more frequently contain paired helical filaments (PHF) suggesting that oxida-
tive stress may play a role in the development of neuritic abnormalities [58].
Further linkage between oxidative stress and dystrophic neurites is provided by
a vitamin E-deficient rat model, which undergo continuous tissue-selective
oxidative stress. These rats contain dystrophic neurites analogous to those
associated with the senile plaques of AD [59].
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3 Cellular Responses to Oxidative Stress

Neurons contain a number of systems to regulate oxidative balance. Conse-
quently, utilization of compensatory mechanisms in the face of oxidative stress
would be expected to occur in AD. The finding that the pentose phosphate
pathway is induced in AD provided one of the first examples of oxidative stress
in AD [60]. Oxidant defense in cells is accomplished by the accumulation of
reducing equivalents in the form of NADPH. Heme oxygenase-1 (HO-1], an
NADPH-requiring enzyme and the rate-limiting enzyme for conversion of the
prooxidant heme to the antioxidant bilirubin, is induced in AD, substantiating
the presence of an active antioxidant defense in AD [61, 62]. HO-1 induction is
synchronous with tau accumulation in neurons [63, 64], so the reduced oxida-
tive damage in neurons with tau accumulation may reflect the induction of an
antioxidant response [56]. Generation of NADPH results in a concomitant
increase in glutathione and free sulfhydryls. Vulnerable neurons show a specific
increase in free sulfhydryls [65]; sulfhydryls are a major component of the
cellular antioxidant defenses to ROS and secondary metabolites. Additional
evidence that the vulnerable neuronal cells are mobilizing antioxidant defense in
the face of increased oxidative stress is the induction of Cu/Zn superoxide
dismutase, catalase, GSHPx, GSSG-R, peroxiredoxins, and several heat
shock proteins and their association with intracellular fibrillary pathology
[64, 66-68].

The relationship between oxidative modification and the hallmark AD
lesions in a spatiotemporal context would appear to present a paradox.
Whereas stable glycation products and HNE-adducts are predominantly
associated with NFT and AP deposits, reversible or rapidly degraded
adduction products such as 80OHG and nitrotyrosine are predominantly
found in the cytoplasm of vulnerable neurons lacking cytopathology [10,
11, 39]. Thus, the data support a model in which oxidative stress, with its
transient markers such as SOHG and nitrotyrosine, precedes formation of
long-lived lesions. In fact, when short-lived products are analyzed, the
damage is restricted to cytosolic compartments, and NFT and AP are
inversely correlated [32]; i.e., cases of AD with the most extensive A
deposits show the lowest 8OHG levels and neurons containing NFTs
also have significantly lower levels of 8OHG, despite an obvious history
of oxidative damage, i.c., advanced glycation end products (AGEs) or lipid
peroxidation. One possible interpretation is that both AP production and
NFT formation represent cellular responses to increased oxidative stress by
serving an antioxidant function. The fact that neurons containing NFTs
can actually survive for decades supports this view [69]. HNE modification
of tau is phosphorylation dependent [70, 71], which greatly increases its
ability to form filaments similar to those found in NFTs in vitro [72] and
in cells [72], suggesting that lipid peroxidation and NFT formation may be
regulated by signal transduction pathways [73]. An obvious candidate is
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the stress-activated protein kinase (SAPK) pathways. In addition, oxida-
tive stress upregulates production of both amyloid-f protein precursor
(ABPP) and AP [74, 75], which depends on the SAPK pathways.

4 Role of Stress-Activated Protein Kinase in Oxidative
Stress Signaling

Multiple signaling pathways are induced by cellular stresses such as oxidative
stress resulting in alterations in gene expression and enzyme activity. The SAPK
pathways are the central mediators propagating stress signals from the mem-
brane to the nucleus and are one such pathway. In neuronal cells, potentially
deleterious stimuli such as deprivation of trophic factors, UV irradiation, free
radicals, hypoxia, ischemia, heat shock, and cytokines provoke an intracellular
stress response that either leads to apoptosis or defensive/protective adapta-
tions. SAPK and its downstream effectors, in conjunction with other signaling
pathways, are the major molecules involved in this bipartite response, which
can accordingly lead to either neurodegeneration or neuroprotection depending
on the cellular and environmental conditions [76]. The two major SAPK
pathways are JNK/SAPK and p38/SAPK?2. The importance of SAPK as a
pathological modulator is being increasingly recognized [77]. SAPK pathways
play important roles in cellular processes from gene expression, to inflamma-
tion, to cell death, all of which are likely involved in a chronic disease condition
such as AD.

The entire JNK/SAPK pathway is altered in AD, as delineated in a number
of studies dissecting the signaling cascade involved in AD (reviewed in [78-80]).
JNK1 was associated with Hirano bodies in cases of AD and JNK2 and JNK3
were associated with neurofibrillary pathology whereas, in contrast, there was
only diffuse staining in the cytoplasm of all neurons in control cases and in non-
involved neurons in diseased brain [81]. Significantly, JNK was redistributed
from the nucleus to the cytoplasm in AD [81, 82] in a manner that correlates
with the progression of the disease; phospho-JNK is exclusively localized in
association with neurofibrillar alterations in severe AD cases [81]. Initially,
JNK/SAPK activation precedes AP deposition [81, 83], suggesting that JNK/
SAPK activation is independent of A, although AP may provide feedback at a
later time enhancing its activation. In early AD, nuclear localization of active
JNK/SAPK is almost uniformly detected in most susceptible neurons. This
pattern is similar to the oxidative marker 8SOHG, which suggests that oxidative
stress is a likely activator of the JINK/SAPK pathway in AD. As discussed
above, mitochondria are one of the major sources of oxidative stress and likely
produce some key effector molecule in the cytoplasm such as H,O,. In addition
to causing damage to macromolecules via the formation of more reactive free
radicals, ROS such as H,0, also serve as a signaling molecule that stimulates
protein kinase cascades coupled to inflammatory gene expression, antioxidant
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responses, or in control of the cell cycle [84]. Therefore, the same compound
supplied by mitochondria that leads to the oxidative damage as demonstrated
by the production of 8OHG may also lead to the cellular responses that are
coordinated by the activation of INK/SAPK.

The activation of JNK/SAPK by oxidative stress has been linked with
consequent apoptosis in several models, however, the actual number of cells
dying by JNK/SAPK-mediated apoptosis occurring in the AD brain at any
point in time is small [85-89] given the large population of neuronal cells that
demonstrate activated JNK/SAPK. Thus, the nuclear localization of active
JNK/SAPK [81, 78] may reflect an effect on gene expression, which is supported
by the observation that c-Jun is also induced and activated in the same neuronal
populations in AD [90-92] (Zhu and colleagues, unpublished results) as an
antioxidant response rather than as an initiator of the apoptotic machinery
resulting from oxidative stress. Activation of INK/SAPK pathway may mod-
ulate the induction of several antioxidant enzymes that are induced in AD such
as HO-1 and superoxide dismutase-1 [61, 66, 93, 94], however, whether the
induction of those enzymes is indeed downstream of INK/SAPK activation in
AD merits further investigation. Nevertheless, an increase in the expression of
certain mitochondrial genes that are involved in functional compensation has
been described in both AD brain and the Tg2576 ABPP transgenic mouse model
[95, 96]. Further, a distinctively different pattern of gene expression in suscep-
tible neurons in AD compared to neurons from control cases is observed and
many of the differentially expressed genes are regulated by c-Jun [97, 98],
supporting the idea of compensatory adaptation via the JNK/c-Jun pathway.
As the disease progresses, active INK/SAPK is redistributed from the nucleus
to the cytoplasm [81] suggesting that in late stage AD, JNK/SAPK plays a role
in the phosphorylation of the tau protein resulting ultimately in the formation
of NFTs. Under conditions of chronic oxidative stress where the cellular anti-
oxidant defenses may be overwhelmed, which is likely to be the case in a chronic
neurodegenerative disease such as AD, structural adaptations such as phos-
phorylation of the tau protein via JNK/SAPK activation and formation of
NFTs may serve an antioxidant function in susceptible neurons [10, 56, 99].
Activation of MKK6 and p38 is also well documented in AD and other
tauopathies as well as their association with neurofibrillary pathology [84, 78,
100—-105]. The nearly identical activation profiles for phospho-JNK and phos-
pho-p38 in AD cases suggest that JNK and p38 are activated in neurons by the
same signal [78].

SAPKs may be activated by AP given that AP plays a key role in the
pathogenesis of AD and that an oxidative event mediates AP toxicity. Several
groups have shown that A} induces a two- to threefold activation of JNK in
different neuronal cell types and that this activation is directly related to
Ap-induced cell death [106—-109]. An in vivo study showing that JNK and p38
are activated in an age-dependent manner in Tg2576/PS17%%*t mice and that
JNK activation is localized to abnormal neurites within amyloid deposits
provides further support [110]. Based on the observation that lipid
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peroxidation, a marker of oxidative stress, precedes AP deposition in Tg2576
mice [55], it is tempting to suggest that oxidative stress activates JNK/SAPK
and that subsequently elevated levels of AP contributes to further activation of
JNK/SAPK. In fact, recent evidence suggests that activation of JNK/SAPK in
response to oxidative stress increases BACE activity which in turn results in
elevated levels of AP, suggesting a feed-forward cycle [111-113]. To delineate
the primacy of these events, a systematic examination of the temporal relation-
ship between oxidative stress, JNK/SAPK activation, and AP deposition
should be undertaken in these mice. Moreover, the effect of an increase in A
on JNK activation is currently under debate; it has been suggested that JINK
activation is mediated by an oxidative stress mechanism. Indeed, causality of
AB-mediated JNK activation is cast in doubt by the observation that some
transgenic mice (such as PS172** mice) with elevated Ap levels do not show
JNK activation and not all AB-containing neurons show JNK activation [82],
suggesting that some additional element(s) is/are involved. One possibility is
provided by the finding that JNK is strongly activated in ABPP transgenic mice
with extensive iron accumulation and oxidative damage, but not in ABPP
transgenic mice with little iron accumulation and oxidative damage [114, 115].
Thus, iron and ROS may play an important role in mediating Af-induced JINK
activation since AP plaques are present in both cases. This is further supported
by in vitro studies suggesting that ROS, like H,O,, are involved in mediating
JNK activation induced by AB[116, 117].

5 Conclusions

As one of the earliest events in AD pathogenesis, oxidative stress plays a
significant role in the initiation of AD pathology. Mitochondrial abnormalities
may cause the genesis of oxidative damage and the responses to it in AD by
initiating oxidative stress (Fig. 1). As a consequence of releasing excess H,O»,
dysfunctional mitochondria propagate a series of events involving redox metals
and oxidative stress response elements. This may be exacerbated by increases in
AP, which, in the presence of redox-active ions, may also cause H,O, genera-
tion. The formation of highly reactive ®OH by the interaction of H,O, and
metal ions poses a great threat to neuronal cells by damaging important
macromolecules, however, compensatory responses provoked by H,O, via
the activation of SAPK pathways and downstream effectors such as antiox-
idant enzymes, tau phosphorylation, and NFT formation may protect neurons
from succumbing to the oxidative insults. As may be expected in a chronic
disease, a shift in homeostasis may achieve a dynamic balance between oxida-
tive damage and compensatory responses. While this may preserve the life of the
neuron it may not maintain proper functioning. The challenge is to determine
the extent to which the disease process is driven by oxidative stress and eluci-
dating the relationship between dysfunctional mitochondria and Ap.
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Fig. 1 Schematic of
proposed oxidative stress
pathway in Alzheimer
disease. Normally H,O,
generated by mitochondria
is resolved by catalase to
yield H,O (zop). In the
disease state, HO,
production is increased
while catalase is decreased.
In the presence of transition
metals, the increased H,O,
leads to oxidation of
biomolecules and activation
of the SAPK/Jnk pathway.
This leads to induction of
antioxidant genes, i.e.,
HO-1, as well as BACE-1,
which results in increased
AP production potentially
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Nitrated Proteins in the Progression of Alzheimer’s
Disease: A Proteomics Comparison of Mild
Cognitive Impairment and Alzheimer’s

Disease Brain

Rukhsana Sultana, Rena A. Sowell, and D. Allan Butterfield

Abstract Oxidative stress and nitrosative stress have been reported to play
important roles in the pathogenesis of a number of diseases including neurode-
generative diseases, cancer, ischemia, etc. Reactive nitrogen species are highly
reactive and unstable. One of the best ways to quantify the amount of nitrosative
stress is to measure the levels of 3-nitrotyrosine level. In addition, by using
proteomics selective targets of protein nitration can be identified. In this
chapter we discuss the roles of proteomics-identified nitrated brain proteins
to the pathology of both mild cognitive impairment and Alzheimer’s disease.
The identity of these nitrated proteins improves understanding of the role of
nitrosative stress in the pathogenesis and progression of disease from MCI to
AD. Such studies could also help in early detection and may provide therapeutic
targets for early treatment that may slow disease progression.

Keywords Nitrosative stress - 3-nitrotyrosine - Proteomics - Alzheimer’s
disease - Mild cognitive impairment

1 Nitrosative Stress

Oxidative stress and nitrosative stress have been reported to play important
roles in the pathogenesis of a number of diseases including neurodegenerative
disease, cancer, ischemia, etc. [1-5]. Nitrosative stress is caused by increased
levels of reactive nitrogen species (RNS). RNS are highly reactive and toxic.
RNS include nitric oxide (NO), peroxynitrite, nitrogen dioxide, etc. [6, 7]. Nitric
oxide synthase (NOS) produces NO, a free radical. Under physiological
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conditions NO is produced for relatively specific cellular targets [8]. However,
under certain cellular conditions NO is produced by inducible NOS (iNOS) in
higher amounts, which can then react with superoxide to form peroxynitrite [9].

Peroxynitrite has a half-life of less than one second and is highly reactive. NO
or peroxynitrite can react with thiols to form nitrosothiols, or peroxynitrite also
can react with tyrosine residues, one of the preferential sites of phosphorylation,
at the meta position to form 3-nitrotyrosine (3NT) [10]. These modifications of
roteins could affect the structure and thereby function of the proteins including
alterations of cell signaling, catalytic activity, cytoskeletal organization, and
inflammatory response [11-15]. Hence, increased levels of protein nitration can
have detrimental effects on cell viability and function [16].

A number of previous studies showed that nitration of proteins may lead to
inactivation of several important mammalian proteins such as antioxidant
enzymes [17], structural proteins, energy-related mitochondrial proteins, and
neurotransmitter-related proteins [12, 18, 19]. Several studies suggested that
protein nitration is a reversible process analogous to phosphorylation and this
may serve as a cellular signal [20, 21]. For example, proteins that are nitrated
were reported to be more prone to proteosomal degradation than their counter-
parts [18]. Since RNS themselves are unstable, one of the best ways to quantify
the amount of nitrosative stress is to measure the products of RNS, e.g., levels
of 3-NT [11].

2 Alzheimer’s Disease and Protein Nitration

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder that is
pathologically characterized by the presence of extracellular amyloid plaques,
intracellular neurofibrillary tangles (NFT), and loss of synaptic connections
within selective brain regions. Hyperphosphorylated tau protein is the main
component of NFT that forms paired helical filaments and related straight
filaments. Amyloid plaque has amyloid beta-peptide (AB) as the main compo-
nent and is considered to play a causal role in the development and progression
of AD [22]. AP peptides are generated from A peptide precursor protein (APP)
by the action of - and y-secretases. AP exists in many forms, such as soluble
form, aggregated form, oligomeric form, protofibrils (PF), and fibrils [23, 24].
Considerable research has shown that A toxicity is associated with oligomers,
PF, and amyloid-derived diffusible ligands (ADDLs) [25-27].

