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Preface

Neuroprotection is a topic of great importance in current neuroscience, both
basic and clinical. The incidence of age-related neurodegenerative diseases
could be expected to rise dramatically in the future owing to an aging
population. Consequently, finding the means of retarding or preventing the
progression of such diseases becomes increasingly important.

This book focuses on basic perspective on neuroprotective approaches and
scientists well recognized for their work have contributed chapters to this
volume.

Although findings on neuroprotection in the different pathologies become
more and more frequent and detailed, it can be difficult for researchers to orient
themselves in such a complicate field. For this reason, this book describes
basic science discovery and the application of such research within different
laboratories leading to the development of neuroprotective protocols.

The main aim of this volume is thus to give an overview of methods used to
study neuronal death and neuroprotection and to offer a really comprehensive
step-by-step method in order to make clear not just the procedure but also the
principles behind the use of it. At this purpose, the “Notes” section of each
chapter represents a useful tool to solve technical problems and to help in
reproducing the described methods.

To get through the book easily, the chapters are subdivided in four groups:

Methods to assess neuronal degeneration/death

Models to study neuronal injury/neuroprotection

Methods to identify genes involved in neuronal death/survival
Neuroprotective strategies

hal el S

I hope that this book will serve as a reference for basic neuroscientists
(rather than clinical) interested in updating the molecular and cellular biology
of neuronal death/neuroprotection and will represent an easy guide to answer
technical problems and questions.

Tiziana Borsello



Contributors

MATHIAS BAHR e Neurologische Universitditsklinik, Gottingen, Germany

MYRIAM BERNAUDIN e UMR-CNRS 6185, Centre Cyceron,
Neurodégénérescence: Modeles et Stratégies Thérapeutiques, Université de
Caen, Caen, France

TiziANA BORSELLO e Biol. Neurodeg. Disorders Lab, Istituto di Ricerche
Farmacologiche Mario Negri, Milano, Italy, and Département de Biologie
Cellulaire et de Morphologie, Université de Lausanne, Lausanne,
Switzerland

DANIELE BOTTAI e Stem Cell Research Institute, DIBIT Fondazione Centro
San Raffaele del Monte Tabor, Milan, Italy, and Department of
Biotechnology and Biosciences, University Milan Bicocca, Milan, Italy

CONCETTA BUBICI e The Ben May Institute for Cancer Research,
The University of Chicago, Chicago, IL

MARCcUSs J. CALKINS e School of Pharmacy and Environmental Toxicology
Center, University of Wisconsin, Madison, WI

HonNG Cul e Toronto Western Research Institute, Division of Applied
and Interventional Research, Toronto, ON

Luciano D’ AbpaMio e Ceinge Biotecnologie Avanzate S.C.ar.l., Napoli, Italy,
Dipartimento di Biochimica e Biotecnologie Mediche, Universita’ degli
Studi di Napoli Federico Il Napoli, Italy, and Department of Microbiology
and Immunology, Albert Einstein College of Medicine, Bronx, NY

FERRARI DANIELA e Stem Cell Research Institute, DIBIT Fondazione Centro
San Raffaele del Monte Tabor, Milan, Italy

DAvID L. DEITCHER e Department of Neurobiology and Behavior, Cornell
University, Ithaca, NY

THOMAS DELLER e Institute of Clinical Neuroanatomy,
J. W. Goethe-University, Frankfurt, Germany

DoMENIco DEL Turco e Institute of Clinical Neuroanatomy,
J. W. Goethe-University, Frankfurt, Germany

GUNNAR P.H. DIETZ e Neurologische Universitditsklinik, Gottingen, Germany

JouN EWER e Entomology Department, Cornell University, Ithaca, NY

Vil



viii Contributors

GuUIDO FRANZOSO e The Ben May Institute for Cancer Research,
The University of Chicago, Chicago, IL

MARK P. GOLDBERG e Hope Center for Neurological Disorders and
Department of Neurology, Washington University School of Medicine,
St. Louis, MO

THEO HAGG e Kentucky Spinal Cord Injury Research Center, Department
of Neurological Surgery and Department of Pharmacology and Toxicology,
University of Louisville, Louisville, KY

DELINDA A. JOHNSON e School of Pharmacy, University of Wisconsin,
Madison, WI

JEFFREY A. JOHNSON e School of Pharmacy and Environmental Toxicology
Center and Waisman Center, University of Wisconsin, Madison, WI

JONATHAN KIPNIS e Department of Neurobiology, The Weizmann Institute
of Science, Rehovot, Israel, and Department of Pharmacology and
Experimental Neuroscience and Department of Ophthalmology and Visual
Sciences, University of Nebraska Medical Center, Omaha, NE

JAMES R. KNABB e The Ben May Institute for Cancer Research,
The University of Chicago, Chicago, IL

CHRISTIAN KUNTZEN e The Ben May Institute for Cancer Research,
The University of Chicago, Chicago, IL

ANTHONY C. LAU e Toronto Western Research Institute, Division of Applied
and Interventional Research, Toronto, ON, and Department of Physiology,
Medical Sciences Building, University of Toronto, Toronto, ON

JIANG L1 e School of Pharmacy, University of Wisconsin, Madison, WI

DaviD M. LIN e Department of Biomedical Sciences, Cornell University,
Ithaca, NY

BRANDON LOVEALL e Entomology Department, Cornell University, Ithaca,
NY

W. DAvVID LusT e Department of Experimental Neurological Surgery, Case
Western Reserve University School of Medicine, Cleveland, OH

JEAN MARIANI @ UMR 7102 Neurobiologie des Processus Adaptatifs, Lab.
Developpement et Vieillissement du Systeme Nerveux (DVSN), Universite
P. et M. Curie, Paris, France

SALVATORE PAPA e The Ben May Institute for Cancer Research,
The University of Chicago, Chicago, IL

CAN G. PHAM e The Ben May Institute for Cancer Research, The University
of Chicago, Chicago, IL

MIcHELE PucHOWICZ e Department of Anatomy, Case Western Reserve
University School of Medicine, Cleveland, OH



Contributors ix

MARIAELENA REPICI @ Département de Biologie Cellulaire et de
Morphologie, Université de Lausanne, Lausanne, Switzerland

MICHAL SCHWARTZ e Department of Neurobiology, The Weizmann Institute
of Science, Rehovot, Israel

NIKOLAUS J. SUCHER e Department of Neurology, Children’s Hospital &
Harvard Medical School, Boston, MA

YANG TANG e Department of Neurology, University of Minnesota Medical
School, Minneapolis, MN

TaTYyANA 1. TENKOVA e Hope Center for Neurological Disorders
and Department of Neurology, Washington University School of Medicine,
St. Louis, MO

MICHAEL TYMIANSKI e Toronto Western Research Institute, Division
of Applied and Interventional Research, Toronto, ON, and Department
of Physiology, Medical Sciences Building, University of Toronto,
Toronto, ON

ANGELO LuiGt VEscovl e University Milan Bicocca, Department
of Biotechnology and Biosciences, Milan, Italy

ROBERTA VISCONTI o Ceinge Biotecnologie Avanzate S.C.ar.l., Napoli, Italy

Rikk1 N. WATERHOUSE e Neurobiology and Imaging Program, Department
of Biological Psychiatry, New York State Psychiatric Institute,
New York, NY

FRANCESCA ZAZZERONI e Department of Experimental Medicine,
The University of L’Aquila, L’Aquila, Italy

JENNIFER ZECHEL o Department of Experimental Neurological Surgery, Case
Western Reserve University School of Medicine, Cleveland, OH

JuN ZHAO e Neurobiology and Imaging Program, Department of Biological
Psychiatry, New York State Psychiatric Institute, New York, NY



Contents

10

Neuronal Death and Neuroprotection: A Review
Mariaelena Repici, Jean Mariani, and Tiziana Borsello ............

The Use of Propidium lodide to Assess Excitotoxic Neuronal
Death in Primary Mixed Cortical Cultures
Anthony C. Lau, Hong Cui, and Michael Tymianski ...............

A Modified Silver Technique (de Olmos Stain) for Assessment
of Neuronal and Axonal Degeneration
Tatyana I. Tenkova and Mark P. Goldberg ........................

Model of Acute Injury to Study Neuroprotection
Michal Schwartz and Jonathan Kipnis.............................

Organotypic Entorhino-Hippocampal Slice Cultures—A

Tool to Study the Molecular and Cellular Regulation

of Axonal Regeneration and Collateral Sprouting In Vitro
Domenico Del Turco and Thomas Deller . ........................

Role of Nrf2-Dependent ARE-Driven Antioxidant Pathway
in Neuroprotection
Jiang Li, Marcus J. Calkins, Delinda A. Johnson,
and Jeffrey A. Johnson ................ccooiiiiiiiiiiiiiniaiann

Biochemical Methods to Assess the Coupling of Brain Energy
Metabolism in Control and Disease States
Jennifer Zechel, W. David Lust, and Michele Puchowicz..........

A Method for Isolating Prosurvival Targets of NF-kB/Rel
Transcription Factors

Christian Kuntzen, Francesca Zazzeroni, Can G. Pham, Salvatore
Papa, Concetta Bubici, James R. Knabb, and Guido Franzoso...

Functional Cloning of Genes Regulating Apoptosis

in Neuronal Cells
Roberta Visconti and Luciano D’Adamio..........................
Characterization of mRNA Expression in Single Neurons

David M. Lin, Brandon Loveall, John Ewer, David L. Deitcher,
and Nikolaus J. SUCher. ...........oouuuiiuiiiiiiiiiinnnnnnnns

Xi

99



Xii

11

12

13

14

15

Brain on a Chip: A Method to Detect Novel Neuroprotective
Candidate Targets

Yang Tang and Myriam Bernaudin...........................

Intracerebral Infusion of Neurotrophic Factors

Theo Hagg ........oovvivniiiiiiiiiiiiiiiiii i,

Synthesis of Cell-Penetrating Peptides and Their Application
in Neurobiology

Gunnar P.H. Dietz and Mathias Bahr ........................

The Stem Cells as a Potential Treatment
for Neurodegeneration

Ferrari Daniela, Angelo Luigi Vescovi, and Daniele Bottai....

In Vivo Tomographic Imaging Studies
of Neurodegeneration and Neuroprotection: A Review

Rikki N. Waterhouse and Jun Zhao ..................c.......

Contents



Neuronal Death and Neuroprotection: A Review

Mariaelena Repici, Jean Mariani, and Tiziana Borsello

Summary

To achieve neuroprotection is one of the main interests for neuroscientist: understanding the
control mechanisms of neuronal death allows developing new tools for preventing it. Neuronal
death plays a critical role in most of the important neural pathologies, including stroke, epilepsy,
Parkinson’s disease and Alzheimer’s disease.

This review summarizes the three main different types of neuronal death: apoptosis, necrosis
and autophagic cell death, although we are conscious that if cell death falls into several categories,
the boundaries are not always distinct. We then introduce the current understanding of the
relationship between neuronal death types and neuroprotection.

Key Words: Necrosis, apoptosis, autophagy, neuronal cell death, neuroprotective strategies

1. Introduction

The death of neurons is one of the forces that shape the development of
the central nervous system (CNS). Neurons establish contact with their targets
during development and refine it throughout their life. To achieve the scope
of forming and retaining the functional nervous system architecture, neuronal
death is finely regulated in development and strictly kept under control in adult
systems. Therefore, individual neurons that fail to retain most of their synaptic
connections have no reason to further exist and die.

In the mature nervous system, most neurons are postmitotic cells and cannot
be easily replaced by cell renewal. For this reason, the death of neurons in

From: Methods in Molecular Biology, vol. 399: Neuroprotection Methods and Protocols
Edited by: T. Borsello © Humana Press Inc., Totowa, NJ
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2 Repici et al.

the adult CNS is a phenomenon more severe than in other tissues: the number
of mature neurons in adult is primarily dependent on the extent of neuronal
survival, and their decline in the old age is an important event. In addition,
increasing neuronal death induced by damaging insults is also a major risk factor
of neurodegenerative disorders and aging among the elderly of the population
is another risk factor that can cause neuronal degeneration.

The process called “neurodegeneration” is a progressive loss of structure or
function of neurons, culminating in the death of neurons. It is possible to distin-
guish between acute and chronic neurodegeneration. Acute neurodegeneration
is caused by a specific and traumatic event, whereas chronic neurodegener-
ation is normally a constant disease state with a multifactorial origin that has
longer progression. Acute neurodegeneration that accompanies stroke, head
trauma, cardiac arrest, and subarachnoid hemorrhage, however, share common
mechanisms of neuronal death with chronic forms of neurodegeneration, for
example, Alzheimer’s and Parkinson’s diseases, and also Huntington’s disease
and amyotrophic lateral sclerosis.

The neurodegeneration field has attracted much deserved attention in recent
times, leading to several new and important insights into cell biology. In fact,
studying the mechanisms of neuronal death will help in the identification of
a possible treatment to prevent it and improve the health and the quality of
patient life.

The field on neuroprotection is moving so rapidly and is so massive that it
is not possible to cover everything in a small review—there are several recent
and more extensive publications to which the interested reader should refer to
go deeper in details.

2. Neuronal Death Types

Neurons, such as the other cells, have death machinery: it consists of a
set of genes, intracellular pathways, and enzymes, which stand ever ready to
self-destruction.

It is now possible to discriminate 11 pathways of cell death (), some of
which are tissue specific or occur in only one type of cell. However, seven
types are observed in CNS. We will further simplify the situation and will focus
our attention on the three major known categories of neuronal death: necrosis,
apoptosis, and autophagic cell death (Table 1). This classification is mainly
based on morphological features because in the majority of cases the molecular
mechanisms are not well established. In addition, it is well known that neurons
can pass from one to the other types of cell death. In other words, neurons all



Neuronal Death and Neuroprotection: A Review

Table 1

Types of Neuronal Death

Features Apoptosis Necrosis Autophagic cell death
Genetic program PARP, and other? = No? Atg-5, Atg-6 (Beclin 1),
Atg-7, and other?
Cellular membrane Intact Lysed Intact
Organelles Subtle changes, Lysed Often into
notably in autophagosomes
mitochondria
Nucleus Shrinkage, DNA Swollen Late DNA fragmentation
fragmentation, and  and late
late fragmentation ~ fragmentation
of nucleus of nucleus
Enzymes Caspases Calpains Cathepsins and other
lysosomal hydrolases
ATP Maintained Depleted Maintained
Markers Activated Ca** LC3-I1,
caspase-3 and Monodansylcadaverine?
annexin-5 lysosomal markers such
as cathepsin D, and
LAMP-1
Inhibitors Caspase inhibitors ~ Channels 3-Methyladenine and
blockers and other PI3K inhibitors
calpain (e.g., wortmannin)
inhibitors
Time Hours Hours Hours

have virtually the same death machinery, but this may be used differently. The
eventual death mode—necrosis, apoptosis, or autophagic cell death—depends
on a number of parameters, including metabolic state and energy resources,
availability of growth factors, cell maturity, stress stimuli, and many other

factors.

2.1. Apoptosis

Apoptosis has come to be used synonymously with the phrase “programmed
cell death,” as it is a cell-intrinsic mechanism for suicide regulated by a variety
of cellular signaling pathways (for a recent review, see ref. 2). The apoptotic
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machinery, initially identified in Caenorhabditis elegans, is evolutionarily
conserved in higher organisms, and apoptosis represents a default mechanism
in mammalian development. It is marked by a well-defined sequence of
morphological changes. For neuronal death to be classified as apoptotic, nuclear
condensation and fragmentation, cleavage of chromosomal DNA into internu-
cleosomal fragments, and packaging of the deceased cell into apoptotic bodies
without plasma membrane breakdown must be observed (Fig. 1). Apoptotic
bodies are recognized and removed by phagocytic cells; thus, apoptosis is
also notable for the absence of inflammation around the dying cell. Other
peculiar features of apoptosis result from the activation of caspases (cysteine
proteases), which play a crucial role in dismantling the cell structure. Caspases
are synthesized as proenzymes with very low intrinsic activity. Their activation
can proceed through two distinct mechanisms: one involving the binding of
extracellular ligands to their receptors (extrinsic pathway, which culminates
in caspase-8 activation) and the other involving the release of cytochrome
¢ from the mitochondria (intrinsic pathway). A crosstalk between these two
pathways is provided by Bid, a Bcl-2 family member (3). Cytosolic cytochrome
¢ is highly proapoptotic and promotes the formation of a complex, called
apoptosome, between the protein Apaf-1 and an initiator caspase, procaspase-9.
The apoptosome is a caspase-activating structure: it causes, as a final result,
the activation of the downstream effector caspases, particularly executors of
the cell death program, caspase-3 and caspase-7.

Recent studies have shown that apoptosome may be finally regulated under
normal physiological state and may be altered under different pathological
conditions (4). Dying by apoptosis requires energy in the form of ATP and
has a very rapid course (5). The highly stereotyped changes accompanying
apoptosis suggested to early workers that this type of cell death was under the
control of a strict genetic program and induced them to define this type of cell
death as a “programmed or controlled death.”