Although the exact mechanism of AD pathogenesis is not clearly under-
stood, mutation of presenilin-1 (PS-1), presenilin-2 (PS-2), and APP genes has
been found to be associated with inherited AD [28, 29]. In addition, other genes
like allele 4 of the apolipoprotein E (APOE) gene, endothelial nitric oxide
synthase —3 gene, and the alpha-2-macroglobulin gene have been associated
with AD [30, 31]. Further, the amyloid cascade, excitoxicity, oxidative stress,
and inflammation hypothesis have been proposed for AD mechanisms, and all
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these are based on the role of AP [32-34]. There are large number of evidences
that suggest a role of oxidative stress in the pathophysiology of AD [33, 35, 36].
Oxidative stress in AD brain is manifested by decreased levels of antioxidant
enzymes and also by increased protein oxidation (including protein carbonyls
and 3-NT formation), lipid peroxidation, DNA oxidation, advanced glycation
end products, and reactive oxygen species (ROS) formation, among other
indices. The role of oxidative stress is supported by the use of vitamin E in
cell culture that diminishes A (1-42)-induced toxicity [37].

A number of previous studies support the role of nitrosative and oxidative
injury in the pathogenesis of AD [22, 36, 38, 39]. The early markers of oxidative
stress and nitrosative stress in a cell include the formation of protein carbonyls,
the lipid peroxidation product, 4-hydroxy-2-nonenal (HNE), and 3-NT [12, 19,
38, 40—45]. The role of RNS in AD pathology is based on the elevated levels of
nitrated proteins that were found in AD brain and cerebrospinal fluid (CSF)
[12, 19, 44]. In AD brain and ventricular cerebrospinal fluid (VF) increased
levels of DiTyr and 3-NT were reported [46] that probably reflect increased
leakage of mitochondrial electron equivalents that may nitrate proteins.
Further, immunohistochemistry showed the presence of nitrated tau in pretangles,
tangles, and tau inclusions in AD brain. However, the levels of 3-NT were found
to be more in pretangles of early AD brain compared to that of more advanced
brain that suggest the involvement of tau nitration as an early event in AD
pathogenesis [47, 48].

3 Mild Cognitive Impairment and Protein Nitration

Mild Cognitive Impairment (MCI) is characterized by loss of recent memory
without dementia or significant impairment of other cognitive functions and
with no loss of activities of daily living [49]. MCI is divided into two broad
subtypes based on memory impairment, i.e., amnestic MCI and non-amnestic
MCI. Many MCI subjects show some of the neuropathological features of
AD at autopsy such as significant medical temporal lobe atrophy, while others
demonstrate low CSF-B amyloid (1-42) concentrations, factors that are asso-
ciated with the senile plaques common to AD. In addition, there are also genetic
similarities such as mutations in allele 4 of APOE, PS1, and the APP [50, 51]
Studies from our laboratory and others have proposed the role of oxidative
stress and nitrosative stress in the progression of MCI to AD [52, 53]. Like AD,
in MCI patients, plasma mean levels of non-enzymatic antioxidants and
activity of antioxidant enzymes appeared to be lower than in controls
[53-55]. Further, studies showed increased oxidative damage in nuclear and
mitochondrial DNA, as indexed by increased levels of 8-hydroxyguanosine
(8-OhdG), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (fapyguanine),
8-hydroxyadenine, 4,6-diamino-5-formamidopyrimidine (fapyadenine), and
5-hydroxycytosine in MCI brain [56, 57]. In addition, other markers of
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oxidative stress such as lipid peroxidation products isoprostane were found to
be elevated in MCI plasma, urine, and CSF [58]. Our laboratory and others
have shown increased levels of protein-bound and protein-free HNE [59-63] in
MCT hippocampus and inferior parietal lobules compared to those of control
brain [64]. Further, from our laboratory we also showed an increased level of
protein-bound 3-NT levels that suggest the involvement of nitrosative stress at
MCI stage [15].

4 The Proteomics Approach
4.1 Redox Proteomics

Redox proteomics focuses on the identification and quantification of oxida-
tively modified proteins. Several oxidative posttranslational markers have been
studied by redox proteomics, e.g., protein carbonyls, HNE-bound protein,
protein glutathionylation, etc. [65]. In this chapter, we focus on the application
of redox proteomics to determine posttranslationally modified proteins via
nitration of tyrosine residues. Redox proteomics methods most often involve
the coupling of two-dimensional (2D) gel electrophoresis techniques with mass
spectrometry (MS) and 2D-Western blotting analysis.

Figure 1 shows an experimental scheme of the overall approach. A detailed
description is provided elsewhere [66, 67]. Briefly, the experiment is carried out
as follows. Samples are split into two equal aliquots and each separated by
isoelectric focusing (IEF) coupled to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE). The IEF SDS PAGE separation is based on the
physiochemical properties of isoelectric point and migration rate (proportional
to molecular weight). One gel is stained with Sypro Ruby and scanned at the
appropriate wavelengths for total protein detection. The other gel is used to
transfer proteins onto a nitrocellulose membrane for 2D-Western blot analysis.
After transfer, the 2D-Western blot is probed with anti-3NT primary antibody
and nitrated proteins are visualized with a colorimetric alkaline phosphatase
assay. Protein spots in gels and blots are aligned and matched utilizing powerful
image analysis software (i.e., PDQuest). Nitration levels for individual proteins
are calculated by normalization to total protein levels in the gel (i.e., the ratio
of the spot intensity on the 2D blot to the spot intensity on the gel). This takes
into account changes in protein expression levels that may influence protein
nitration levels.

Statistical analysis with ANOVA or Student’s t-tests is carried out to
determine the significance of changes in nitration between age-matched control
and MCI or age-matched control and AD samples, respectively. Protein spots
of interest are excised, digested with trypsin, and analyzed by matrix-assisted
laser desorption ionization (MALDI)-MS analysis. Mass spectra are submitted
to the MASCOT database search engine for final protein identification.
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Fig. 1 Proteomics protocol utilized for the identification of nitrated proteins in MCI and AD brain

Goodness of fit of the proteins is embodied in the associated MOWSE score
[-10log; p], where “p” represents the probability of a random identification
of the protein of intent. Only proteins with MOWSE scores at or above a 95%
confidence level (i.e., a score of 65 in these studies) are considered for further
analysis. We note that a few proteins having a significant MOWSE score had
nonsignificant increases (i.e., p > 0.05) in protein nitration in MCI [i.e., malate
dehydrogenase, p < 0.06 [15]] and AD [i.e., B-actin, p = 0.08; lactate dehydro-
genase, p = 0.16; y-enolase, p > 0.20 [12]]. However, based on the biological
functionalities of these proteins and their relationships with MCI and AD
pathology, they have been included in the discussions below.
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4.2 Identification of Nitrated Proteins in the MCI Brain

As mentioned above, elevated levels of nitration have been demonstrated
previously in MCI inferior parietal lobule (IPL) and hippocampal brain
regions [15, 52]. A comprehensive list of nitrated proteins in MCI brain,
including functional categorizations, is provided in Table 1. This list includes
the following proteins: o-enolase, glucose-regulated protein precursor,
aldolase, malate dehydrogenase, glutathione-S-transferase Mu (GSTM3),
multidrug-resistant protein (MRP3), 14-3-3-y, peroxiredoxin 6 (PR VI),
dihydropyrminidase-like protein-2 (DRP2), fascin 1, and heat shock protein
70 (HSPAS). Nitrated proteins in MCI can be grouped into several distinct
biological functions and are discussed below with regard to MCI and AD
pathology.

Table 1 Functional categorization of nitrated proteins identified in MCI and AD

Protein function MCI* AD
Energy dysfunction o-Enolase o-Enolase®™®
Aldolase y-Enolase®
Malate Triosephosphate isomerase®
Dehydrogenase Glyceraldehyde-3-phosphate
Dehydrogenase®

Lactate dehydrogenase®

Mitochondrial dysfunction - ATP synthase a-chain®
Voltage-dependent anion
channel protein 1¢

Lipid abnormalities and cholinergic — — Neuropolypeptide h3°
dysfunction
pH buffering and CO, transport - Carbonic anhydrase 11°
Neuritic abnormalities and DRP2 DRP2°¢
structural dysfunction Fascin 1 B-Actin®

Antioxidant defense/detoxification GSTM3 —
system dysfunction MRP3
Peroxiredoxin 6
Glucose-regulated
protein precursor
HSPAS

Cell signaling 14-3-3-y _
dysfunction

# For nitrated proteins identified in MCI, please see reference [15].

® For these nitrated proteins identified in AD, please see reference [12].
¢ For these nitrated proteins identified in AD, please see reference [19].
Nitrated proteins in bold are in common in both MCI and AD.
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4.3 Energy Dysfunction

Proteins with elevated levels of nitration in MCI brain that are involved in
energy metabolism are o-enolase, aldolase, and malate dehydrogenase [15].
Aldolase and o-enolase are enzymes directly involved in glycolysis. For
example, aldolase catalyzes the conversion of fructose 1, 6-biphosphate into
dihydroxyacetone phosphate and glyceraldehyde-3-phosphate in the second
stages of glycolysis. a-Enolase is one of the subunits of the enolase enzyme
that catalyzes the formation of phosphoenol pyruvate from the dehydration
of 2-phosophoglycerate in the final stages of glycolysis. Malate dehydrogenase,
on the other hand, catalyzes the conversion of malate to oxaloacetate in
gluconeogenesis by transporting nicotinamide adenine dinucleotide (NADH)
from the mitochondrion to the cytosol.

Because energy metabolism in the brain is heavily dependent on ATP
generated from glycolysis any disruptions to the activities of glycolytic enzymes
are detrimental to normal brain functions. Our laboratory and others have
shown that oxidative modification of z-enolase in MCI and AD results in a loss
of enzyme function and hence reduced amounts of ATP [12, 42, 45, 68-70].
Moreover, proper neural communication relies on the stores of ATP present in
nerve terminals. Thus decreases in ATP, as a result of loss in glycolytic enzyme
function, may contribute to synapse loss and dysfunction that lead to memory
impairment and cognitive decline [71] as observed in amnestic MCI and AD.
Other consequences of reduced ATP levels may include the following: impaired
ion-motive ATPase activity with subsequent altered cell potential, loss of
membrane lipid asymmetry and intercellular communication, and the induction
of hypothermia which induces abnormal tau hyperphosphorylation [64, 72].

4.4 Neuritic Abnormalities and Structural Dysfunction

Maintenance of cytoskeletal structural integrity is crucial for proper neuronal
transmission, especially with regard to the brain’s ability to perform normal
memory processes. DRP2 is involved in neuronal repair and in axonal out-
growth [73, 74] by regulating collapsin activity. Collapsin is a protein involved
in dendritic elongation and axonal outgrowth. Thus, nitration of DRP2 may
lead to a loss of collapsin activity and may be responsible for shortened
dendritic length, which has been previously observed in AD brain [75]. Our
lab has previously observed DRP2 to have increased oxidation (i.e., protein
carbonyls) and decreased expression in AD brain [42, 45]. Ultimately, oxidative
and nitrosative modification of DRP2 in MCI may be responsible for or
enhance neuritic degeneration and synapse loss, pathological hallmarks of
AD [75], resulting in cognitive deficits.

Fascin 1 is a structural protein involved in cell adhesion [76] and cell motility
[77] and is a marker for dendritic functionality [78]. Nitration of fascin 1 could
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lead to a loss of protein function. Because fascin 1 has been shown to provide
protection against oxidative insult [79], nitration and subsequently loss of function
could lessen the cells natural defenses against oxidative stress. In addition, damage
to fascin 1 may lead to poor neurotransmission from dendritic projections based
on its role in cell adhesion. To date, this is the first association of fascin 1 with a
neurodegenerative-related disorder.

4.5 Antioxidant Defense|Detoxification System Dysfunction

GSTM3, MRP3, PR VI, glucose-regulated protein precursor, and HSPAS
are involved in antioxidant defenses or detoxification processes within the cell.
GSTM3 is an enzyme that functions in the detoxification of carcinogens, envir-
onmental toxins, therapeutic agents, and byproducts of oxidative stress [80, 81].
The mechanism of action of GSTM3 involves the conjugation of these toxins
(e.g., xenobiotics or HNE) with glutathione. MRP3 then removes glutathione-
conjugated toxic products out of the cell [§2—84]. Thus, impairment of GSTM3
and MRP3 by nitration may result in impairments to the detoxification system
crucial for removing ROS and toxic byproducts and maintaining low levels
of oxidative stress. In addition to nitration, our lab has reported oxidative
modification of GST and MRP1 by HNE in AD brain [84]. The proteomics
results are consistent with reports of increased HNE levels in MCI IPL and
hippocampal brain regions [66].

Peroxiredoxin VI is an efficient antioxidant enzyme that catalyzes the reduc-
tion of peroxynitrite [85] and is also involved in cell differentiation and apoptosis.
Interestingly, PR VI forms a complex with GST [86], suggesting that alteration of
either of these proteins can have detrimental effects on the detoxification and
antioxidant systems of the brain. Changes in PR VI activity may also influence
phospholipase A2 activity, a protein regulated by peptidyl prolyl cis/trans
isomerase (Pin 1). Pin 1 is downregulated and has reduced activity in AD brain
and may contribute to abnormal tau hyperphosphorylation which results in NFT
formation [87, 88]. We have previously identified Pin 1 to be oxidatively modified
through protein carbonylation in both MCI and AD brain [69, 89]. Nitration of
GSTM3, MRP3, and PR VI may ultimately result in increased oxidative and
nitrosative stress in MCI brain that contributes to disease pathology.

Glucose-regulated protein precursor is indirectly involved in energy produc-
tion by regulation of glucose levels. It also belongs to the family of proteins that
are molecular chaperones for the endoplasmic reticulum (ER) and thereby
regulate proper protein folding of ER-associated proteins [90]. In situations
where ER undergoes stress, glucose-regulated proteins (GRPs) help to protect
against cell death [90]. Interestingly, inhibition of basal levels of GRP78 has
been shown to increase AP(1-40) and AP(1-42) in cells [91]. Nitration of
glucose-regulated protein precursor may influence the normal expression of
GRPs under conditions of ER stress (e.g., oxidative damage). This may hinder
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protective mechanisms in cells, increase cell death, and lead to increased level of
AP found in senile plaques (SP) of MCI patients.

Finally, HSPAS is a chaperone protein belonging to the heat shock family of
proteins. HSPs function by repairing misfolded proteins in response to cellular
stress (i.e., oxidative damage, elevated temperature, etc.). Nitration of HSPAS
in MCI brain may result in functional impairment that may lead to elevated
levels of misfolded proteins and thus increased amounts of protein aggregates
[15]. Protein aggregates can cause inefficiencies in the proteasome due to
“clogging,” and hence these aggregates accumulate in the cells and contribute
to disease pathology (e.g., AP peptide aggregates result in SP in AD brain).
Other HSPs have been identified as oxidatively modified in AD [42] demon-
strating the role of normal molecular chaperoning ability as an important
pathway to reduce cellular and pathological defects observed in MCI brain.

4.6 Cell Signaling Dysfunction

14-3-3 Proteins are scaffolding proteins involved in signal transduction, protein
trafficking, and metabolic processes [92, 93]. Several studies have reported 14-3-3
proteins to be increased in AD brain [94], and CSF [95] as well as in models of AD
[45, 96, 97]. Nitration of 14-3-3-y in MCI has important consequences, primarily
due to the binding relationship of 14-3-3 to the proteins glycogen synthase kinase
3B (GSK 3pB) and tau [98]. Conformational changes to the structure of 14-3-3 due
to nitration could affect normal binding of these proteins and may enhance tau
hyperphosphorylation [99]. Thus, nitration of 14-3-3-y may indirectly contribute
to NFT found in MCI and in AD brains [15].

5 Identification of Nitrated Proteins in the AD Brain

In order to fully understand the role of nitration in the progression from MCI to
AD, a brief discussion of nitrated proteins that our laboratory has identified
with redox proteomics techniques in AD brain is presented. Proteins with
increased levels of nitration in AD brain, as listed in Table 1, are as follows:
o- and y-enolase, triosephosphate isomerase (TPI), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), lactate dehydrogenase (LDH), ATP synthase
a-chain, voltage-dependent anion channel 1 (VDAC), neuropolypeptide h3,
carbonic anhydrase II, DRP2, and B-actin [12, 19]. In comparing the functional
categories associated with these proteins to those observed in MCI, there is
overlap in dysfunction of energy-related proteins and those involved in neuritic
abnormalities and structural dysfunction. Because these proteins may be
involved in recurring pathways in the progression of MCI to AD, the implica-
tions of nitration to proteins in these pathways as well as mitochondrial
dysfunction, lipid abnormalities and cholinergic dysfunction and pH buffering
and CO, transport are discussed.
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5.1 Energy Dysfunction

Energy-related enzymes that are nitrated in AD brain are «- and y-enolase, TPI,
GAPDH, and LDH. As described above in MCI, dysfunction in energy-related
enzymes can lead to decreased levels of ATP that are absolutely necessary for
normal glucose metabolism in the brain and proper neuronal function. Positron
emission tomography (PET) scans have shown that glucose metabolism is
altered in the AD brain [100-102] and other studies have reported glucose
intolerance in AD [103, 104]. These studies correlate with findings reported
from our laboratory using redox proteomics of disturbances in energy-related
pathways. Alterations in glucose metabolism are a pathological hallmark of
AD, and as demonstrated above in these redox proteomics analyses, also in
earlier disease stages such as MCI. These five enzymes are all directly or
indirectly involved in the glycolysis pathway and thus are important to main-
tenance of proper glucose metabolism and ATP levels in the brain.

y-Enolase is the second subunit, along with a-enolase, of the heterodimer
enzyme enolase that is directly involved in glycolysis. Nitration of both enolase
subunits, which are the predominant forms in the brain, can cause inefficiencies in
the catalysis of 2-phosphoglycerate to phosphoenol pyruvate in glycolysis. These
inefficiencies may then lead to a reduction in cellular ATP. a-Enolase has been
reported as having increased levels in AD brain, oxidative modification through
protein carbonylation, and a decreased activity [12, 42, 45, 70], thus providing
direct evidence of its role in glucose metabolism impairment. TPI is an enzyme that
provides high catalytic conversion of dihydroxyacetone phosphate into glyceral-
dehyde-3-phosphate in the second stages of glycolysis. In addition to nitration, our
laboratory has found TPI to be oxidatively modified in AD brain [45, 70].

GAPDH catalyzes the conversion of glyceraldehyde-3-phosphate, generated
from the aforementioned TPI, into 1,3-biphosphoglycerate utilizing NAD " as
a cofactor in addition to inorganic phosphate. GAPDH has been reported to be
oxidatively modified in AD brain with decreased activity [105, 106], and in
other AD models [96]. Nitration and oxidative modification of GAPDH can
affect its ability to serve as a NO' trap [107], resulting in increased 3NT
formation in tyrosine residues of other proteins. The NADH that is generated
from the GAPDH glycolytic reaction is used by LDH in its catalysis of pyruvate
to lactate. Consequently, in the conversion of pyruvate to lactate, LDH also
generates NAD * that is used by GAPDH, as previously mentioned. Thus,
while nitration of LDH can influence its own activity it may also have detri-
mental effects on GAPDH activity (and vice versa) in AD brain.

Disturbances to enzymes in the glycolytic pathway have major consequences
in MCI and in AD brain. The primary insult is a reduction in cellular ATP that
is necessary for the brain to perform normal functions including neuronal
communication and synapse transmission, events that are key to proper mem-
ory retrieval and storage functions [71]. ATP is also required by many cellular
processes such as ATPases for maintenance of ion pumps and potential
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gradients and in lipid asymmetry. It is apparent that our proteomic findings of
increased nitration to «- and y-enolase, TPI, GAPDH, and LDH may contri-
bute to glycolytic dysfunction reduced cellular ATP levels, and ultimately
cognitive decline that is prevalent in AD patients.

5.2 Mitochondrial Dysfunction

ATP synthase, a-chain and VDAC are two mitochondrial-related proteins found
in the inner and outer mitochondrial membranes, respectively, that we identified to
have increased nitration in AD brain. Several studies have reported mitochondrial
dysfunction to be an underlying cause to AD pathogenesis and neurodegeneration
[108, 109]. In addition, other mitochondrial enzymes have been reported as
reduced in AD brain [110, 111]. ATP synthase, a-chain is a subunit of the ATP
synthesizing enzyme that is housed in the mitochondrion and generates ATP from
the coupling of ADP and inorganic phosphate. ATP generation from ATP
synthases is highly dependent on structural conformation such that ADP and
inorganic phosphate must be close enough to each other to have a high affinity to
bind. Nitration of ATP synthase, ¢-chain could affect the structure of the ATP
synthase machinery and results in insufficient binding of ADP and inorganic
phosphate. Thus, lower levels of ATP would be generated in mitochondria result-
ing in impairments to oxidative phosphorylation and subsequently reduced energy
production. Other studies have shown ATP synthase, ¢-chain to be decreased in
AD brain [112] and to accumulate in NFT [113]. Improper ATP synthesis can
induce ROS production and leads to oxidative stress and neuronal death [45].
VDAC, also known as mitochondrial porin, is located in the mitochondrial
permeability transition pore (MPTP) and is involved in the flux of metabolites,
such as ATP, into and out of the mitochondrion. VDAC also plays roles in
synaptic communication and apoptosis [114, 115]. Decreased expression of
VDAC has been observed in various regions of AD brains [116] and deficits
in learning behavior and synaptic plasticity have been reported in VDACI-
deficient mice [114]. Nitration of VDAC may alter MPTP function resulting in
mitochondrial depolarization and disrupted signal transduction pathways, key
elements for normal synaptic transmission and plasticity [45]. In addition,
because VDAC contributes to the release of apoptotic factors such as cyto-
chrome ¢ [117], caspases [118], smac [119], and apoptosis-inducing factors [120],
from the mitochondria, nitration of VDAC may induce apoptosis which results
in cell death. Both neuron loss and synapse loss are known pathological
hallmarks of AD, and apoptosis markers are elevated in AD and MCI [121].

5.3 Lipid Abnormalities and Cholinergic Dysfunction

The redox proteomics identified nitrated protein in AD that potentially is
involved in lipid abnormalities and cholinergic dysfunction is neuropolypeptide
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h3, also known as phosphatidylethanolamine-binding protein (PEBP),
hippocampal cholinergic neurostimulating peptide (HCNP), and Raf-kinase
inhibitor protein (RKIP). As PEBP, nitration of neuropolypeptide h3 may
influence lipid bilayer integrity. Our laboratory has shown that HNE and
AP disrupt lipid asymmetry [122, 123] resulting in the exposure of phosphati-
dylserine to the outer leaflet, which induces apoptosis. Moreover, loss of
phospholipid asymmetry is observed in MCI and AD brain [121] potentially
coupling AD-induced ROS and RNS to cell death in MCI and AD brain.

PEBP is also the precursor of HCNP, a peptide that helps in the regulation
of choline acetyltransferase and thus plays roles in signal transduction. It has
been shown that a loss of choline acetyl transferase results in low levels of
acetycholine, a neurotransmitter important in maintaining normal neurotrans-
mission [124]. Cholinergic neuronal loss is associated with AD [125-127], and
thus drug treatments with cholinesterase inhibitors (e.g., Aricept®) have been
used to treat the symptoms in AD patients. Moreover, HCNP has been reported
as decreased in AD hippocampus [128]. Nitration of HCNP could disturb
choline acetyltransferase activity which has been shown to have decreased
activity in AD brain [129]. This could lead to poor neurotransmission in AD
which is relevant to the already known cholinergic deficits observed in AD
patients.

5.4 pH Buffering and CO; Transport

Carbonic anhydrase II is an enzyme that catalyzes the reversible hydration
of CO, to HCO;5™ and was identified as nitrated in AD brain. This enzyme
also aids in the transport of CO, and HCOj3™ and in maintenance of cellular pH,
electrolytic, and water balance [130]. Proper pH balance in the cell is crucial
for pathways such as glycolysis and ATP synthesis and for optimal efficiency
of other mitochondrial enzymes. Decreased carbonic anhydrase II activity
has been previously reported in AD hippocampus [70]. Nitration of carbonic
anhydrase Il may lead to reduced enzymatic activity and improper pH status
which would have consequences in all of the above discussed processes in AD
brain. Moreover, altered pH could influence protein aggregation seen in AD.

5.5 Neuritic Abnormalities and Structural Dysfunction

As discussed above, DRP2 and B-actin are structural-related proteins. Each was
identified as nitrated in AD brain. DRP2 was also identified as nitrated in
MCI brain (see discussion above). Nitration of DRP2 may lead to diminished
enzymatic activity and shortened dendritic length, which has been previously
observed in AD brain [75]. Oxidative modification of DRP2 through protein
carbonylation has been previously reported in AD brain and in AD models
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[42, 45, 96]. In addition, decreased expression of DRP2 has been found both in
AD brain and in Down’s syndrome patients [131]. Nitrosative modification of
DRP2 may be responsible for neuritic degeneration and synapse loss in AD [75],
with consequent decreased inter-neuronal connection as discussed above.

B-Actin is a component of actin microfilaments found in neurons, glia,
presynaptic terminals, dendritic spines, and in growth cones and plays roles in
maintaining cytoskeletal structural integrity. Actin is primarily concentrated in
dendritic spines and in growth cones in the brain [132] and helps in stabilizing
the shape of the Golgi complex and actin filaments [133, 134]. B-Actin was
found to be carbonylated in AD brain [135]. Oxidation and nitration of B-actin
may influence the shape of dendrites, growth cones, and microfilaments resulting
in poor neuron to neuron signal transmission, neuronal death, and ultimately,
improper memory function. Both DRP2 and B-actin are important in the struc-
tural network of neurons that are necessary for normal neural communication in
the brain.

6 Implication of Nitration in the Progression from MCI to AD

This chapter has discussed in some detail the effects that nitration of proteins can
have in the progression of MCI to AD. Among the most profound effects are the
disruptions that occur in energy-related enzymes that results in impaired glucose
metabolism and reduced energy supply to the brain (via ATP). The ultimate
consequences of these disturbances are neuronal death, synapse loss, poor neuro-
transmission, and subsequent memory loss; all of these events are characteristic of
both amnestic MCI and AD. Nitration of proteins was also found to disturb
neuritic and cytoskeletal structural integrity, antioxidant defenses/detoxification
systems and cell signaling in MCI brain, and also mitochondrial function, cell
buffering ability, lipid and cholinergic functions, as well as neuritic and cytoskeletal
structural integrity in AD brain. Overall, we hypothesize that nitration of proteins
can influence enzymatic activity in a manner that directly alters protein function,
leading to MCI and AD pathology.

Early degradation of antioxidant and detoxification defenses in MCI can
promote the induction of damaging ROS and contribute to further established
AD pathology. In addition to augmented nitration of proteins in MCI, our
laboratory has also identified increased carbonylation of proteins and lipid
peroxidation in MCI brain [60, 62, 63, 69]. Thereby, oxidative and nitrosative
stress are key elements in the earliest stages of AD (i.e., MCI) that result in
worsened damage found in late-stage AD brain.

Of the many proteins that were nitrated in MCI and AD, only a-enolase and
DRP2 were commonly identified as nitrated in both disease stages. Thus, these
proteins may be important in the progression of MCI to AD. This implies that
altered glucose metabolism, occurring from ¢-enolase nitration, and neuritic
degeneration, resulting from DRP2 nitration, may be key components in the
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conversion of amnestic MCI to AD. It should be noted that a-enolase has been
identified as both carbonylated and nitrated in MCI and AD in the IPL
and hippocampus and as having enzymatic dysfunction [64]. Because not all
individuals with MCI convert to AD and sometimes resume normal cognitive
activity [136], therapeutic targets revolving around a-enolase and DRP2 path-
ways potentially conceivably may delay the onset of or prevent AD.

Redox proteomics studies that target MCI, an early stage in AD, are important
for developing insights into the underlying causes of AD. Brain protein pathways
that are revealed in common by redox proteomics analyses of MCI and AD show
that energy-related pathways and structural pathways likely are involved in, and
perhaps key to, disease pathogenesis. The findings presented in this chapter
provide many insights into potential mechanisms of AD pathogenesis and into
targets for therapeutic intervention at one of the earliest disease stage, MCI.
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Parkinson’s Disease: An Overview of Pathogenesis

Pratap Chand and Irene Litvan

Abstract Parkinson’s disease (PD) is clinically, pathologically, and etiologically
diverse and complex combinations of genetic susceptibility and environmental
risk factors like age, gender, estrogen status, race/ethnicity, exposure to pesti-
cides, and head trauma play roles in the pathogenesis. Genetic research has
identified eleven PARK loci in familial cases and genotyping technology has
allowed genome-wide approaches in large populations of patients with sporadic
PD. Neuropathologic studies have defined and characterized more than
30 proteins with the core filament of a-synuclein in the Lewy body inclusions of
idiopathic PD. Analysis of Lewy body pathology has outlined progressive disease
stages in which the intracellular deposition of a-synuclein affects medullary sites
before more rostral brain regions and the late stages of involvement of cortical
association neurons. In PD, there is evidence of protein misfolding, aggregation,
and abnormal neuronal apoptosis. Toxin-based and recent gene mutation-based
animal models of PD in mammals, flies, fish, and worms have reproduced the
progressive motor and non-motor deficits observed in PD patients and shown
dopamine dysfunction and delayed loss of dopaminergic neurons in the substan-
tia nigra. Oxidative stress plays a key role in the pathogenesis of PD and the
demonstration of nitrated protein within Lewy bodies and neurites provides
evidence of oxidative damage in the pathogenesis of PD. Reduction in the
mitochondrial enzyme complex I in PD renders neurons vulnerable to unstable
oxygen free radicals and causes alpha-synuclein to aggregate into fibrils and lead
to dopaminergic neuronal loss. The DJ-1 gene has antioxidant function in the
cellular response to oxidative stimuli and DJ-1 is oxidatively damaged in the
brains of PD patients. The occurrence of a parkinsonian syndrome in families
with mutations in the DJ-1 gene also supports a role for oxidative stress in the
pathogenesis of PD. Therapeutic approaches that could prevent or limit oxidative
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reactions in PD represent a viable strategy for the development of newer anti-
parkinsonian drugs.