2.2. Necrosis

In contrast to apoptosis, necrosis has been traditionally thought to be a
passive form of cell death with more similarities to an incident than to a
suicide. Necrosis is the end result of a bioenergetic catastrophe resulting from
ATP depletion to a level incompatible with cell survival and was thought
to be initiated mainly by toxic insults or physical damage. It is morpholog-
ically characterized by vacuolation of the cytoplasm, mitochondrial swelling,
dilatation of the endoplasmic reticulum (ER), and breakdown of the plasma
membrane (Fig. 1) (6). As a consequence, cellular contents are liberated into the
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Autophagic Neuron
(b) () (d)
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extracellular space and can damage neighboring cells and evoke inflammatory
responses (7). Although the molecular mechanisms that cause necrotic cell death
are not fully elucidated, typically, neurons lose control of their ionic balance,
imbibe water, and lyse. Typical necrotic death pathway has been found in
acute excitotoxicity. Excitotoxicity results from the release of excess of neuro-
transmitters and the engagement of cell membrane receptors with excitatory
amino acids such as ionotropic N-methyl-pD-aspartate (NMDA), kainate, and
2-amino-3-propionate (AMPA). The excitatory amino acids induce increased
intracellular Ca*" by releasing the ER Ca*" pool and/or inducing transport of
extracellular Ca** through plasma membrane transporters. Persistently elevated
cytosolic Ca*" has been implicated in excitotoxic cell death (8,9). Inhibition of
Ca®" uptake by mitochondria can suppress necrotic cell death (10). Necrosis
seems to be dependent on proteolytic system (11); in fact, the lysosomes
damage and the calpain—cathepsin liberation is an active mechanism of this
death pathway.

Although necrosis has been traditionally referred to as unregulated patho-
logical cell death, increasing examples of cell death with necrotic features
described under normal physiological and/or certain pathological conditions
suggest that, at least in some instances, necrosis may also be a regulated cellular
mechanism (12).

Programmed necrosis in response to DNA damage was found to be initiated
by the DNA repair protein poly(ADP-ribose) polymerase 1 (PARP-1, the
DNA damage-dependent nuclear enzyme) after cerebral ischemia. The nuclear
enzyme PARP is activated by DNA strand breaks, resulting in destabilization
of the surrounding chromatin and allowing DNA repair enzymes to gain access

A
<

Fig. 1. Morphological features of apoptotic, necrotic, and autophagic neuronal death.
(A) Normal neuron. (B) Apoptotic neuron: the execution phase is mediated by the
activation of the caspases that induce the degradation of a series of nuclear and cytosolic
targets. This phenomenon culminates in the chromatin condensation with the shrinkage
and collapse of the neuron that generates the apoptotic bodies. (C) Necrotic neuron:
the swelling of the entire neuron with grossly swollen organelles is the peculiar feature
of this type of death. One of the important steps in necrosis is an excessive influx of
intracellular calcium that by damaging the respiratory cycle causes neuronal death. (D)
Autophagic neuron: cytoplasm is characterized by a number of autophagic vacuoles
with a double-membrane vesicle that encapsulates whole organelles and bulk cytoplasm.
This autophagosome then fuses with the lysosomes where the contents are degraded
and recycled: the neuron digests itself as a suicide strategy.
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to the damaged DNA (13). PARP-1 hyperactivity is causative in postischemic
brain damage and turns out to be an active mechanism in necrosis. Also, if
much remains to be learned about the genetic and biochemical pathways of
necrosis downstream of the individual insults, studies examining excitotoxic
neuronal death, including those following ischemia, have proven instructive.

2.3. Autophagic Cell Death

It has been demonstrated in yeast, Dictyostelium, C. elegans, and plants that
autophagy represents a survival mechanism employed to allow these organisms
to survive times of famine starvation (14), although cultured mammalian cells
that are subjected to nutrient deprivation rapidly undergo apoptosis rather than
switching to the stationary phase that allows survival in less complex organisms.
Nevertheless, in certain disease states, including neurodegenerative disorders
such as Alzheimer’s and Parkinson’s diseases, cells in an advanced state of
autophagy are frequently observed. This led to the idea that autophagy is not
only an adaptive response to nutrient limitation but also a mechanism for cell
suicide (12,15,16). When autophagy involves the total destruction of the cell,
it is called autophagic cell death (also known as cytoplasmic cell death or
type II cell death) (6). This is one of the main types of programmed cell
death. This “autophagic death” process has been classified as distinct from
apoptotic and necrotic cell death. Autophagic cell death is morphologically
characterized by abundant vacuoles in the cytoplasm, mitochondrial dilatation,
and enlargement of Golgi and ER without nuclear condensation and fragmen-
tation (Fig. 1) (6). Normally, the degradation of cytoplasmic components
including subcellular organelles precedes the nuclear collapse; the integrity of
cytoskeletal elements is maintained until the late stages of the process (17).
The most characteristic feature of autophagic cell death is the formation of
autophagosomes/vacuoles in the cytosol of neurons; these vacuoles are two-
membraned and contain degenerating cytoplasmic organelles or cytosol (14). A
good marker of autophagic cell death is the light chain 3 (LC3), a homolog of
yeast Atg-8 (which is a crucial factor for yeast autophagy) that is a constituent
of autophagosomal membrane (18). This type of cell death can be inhibited
by 3-methyladenine and wortmannin or by downregulation of the autophagic
proteins such as Beclin 1. This implies that autophagic cell death is a program
of death dependent on gene and not only a falling survival attempt. Moreover,
in the analysis of the three major categories of neuronal death, it must be kept
in mind that although apoptosis and necrosis are clearly cell death pathways
and autophagy has been associated with neuronal death, autophagy is also
considered to be a cell protective mechanism, induced as a major catabolic
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pathway to generate intracellular nutrients to maintain energy production and
macromolecular synthesis when external nutrients are limited (19). Two very
recent studies performed by inactivating proteins of the autophagic pathway
have led to results indicating that the role and importance of autophagy in
neuronal death is still an object of debate: inactivation of either protein Atg-7 or
Atg-5 in mice leads to behavioral defects and progressive neuronal degeneration
(20,21).

3. Neuroprotection

Neuronal injury contributes significantly to functional impairment in a wide
variety of peripheral and central nervous system disorders. Such disorders
include acute diseases such as ischemia or head trauma and chronic diseases
such as Parkinson’s and Alzheimer’s diseases. Neurologic impairments charac-
teristic of these disorders include loss of coordination and inability to walk,
memory loss, incapability to concentrate, and other cognitive deficits. Such
impairments often become progressively worse over weeks and years, thus
leading to chronic dysfunction. Current therapies do not adequately treat such
dysfunctional neurologic conditions.

Basic research studies provided a great hope for the alleviation of these
human diseases. In fact, the treatments that interfere with a specific event in
the death-signaling pathway have been reported to produce neuroprotection
against neuronal death. However, the existence of multiple cell death pathways
with both overlapping and distinct molecular mechanisms, combined with the
observation that inhibition of one such pathway may enhance alternative ones,
suggests that treatment strategies should optimally be directed at multiple
targets/mechanisms.

The optimal neuroprotective approach should therefore include either combi-
nation treatment of strategies directed toward multiple cell death pathways
or the use of single compounds that may inhibit more than one cell death
mechanism (multipotential agents). In this context, we will go over the different
inhibitors available for the three neuronal death pathways described in the
previous section.

3.1. Neuroprotection Against Apoptotic Cell Death

Owing to the complexity of the apoptotic cascade, apoptotic neuronal death
can be modulated at many critical steps: by inhibiting key initiators, by
blocking key components of the death cascade, or by enhancing prosurvival
factors. Moreover, it is possible to discriminate between strategies to prevent
caspase-dependent apoptosis (e.g., caspase inhibitors) and strategies to prevent
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caspase-independent apoptosis (e.g., PARP inhibitors). PARP activation has
been shown to directly contribute to caspase-independent apoptosis, and PARP
inhibitors therefore represent one possible therapeutic strategy against this type
of cell death. Caspase inhibitors have been used in several acute experimental
paradigms, such as cerebral ischemia and traumatic brain injury, and also in
chronic diseases (it has recently been shown that upstream caspase cascade
needs to be inhibited if useful neuroprotection is to be achieved in cell culture
model of SODI-related familial amyotrophic lateral sclerosis, see ref. 22).
However, in the neuroprotective approach using caspase inhibitors, it must
be kept in mind that (1) by inhibiting caspase-dependent apoptosis the mode
of cell death might shift to caspase-independent apoptosis or necrosis and
(2) caspase activity may have an important function in some physiological
processes (23).