Keywords Parkinson’s disease - Oxidative stress - Pathogenesis

1 Introduction

Parkinson’s disease is the second most common age-related neurodegenerative
disease, where the prevalence increases with age to over 5% for individuals over
the age of 85 years. The definition of idiopathic Parkinson’s disease (PD)
includes a characteristic motor phenotype (rigidity, resting tremor, bradykine-
sia, and postural instability), a distinctive neuropathology, and substantial loss
of dopaminergic neurons from the substantia nigra associated with the presence
of a-synuclein-positive inclusions in the cell body (Lewy bodies) and processes
(Lewy neurites) of specific neurons of the brainstem [1]. The spectrum of PD is
variable and may include nonmotor systems — olfactory dysfunction, cognition,
sleep, constipation, rapid eye movement (REM), sleep behavior disorder, and
depression may precede or present commonly with motor symptomatology in
early PD [2]. These symptoms correlate well with the neuropathology and
deposition of a-synuclein as outlined by Braak stage 1 (olfactory bulb and
peripheral and central medullary autonomic neurons) and stage 2 (locus cer-
uleus and pontine tegmentum), which are proposed to precede the classical
motor symptoms of PD (stage 3 with a-synuclein deposition in the substantia
nigra) [3]. When the full spectrum of classical motor symptoms of PD is present,
there is a devastating loss of dopamine neurons [4] with a-synuclein accumula-
tion and the loss of nigral neurons is correlated with the severity of akinesia and
rigidity [5]. There is also involvement of the serotoninergic, noradrenergic, and
cholinergic brainstem nuclei and the olfactory, peripheral sympathetic, and
myenteric nervous system [3]. Although single gene defects (e.g., in the Parkin
gene), single environmental toxins (e.g., 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine), or single infectious agents (e.g., encephalitis lethargica) have been
associated with rare forms of relatively pure parkinsonism, current theories of
pathogenesis concerning idiopathic PD focus on a combination of genetic
susceptibility and environmental risk factors [6-9].

2 Pathogenesis of Parkinson’s Disease
2.1 Epidemiologic, Environmental, and Demographic Issues

Putative environmental and demographic factors that may predispose indivi-
duals to idiopathic PD include age, sex, estrogen status, race or ethnicity,
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exposure to pesticides, head trauma, not smoking, not drinking alcohol, and
not drinking coffee. Of all the factors studied, age is the most highly linked to
PD: the incidence of PD increases steeply with age in both men and women
[6, 7]. A male predominance in PD has been confirmed through many observa-
tional studies [9, 10]. Epidemiologic investigations of estrogens in women [11]
show that women with PD are more likely to have undergone hysterectomy
(with and without unilateral oophorectomy) or bilateral oophorectomy and
had more early menopause than control subjects. However, normal cyclic
changes in estrogen and progesterone in premenopausal women do not corre-
late with changes in the signs or symptoms of parkinsonism [12]. Several studies
have suggested that Caucasians are affected more often than African
Americans; however, this question remains unsettled [13, 14]. An analysis of
seven European populations revealed no substantial difference in the preva-
lence of PD across European countries [15, 16]. Other reports of variable
incidence rates in different cultures may at least partly relate to the lack of
uniform diagnostic criteria and differences in selected diagnostic tools [17-19].

Some studies have suggested that PD is more common in highly industrialized
countries than in agricultural societies and more frequent in Europe and North
America than in the Far East [20-22]. However, there remains surprising uncer-
tainty as to whether PD prevalence rates differ across the five continents or between
developed and developing countries, as suggested by recent findings from China[19,
23, 24, 25]. Environmental toxins can induce excessive production of oxygen free
radicals and damaging particles that may play a major role in the neuronal degen-
eration leading to PD. Several studies suggest that chronic exposure to well water
and living near or working with industrial chemicals or pesticide and herbicide
products increases the risk for PD, especially in subjects with young onset [20, 25,
26]. In an urban United States multiethnic community, rural living, area farming,
and well water drinking were associated with PD only in African Americans,
whereas in Hispanics, area farming was protective and drinking unfiltered water
was a risk factor [27]. In Denmark, a consistent pattern of high PD morbidity was
found among occupational groups employed in agriculture and horticulture [28].
The concept that well water might accumulate chemical products more readily than
free flowing water has indirectly supported an environmental hypothesis of PD. Of
interest, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a selective dopaminergic cell
toxin associated with parkinsonism, was industrially developed as a potential
herbicide with a structure resembling paraquat but was never produced commer-
cially. It is well known that MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine),
an unintended by-product when developing meperidine as a street drug, has a
breakdown product (MPP+) that is toxic to dopaminergic neurons including
those of the substantia nigra and leads to a severe parkinsonian syndrome. The
herbicide rotenone, a common organic chemical in pesticides, is like MPP+, a
potent inhibitor of mitochondrial complex I, and can increase the production of
free radicals with resulting oxidative injury that in addition to dopaminergic neu-
rons alsotargets cholinergic and gabaergic neurons [29-31]. In rats, chronic rote-
none exposure leads to pathological, biochemical, and behavioral features seen in
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PD and in atypical parkinsonian disorders. In Guadeloupe, the consumption of
Annona muricata (soursop), which contains the mitochondrial toxin annonacin, is
associated with the development of atypical parkinsonism resembling progressive
supranuclear palsy [32]. Exposure to hydrocarbons has been linked to PD [33], and
the issue of chronic manganese exposure as a risk factor for PD also remains
controversial [34—37]. Neurotoxins in flour from cycad plants in Guam can (when
fed to mice) lead to behavioral changes and neuronal loss much like those seen in
PD. Similarly, exposure to the pesticide paraquat and the fungicide maneb has been
implicated in parkinsonism in humans. Exposure to maneb or its major active
element, manganese ethylene-bis-dithiocarbamate, can cause selective nigrostriatal
neurodegeneration in animal and in vitro models, partially attributed to proteaso-
mal inhibition [38]. The role of certain pathogenic factors that remain unclear
includes severe head trauma in mice, which is associated with age-dependent
enhanced immunoreactivity to synucleins, which could be the pathogenetic basis
of PD after trauma in humans [39]; however, studies of synuclein immunoreactivity
patterns in patients with PD and a history of trauma have not yet been performed.
A population-based study in which trauma history was documented routinely in the
medical records of a record-linkage system showed a clear association between
severe head trauma and an increased risk of PD in later life [40]. Finally, based on
the observations of postencephalitic parkinsonism as a sequela of epidemic ence-
phalitis, numerous viral and bacterial exposures have been examined, but no
consistent agent has been identified [41].

In addition to risk factors for PD, several protective factors have been identi-
fied. Almost all studies have confirmed a lower incidence of PD among subjects
with a history of smoking [42]. Within twin pairs, the risk of developing PD was
inversely associated with the dose of cigarette smoking as measured by pack and
years [43]. However, the protective effect of smoking in twins was less marked
when cases with PD were compared with control subjects [44]. On the other hand,
once patients have developed PD there is no evidence that smoking slows disease
progression or that smokers have milder disability than nonsmokers [45]. Coffee
drinking has also been linked with reduced risk of PD; however, the evidence is less
robust than for smoking [46, 47]. Interactions between caffeine intake and exo-
genous estrogen have been implicated by a study that showed a protective effect of
caffeinated beverage intake in postmenopausal women without estrogen supple-
mentation, but a higher risk in women who received hormones [48]. A pooled
analysis of data from three prospective studies found that alcohol (beer) drinking
reduced PD risk, even after statistical adjustment for smoking patterns [49].

3 The Role of Genetics

There have been two important approaches to genetic research studies in PD [8].
The first focuses on rare families with parkinsonism apparently following
Mendelian inheritance and using the classic methodology of linkage analysis
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and positional cloning. In the other, an attempt is made to evaluate the PD
population as a whole, using association studies and nonparametric linkage
methodology and trying to define risk alleles that contribute to the sporadic
form of the disease. Genetic research following the first approach has identified
11 PARK loci, each representing a genomic region linked with varying degrees
of evidence, to PD-like disorders. These include dominantly inherited gene
mutations in a-synuclein — PARK-1 [50], PARK-3 due to a gene mutation on
chromosome 2p13, PARK-4 due to a gene mutation on chromosome 4pl5 and
LRRK?2 - Park-8 [51, 52] as well as the recessive PD gene mutations in Parkin —
Park-2 [53], PINK1 — Park-6 [54], and DJ-1 — Park-7 [55]. PARK-5 thought to
be due to a mutation in the ubiquitin carboxyl-terminal hydrolase L1 (UCHLI)
gene on chromosome 4p14-16.3 has not been substantiated in recent studies [56,
57]. These mutations cause PD in only a very small subset of families, with the
exception of LRRK2, which is responsible for a significant proportion of
hereditary PD (5.1-18.7%) and a smaller portion of sporadic PD (1.5-6.1%),
although Ashkenazi Jews and Arabs have a higher frequency in the majority of
populations studied. Nevertheless, these discoveries have been important in
understanding molecular pathways involved in nigral degeneration, which
includes protein aggregation, defective proteasomal degradation, mitochon-
drial dysfunction, and oxidative stress [58].

Identification of the Parkin gene mutation has furthered our understanding
of the molecular mechanisms underlying PD. Impairment in the capacity of the
ubiquitin—proteasome system to clear unwanted proteins has been implicated in
the cell death that occurs in PD. Defects in proteasomal structure and function,
as well as protein aggregates and increased levels of oxidized proteins are found
in the substantia nigra of PD patients. Inhibition of proteasome activity in
mesencephalic cultures induces degeneration of dopaminergic neurons coupled
with the formation of proteinaceous intracellular inclusions. The gene product,
the protein Parkin, is a part of the ubiquitin—proteasome system, which breaks
down defective proteins in the cells. Parkin accumulates in Lewy bodies and
may be important in both inherited and sporadic forms of the disease [53].
UCHLI is an important member of the ubiquitin—proteasome system that
performs “ubiquitination,” a process that tags proteins for breakdown and is
critical for the proper handling of misfolded proteins. The findings that LRRK?2
encodes a protein from the family of mitogen-activated protein kinases and that
mutations may lead to an increase of kinase activity may translate relatively
quickly into novel treatment options involving kinase inhibition [59]. However,
the contribution of the mechanisms of these and other genes to sporadic idio-
pathic PD as a whole is still poorly defined. To define this contribution is the
aim of the second approach of genetic research in PD, using association studies
or nonparametric linkage methodology. Unfortunately, these attempts have
met with less success. Five total genome screens have been performed in
populations of approximately 200 to almost 400 affected sibling pair families,
searching for regions of increased allele sharing between those affected, a
method that should allow mapping of genes without knowledge of the
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underlying genetic parameters such as mode of inheritance and disease gene
frequency [60—-64]. Each of these studies has provided several interesting areas
of suggestive linkage, but so far none of them has led to the discovery of a PD
gene. One problem seems to be that only a few of the linkage peaks overlap
among studies [61, 62, 64-66], suggesting that heterogeneity between popula-
tions may be more pronounced and more important than previously thought.
In addition, some of these linkage regions are still very large (up to >100 cM)
and contain hundreds of genes. Moreover, the approach to identify causative
variants is still poorly mapped out.

Progress in high-throughput genotyping technology has recently allowed
genome-wide approaches not only in family samples (sib pairs, as described
above) but also in large populations of patients with sporadic disease and
control subjects using an association study design and very large panels of
single nucleotide polymorphisms (SNPs). In the first very large study of this
kind, Maraganore et al. [67] genotyped almost 200,000 SNPs in several hundred
samples, resulting in a large number of possibly associated genetic variants.
However, none of the top 13 associated SNPs could be confirmed in a follow-up
study [68]. A similar study using almost 500,000 SNPs similarly did not identify
unequivocal evidence for associations [69]. These results may reflect inherent
limitations of the study design, such as heterogeneity of the populations studied
and still insufficient coverage of the genome, rather than lack of major genetic
components to the etiology of the disease.

Studying association patterns of candidate genes in large, well-characterized
series of patients and matched control subjects is another commonly used
approach to identify genetic contributions to complex diseases. A large-scale
international collaborative study pooled data from 2,692 PD cases and 2,652
control subjects to analyze the allele length variability in the dinucleotide repeat
sequence (REPI1) in the a-synuclein gene promoter. They found that the
a-synuclein REP1 length variability is associated with PD but did not modify
age at onset [70]. In fact, increasing and repeatedly confirmed evidence suggests
that genetic variations in at least two of the genes that are known to cause
monogenic parkinsonian syndromes, a-synuclein and MAP tau, modify the risk
for idiopathic PD and progressive supranuclear palsy, respectively [71, 72]. The
underlying concept is that relatively common genetic variants (particularly
SNPs) may alter the expression pattern of the gene (e.g., by changing binding
sites for transcription factors) by altering splicing patterns or by influencing
RNA stability or spatial distribution. As the encoded proteins seem to be
crucial in the initiation of the neurodegenerative process, even small changes
in protein homeostasis may push a cell across a critical threshold toward
neurodegeneration. Although this variability probably still explains only a
relatively small proportion of the total risk, it is very encouraging to realize
that there seems to be a productive path of discovery that leads from well-
defined, but rare, monogenic forms to idiopathic PD. Extreme examples of this
process are rare cases of a-synuclein multiplications [73]. High concentrations
of these potentially pathogenic proteins may favor rare stochastic events of
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initiation of the disease through the formation of pathogenic templates. After
these templates have formed, other proteins may deposit on them and adopt the
same conformation [74]. This theory of “permissive templating” suggests that
disease propagation, once it has been initiated, may be a different process than
disease initiation. Stopping the progression would require prevention of the
spread of pathogenic templates between neurons. On the basis of these observa-
tions, a general framework of the molecular pathogenesis of PD, which is
shared by several other common neurodegenerative diseases, is beginning to
emerge: genetic variability sets the individual risk for the initiation of the disease
process, which then spreads in a predetermined fashion through susceptible
neuronal populations.

4 Neuropathologic Contributions

Neuropathologic studies have been essential in defining and characterizing the
Lewy body inclusions of idiopathic PD. More than 30 proteins have been
identified within these inclusions [75] with the core filament composed of a-
synuclein [76]. These studies provide crucial information for the laboratory
modeling of PD. Lewy bodies and Lewy neurites are either asymptomatic or
found in pathologic conditions, grouped under the heading “Lewy body dis-
ease,” which includes idiopathic PD, PD with dementia, and DLB [77]. The
distribution of Lewy pathology follows three schematic profiles: brainstem,
transitional (limbic Lewy body disease), and diffuse (neocortical Lewy body
disease) [78], with additional widespread occurrence in olfactory and central
and peripheral autonomic neurons in most cases [3, 79]. The brainstem type is
generally associated with clinical PD, whereas the transitional and diffuse types
are generally linked to dementia, either PD with dementia (a long history of PD
followed by dementia) or DLB (dementia early in the course), usually asso-
ciated with varying degrees of concurrent Alzheimer-type pathology [80]. In
prospectively studied patients with PD with dementia in particular, cortical
Lewy bodies appear to be the main substrate driving the progression of cogni-
tive impairment [81, 82]. However, as discussed above, in synucleinopathies
without PD, the diffuse type of Lewy body disease can occur without significant
evidence of parkinsonism or dementia [83, 84]. The effects of widespread Lewy
body pathology in central and peripheral autonomic regions require further
clarification [85, 86]. Recent studies confirm that a proportion of the elderly
population have a-synuclein aggregates without substantive clinical symptoms
[83-85]. These patients may, however, have relevant nonmotor symptoms such
as REM sleep behavior disorder, constipation, or other subtle features that may
be reflective of this pathology [87]. There may be a significant preclinical period
in which a threshold of pathology needs to be reached (both cell loss and a-
synuclein accumulation) before onset of any symptoms [3]. Analysis of the cases
with Lewy body pathology has led to the proposal of progressive disease stages
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in which the intracellular deposition of a-synuclein affects medullary sites
before more rostral brain regions, with the last stages associated with the
involvement of cortical association neurons [3]. It is possible that the pathologic
deposition of a-synuclein does not produce profound cellular deficits, except in
association with additional pathologies and/or cell loss, a finding consistent
with recent clinicopathologic studies of these medullary regions [88, 89]. In the
late stages, cortical deposition of a-synuclein correlates with progressive cog-
nitive decline [83, 90].

Although there has been debate about the role of a-synuclein deposition in
Lewy bodies currently, most investigators propose that a-synuclein deposition
in Lewy bodies is detrimental rather than protective. The few studies of pro-
spectively collected, autopsy-confirmed pure DLB with neocortical Lewy
bodies have shown limited gross tissue atrophy and restricted cell loss [91-93].
The presence of numerous a-synuclein depositions in cases with long disease
durations (e.g., PD with dementia) suggested that the neurons harboring these
inclusions may remain viable within the tissue for a long time, particularly if
Lewy bodies are thought to start accumulating intracellularly before the onset
of symptoms. However, recent studies found that genetic mutations in a-synu-
clein may increase neuronal vulnerability to cellular stress in aging and PD
pathogenesis [94]. In a transgenic mouse model of a-synucleinopathies, o-
synuclein phosphorylated at Ser129 was abundant in a-synuclein inclusions.
In vitro studies also indicate that hyperphosphorylation of Ser129 a-synuclein
in pathologic inclusions may be due in part to the intrinsic properties of
aggregated o-synuclein to act as substrates for kinases but not phosphatases.
Further studies in transgenic mice and cultured cells suggest that cellular
toxicity, including proteasomal dysfunction, increases casein kinase 2 activity,
which results in elevated Ser129 a-synuclein phosphorylation [95].

In PD, there is some evidence that there is abnormal neuronal apoptosis.
Three molecules are critical in the development of inherited PD — Parkin, o-
synuclein, and ubiquitin, all of which interact in the normal brain. Parkin
normally causes a-synuclein to bind to ubiquitin, which then triggers apoptosis
causing this compound to self-destruct. In the PARK-2 variety of inherited PD,
Parkin is abnormal and fails to bind a-synuclein to ubiquitin. Apoptosis does
not take place and a-synuclein accumulates in Lewy bodies [96, 97].

5 The Role of Animal Models

Animal models of Parkinson’s disease may be classified as toxin- or gene-based
models. 6-Hydroxydopamine (6-OHDA) was the first dopaminergic toxin
identified; when injected into the nigrostriatal dopaminergic neuronal popula-
tions, this catecholaminergic neurotoxin destroys nigrostriatal dopaminergic
neurons and renders animals with motor behaviors similar to Parkinson’s
[98, 99]. This toxin does not lead to Lewy body formation. Another widely
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studied dopaminergic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), has been shown to kill dopaminergic neurons in humans, leading
to severe parkinsonism [100] and has been used in animal models of Parkinson’s
disease. MPTP is taken up by microglia and metabolized to MPP™ which can
gain entry into dopaminergic neurons and inhibit mitochondrial complex I.
Although MPTP undoubtedly kills dopaminergic neurons in humans, it
remains to be proven that the mechanism by which MPTP works is similar to
the disease process occurring in idiopathic PD. The use of rotenone (which, like
MPTP, is a mitochondrial complex 1 inhibitor) stems from evidence that
mitochondrial dysfunction may be involved in sporadic PD [98]. Similarly,
paraquat and maneb represent classes of environmental agents that epidemio-
logic studies have implicated as risk factors for PD. These toxin-based models
have provided some insight into the mechanisms of cell death of dopaminergic
neurons and have been useful in identifying symptomatic therapies and eluci-
dating the neurophysiology of PD. However, they do not necessarily reproduce
proven mechanisms of PD [101].

To reproduce more closely the pathogenic mechanisms of PD in animals,
investigators have taken advantage of the identification of mutations that cause
the disease in rare cases of familial PD. The underlying hypothesis is that
mutations causing familial PD may trigger mechanisms that also play a role
in sporadic PD. Several lines of evidence support this contention. For example,
mutations in Parkin and UCHL1 affect proteasomal function, which has also
been implicated in sporadic PD. PINK1 and DJ-1 are mitochondrial proteins.
Finally, a-synuclein accumulates in central and peripheral neurons of patients
with sporadic PD. Therefore, gene-based models of Parkinson’s disease have
provided tremendous insight into the mechanisms by which neurons are injured
in Parkinson’s disease [102].

Because of its undisputed association with sporadic PD, many lines of mice
were generated to overexpress either wild-type or mutant a-synuclein [103].
Several of these mice show progressive motor deficits, abnormal dopamine
function, and in some cases even reproduce nonmotor deficits observed in PD
patients and delayed loss of striatal dopamine and/or tyrosine-hydroxylase-
positive neurons in the substantia nigra pars compacta [104—106]. The model
generated by Lee et al. (transgenic mice expressing A53T a-synuclein under the
prion promoter) presents a severe, rapidly progressive motor phenotype arising
at approximately 10-15 months of age [105]. However, the pathologic changes
are particularly severe in spinal cord, brainstem, and cortex, with death of
motor neurons, but not in nigrostriatal dopaminergic cells as in PD. Never-
theless, the model is useful to determine the mechanisms by which a-synuclein
accumulation leads to neuronal loss in vivo. In particular, these mice show an
accumulation of truncated a-synuclein amputated from its C terminus, which
may increase the misfolding of the protein, suggesting a role for proteolytic
processing in the pathologic process [59]. Animal models of PD are not limited
to mammals.
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Dopaminergic neurons can be killed with toxins in flies, fish, or worms, and
the ability to express PD-causing mutations in flies has given rise to an exciting
new generation of animal models that are amenable to rapid genetic manipula-
tions [107, 108]. The most important aspect of these models is that they allow us
to decipher the pathologic processes that take place in a brain exposed to a
PD-causing insult before any nigrostriatal dopaminergic neurons are lost or
before the disease begins elsewhere. These models are also critical for the
identification of novel therapies.

6 The Role of Oxidative Stress

The role that reactive oxygen and nitrogen species play (direct/primary or
secondary phenomena) in the pathogenesis of PD has been debated for decades
[109]. The first evidence in favor of a key role for oxidative stress was provided
in the seminal work of Graham et al. [110], which emphasized the toxic potential
of oxidative reactions involving dopamine and observations on postmortem
specimens of PD brains showing an increase in markers of lipid peroxidation, a
loss of antioxidant defense mechanisms including glutathione, increased iron
deposition in the substantia nigra pars compacta, and increased oxidation of
proteins and nucleic acids [111-113]. Recent data from genetic studies as well as
toxin-induced models have reignited interest in an imbalance between proox-
idant and antioxidant events in the development of neurodegeneration and
other pathologic changes like inclusion body formation in PD. Oxidative stress
is evident in each model early in the course of neurodegeneration.

For example, a-synuclein oxidation plays a key role in protein aggregation,
including Lewy body formation. In 1996, Polymeropoulos et al. identified the
first gene associated with familial parkinsonism that encodes for the protein
a-synuclein [114]. Shortly after this discovery, the likely role of a-synuclein in
the pathogenesis of sporadic PD was suggested by the observation that this
protein is a major component of Lewy bodies, the intraneuronal inclusions that
are hallmarks of PD in human brain tissue [115, 116]. Given the involvement of
a-synuclein in familial and sporadic parkinsonism, it is noteworthy that evidence
both in humans and experimental models strongly suggest a role of oxidative
stress in a-synuclein-induced pathology. Some PD patients have a 30-40%
reduction in the mitochondrial enzyme complex I making neurons vulnerable
to unstable oxygen free radicals that can modify a-synuclein and cause it to
aggregate into fibrils. Thus, mitochondrial dysfunction and oxidative stress
may underliec an important pathway of neurodegeneration common to sporadic
and familial PD and should continue to be a subject of future investigation. After
staining human brain sections with antibodies against nitrated tyrosine residues
of a-synuclein, Giasson et al. [117] demonstrated a widespread accumulation of
nitrated protein within Lewy bodies and Lewy neurites and concluded that this
accumulation “provides evidence to directly link oxidative and nitrative damage
to the onset and progression” of PD. Support in favor of a relationship among
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a-synuclein, oxidative stress, and PD also stems from in vitro studies showing
that dopamine-dependent oxidative modifications of a-synuclein could facilitate
the intraneuronal accumulation of toxic “protofibrils” and thus contribute to the
demise of dopaminergic neurons seen in PD [118, 119].

Perhaps no clue derived from genetic studies links parkinsonism to oxidative
stress more convincingly than the observation of a parkinsonian syndrome in
families with mutations in the DJ-1 gene [55]. Although the exact function of the
protein product is not known, DJ-1 has been suggested to have an antioxidant
function in the cellular response to oxidative stimuli [120], and posttranslational
modifications of DJ-1 at cysteine residues are important for its antioxidant
properties. DJ-1 is oxidatively damaged in the brains of PD patients and, in
Drosophila, inhibition of DJ-1 function through RNA interference leads to
cellular accumulation of reactive oxygen species, enhanced vulnerability to
oxidative stress, and degeneration of dopaminergic neurons [121-124].

Support in favor of a role of oxidative stress in the pathogenesis of PD has
also been derived recently from work using toxin-induced PD models. Kaur
et al. [125] administered iron to newborn mice for a 1-week period (days 10-17
postpartum) and noted that, once these animals reached adult and old age, an
increase in markers of oxidative damage was paralleled by a loss of nigrostriatal
function and dopaminergic cell integrity. In another mouse model of selective
nigrostriatal injury caused by exposures to the herbicide paraquat, both a
temporal and a causal relationship have been found between enhanced
oxidative modifications in the nigrostriatal tissue and degeneration of nigral
dopaminergic neurons [126, 127]. Interestingly, new experimental paradigms
also implicate oxidative stress in the interaction of PD-related toxins and genes.
Meulener et al. showed evidence in a Drosophila model that DJ-1 activity is
specifically involved in protecting against oxidative injury caused by paraquat
[128]. Wang et al. showed significant interactions between oxidative stress-
inducing agents and Parkin. Addition of H,0,, paraquat, or iron to SYS5Y
neuroblastoma cells stably expressing FLAG-tagged Parkin altered the solubi-
lity of this protein, thus compromising its protective function [129].

Studies in human brains have suggested that oxidative changes (e.g.,
decreased glutathione levels) may be characteristic of PD. However, whether
these changes underlie the neurodegenerative process of PD or are mere con-
sequences of it (oxidative reactions could occur in tissues “after” they have been
damaged) is still open to discussion [130, 131].

Uncertainty concerning the role of oxidative stress is also based on the fact
that antioxidant strategies have failed to yield convincing protection against
PD, as exemplified by the disappointing outcome of a clinical trial that, over 10
years ago, assessed the neuroprotective action of tocopherol in PD [132]. One
could say that the ultimate proof of concept linking a specific mechanism (such
as oxidative stress) to the pathogenesis of PD would be the development of
therapeutic approaches that, by targeting that mechanism, result in neuropro-
tection. Mitochondria have been suggested to represent a significant source of
reactive oxygen species (ROS) that would contribute to neuronal demise in PD.
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This possibility is supported by findings with toxins, such as MPTP, that inhibit
mitochondrial function and are capable of inducing PD-like pathology
[112, 133]. Similarly, mitochondrial abnormalities are likely to derive from
mutations in PD-associated genes, such as PINKI and DJ-1[62, 134, 135].

Besides mitochondria-mediated ROS formation, other mechanisms that
could lead to the generation of oxidative species in PD have been identified. It
is noteworthy that these oxidative pathways may not necessarily occur within
neuronal cells as, for example, free radicals (permeable to cell membranes)
could initially be formed extraneuronally as a consequence of microglial activa-
tion and inflammatory processes. In PD, there are changes in the subthalamic
nucleus as glutamatergic N-methyl-p-aspartate (NMDA) receptors become
constantly overstimulated and produce high levels of calcium ions within
neurons. This in turn leads to a cascade of events that trigger oxygen free
radicals and cell damage. An important role of microglia-mediated oxidative
stress has been shown in a variety of experimental models of nigrostriatal
degeneration, including mice treated with MPTP or paraquat and mice carrying
the weaver mutation [136—138]. The relationship between neuroinflammation,
oxidative stress, and PD should continue to be studied not only to clarify
mechanisms of ROS generation but also to further assess the potential use of
anti-inflammatory agents for neuroprotection in PD [139].

Once oxidizing species are generated, important cellular components/func-
tions could be targeted, and their impairment could ultimately lead to neuronal
degeneration. A new potential target for toxic oxidative modifications has been
highlighted by studies suggesting that dysfunction of protein degradation
through the proteasomal system contributes to neurodegeneration in PD
[140, 141]. The issue of proteasomal impairment in PD has become somewhat
controversial, because initial findings showing PD-like abnormalities in rats
treated systemically with proteasomal inhibitors could not be replicated in
other laboratories [142-144]. These contrasting data relate specifically to the
experimental use of proteasomal inhibitors to model PD in rodents and should
not be interpreted as a “fatal blow” to the hypothesis of proteasomal dysfunc-
tion in PD. In fact, the links between oxidative modifications of proteins and
cellular organelles and altered protein degradation will probably be a fruitful
area of future investigation into PD pathogenesis.

Many of our current uncertainties concerning the involvement of oxidative
stress in PD can be resolved by careful reevaluation of the oxidative stress insight
into the relationship between oxidative injury, protein aggregation, inclusion
formation, and neurodegeneration and will be gained from both in vitro and in
vivo studies using, for example, genetically manipulated cells in culture, inverte-
brate models (e.g., flies and Caenorhabditis elegans), transgenic mice, and animals
challenged with prooxidant toxins. Mitochondrial abnormalities in PD have been
supported by studies in which mitochondria (and the contained mitochondrial
DNA) are inserted into culturable human cell lines depleted of their own endo-
genous mitochondrial DNA (so-called cybrids) [145, 146].
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Examples of therapeutic approaches that could shed light upon the involve-
ment of oxidative stress in PD are the administration of anti-inflammatory drugs
and the use of coenzyme Q. The rationale for treatment with anti-inflammatory
drugs stems, at least in part, from evidence of microglia-mediated oxidative injury
in animal models of PD [136]. Minocycline, a second-generation semisynthetic
tetracycline that possesses potent anti-inflammatory properties, has recently been
recommended for Phase III clinical trials [80]. If minocycline or other anti-
inflammatory drugs are found to be effective as neuroprotective agents, these
clinical trials will provide much needed confirmation that prevention/limitation
of oxidative reactions (within and outside dopaminergic cells) represents a viable
strategy for the development of anti-parkinsonian drugs. Initial clinical findings
also suggest that coenzyme Q may slow the rate of progression of idiopathic PD
[90]. The mechanism of action of coenzyme Q is likely to involve an antioxidant
effect derived from the interception of aberrant electrons before they react with
molecular oxygen and form ROS.

In summary, although a number of new hypotheses concerning the patho-
genesis of PD have been proposed over the past few years, the potential role
of oxidative stress in neuronal degeneration and formation of proteinaceous
inclusions (two pathologic features of PD) continues to draw a great deal of
research attention. In fact, it is quite intriguing that many (if not all) of the
new hypotheses (e.g., impairment of the proteasomal system) can be easily
reconciled with involvement of oxidative reactions. It is also remarkable that
recent findings from genetic studies further suggest that oxidative stress is
implicated in the pathogenesis of familial cases of parkinsonism. Conclusive
evidence linking oxidative stress to PD is still elusive. However, with the
advent of new technical tools and experimental models and the integration of
precious information from biochemical, pathologic and genetic studies, the
involvement of oxidative damage in PD will probably cease to be just a
hypothesis within the short foreseeable future. If so, our sustained efforts to
unravel pathways and mechanisms of oxidative injury will also probably
yield more specific and effective antioxidant strategies for neuroprotection
in PD.