Positive results have also been obtained by enhancing prosurvival factors:
overproduction of Bcl-2 in transgenic mice is associated with reduction in
the infarct size following cerebral ischemia (24), and in vivo virally mediated
overexpression of the antiapoptotic gene X chromosome-linked inhibitor of
apoptosis protein (XIAP) reduces apoptosis and behavioral deficits following
transient forebrain ischemia (25,26).

Recently, the overproduction of the Apaf-1 interacting protein (AIP), a splice
variant of caspase-9 endogenously expressed in the brain, has been shown to
promote the survival of hippocampal neurons after transient global ischemia
(27), and AIP overproduction has been proposed as a neuroprotective strategy
to prevent neurodegeneration and stroke-induced neuronal death. Finally, it is
clear that the continued studies of apoptosomal formation and regulation will
make the apoptosome itself a viable therapeutic target in the CNS.

3.2. Neuroprotection Against Necrotic Cell Death

Intracellular calcium is recognized as a central effector of necrosis, and
preventing the increase in its concentration has been shown to reduce neuronal
death following excitotoxicity. The necrotic pathway initiated by elevated
calcium concentration can be blocked at specific points to prevent neuronal
death. At a first level, it is possible to block the glutamate-gated channels: by
preventing the calcium influx, the membrane depolarization is also prevented
and as a consequence neurotoxicity. The MK801 is a potent NMDA blocker
and represents an efficient tool to prevent in vitro neuronal death. However,
neuroprotective drugs acting at the NMDA receptor level tested in clinical trails
have failed because of side effects. More recently, the memantine (NMDA
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blocker) is on final clinical trail (phase III), showing efficacies in Alzheimer’s
disease (28).

At a second level, the control of cytoplasmic calcium may be obtained
using specific chelators and has neuroprotective effects in mammalian
neurons (29-31). Similarly, overexpression of the calcium sequestering protein
Calbindin protects neurons from necrotic insults (32). At a lower level,
inhibitors of calcium-activated calpain protease can favor survival (33). Another
possible level of intervention is to work at the synapse level: cleaning glutamate
by enhancing its uptake.

Considerable progress has been made in combating necrosis, and there is
now a more coherent and detailed picture of this type of cell death; however,
because of the intricacies of this cascade of events, there is a long way to
go before having an effective strategy to prevent it. Understanding this death
process will help develop the successful methodology.

3.3. Neuroprotection Against Autophagic Cell Death

It is difficult to propose efficient strategies to inhibit autophagic cell death
and neuroprotect the brain because of several uncertainties in the understanding
of this process.

First, the drugs proposed to inhibit autophagy such as 3-methyladenine
and wortmannin are likely to be nonspecific inhibitors of this type of cell
death. Second, because autophagy is also considered to be a cell protective
mechanism, its pharmacological manipulation might lead to unexpected or
contradictory results. For instance, rapamycin, a lipophilic macrolide antibiotic,
induces autophagy by inactivating the protein mammalian target of rapamycin
(mTOR). Rapamycin protects against mutant huntingtin-induced neurodegen-
eration in cell, fly, and mouse models of Huntington’s disease (34,35). Third,
there is increasing evidence that apoptosis and autophagy represent networks
of molecular processes and that there are a number of molecular mechanisms
that link the regulation of both processes (reviewed in ref. 36). Beclin 1 was
originally identified as a Bcl-2-interacting protein and was quickly identified as
a mammalian ortholog of the yeast autophagy gene, Atg-6/Vps30 (37). A recent
study of the interactions between Beclin 1 and Bcl-2 has shown that Bcl-2
can inhibit autophagy in a variety of tissues by binding Beclin 1, and in the
absence of Bcl-2, Beclin 1 can overinduce autophagy leading to cell death. The
relative levels of Beclin 1 and Bcl-2 may act like a rheostat to set the cellular
levels of autophagy. Because Beclin 1 interacts with Bcl-2 and Bcl-2 interacts
with Bax, it seems likely that there may be a more complex rheostat where
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the relative levels of Beclin 1, Bcl-2, and Bax regulate the cellular status of
autophagy and apoptosis induction. Much more work will be needed to under-
stand these intricate mechanisms before any clear neuroprotective strategies
could be proposed.

4. Conclusions

The edge at which a neuron commits to die is surely adjusted by metabolic
and respiratory factors, which are themselves adjusted by other activities of the
cell. In the dying neuron, there is considerable crosstalk among many different
metabolic pathways. Cytoplasmic or lysosomal proteases other than upstream
caspases can affect the activation of effector caspases, and many other enzymes
are often upregulated in dying neurons, playing important roles in the death
of the cells. Most commonly, cells follow an apoptotic route to death, but
they have many options that can divert to or accentuate autophagic or necrotic
pathways. We do not fully understand the extent to which cells can switch
between pathways. A better understanding of the genes involved in apoptosis
and autophagy should allow future studies to dissect the role of autophagy in
neuronal death and survival more thoroughly. However, we are not persuaded
that the energy deprivation is the only reason for dying by necrosis and that
necrosis is just a passive way without any higher implication.

For instance, we do not know to what extent the metabolic history of a
neuron (including activity, neuronal interaction, nutritional reserves, accumu-
lated oxidative damage, and the conversation among its organelles and compart-
ments) can affect the pathway that it follows to death. It is always important
to point out that neurons operate more as an ecosystem than as a collection of
individual enzymatic pathways. Efforts to establish therapies that are based on
the control of neuronal death will eventually incorporate these considerations.
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The Use of Propidium lodide to Assess Excitotoxic
Neuronal Death in Primary Mixed Cortical Cultures

Anthony C. Lau, Hong Cui, and Michael Tymianski

Summary

Neurodegenerative disorders are subjects of intense scrutiny in biomedical research because
of their often-debilitating effects. Currently, many laboratories are engaged in developing or
testing drugs to prevent neuronal loss in a variety of these pathologies. A key to testing such
drugs is the use of a fast, reliable, and easily reproducible model of neurodegeneration and
neuroprotection. Our laboratory has previously used propidium iodide (PI) to assess the degree
of neurodegeneration and neuroprotection under a variety of conditions. Ultimately, efforts are
underway in the laboratory to prevent delayed neuronal loss following acute ischemic insults using
drug therapies. It is now believed that a key mechanism of neurodegeneration following acute
ischemia or anoxia is a result of excitotoxicity via N-methyl-p-aspartate receptors (NMDARs)
and subsequent overproduction of nitric oxide via neuronal nitric oxide synthase (nNOS). Thus,
for the purposes of this chapter, the insult used to induce cell death will be various concentrations
of NMDA and the compound used to demonstrate neuroprotection will be the nonspecific
NOS inhibitor Nw-nitro-L-arginine methyl ester (L-NAME). Assessment of neuronal death is
accomplished by measuring changes in PI fluorescence using a fluorescent plate reader. This
chapter will outline the necessary steps required to (1) produce primary mixed cortical cultures,
(2) apply PI and NMDA to these cultures, (3) quantify the results obtained from these cultures,
and (4) image these cultures in conjunction with Hoechst 33342 and immunocytochemistry using
fluorescence microscopy.
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neuroprotection.
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1. Introduction

Neurodegenerative diseases are often considered among the most debilitating
pathologies capable of causing significant motor and cognitive deficits. Therefore,
alarge proportion of biomedical research has been devoted to the idea of neuropro-
tection, the ability to bestow neurons with an increased resistance against cellular
degeneration following injury. Much of our research is focused on providing
neuroprotection following acute excitotoxic or ischemic insults (1,2). One of
our ultimate goals is to develop drugs that are neuroprotective in a clinical
setting. However, before any of these can be considered for clinical utility, it
is useful to screen their neuroprotective effects in cell cultures. Thus, as the
advancement of biomedical science produces increasing numbers of putative
neuroprotective compounds, the need for a fast and reliable method of demon-
strating neuroprotection in cell cultures is clear. To this end, we have developed
an efficient and robust model system to test compounds for their neuroprotective
efficacy in primary murine cortical cultures using propidium iodide (PI) (3).