7 Conclusions

It is clear that PD is not a single entity; it is clinically, pathologically, and
etiologically diverse. As with all disorders, the different phenotypes of PD most
likely arise from complex combinations of genetics and modifiers, with many of
the latter coming from the environment. A better understanding of cell biology
processes, including oxidative stress, is likely to provide more insight into the
pathogenesis. Animal models are certainly critical in this endeavor. Advances
along these lines and those of protein misfolding and aggregation should be
helpful for new approaches to therapy. Recent understanding of the nonmotor
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aspects of PD and degeneration outside the substantia nigra has not only
increased the challenge of this work but also identifies what needs to be
investigated. We have probably reached the limit of symptomatic therapy,
and our patients need therapy based on the understanding of the etiology and
pathogenesis of the disease.
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Protein Oxidation Triggers the Unfolded Protein
Response and Neuronal Injury in Chemically
Induced Parkinson Disease

Alison I. Bernstein and Karen L. O’Malley

Abstract The recent identification of genetic mutations linked to Parkinson’s
disease (PD), such as a-synuclein, parkin, and LRRK?2, has highlighted the role
of aberrant protein handling and degradation in this disorder. Moreover, a
growing body of data suggests that environmental toxins that mimic PD also
exhibit faulty protein handling, providing a mechanistic link between toxicity
and the identified PD mutations. In particular, toxin-mediated cell stress and/or
some PD mutations can trigger unfolded protein response, a cell-protective
mechanism intended for surviving short-term cellular perturbations. If this
process cannot overcome the insult, it is thought that apoptosis is rapidly
activated. Although the toxicity of several parkinsonian mimetics is thought
to stem from the production of reactive oxygen species, whether oxidative stress
and other forms of cell stress are subsequent or parallel events is not well
established. Emerging data collected using molecular, biochemical, and cellular
techniques suggest that oxidative stress precedes the appearance of unfolded
protein response which, in turn, precedes apoptosis. Knowledge of the signaling
pathways utilized by parkinsonian mimetics as well as their temporal induction
may aid in designing more effective interventions in models of PD and ulti-
mately to treat PD in humans.

Keywords 6-OHDA - MPTP . UPR . ER stress - Reactive oxygen species -
Apoptosis

1 Introduction
Parkinson’s disease (PD) is a progressive neurological disorder characterized by

loss of dopaminergic neurons in the substantia nigra (SN) and the formation of
cytoplasmic inclusions in the nervous system called Lewy bodies. The latter are
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spherical eosinophilic cytoplasmic protein aggregates composed of a number of
proteins, including a-synuclein, parkin, ubiquitin, and neurofilaments [1, 2].
Loss of neurons in the SN leads to depletion of dopamine (DA) in the nigros-
triatal pathway. This striatal DA deficiency produces the symptoms of PD,
which include resting tremor, rigidity, bradykinesia, and postural instability.
Current treatments for PD are symptomatic; replenishment of striatal DA by
administration of the DA precursor, levodopa (L-DOPA), improves most of the
motor symptoms of PD, at least initially. The etiology of PD is not well under-
stood and drugs are not yet available that stop or slow degeneration of dopa-
minergic neurons.

Although the molecular mechanisms underlying the etiology of PD remain
unclear, oxidative stress and impaired protein degradation have been impli-
cated in the pathogenesis of the disease based on postmortem studies, toxin
models, and the identification of genetic mutations linked to the disorder[1, 3, 4].
There is extensive evidence that oxidative stress plays a central role in PD [1, 3].
There are several biochemical defects indicative of oxidative stress in the SN of
PD patients, including oxidative damage to DNA and proteins, mitochondrial
dysfunction, the depletion of reduced glutathione content, and increased iron
levels [4]. Oxidized a-synuclein has been shown to have an increased propensity
to misfold and aggregate and lead to neurodegeneration [5]. Oxidative modifi-
cation of other proteins, including proteins linked to familial PD, such as DJ-1,
UCH-L1, and parkin has also been identified in PD brains [6-8]. Thus, oxida-
tive stress may lead to oxidative protein damage and impaired proteolysis,
which, in turn, trigger cellular responses such as endoplasmic reticulum (ER)
stress, upregulation of the unfolded protein response (UPR), and eventual
apoptosis.

2 ER Stress, UPR, and the Ubiquitin—Proteasome System

In response to cell stress conditions that interfere with protein folding, highly
specific signaling pathways of the UPR are activated to cope with the accumu-
lation of unfolded and misfolded proteins in the ER [9, 10]. Subsequently, these
proteins are retro-translocated to the cytoplasm where they are ubiquitinated
and degraded by the proteasome in a process known as ER-associated degrada-
tion (ERAD). There are three main pathways by which the UPR regulates
ERAD and other adaptive mechanisms. These include three gatekeeper
transmembrane signaling proteins such as dsRNA-activated protein kinase
(PKR)-like ER kinase (PERK), inositol-requiring protein lo (IREla), and
activating transcription factor 6 (ATF6). Under non-stress conditions, the
binding immunoglobulin protein (BiP), an ER molecular chaperone, binds to
the luminal domains of IRE1, PERK, and ATF6 preventing them from activat-
ing UPR. In the presence of unfolded and misfolded proteins, BiP binds to the
misfolded proteins leading to the release of one or more of the “gatekeepers.”
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This results in the activation of IRE1 and PERK and the transport of ATF6 to
the Golgi. In the Golgi, ATF6 is cleaved and then translocates to the nucleus
where it too activates transcription of UPR target genes, including X-box
binding protein 1 (Xbpl). IRE1 cleaves Xbpl mRNA, producing a novel
transcript encoding a transcription factor for UPR target genes. Activation
of PERK results in the phosphorylation of eukaryotic translation initiation
factor 2 (elF2a), which attenuates protein synthesis to help relieve ER stress.

If the overload of misfolded proteins is not reduced, prolonged activation of
the UPR may lead to cell death. Two pathways of cell death are mediated by
IRE1 and PERK. Activated IRE1 can bind to c-Jun-N-terminal inhibitory
kinase, which eventually activates mitochondrial/apoptotic protease activating
factor-1 (Apaf-1)-dependent apoptosis. Prolonged UPR activation also leads
to expression of activating transcription factor 3 (ATF3) through the
PERK-elF2a pathway. ATF3 induces expression of activating transcription
factor 4 (ATF4), which, in turn, induces expression of the stress-induced
transcription factor C/EBP homologous protein (CHOP), which can activate
caspase-3 through unknown intermediates.

Recent evidence suggests that dysfunction of the ubiquitin—proteasome
system (UPS), one of the major pathways of protein degradation, may also be
an important factor in PD [11]. Proteins are targeted for degradation by the
proteasome by a series of enzymes. First, ubiquitin-activating enzymes (E1)
activate ubiquitin in an ATP-dependent manner. Next, activated ubiquitin is
transferred to ubiquitin-conjugating enzymes (E2). Last, ubiquitin is ligated to
the target protein by ubiquitin ligases (E3), which are responsible for the
specificity of substrate recognition. Additional activated ubiquitins are then
added to form a polyubiquitin chain. Polyubiquitinated proteins are usually
degraded by the proteasome complex. The UPS is responsible for the normal
turnover of many cellular proteins as well as the clearance of misfolded, mutant,
and oxidatively damaged proteins.

3 ER Stress, the Unfolded Protein Response,
and the Ubiquitin—Proteasome System in PD

One of the first clues suggesting that ER stress and altered protein degradation
may play a role in the etiology of PD came from the presence of Lewy bodies in
the surviving dopaminergic neurons of the SN. Lewy bodies are cytoplasmic
inclusions containing a variety of proteins, including ubiquitin, neurofilament,
proteasomal components, and oxidatively damaged a-synuclein [4, 5]. Whether
these aggregates are the result or cause of ER stress or dysregulation of the UPS
system is unclear: the inclusions could result from the accumulation of aberrant
proteins if the underlying cause of the disease is loss of proteasomal function.
Conversely, PD-linked mutations could result in aggregated proteins which, in
turn, impair the UPS system.
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The identification of mutations associated with familial cases of PD in
a-synuclein, parkin, and UCH-L1 underscore the importance of the ubiquitin
proteasomal system (UPS) and misfolded proteins in the etiology of PD [2]. As
described, a-synuclein is not only a major component of Lewy bodies, but has
also been linked to familial PD [12, 13]. Mutations in parkin have also been
linked to autosomal recessive juvenile parkinsonism (AR-JP) [14]. Parkin has
been identified as an E3 ubiquitin-protein ligase that acts in conjunction
with E2 ubiquitin-conjugating enzymes to ubiquitinate target proteins [15].
Mutations associated with AR-JP disrupt the E3 ligase activity of parkin,
thus preventing the targeting of specific proteins to the proteasome. Although
parkin null mice do not develop a loss of dopaminergic neurons in the SN and
have normal brain morphology, identification of parkin substrates has pro-
vided some clues as to how parkin mutations may lead to PD [16]. For example,
cell division control-related protein (CDCrel-1), which is ubiquitinated by
parkin, is involved in the regulation of synaptic vesicle release [17]. Parkin
mutations could, therefore, affect the regulation of DA and possibly contribute
to parkinsonism. Another parkin substrate, parkin-associated endothelial-like
receptor (Pael-R) is a putative G-protein-coupled transmembrane protein
that, when overexpressed in cells, becomes misfolded, aggregates and triggers
UPR and cell death [18]. Parkin ubiquitinates insoluble Pael-R and targets it
to the proteasome for degradation. Pael-R is present in high levels in dopami-
nergic neurons and insoluble Pael-R is known to accumulate in the brains of
AR-JP patients [19]. A third parkin substrate, synphilin-1, is an a-synuclein-
associated protein [20]. Despite the possible association between these sub-
strates and PD, none of the parkin substrates have yet been linked to PD
pathogenesis.

Mutations in the gene for ubiquitin carboxy-terminal hydrolase LI
(UCH-L1) have been associated with autosomal dominant PD [21]. UCH-L1
is part of a family of de-ubiquitinating enzymes that hydrolyze polyubiquitin
chains to monomeric ubiquitin [22]. Similar to genetic animal models of parkin
mutations, UCH-L1 mutations in mice do not produce parkinsonian symptoms
[23]. However, mutations in the UCH-L1 gene decrease its catalytic activity,
suggesting that loss of this activity could lead to impaired clearance of proteins
by the UPS. Therefore, loss of UCH-L1 activity in PD may lead to the accu-
mulation of specific proteins that may be toxic or may lead to a general defect in
the clearance of abnormal proteins.

Most cases of PD are sporadic but the identification of mutations linked to
familial PD has provided clues to the etiology of sporadic PD. The presence of
elevated levels of oxidatively damaged proteins, increased protein aggregation,
and impaired proteolysis in the SN of PD patients are consistent with the idea
that oxidative damage and impaired proteolysis lead to the accumulation of
intracellular proteins in both familial and sporadic cases of PD [24, 25]. Addi-
tionally, impairment of proteasomal activity and reduced expression of protea-
somal subunits have been found in the SN of postmortem tissue from PD
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patients [25]. Taken together, these findings from familial and sporadic PD
patients suggest that dysfunction of the UPS and protein folding machinery
may underlie the loss of dopaminergic neurons in PD.

4 Neurotoxin Models of PD

The neurotoxins 6-hydroxydopamine (6-OHDA) and 1-methyl 4-phenyl
1,2,3,6-tetrahydropyridine (MPTP) have been shown to mimic many of the
behavioral, pharmacological, and pathological symptoms of PD and hence,
have been widely used to create animal models of this disorder [26, 27]. For
example, stereotactic injection of 6-OHDA leads to degeneration of dopami-
nergic neurons in the SN and depletion of striatal DA. 6-OHDA also induces
cell death in primary mesencephalic cultures and the mouse dopaminergic cell
line, MNOD, through the generation of hydrogen peroxide and derived hydro-
xyl radicals. Several studies have confirmed that 6-OHDA produces oxidative
stress both in vivo and in vitro and that antioxidants are protective against
6-OHDA toxicity [1, 28, 29].

MPTP, a by-product in the production of synthetic meperidine, mimics both
the motor deficits and the pathology characteristic of PD in humans [30, 31].
Administration of MPTP to non-human primates and rodents also produces
PD-like symptoms and selective dopaminergic loss [32]. MPTP is converted
to its active metabolite, 1-methyl-4-phebylpyridinium (MPP™), in glia and
MPP™ is taken up into dopaminergic neurons by the dopamine transporter
(DAT). In in vitro systems, direct application of MPP™ is able to induce cell
death specifically in dopaminergic neurons. MPP™ induces cell death through
the production of ROS, inhibition of mitochondrial complex I, ATP depletion,
and superoxide production [1]. Inasmuch as these processes generate free
radical species, lead to oxidative stress and contribute to ER stress/UPR,
these findings underscore the connection between oxidative stress, mitochon-
drial dysfunction, and impaired protein degradation in PD.

5 Apoptosis in Toxin Models of PD

Previous results from this lab have demonstrated that both 6-OHDA and
MPP™ rapidly induce ROS production, activate cell stress pathways in dopa-
minergic cells and trigger cell death in a protein synthesis-dependent manner
[28, 29, 33, 34]. Cell death triggered by 6-OHDA in the dopaminergic cell line,
MNO9D, and in primary dopaminergic neurons has many characteristics of
canonical apoptosis: cytochrome c release from mitochondria, a collapse in
mitochondrial membrane potential, caspase activation, membrane blebbing,
chromatin condensation, and DNA fragmentation [1, 27]. Studies in vivo reveal
that, following intrastriatal injection of 6-OHDA in rats, caspase-3-like pro-
teases are activated [35]. In contrast to canonical mitochondrial-mediated



184 A.I Bernstein and K.L. O’Malley

apoptosis, however, overexpression of the anti-apoptotic protein Bcl-2 is not
protective against 6-OHDA, nor is knocking out the pro-apoptotic protein Bax
[36, 37]. Finally, the “extrinsic” death receptor pathway does not seem to be
involved either [6, 34]. Therefore, 6-OHDA induces a non-canonical apoptotic
pathway.

In contrast to 6-OHDA-induced death, MPP* toxicity is not blocked by
caspase inhibitors in MNO9D cells or primary mesencephalic cultures [28, 29].
Moreover, treatment with MPP™ does not induce annexin-V staining or loss of
mitochondrial membrane potential in primary mesencephalic cultures [28]. In
contrast, MPTP treatment in mice induces both caspase-3 activation and PARP
cleavage in the SN if the toxin is given in small doses over 5 days (chronic model)
but not if given in small doses within a single day (acute model) [1]. Thus,
depending upon the mode of administration of MPTP, apoptosis or necrosis
occurs.

6 ROS in Toxin Models

We have previously demonstrated that both 6-OHDA and MPP™ lead to an
increase in ROS levels in primary cultures and MIN9D cells, as detected with
fluorescent ROS sensitive dyes [28, 29, 38]. Cell death induced by 6-OHDA is
clearly dependent on this increase in ROS since pretreatment of cells with
antioxidants (NAC, MnTBAP, or C3 carboxyfullerene) prevent both increased
ROS levels and cell death [29, 39, 40]. However, the role of ROS in initiating cell
death following MPP™ treatment is less clear. Specifically, despite the induction
of ROS production resulting from DA oxidation by MPP", pretreatment of
cells with antioxidants does not appear to protect cells against MPP ' [29, 39]. In
contrast, pretreatment with the C3 carboxyfullerene, provides partial rescue
against MPP" in primary mesencephalic cultures [28]. Therefore, cell death
induced by 6-OHDA is completely dependent on the production of ROS, while
cell death induced by MPP™ is only partially mediated by increased ROS levels.