The term “excitotoxicity” was first coined by Olney (4) to reflect the
finding that excessive activation of neuronal glutamate receptors with excitatory
amino acids is neurotoxic. It is now believed that much of the neurotox-
icity of glutamate receptor overstimulation is because of calcium influx via
N-methyl-D-aspartate glutamate receptors (NMDARs) (5), and subsequent
studies in cell cultures have shown that NMDAR-mediated neuronal death
is, in large part, a result of the close association of NMDARs with neuronal
nitric oxide synthase (nNOS), an enzyme that mediates the production of the
reactive nitrogen species nitric oxide (NO) (2). NO-mediated neuronal death
can be attenuated by the addition of NOS inhibitors such as Nw-nitro-L-arginine
methyl ester (L-NAME) (6). Thus, in our model of neurotoxicity, cell cultures
are treated with NMDA to induce cell neuronal death, whereas the application
of the L-NAME serves as a positive control for neuroprotection. This model
of NMDA-induced neurotoxicity is believed to recapitulate some of the key
damaging mechanisms that occur in vivo during brain ischemia. Thus, this in
vitro approach has utility in screening neuroprotective agents before these are
applied to more complex animal models of disease such as stroke (1).

PI is a fluorophore that interacts directly with dsDNA (7). PI interca-
lation into dsDNA enhances its fluorescence over a wide excitation (peak
~ 540nm) and emission (peak ~ 620nm) range. PI is a large molecule that
is unable to traverse the plasma membrane of healthy cells and thus remains
minimally fluorescent. However, during cellular degeneration, a reduction in
plasma membrane integrity allows PI to enter the cell, permitting its contact
with dsDNA. Thus, in most cases, PI is a reliable index for dead and dying cells
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(see Note 1). The technique described herein quantifies the increased fluores-
cence of these dying cells 24 h after a 1-h excitotoxic insult. The following
outlines the protocols required to (1) generate primary neuronal cell cultures from
mouse embryos in 24-well plates, (2) apply NMDA, PI, and L-NAME to these
cultures (see Note 2 and 3), (3) quantify and compare the amount of neuronal
death in treated and nontreated wells, and (4) produce qualitative fluorescence
images from these cultures. This technique is of a high-throughput nature and has
general applicability and reproducibility for neuroprotective drug screens.

2. Materials
2.1. Primary Murine Mixed Cortical Cultures

1. Poly-L-ornithine (PLO) solution: 30 mg/LL PLO (Sigma-Aldrich, Oakville, ON,
Canada) and 3.6g/L. borax (Invitrogen/Gibco, Burlington, ON, Canada) are
dissolved in water (see Notes 3 and 4). Solution pH is adjusted to 8.4 and is
0.2 wm-filtered. PLO solution is stored at 4° C and is good for up to 2 weeks.

2. Minimum essential medium (MEM): MEM (Invitrogen/Gibco) is purchased with
Earle’s salts, without L-glutamine, and 0.1 pm-filtered. MEM is stored at 4° C.

3. Phosphate-buffered saline (PBS): PBS (Invitrogen/Gibco) is purchased without
calcium chloride (CaCl,) and magnesium chloride (MgCl,) and is 0.1 pm-filtered.
PBS for dissections is stored at 4° C until use.

4. Growth medium (GM): GM is made by supplementing MEM with 10% heat-
inactivated (see Note 5) horse serum (Invitrogen/Gibco), 1% GlutaMAX™-1 100 x
(Invitrogen/Gibco, see Note 6), and 4.5 g/l D-glucose (Sigma-Aldrich). GM is
0.2 wm-filtered prior to use and stored at 4° C for up to 1 month.

5. Plating medium (PM): PM is made by supplementing MEM with 10% heat-
inactivated horse serum, 10% fetal bovine serum (Invitrogen/Gibco), 1%
GlutaMAX™-1 100x, and 4.5 g/L p-glucose. PM is 0.2 pm-filtered and stored at
4° C for up to 1 month.

6. Trypsin—-EDTA digestion buffer: 0.05% Trypsin—-EDTA 1x (Invitrogen/Gibco) is
purchased and divided into 4-mL aliquots. Aliquots are stored at —20° C until use.

7. Cell culture plates: Costar 3526 24-well plates (Corning Inc., Corning, NY, USA).

8. EI5 embryos: E15 pregnant female mice are purchased from Charles River,
Wilmington, MA.

9. (+4)-5-Fluor-2'-deoxyuridine (FDU) stock solution: 12.21 mg uridine (Sigma-
Aldrich) and 12.39 mg FDU (Sigma-Aldrich) are dissolved in 5 mL water, for a
final concentration of 10 mM each; 500-p.L aliquots are made and stored at —20° C
until use.

10. FDU/GM solution: FDU/GM solution is made by adding 500 L. FDU stock
solution to 500 mL GM. FDU/GM is subsequently 0.2 wm-filtered and stored at
4° C for up to 1 month.

11. Trypan blue: Trypan blue stain 0.4% (Invitrogen/Gibco) is kept at room temper-
ature until use.
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2.2. NMDA, PI, and Drug Treatments

1. NMDA stock solution: 20mM NMDA solution is made by dissolving 2.94 mg
NMDA (Sigma-Aldrich) in 1 mL water. NMDA solution is made fresh prior to the
experiment and kept at 4° C.

2. Nimodipine stock solution: 20 uM nimodipine solution is made by dissolving 8.4 mg
nimodipine (RBI, Sigma) in 1mL dimethylsulfoxide (DMSO, Sigma-Aldrich).
Nimodipine is made fresh daily and kept at —20° C.

3. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) stock solution: 25 pM CNQX stock
solution is made by adding 5mg CNQX (Sigma-Aldrich) to 861 L. DMSO and
sonicating for 1 h. CNQX stock solution is stored for up to 1 month at —20°C in
200-pL aliquots.

4. PI stock solution (1 mg/mL): 250 mg PI (see Note 7) (Invitrogen/Molecular Probes,
Burlington, ON, Canada) is dissolved in 250 mL PBS for a final concentration of
1 mg/mL. PI stock solution is stored at 4° C until use.

5. HEPES buffer solution: HEPES buffer solution is made by dissolving 7.08 g sodium
chloride (121 mM NaCl), 2.34g HEPES acid (10mM HEPES), 1.82g HEPES
sodium salt (7mM HEPES-Na), 3.60g D-glucose (20mM Db-glucose), 0.372¢g
potassium chloride (0.5 mM KCl, Sigma-Aldrich), 0.11 g sodium pyruvate (1 mM
sodium pyruvate), 0.2 g calcium chloride (1.8 mM CaCl,), 0.252 g sodium bicar-
bonate (3mM NaHCO;), and 100 L. 100 mM glycine (0.01 mM glycine, see Note 8)
in 1 L water. HEPES buffer solution is kept at 4° C and is made weekly.

6. L-NAME stock solution: 10 mM L-NAME stock solution is made by dissolving
5.4mg L-NAME (Sigma-Aldrich) in 2mL water. L-NAME stock is made fresh
daily and kept at 4° C until use.

2.3. Quantifying Neuronal Death in PI-Treated Cultures

1. Plate reader: Fluoroskan Ascent FL with Ascent Software v2.6 (Thermo Labsystems,
Burlington, ON, Canada). Filters on the plate reader are set at 530 nm excitation
and 620 nm emission (see Note 9).

2. Statistical software: Microsoft Office Excel 2003 with the Analysis ToolPak add-in
(Microsoft Canada Co., Mississauga, ON, Canada).

3. Graphing software: SigmaPlot 8.02A (Systat Software, Point Richmond, CA, USA).

2.4. Costaining and Imaging PI-Treated Cultures

1. Fixative solution (see Note 10): 4% paraformaldehyde and 10% sucrose in PBS.
Solution pH: 7.4. Fixative solution is made fresh and stored at 4° C.

2. PBS: PBS is purchased without CaCl, and MgCl, and is 0.1 pm-filtered. PBS for
immunocytochemistry is stored at room temperature until use.

3. Blocking solution: 2 mL normal rabbit serum is added to 18 mL PBS, resulting in
a 10% rabbit serum blocking solution. Blocking solution is made daily and stored
at 4° C until use.



Propidium lodide to Assess Cell Death 19

4.

10.

HEPES buffer solution: HEPES solution in this subheading is identical to that in
Subheading 2.2.

Hoechst 33342 stock solution: 2mL Hoechst 33342 (10 mg/mL) is diluted into
198 mL water, resulting in a final dilution of 100wg/mL. Hoechst 33342 stock
solution is stored at 4° C until use.

Triton X-100 solution: 10% Triton X-100 stock solution is made by mixing 10 mL
Triton X-100 with 90 mL water. This stock is kept at room temperature until use.
Triton X-100 working solution: 0.2% Triton X-100 working solution is made by
diluting 400 L 10% stock in 20 mL PBS. This solution is made fresh and is kept
at room temperature.

Primary antibody solution (see Note 11): 30pL mouse monoclonal anti-
NeuN (1:500 dilution; Chemicon, Temecula, CA, USA) is added to 12.75mL
PBS with 2.25mL blocking solution. This solution is made fresh and stored
at 4°C.