ROS is known to cause damage to protein, lipids and DNA, but which of
these insults is the trigger for cell death in response to 6-OHDA or MPP™" is
currently unknown. Our lab and others have found evidence for oxidative
protein damage. For example, within 30 min, 6-OHDA-generated ROS rapidly
oxidize various intracellular proteins, including ERp57 and peroxiredoxin
[40—43]. Protein oxidation can be prevented by treatment with anti-oxidants
and, at least in the dissociated culture model, appears to lic upstream of UPR
induction. Thus protein oxidation is a good candidate for triggering ER stress
and UPR [39]. Evidence for DNA damage is less clear. DNA is particularly
sensitive to oxidation, resulting in oxidized base lesions such as 7,8-dihydro-8-
oxoguanine, 8-hydroxy-2-deoxyguanosine, and 5-hydroxyuracil, as well as
strand breaks and DNA /protein cross-linking [44]. Attempts to measure DNA
damage by staining for mutagenic base modifications in 6-OHDA-treated cell
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lines or primary dopaminergic neurons have been inconclusive in our hands
(Holtz, Kim-Han, and O’Malley, unpublished observations), although earlier
studies demonstrated the appearance of single strand breaks detected via agar-
ose DNA fragmentation assays or TUNEL staining detected 18-24h after
6-OHDA treatment [45—47]. As base oxidation can lead to DNA strand breaks,
these data imply that DNA oxidation may occur in a parallel yet delayed
fashion versus the more rapid temporal order of UPR events seen in our
model system [44]. However, without better tools with which to probe DNA
oxidation, it would be premature to completely rule it out as an upstream factor
contributing to 6-OHDA-mediated cell death. Besides damaging proteins and
DNA, ROS also damage biological membranes with deleterious consequences
to receptors, transporters, and channels, as well as signal transduction and
cytoskeletal proteins [48]. Lipid peroxidation generates highly reactive alde-
hydes including 4-hydroxynonenal (HNE). HNE is increased in cortical and
brain stem neurons in PD providing support for the notion that lipid peroxida-
tion occurs in this disorder [49]. In contrast, attempts to measure hallmarks of
lipid peroxidation in toxin-treated cell lines or primary dopaminergic neurons
using various immunological and biochemical strategies have lacked sufficient
sensitivity to unequivocally determine temporal induction, if any, in this para-
digm (Holtz and O’Malley, unpublished observation). Taken together, current
findings support an important initiating role for oxidative protein damage and
subsequent ER stress in 6-OHDA- and MPP"-mediated cell death.

7 ER Stress and UPR in Toxin Models

Since 6-OHDA and MPP™" appear to induce a non-canonical apoptosis, we and
other labs used genomic and bioinformatics approaches to identify biological
processes occurring in response to these toxins [34, 50-52]. Ryu and colleagues
employed serial analysis of gene expression in PC12 cells treated with 6-OHDA
and saw an increase in the expression of transcripts associated with ER stress
and found that 6-OHDA induced a rapid activation of the IRE1 and PERK
pathways. In addition to 6-OHDA, they also looked at ER stress and UPR
markers following treatment with MPP™, which also led to activation of the
PERK and IRE]1 activation in PC12 cells. Finally, they determined that loss of
PERK increased the sensitivity of sympathetic neurons to 6-OHDA. Further
analysis revealed that the upregulated transcripts were associated with many
cellular processes including the response to oxidative stress, transcription fac-
tors, energetics and metabolism, apoptosis (both pro- and anti-apoptotic
genes), and cell cycle regulation. They concluded that neuronal degeneration
may result from the combinatorial action of multiple pathways and that
stressed neurons may simultaneously trigger pro-apoptotic and protective
mechanisms.
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Our lab used a microarray approach to assess changes in gene expression
following 6-OHDA and MPP" treatment in MN9D cells. The most highly
induced transcript in both conditions was CHOP; other genes involved in
UPR were also upregulated by both toxins, including ATF3 and ATF4.
6-OHDA also induced a number of transcripts that were unaffected by
MPP*, including molecular chaperones and genes involved in protein folding,
trafficking, and the ubiquitin—proteasome pathway, indicating that the two
toxins promote distinct yet overlapping pathways (Fig. 1). The microarray
results were confirmed by RT-PCR, Western blotting, and immunostaining.
Together, these results indicated that 6-OHDA induces all three branches
(IRE1, ATF6, and PERK) of UPR, while MPP" induces only the PERK
pathway. Subsequently, we sought to determine whether this upregulation of

CHOPR o

C/EBPB

Average induction by MPP" (log,)

05 1 15 2 25 3 35 4 45

Average induction by 6-OHDA (log,)

Fig. 1 Microarray analysis reveals both common and distinct transcriptional changes induced
by 6-OHDA and MPP™". Total RNA from MN9D cells treated with 6-OHDA or MPP" in
addition to untreated control was used for Affymetrix MG-U74Av2 GeneChip array probe
hybridization. Data were analyzed by Affymetrix Microarray Suite version 5 as well as
Spotfire Decision Site for Functional Genomics. Transcriptional changes were defined as
described in the text. Graph shows known genes induced by 6-OHDA or MPP™ treatment
plotted as average-fold induction on the x-axis and y-axis, respectively, with a scale of log,.
Several genes of interest involved in UPR have been labeled. Independent of their position on
the plot, genes were grouped according to those induced by 6-OHDA but not induced by
MPP" (squares), those induced by MPP* but not induced by 6-OHDA (triangles), or those
induced by both 6-OHDA and MPP™ (circles). Reproduced from [34] with permission from
American Society for Biochemistry and Molecular Biology, Inc.
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UPR by 6-OHDA is dependent on the production of ROS since oxidative stress
is thought to play a key role in toxin models of PD and in PD itself. We found
that 6-OHDA rapidly induced the production of ROS and this increase in ROS
could be blocked by treatment with antioxidants. 6-OHDA also induced
oxidative damage to proteins, increased proteasome activity and levels of
polyubiquitinated proteins in an ROS-dependent manner, suggesting that
6-OHDA-induced ER stress arises as a result of oxidative stress. We also
demonstrated that the upregulation of UPR markers, cytochrome c release,
and eventual cell death induced by 6-OHDA could be blocked by antioxidants.
These experiments allowed us to assemble a timeline in which 6-OHDA-
induced oxidative stress leads to ER stress and the upregulation of UPR;
prolonged UPR activation then leads to apoptosis (Fig. 2).

1hr 3hr 6 hr

Fig. 2 Timeline of 6-OHDA-induced events. 6-OHDA exposure leads to the rapid induction
of ROS and subsequent oxidative damage to proteins. Oxidized proteins are sensed by ER
mechanisms leading to upregulation of the UPR and proteasome activity. Activation of
UPR-associated events can be generally defined as occurring early (~3h) or late (~6-9h).
After 8 h, release of cytochrome ¢ from the mitochondria is observed which corresponds to the
appearance of activated caspases. A late event associated with failure of cellular protein
clearance and declining proteasome activity is the accumulation of polyubiquitinated
(polyUb) proteins. Reproduced from [40] with permission from Blackwell Publishing
Company

8 Possible Mechanisms of ER Stress-Mediated Activation
of Apoptosis

Prolonged ER stress and UPR upregulation can lead to apoptosis through both
mitochondrial-dependent and -independent pathways. In rodents, ER stress
induces cleavage of caspase-12, which can either bypass the mitochondria and
directly cleave caspase-9 or potentially interact with other pro-apoptotic
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proteins such as Bap31, leading to mitochondrial fission and loss of cytochrome
¢ [53, 54]. Other evidence suggests that loss of calcium from the ER and
concomitant uptake by mitochondria can trigger the collapse of the mitochon-
drial membrane potential and lead to apoptosis [55, 56]. The exact mechanism
by which calcium is transferred from one organelle to another is not known but
appears to require various pro-apoptotic proteins such as Bax, Bak, and Bid, as
well as the inositol-1,4,5-trisphosphate (IP3) receptor [55, 57-59]. We have
demonstrated that Bax is not the mediator in 6-OHDA- or MPP"-mediated
cell death in primary mesencephalic cultures since deletion of Bax does not
protect dopaminergic neurons against either toxin [37]. In some systems, the
structurally related pro-apoptotic proteins, Bak or Bok, can substitute for Bax.
In response to 6-OHDA in MNO9D cells, an ROS-dependent oligomerization of
Bak, but not Bok, can be detected, suggesting that Bak serves as the upstream
apoptotic trigger [40]. A third possible mechanism of ER stress-induced apop-
tosis is via pathways involving the oxidation and reduction of disulfide bonds,
which result in the accumulation of ROS, reduced mitochondrial activity, and
ensuing cell death [60-62]. It is also possible that a BH3-only protein serves as
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an ER stress-induced trigger of apoptosis. BH3-only proteins are pro-apoptotic
members of the Bcl-2 protein family that are known to initiate apoptosis in
response to many toxins [63]. PUMA/bbc3 (p53-upregulated mediator or
apoptosis/bcl-2 binding component 3) is one such BH3-only protein that is
known to be upregulated in response to ER stress and to cause cytochrome ¢
release, caspase activation, and subsequent apoptosis [64—71]. Which of these
pathways predominates following a particular insult depends on both the cell
type and the cell stressor.

9 Conclusions

Together, these experiments demonstrate that ER stress and UPR are induced
by the parkinsonian mimetics, 6-OHDA and MPP* (Fig. 3). UPR is temporally
upstream of apoptotic and cell death markers, suggesting that it may be func-
tionally upstream of cell death as well. However, the question of whether UPR
and apoptosis lie in a sequential or parallel pathway remains to be determined.
It is currently unclear whether UPR represents a protective or pro-apoptotic
mechanism, or perhaps a protective UPR initially followed by a pro-apoptotic
mechanism in response to overwhelming injury. Current work in our lab is
focused on answering this question.
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Treating Oxidative Neural Injury: Methionine
Sulfoxide Reductase Therapy
for Parkinson’s Disease

Ramez Wassef, Stefan H. Heinemann, and Toshinori Hoshi

Abstract Parkinson’s disease is a common neurodegenerative disease that is
characterized by loss of dopaminergic neurons in the substantia nigra and
impaired motor function. The disease is multifactorial but oxidative injury is
associated with the pathology and contributes to neuronal injury. Fibrillations
of a-synuclein are present in pathological lesions in this disease. Oxidation of
the sulfur moieties of methionine residues on a-synuclein can contribute to
a-synuclein fibrillation. An anti-oxidant enzyme methionine sulfoxide reduc-
tase can reverse the methionine oxidation on ¢-synuclein and act as a sink
scavenging reactive oxygen species. Thus, boosting methionine sulfoxide reduc-
tase activity may prevent oxidative injury in dopaminergic neurons that con-
tributes to neurodegeneration and impaired neuronal function in Parkinson’s
disease. One promising approach to augmenting methionine sulfoxide reduc-
tase activity in neurons is to provide a naturally occurring substrate for methio-
nine sulfoxide reductase A, S-methyl-L-cysteine. Recent work in our lab with
this compound supports the promise of this substance in preventing or delaying
motor dysfunction in multiple model systems of Parkinson’s disease.

Keywords Parkinson’s . a-synuclein - methionine oxidation . methionine
sulfoxide reductase - S-methyl-Lcysteine

1 Introduction
1.1 Parkinson’s Disease

More than 600,000 individuals in the United States suffer from Parkinson’s
disease (PD), a devastating neurodegenerative disorder [1]. Several risk factors
for the disease, including oxidative stress, neurotoxins, pesticides, and metal ions,
have been identified but the fundamental cause of the disease is not yet known
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[2, 3]. The progressive disease is associated with loss of dopaminergic neurons in
the substantia nigra and characterized by four main symptoms: bradykinesia,
postural instability, cogwheel rigidity, and resting tremors [2]. These symptoms of
parkinsonism may arise with any disorder or drug that decreases the bioavail-
ability of dopamine in the central nervous system, the end result of which is
reduced input to the cortical motor system [4]. However, the presence of char-
acteristic eosinophilic cytoplasmic inclusions in surviving nerve cells and neuro-
nal processes serves as a hallmark feature of PD. The inclusions in nerve cells and
neuronal processes in PD are called Lewy bodies (LBs) and Lewy neuritis (LNs),
respectively, for they were first described in the substantia nigra by the German
neurologist Frederic Lewy in the early 20th century. In addition to the substantia
nigra, Lewy inclusions were also found in the olfactory bulb, the anterior olfactory
nucleus, the dorsal motor nucleus of the vagus, and the intermediate reticular zone
in the lower brain stem, probably contributing to some of the non-motor symp-
toms of PD, such as olfactory dysfunction and sleep disturbances [5].

1.2 a-Synuclein

One of the main components of LBs and LNs is the protein a-synuclein [6].
The function of this protein is yet to be established but its presynaptic
localization, in the cytoplasmic and/or membrane compartments, suggests a
role in vesicular transport and neurotransmitter release [7]. Structurally,
human o-synuclein is composed of 140 amino acids with a large amino-
terminal segment of 67 amino acids followed by a hydrophobic domain
essential for the aggregation of the protein [8], and a C-terminus domain
rich in glutamic acid, aspartic acid, and proline. Under native conditions,
a-synuclein is largely a disordered soluble protein, but it forms fibrillar aggre-
gates with ubiquitin and tubulin within LBs and LNs [6]. In humans, multi-
plications and point mutations of the a-synuclein gene (A30P, A53T) are
associated with rare familial forms of PD [9-11]. In addition, in patients
with idiopathic PD, the mRNA levels of a-synuclein are clevated in the
substantia nigra dopaminergic neurons [12] and aggregation of a-synuclein
is clearly observed [13]. The observations such as those summarized above led
to the idea that aggregation of a-synuclein may be a critical event in the
pathogenesis of PD [14]. In particular, aggregation of a-synuclein has been
hypothesized to follow a nucleation polymerization pattern [14]. According to
this postulate, different risk factors implicated in PD, such as oxidative stress,
neurotoxins, pesticides, metal ions, and multiplications/point mutations of select
genes, enhance the formation of soluble oligomers of a-synuclein, which is then
followed by protofibrils and finally fibril formation [15]. The direct role of
a-synuclein aggregation/fibrillation in motor impairment and neurodegenera-
tion in the substantia nigra neurons in PD has been extensively studied in many
animal models but thus far failed to yield unequivocal results [16, 17]. Motor
impairment by overexpression of ¢-synuclein was observed in some studies [16]
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but absent in others [17]. One study reported motor impairment caused by
a-synuclein overexpression but the pathology was associated with denervation
of the neuromuscular junctions, yet sparing the substantia nigra [18]. Further-
more, the neuronal inclusions did not show any fibrillar structures [18].

The mutation A53T in human a-synuclein is associated with a familial form
of PD [53] and a C-terminal truncation of this mutant protein facilitates
aggregation in vitro compared with the wild-type protein [19]. Despite the
greater aggregation propensity of the C-terminal truncated A53T a-synuclein
protein, its overexpression failed to induce LB-positive pathology [19]. Inter-
estingly, the presence of motor dysfunction accompanied by nigral neuronal
loss in the absence of fibrillar inclusions was reported in some transgenic
mouse models as well as in rats overexpressing a-synuclein, suggesting that
the neuronal degeneration may be mediated by the soluble oligomers of
a-synuclein [20, 21].

2 a-Synuclein, Methionine Oxidation and Methionine Sulfoxide
Reductase

Several risk factors associated with PD have been identified, including select
metal ions and oxidative stress [22, 23]. While a-synuclein lacks cysteine and
tryptophan, which are readily oxidized in many other proteins, it does contain
four methionine residues that have been suggested to be subject to oxidative
modification under physiological conditions [24]. Oxidation of the sulfur moi-
eties of these methionine residues plays a role in fibrillation of z-synuclein in a
pH-dependent manner [24-26]. At low pH, oxidation of the methionine resi-
dues promotes fibril formation by favoring a less extended conformation [25]. In
contrast, at physiological pH, the oxidation inhibits fibrillation of a-synuclein
by stabilizing soluble oligomers of the protein [25]. The degree of fibrillation of
methionine-oxidized a-synuclein may also depend on the availability of metal
ions, which generally promote fibrillation. However, Hg?", Ca®", and Cu**
interestingly inhibit fibrillation [27]. These in vitro studies clearly indicate a role
of methionine oxidation in «-synuclein fibrillation, either by enhancing or
inhibiting fibrillation depending on the experimental conditions used.

Many physiological oxidants, such as superoxide (0O, ~), HO®, H,O,, chlor-
amines, and peroxynitrites, readily oxidize methionine [28], producing two
optical enantiomers of methionine sulfoxide: methionine- R-sulfoxide (Met-R-
0O) and methionine-S-sulfoxide (Met-S-O) by the addition of an oxygen atom to
the sulfur atom of methionine (Fig. 1) [28]. Unlike other oxidized amino acids,
the conversion to Met-S/R-O is reversible and enzymatically catalyzed; Met-S-
O and Met-R-O are catalytically reduced back to methionine by the methionine
sulfoxide reductases (MSRs) in a stereo-specific manner. Methionine sulfoxide
reductase A (MSRA) typically coded by one gene reduces Met-S-O while
methionine sulfoxide reductase B (MSRBI, 2, and 3) coded by three genes
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Fig. 1 Reversible oxidation of methionine enabled by methionine sulfoxide reductases.
Methionine is oxidized by a variety of reactive molecules by the addition of an oxygen atom
to the sulfur atom to form two optical enantiomers of methionine sulfoxide, Met-R-O and
Met-S-O. Methionine sulfoxide reductase A (MSRA) reduces Met-S-O and methionine
sulfoxide reductase B (MSRB) reduces Met-R-O back to Met. The structures of MSRA
(1FVG; [75]) and MSRB (1L1D; [76]) were rendered using MacPyMol (http://pymol.source-
forge.net/)

reduces Met-R-O back to methionine [29]. The unique enzymatic reduction of
Met-S/R-O suggests the physiological importance of reversible oxidation of
methionine involving the MSRs. Accumulating results from a variety of model
cell systems and organisms illustrate the general importance of MSRA in
protection against oxidative damage, hence a role in many disease states
where oxidative stress is implicated. For example, in E. coli, where the msrA
gene was first isolated [30], a genetic disruption of the gene renders the cells
more prone to oxidative damage caused by reactive oxygen species (ROS) and
reactive nitrogen intermediates [31]. Human lens epithelial cells with low levels
of MSRA have decreased viability when challenged with ROS [32]. MSRA
deficient mice were reported to have increased sensitivity to oxidative stress, an
abnormal walking pattern, and a shortened lifespan [33]. Conversely, over-
expression of MSRA confers greater oxidative stress resistance in human
T-lymphocytes, PC12 cells, WI-38 human fibroblasts, and cardiac myocytes
[34-37]. In the fruit fly Drosophila melanogaster, overexpression of MSRA
preferentially in the central nervous system using a bipartite expression strategy
[38] extends the lifespan by about 70% [39]. This lifespan extension is accom-
panied by a marked delay in the age-associated decrease in physical activity and
also by a greater protection against the oxidative stress caused by feeding
paraquat, a pesticide that produces the oxidant O,°~ and causes a variety of
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oxidative modifications including severe lipid peroxidation [40]. It is worth
noting that paraquat induces phenotypes reminiscent of PD symptoms in
other laboratory animals [41] and is implicated as a risk factor for PD [3].

The results of many studies, such as those mentioned above, collectively
suggest that disruptions of MSRs, especially MSRA that is coded by only one
gene in mammals [29], compromise the oxidative stress resistance, while over-
expression of MSRA often confers greater oxidative stress resistance. Two
mechanisms of the MSRA action to enhance oxidative stress protection have
been proposed: the repair hypothesis and the sink hypothesis [42, 43]. The repair
hypothesis postulates that oxidation of select methionine residues in proteins
interfere with their functions and that MSRA restores their normal functionality.
One of the supporting observations for this idea is that, in calmodulin, oxidation
of C-terminal methionine residues impairs its function, and reduction by MSRA
restores the function [44]. In contrast, according to the “sink hypothesis” of the
MSRA action, oxidation of select surface-exposed methionine residues has no
impact on the protein function but such oxidation scavenges potentially dama-
ging reactive compounds, thus sparing other more critical targets from oxidative
damage [43]. The role of MSRA is then to regenerate the scavenging sites. Both of
the two mechanisms described above are most probably important in a subcel-
lular-, cellular-, and tissue-specific manner. In fact, the msrA transcript is alter-
natively spliced to produce multiple variant proteins, which are targeted to
specific subcellular loci, such as the cytoplasm and mitochondria [45, 46].

Within the mouse brain, both MSRA and MSRBs are expressed in a region-
specific manner with notably high levels of RNA expression in the hippocam-
pus and the cerebellum (http://www.brain-map.org). In contrast, the expression
in the substantia nigra is not particularly high, suggesting that the protection
mediated by the MSRA system is not at a saturating or maximal level. This less-
than-maximal expression of MSRs may contribute to the vulnerability of the
substantia nigra neurons to oxidative damage, contributing to the PD patho-
genesis [47]. While no firm link has been established between PD and a disrup-
tion of the MSRA system, the MSRA activity was suggested to be lower in the
brain of Alzheimer’s disease patients [48].

3 The Fruit Fly Model of PD
3.1 Advantages of the Model

Mechanistic understandings of neurodegenerative diseases, including PD, are
greatly facilitated by the availability of robust animal models of the disorders.
Recently, the fruit fly Drosophila melanogaster has emerged as an easy-to-use
yet potentially powerful model system of PD [49, 50]. The relatively short
lifespan, typically up to 2-3 months in many laboratories, combined with
some relatively “high-level” behavioral patterns makes Drosophila a suitable
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model to decipher the molecular and cellular mechanisms of PD. Multiple genes
implicated in PD have been manipulated in Drosophila to study the molecular
pathways involved in PD [49]. Drosophila may be particularly well suited to
study physiological and pathophysiological roles of a-synuclein in PD as the
animal does not have an a-synuclein gene [51]. Taking advantage of this, Feany
and Bender overexpressed human o-synuclein as well as ¢-synuclein with A53T
and A30P mutations in Drosophila (52). These two mutations of a-synuclein
are associated with autosomal dominant forms of PD [53, 54]. Pan-neuronal
overexpression of the wild-type and mutant a-synuclein resulted in premature
age-dependent deterioration of the locomotor behavior as measured using the
geotactic response. After tapping or vortexing, the young animals climb rapidly
to the top of a vial and this reactive climbing ability [55] deteriorates markedly
with age (Fig. 2A), essentially recapitulating the age-dependent motor decline
observed in most other species, including human. Overexpression of human
a-synuclein in the Drosophila nervous system accelerates the age-dependent loss
and the time course is more accelerated when A30P a-synuclein associated with
a familial form of PD is expressed [52] (also see Fig. 2A). As found in PD
patients in which a loss of dopaminergic neurons is observed resulting in
impairment of motor functions [56], the accelerated decline in the locomotor
ability caused by a-synuclein in Drosophila is also accompanied by a marked
loss of dopaminergic neurons in multiple areas of the Drosophila brain as
suggested by a decrease in immunostaining for the enzyme tyrosine hydroxylase
involved in dopamine synthesis [57]. Thus, the a-synuclein Drosophila model
recapitulates many features of PD albeit the phenotypes may not be fully
penetrant under every laboratory condition [58].

3.2 Overexpression of MSRA Alleviates the Parkinson’s Disease
Phenotype

Overexpression of MSRA in the Drosophila nervous system confers greater
oxidative stress resistance, extends lifespan and delays age-dependent decline of
locomotor behavior compared to control animals [39]. This finding in combi-
nation with the previous suggestions that oxidative stress may be an important
risk factor in PD raises the question whether MSRA could have any protective
role in PD. The ease of genetic manipulations in Drosophila enabled the devel-
opment of double transgenic flies expressing both a-synuclein and MSRA [57].
Overexpression of MSRA markedly mitigates the deleterious effects of
a-synuclein overexpression on the dopaminergic neuronal loss and climbing
ability (Fig. 2A). Similar obliteration of the PD-like phenotypes by MSRA
overexpression was also observed in the flies overexpressing the mutant A30P
a-synuclein associated with a familial form of PD [57].

In addition to the well-known movement symptoms such as bradykinesia,
rigidity, and resting tremors, PD patients may display many other symptoms,
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Fig. 2 MSRA and SMLC alleviate the defects in locomotor behavior and circadian rhythm
caused by overexpression of a-synuclein in the nervous system. (A) Fraction of “active”
animals capable of climbing up a laboratory vial as a function of age. Overexpression of
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including sleep disturbances, and similar non-motor features are also found in
the Drosophila overexpressing human o-synuclein [57]. Young Drosophila mel-
anogaster exhibits clear “rest/activity” patterns with a peak high-activity phase
occurring every 12 h under a laboratory 12 h light/dark condition [59, 60]. The
periodic motor activity patterns are considered to represent the underlying
circadian clock in Drosophila [59] and the activity pattern becomes much less
apparent with age [61, 62]. The time course of the progressive decline in the
circadian rhythmicity is dramatically accelerated by a-synuclein and restored by
MSRA overexpression [57] (Fig. 2B). The improvement is dramatic such that
the rest/activity cycles of the animals expressing MSRA and a-synuclein at 60
days is similar to that of the animals expressing a-synuclein at 30 days [57].
The finding that overexpression of MSRA by genetic means alleviates the
adverse phenotypes caused by overexpression of human «-synuclein in Droso-
phila suggests that manipulations of the effectiveness of the MSRA catalytic
antioxidant system may hold promise as a new therapeutic strategy for PD. One
way to increase the MSRA activity is via gene therapy using viral vectors;
however, the use of viral vectors may pose unacceptable risk. The long-term
effectiveness of cell transplantation therapy is yet uncertain [63, 64]. Clearly safe
inexpensive pharmacotherapies are preferred. As postulated by the “sink”
hypothesis of the MSRA action, one way to enhance the overall efficacy of
the MSRA system is to increase the number of methionine-like sites available to
scavenge ROS that can be catalytically regenerated by MSRA. Each cyclic
oxidation—reduction mediated by MSRA eliminates one equivalent of ROS
[29], thus protecting other vital cellular components from oxidative damage.
One obvious strategy to enhance oxidative stress protection is to introduce
more methionine, possibly as a dietary supplement. The methionine supple-
mentation is, however, associated with many adverse effects: an increase in the
plasma levels of cholesterol and lipoproteins [65, 66]. High dietary intake of
methionine increases the levels of homocysteine and may therefore contribute
to cardiovascular diseases [67, 68]. While methionine itself may not be a suitable
substrate to enhance the catalytic antioxidant mechanism, other Met-S-O-like
MSRA substrates are available [69]. For example, S-methyl-L-cysteine (SMLC)
is a methionine analog found abundantly in garlic, turnip, and cabbage, and,

Fig. 2 (continued) a-synuclein in the nervous system markedly accelerates the time course
of the age-dependent decline (open circles) compared with the control groups (triangles)
and overexpression of MSRA eliminates the adverse effect (filled circles). (B) Sponta-
neous movements of the control animals, the animals overexpressing both MSRA and
o-synuclein animals at different ages (young: 10 days, middle-age: 30 days, and old:
60 days). The animal activity was measured using an infrared light-based instrument. The
horizontal dark segments indicate dark periods. (C) Dietary supplementation with SMLC
also alleviates the accelerated decline in the climbing ability caused by a-synuclein. The
results are adapted from Wassef et al. [57]
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when it is oxidized, it is a substrate for MSRA [57]. Unlike methionine, which
produces adverse health effects, dietary supplementation of SMLC lowers
serum cholesterol levels [70]. Furthermore, in rodents, SMLC prevents hepatic
cancer and delays diabetic deterioration [71, 72]. According to the catalytic
antioxidant “sink hypothesis” of the MSRA action, dictary supplementation of
SMLC should bolster the overall efficacy of the endogenous MSRA system,
essentially mimicking the effect of MSRA overexpression. This prediction was
verified in the Drosophila overexpressing a-synuclein [57]. When SMLC is mixed
with food, flies overexpressing a-synuclein show a marked improvement in the
reactive climbing ability and maintained a lifespan that resembled that of control
animals (Fig. 2C). Furthermore, SMLC protects against the loss of dopaminergic
neurons caused by a-synuclein overexpression [57]. Besides the beneficial effects
of SMLC on Drosophila overexpressing human «-synuclein, SMLC also extends
the lifespan of male wild-type flies (Fig. 3). In cultured cells, the protective effect
of SMLC requires the presence of MSRA, further illustrating the importance of
the catalytic antioxidant mechanism involving MSRA [57]. The available evi-
dence suggests that SMLC is well tolerated in animals and humans [70] and may
have potential as a viable measure against PD.

In addition to SMLC, other compounds that are possible MSRA substrates
when oxidized exist. Some of these compounds are already in clinical use. For
example, sulindac (Clinoril™) is a non-steroidal anti-inflammatory drug used
for the treatment of osteoarthritis. It has a preventive and therapeutic activity
against colon cancer and familial adenomatous polyposis although it is not an
FDA-approved indication [73]. Another compound is sulforaphane, which is
found in cruciferous vegetables and has anticancer activity [74]. It is not known
whether these compounds have any significant effect in the a-synuclein Droso-
phila model of PD or in PD patients; however, these additional compounds are
also certainly worthy of investigation.
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Fig. 3 Supplementation of mashed banana food with SMLC (3 mM) starting at eclosion
extends the lifespan of wild-type flies. The effect on the median lifespan is statistically
significant in male flies (p =0.04; resampling). Control animals remained on the mashed
banana food. The lifespan trial was conducted and the results were analyzed as in Wassef
et al. [57]
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4 Conclusions

Evidence from a variety of model systems, cultured cells, Drosophila melanoga-
ster, and mice, highlighted the importance of reversible oxidation of methionine
involving MSRs as an essential component of oxidative damage protection.
While oxidative stress itself is unlikely to be the fundamental cause of disease
states including PD, oxidative damage is undoubtedly an important contribut-
ing factor, thus suggesting that the MSR system could represent a new ther-
apeutic strategy for PD as well as for other diseases in which oxidative stress is
implicated. The overall effectiveness of the MSR catalytic antioxidant mechan-
ism can be increased by increasing the catalytic activity and/or by increasing the
number of suitable scavenging substrates site. SMLC, a substrate for MSRA,
may hold a promise as a way to bolster the endogenous MSRA system thereby
conferring greater oxidative stress resistance.
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