Secondary antibody solution (see Note 11): 15uL goat antimouse conjugated
to fluorescein (1:1000 dilution; Sigma-Aldrich) is added to 12.75 mL PBS with
2.25 mL blocking solution. This solution is made fresh and stored at 4° C.
Microscope and camera system (see Note 12): images are visualized using
Nikon Eclipse TE200 inverted microscope with a TE-FM Epi-Fluorescence
Attachment (Nikon Canada, Mississauga, ON, Canada). Images are captured using
a Hamamatsu C4742-95-12ER Digital CCD camera (Hamamatsu Photonics K.K.,
Sunayama-Cho, Hamamatsu-City, Japan) with SimplePCI software (Compix Inc.,
Cranberry Township, PA, USA).

3. Methods
3.1. Primary Murine Mixed Cortical Cultures

1.

At least 1 day before beginning dissections, coat four 24-well plates with
PLO solution (500 L per well) and incubate overnight at 37°C with 5% CO,
(see Note 13).

Aspirate out PLO solution and add 500 wL. water per well. Repeat wash with water
once. Remove water and allow plates to air-dry (see Note 14).

Place an E15 (see Note 15) pregnant mouse into an induction chamber with
1:2 oxygen:nitrous oxide supplemented with 2% halothane. Once sufficiently
anesthetized (see Note 16), cervically dislocate the animal. Wash the animal
thoroughly (see Note 17) in 70% ethanol and place into the laminar flow hood on
a sterile plate.

Make incisions from the uterus laterally along both sides of the body until the
thoracic cavity. Retract the skin and remove embryos in the placenta from the
animal. Place embryos into a culture dish filled with cold PBS.

Carefully remove the placenta and place the embryos in the amniotic sac in a
separate culture dish with cold MEM.
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The following steps should be performed one embryo at a time. Remove embryo
from its amniotic sac and place it in a culture dish under a dissection microscope.
Make an incision on the occipital bone and another incision along the sagittal
suture. Holding the neck, ease out the brain out of the cranium through the incision
and place the dorsal side up. Remove the olfactory lobes and spread cortices
outward, such that the dorsal sides of the cortices are facing down. Cut off any
brain matter below the cortex and ease the cortices out of the dura. Place cortices
in cold MEM in a small culture dish.

. Aspirate out MEM and replace with 2mL Trypsin—-EDTA digestion buffer.

Incubate cortices at 37° C with 5% CO, for 5 min.
Transfer cortices using a 5-mL serological pipette into a sterile 15-mL
polypropylene tube containing 10 mL cold MEM.

. Allow cortices to settle and aspirate MEM leaving approximately 2mL total

volume (cortices + MEM).

Triturate cortices 10 times with a normal Pasteur pipette, taking care to avoid
bubbles. Flame-polish the opening of another Pasteur pipette approximately 50%
of its original size and allow to cool. Using the flame-polished pipette, triturate the
cortical homogenate another 10 times, again taking care to avoid bubble formation.
Add prewarmed (37°C) GM to the homogenate up to 10 mL.

Place the cortical homogenate in a centrifuge (GLC-1, Sorvall, Newtown, CT,
USA) at 1000 rpm (200 x g) for 5 min. Then, using a 5-mL serological pipette,
triturate gently 10 times (see Note 18). Allow cellular debris a few seconds to
settle and place 50 L cortical suspension into a mixture of 200 WL Trypan blue
and 750 wL. PBS. Count cells (see Note 19).

Calculate the total volume necessary for 0.8 x 10° cells per well and dilute
the cortical homogenate (without cellular debris) in an appropriate volume of
prewarmed (37°C) GM (see Note 20). Add 250 nL. PM to each well prior to the
addition of 1 mL cortical homogenate per well. Gently agitate plates manually
to promote even distribution of neurons and place into a 37° C incubator supple-
mented with 5% CO,.

Four days following the dissection, gently aspirate GM and replace with
prewarmed (37°C) GM/FDU solution (1 mL) to inhibit further glial growth
(see Note 21).

Six days following the dissection, aspirate GM/FDU solution and replace with
prewarmed (37°C) GM (1 mL) solution.

Conduct experiments on day 11 following dissection (see Note 22).

3.2. NMDA Application and PI Application

1.

2.

Visually inspect the cortical cultures using a x20 objective and phase-contrast
microscopy prior to use (Fig. 1).

Make serial dilutions of NMDA from the 20mM stock solution into HEPES
solution (see Table 1).
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Fig. 1. Appearance of the cell cultures. Healthy neurons should be well rounded,
large, and evenly dispersed throughout each well. Images were taken using a x20
objective.

3. Warm 200 mL HEPES to 37° C (see Note 23).

4. Add 40pL CNQX and 10 pL nimodipine to 100 mL prewarmed HEPES solution
to a final working concentration of 2 uM CNQX and 10 wM nimodipine.

5. Prepare 100uM L-NAME working solution by adding 100uL of the 10 mM
L-NAME stock solution to 10 mL CNQX/nimodipine/HEPES buffer.

Table 1
Serial Dilutions of N-Methyl-p-Aspartate
Volume Fill to with Final concentration
Stock dilution  added (mL) HEPES (mL) (M)
20 mM 1 9 2000
2000 pM 3 7 600
600 uM 6 3 400

N/A N/A 10 0
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11.

12.
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Remove cultures from the incubator and wash cells twice with 1 mL warm HEPES
buffer solution.

Gently aspirate HEPES solution from the wells and add warm CNQX/nimodipine/
HEPES buffer to 12 wells (1 mL each). Add CNQX/nimodipine/HEPES/L-NAME
buffer to the other 12 wells (1 mL each).

. Add 50 NMDA serial dilutions to each appropriate well (Fig. 2). The final

concentrations of NMDA are OpM (50l of OpM NMDA), 20 uM (50 uL. of
400pM NMDA), 30puM (50pL of 600 M NMDA), and 100pM (50l of
2000 uM NMDA).

Return plates to a 37° C/5%CO, incubator for 1 h.

During the 1h incubation, make up working PI solution by adding 0.5 mL of
1 mg/mL PI to 45.5mL of the CNQX/nimodipine/HEPES buffer, resulting in a
10 wg/mL working dilution of PI.

Following the 1h incubation, remove solutions and add 500 L prewarmed
CNQX/nimodipine/HEPES solution with 10 wg/mL PI to each well.

Read plates immediately in a plate reader to assess baseline readings (emission
540 nm, excitation 620 nm) (see Note 24).

3.3. Quantifying Neuronal Death in PI-Treated Cultures

1.

D

Fig. 2. Example of the plate layout for an experiment in which there are three

Returned plates to the 37°C/5%CO, incubator and reassess PI uptake at 20h
following PI treatment. These readings represent the final PI readings.

1

2

3

4

5

6

100uM NMDA 100uM NMDA 100puM NMDA 100uM NMDA 100pM NMDA 100uM NMDA
2uM CNQX 2uM CNQX 2uM CNQX 2uM CNQX 2uM CNQX 2uM CNQX
10pM ni 10uM ni 10pM ni 10uM ni 10uM nimodip 10uM ni
In HEPES buffer In HEPES buffer In HEPES Mﬁtr 100uM L N.ﬁME 100pM L-NAME 100uM L-] NﬁME
In HEPES buffer In HEPES buffer In HEPES buffer
60pM NMDA 60uM NMDA 60pM NMDA 60pM NMDA G0puM NMDA 60pM NMDA
2uM CNQX 2puM CNQX 2uM CNQX 2uM CNQX 2uM CNQX 2uM CNQX
10uM nimodi 10uM nimodipi 10uM nimodipi 10uM nimodipi 10pM nimodipi 10uM nimodipi
In HEPES buffer In HEPES buffer In HEPES buffer 100uM I,-NAMI; 100uM L-NAME 100uM L-| NAME
In HEPES buffer In HEPES buffer In HEPES buffer
30uM NMDA 30uM NMDA 30uM NMDA 30uM NMDA 30uM NMDA 30uM NMDA
2uM CNQX 2uM CNOX 2uM CNQX 2uM CNQX 2uM CNQX 2uM CNQX
10pM ni i 10uM ni 10uM nimodipi 10uM ni 10uM nimodi 10uM ni
In HEPES buﬂ':r In HEPES buffer In HEPES b1.|jTe1' 100uM L-NAME 100pM L-NAME 100uM L-NAME
In HEPES buffer In HEPES buffer In HEPES buffer
OuM NMDA OpM NMDA 0uM NMDA OuM NMDA OpM NMDA O0uM NMDA
2uM CNOX 2uM CNOQX 2uM CNOQX 2uM CNQX 2uM CNQX 2uM CNOQX
10pM ni 10uM nimodi 10uM nimodipi 10uM nimodipi 10uM nimodip 10uM nimodi
In HEPES hllff!l‘ In HEPES buffer In HEPES buﬁﬂ 100uM l,-NAME 100puM L-NAME 100uM L-] NJ\ME
In HEPES buffer In HEPES buffer In HEPES buffer

repetitions of each condition, and both treatments (control and L-NAME) are applied
on the same plate to minimize any potential inter-plate variability. CNQX, 6-cyano-
7-nitroquinoxaline-2,3-dione; L-NAME, Nw-nitro-L-arginine methyl ester; NMDA, N-
methyl-D-aspartate.
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2. Because the mixed cortical cultures invariably exhibit an endogenous level of cell
death, evaluating the extent of neuronal death requires that data obtained at 20 h
be compared with baseline readings. The following equation accomplishes this
required operation for any given condition:

-

‘ [FFinal(i) - FBase]ine(i)]
F. =" ,

X
n

Where n is the number identical treatment repetitions (3 in this case), Fi,line 1S
the arbitrary fluorescence obtained by the plate reader at Oh, F,,, is the arbitrary
fluorescence obtained by the plate reader at 20 h, x is any given condition, and F,
is the mean increase in fluorescence for any given condition.

3. To normalize the data, divide each point obtained above by the mean PI reading at
0uM NMDA at 20 h of the same drug treatment(see Note 25).

4. To evaluate the significance of each data point, perform a one-tailed -test on
each pair of points (comparing nontreatment with treatment groups), where the
alternative hypothesis is “nontreated PI fluorescence” > “treated PI fluorescence.”
Any P-value less than 0.05 is considered significant (see Note 26).

5. Graph results using SigmaPlot 8.02A (Fig. 3) or another suitable graphing software
package.

3.4. Costaining and Fluorescence Imaging
3.4.1. Verifying Neuronal Content of the Cell Cultures

1. While still in the PI working solution, add 15uL 10% Triton X-100 solution to
each of the 100 uM NMDA well. Incubate the cells for at least 5 min and assess PI
staining using the plate reader.

2. To determine the proportion of neurons compared with other cell types
(see Note 27), the following equation is used:

-

I [FTriton X(i)]
4

F Other — >
n

Where n is the number of 100 .M NMDA wells treated with Triton X-100 (3 in this
case), Frion x 1S the PI fluorescence obtained following Triton X-100 treatment,
and F, ., is the average PI staining attributed to other cell types in the culture.

3. F, is divided by F,,, where x is the nontreated 100 uM NMDA condition at 20 h,
and a percentage of neuronal cells is obtained (see Note 28).
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NMDA Toxicity Curve

600

e 100uM L-NAME
I Untreated

Fluorescence compared to untreated controls (%)

0 30 100 1000
NMDA Concentration (uM)

Fig. 3. A representative example of an N-methyl-D-aspartate (NMDA) toxicity curve
obtained by propidium iodide (PI) staining and quantification of fluorescence increase.
Note the similarities in fluorescence staining obtained with 100 and 1000 uM NMDA
applications, indicating saturation of neuronal death.

3.4.2. Veritying the Cellular Nature of Pl Staining

1. Prior to beginning the experiment, warm 100 mL HEPES buffer to 37° C.

2. Prepare Hoechst 33342 working solution by adding 150 wL stock solution to 15 mL
prewarmed HEPES to a final dilution of 1wg/mL.

3. Wash cell cultures twice with prewarmed HEPES solution followed by an appli-
cation of 500 wL. Hoechst 33342 working solution to each well (see Note 29).

4. Incubate the plate at 37° C for 5 min and visualize.

5. Visualize PI using excitation 540 nm and emission 620 nm. Visualize Hoechst 33342
staining using excitation 350 nm and emission 460 nm (Fig. 4).
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Hoechst Propidium lodide

OuM NMDA

100uM NMDA

Fig. 4. An example of propidium iodide (PI)-treated (right panels) cell cultures

costained with Hoechst 33342 (left panels). Although some fluorescence is observed in
the OpM N-methyl-pD-aspartate (NMDA) condition, it is not associated with Hoechst
33342, indicating PI staining from a noncellular source. NMDA (100 M) treatment
induces widespread PI staining, largely localized with Hoechst 33342. Images were
taken using a 20x objective.

3.4.3. Costaining Cultures With Immunocytochemistry

1.
2.

d

SN

Remove plates from the incubator and wash twice with 1 mL prewarmed PBS.
Apply 500 wL warm fixative solution to each well and leave at room temperature
for 50 min.

Permeabilize cells using S00 L 0.2% Triton X-100 in PBS and leave at room
temperature for 15 min.

Wash wells three times (1 mL each wash) with PBS.

Incubate cells with 500 wuLL 10% normal rabbit serum for 1 h at room temperature
to block.

Add 200 pL primary antibody solution and leave at 4° C overnight.

Wash cells again three times with PBS for 5 min each.

Incubate plates in secondary antibody solution at room temperature for 1 h.
Wash cells three times with PBS for 5 min each and visualize using the microscope.
Visualize PI at excitation 540nm and emission 620 nm. Visualize fluorescein-
conjugated antimouse at excitation 495 nm and emission 520 nm (Fig. 5).
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Anti-NeuN Propidium lodide

OuM NMDA

100uM NMDA

Fig. 5. Propidium iodide (PI)-treated cell cultures costained with immunocytochem-

istry (anti-NeuN). Note the significant overlapping staining of PI (right panels) and
anti-NeuN (left panels) with 100 WM N-methyl-pD-aspartate (NMDA) compared with
little or no staining with 0 uM NMDA. Images were taken using an 40x objective.

4. Notes

1.

Although this statement holds true for most types of insults, it should be noted that
direct mechanical injuries (such as the stretching of cells) can induce the formation
of pores in the plasma membrane large enough to allow PI into the cell. However,
subsequent experiments have shown that some of these cells appear healthy after
the insult. Thus, results obtained from these types of cultures should be inter-
preted carefully, as neuronal death using PI staining can be overestimated in these
cases.

Despite the focus on NMDAR-mediated neuronal death in this chapter, the basic
protocol can be applied to almost any type of neuronal insult (with the exception
of those listed in the previous note). We have successfully used this method with
staurosporine, 3-morpholinosydnonimine (SIN-1), glutamate, and other neurotoxic
substances.

. All solutions for the cell culture preparation must be kept sterile at all times unless

otherwise noted. Solutions are filtered into autoclaved glass bottles.

For the purposes of this chapter, unless otherwise noted, all references to water
refer to distilled, deionized water with a resistance of at least 18.2 M() and a total
carbon content of less than 5 parts per billion.
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5.

6.

10.

11.

12.

13.

14.

15.

16.

Horse serum (Invitrogen/Gibco) is inactivated by heating bottle for 1h in a 56°C
water bath; 50-mL aliquots are made and stored at —20° C until use.

If GlutaMAX™-1 100x is unavailable, it can be substituted with an equivalent
volume of 200 mM L-glutamine dissolved in water.

. PI has been demonstrated to have mutagenic properties. Handle PI with appropriate

protection (i.e., gloves, mask, and fumehood).

. Glycine stock solution (100 mM) is made by dissolving 75.07 mg glycine (Sigma-

Aldrich) in 10 mL water. Glycine stock solution is divided into 500-pL aliquots
and kept at —20° C until use.

. Any plate reader capable of excitation and emission recordings at approximately

530 and 620 nm, respectively, will be sufficient to quantify PI staining provided it
has the appropriate sensitivity.

Paraformaldehyde is a known carcinogen—use proper protection when handling.
Fifteen milliliters of PBS is heated under the fumehood until its temperature
reaches approximately 80°C. Once the temperature has reached 80°C, 0.8 g
paraformaldehyde (Sigma-Aldrich) is added to the PBS. If the solution does not
become clear, drops of 0.1 M sodium hydroxide (NaOH) are added until no precip-
itate is observed. When the fixative solution has cleared, it is removed from the
heating plate and allowed to cool to room temperature. Two grams of sucrose
(Sigma-Aldrich) is then dissolved in the solution. The pH is adjusted to 7.4, and
water is added to the solution to obtain 20 mL total volume, resulting in 4%
paraformaldehyde (w/v) and 10% sucrose (w/v).

The volume listed here is sufficient for immunocytochemistry in all 24 wells of
the plate. Often, it is not necessary to stain each condition in triplicate (or even
each condition), so careful planning should be performed such that no antibody is
wasted.

Any microscope/camera system with the following filter pairs will be sufficient for
visualizing PI, Hoechst 33342, and fluorescein isothiocyanate (FITC), respectively:
excitation 540 nm and emission 620 nm, excitation 350 nm and emission 460 nm,
and excitation 495 nm and emission 520 nm.

Unless otherwise noted, all procedures outlined in the preparation and maintenance
of primary mixed cortical cultures should be performed in a sterile environment.
Any manipulations on the cortical cultures are performed in a laminar flow hood in
our laboratory. Spray bottles with 70% ethanol are used constantly to keep gloved
hands clean. All surgical instruments are allowed to sit in 70% ethanol prior to
use. Micropipette tips and Pasteur pipettes are autoclaved prior to use.

Because the number of embryos is variable, any extra PLO-treated plates can be
kept in sterile conditions at 4° C for up to 1 week.

Although E15 embryos are usually used in our laboratory, E14-E16 embryos may
still be used if necessary.

Various behavioral tests (such as tail pinch or toe pinch) are used at this stage to
ensure that the animals do not feel pain prior to dislocation.
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
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Use a squirt bottle filled with 70% ethanol and squirt against the grain of the fur
of the animal to ensure thorough washing.

Cellular debris should remain mostly in precipitate form, whereas neurons should
be resuspended in solution at this stage. Allowing too long a time to settle will
result in an underestimation of the homogenate concentration. Thirty seconds is
usually enough to allow cellular debris to settle without neurons settling.

Using a cell counter with 0.1 mm depth and 1 mm? field areas, our laboratory
routinely obtains about 40 cells per field for all embryos from a single pregnant
mouse.

At a 20x dilution in the Trypan blue solution, 40 cells per field refers to about 80
million cells in the 10 mL cortical homogenate. At a concentration of 0.8 x 10° cells
per well, there is enough homogenate to accommodate 100 wells, or four 24-well
plates. Because each well requires 1 mL homogenate, 10 mL cortical homogenate
should be diluted in 90 mL. warm GM. Transfer of cellular debris in the homogenate
to the warm GM is avoided.

At this and subsequent stages, the plated neurons are extremely fragile and
prolonged exposure to air should be avoided at all times. In our laboratory, the
technique for changing media is as follows: hold a sterile Pasteur pipette in the left
hand and a nose pipettor with an appropriate serological pipette in the right hand;
aspirate most of the media (leaving a thin film); and immediately (and gently)
place the appropriate amount of solution in the well using the nose pipettor or
micropipette.

Eleven days following dissection, neurons are sufficiently adhered to the well
bottom and have had sufficient time to develop processes. Although it is possible
to conduct experiments at earlier times, we have noted that variability in results
increases.

For the purposes of this chapter, the following volumes cited are necessary for
assaying a single 24-well plate. If more plates are required, volumes should be
adjusted accordingly.

If the plate reader allows, one can also take a kinetic reading of PI as it increases
over time. This modification is especially useful when using multiple neurotoxic
treatments and can be used to asses whether various treatments have differing time
courses of cell death.

Alternatively, one can express the extent of cell death as a function of total neuronal
death by dividing each point by the average PI reading at 100 WM NMDA at 20 h
of the same drug treatment.

If more than two treatments are examined, a Bonferroni-corrected one-way
ANOVA test could be performed on the data accordingly.

This test is based on observations that a 100 .M NMDA treatment kills almost all
neurons (similar to a 1 mM NMDA treatment) but leaves other cell types relatively
unharmed. Thus, any increase in PI staining from Triton X-100 treatment is a
result of the membrane permeabilization of all other cell types.
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28.
29.

Our cultures routinely result in a proportion of neuronal cells over 85%.

PI staining can be so intense that it can be mistaken for unspecific noncellular
staining. Hoechst 33342 provides an independent measure to determine whether
PI staining is cellular in nature.
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A Modified Silver Technique (de Olmos Stain)
for Assessment of Neuronal and Axonal Degeneration

Tatyana I. Tenkova and Mark P. Goldberg

Summary

Silver impregnation histological techniques yield excellent visualization of degenerating
neurons and their processes in animal models of neurological diseases. These methods also
provide a particularly valuable complement to current immunocytochemical techniques for recog-
nition of axon injury in the setting of brain or spinal cord trauma, ischemia, or neurodegenerative
diseases. Despite their utility, silver methods are not commonly used because of complex prepa-
ration requirements and inconsistent results obtained by inexperienced histologists. This chapter
details a modification of the de Olmos amino-cupric-silver protocol, which has been adapted for
efficient processing of large numbers of mouse or rat brains. One author (T.I.T.) has used this
method for several years to identify degenerating neurons in adult and neonatal rodent brains.
A detailed protocol is provided, with attention to the most critical variables in tissue fixation and
solution preparation. Examples are shown of axon injury in the rat brain after focal ischemia.

Key Words: Axon; neuron; histological techniques; stroke; microscopy; neurodegeneration.

1. Introduction

Recognition of injured or degenerating neurons by optical microscopy poses
special technical challenges in disease models. Many conventional histological
or immunocytochemical methods do not readily distinguish injured cells from
the tissue background. On the contrary, highly specific chemical or antibody
markers for cellular injury (e.g., labels for DNA damage or caspase activation)
may not provide adequate visualization of cellular morphology or structure.

From: Methods in Molecular Biology, vol. 399: Neuroprotection Methods and Protocols
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Metal impregnation techniques have been used for decades to add contrast to
otherwise clear tissue sections, with the specific labeled cellular or subcellular
component depending in unpredictable ways on chemical composition of the
staining solution, tissue fixative, and staining procedure. A significant advance
came with the development of silver stain procedures that label only injured
neurons (1,2). Although the chemical nature of the metal-neuron interaction
remains unknown, these silver stain methods provide many valuable benefits
for light microscopic analysis of fixed tissue. Degenerating neurons are darkly
stained throughout their cell bodies and processes, and even rare, isolated
labeled neurons can be easily recognized among large numbers of normal cells
and unstained brain or spinal cord.

Silver stain methods may prove especially valuable for identification of
injured or degenerating axons in models of acute and chronic disease.
Common techniques include immunocytochemical markers for normal or
abnormal neurofilament proteins, injectable antegrade or retrograde tract
tracers, antibodies to normally transported proteins such as amyloid precursor
protein, and visualization of axons in transgenic mice with neuron-specific
expression of fluorescent proteins. Currently, no single labeling method is fully
satisfactory for axon injury. Silver methods identify darkly stained degenerating
axons within unstained white matter tracts; degenerating axons may be poten-
tially visible even after fluorescent proteins or immunocytochemical epitopes
have disappeared. Fig. 2 shows a rat brain 12 h after focal ischemia produced by
occlusion of the middle cerebral artery. Low-power micrograph demonstrates
the area of degeneration in cortex and subcortical white matter. The higher
magnification images (inset) shows regions of axon injury in white matter.
The silver stain method demonstrates axon injury even more clearly in rodent
models of chronic neurodegeneration.

The technique described here is adapted from the amino-cupric-silver
stain developed by de Olmos and colleagues (I). This method has been
used to identify degenerating neurons in retina, cortex, and other nervous
system regions of infants and adult rodents (3). It also works well in
nonhuman primate and human brain sections, although background labeling
is higher in unperfused human tissue because of intravascular erythro-
cytes. Some of the most important variables are described in the protocol.
It is assumed that the reader is familiar with perfusion fixation; careful
fixation is critical for silver staining and especially so for visualizing axons
(which are easily damaged by incomplete or cold fixation). The most
effective fixative for de Olmos staining is 4% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.4; fortunately, this fixative is also fine for light
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B

Fig. 1. Some apparatus for de Olmos silver staining of rodent brain sections.
(A) Arrangement of Pyrex dishes and electric stirrer in chemical safety hood. (B)
Divided staining tray fitting in Pyrex dish, with appropriate sized chambers for
rodent brain sections. The tray is handled using hemostats. (C) Perforated bottom
of staining tray, which allows thorough solution exchanges without damage to tissue
sections.

microscopy and immunocytochemistry. Several of the staining solutions must
be measured with some precision, and many of them must be prepared just
before use.

2. Materials
2.1. Equipment and Supplies

1. Chemical safety hood.

2. Vibratory microtome (Vibratome) for tissue sections.

3. Four Pyrex dishes, size 8.5in x 5in, for use as staining boats (see Fig. 1A) .

4. One plastic “mini-ice cube tray” with individual wells 1cm x 1 cm, of the sort
usually used for plastic embedding in electron microscopy (see Fig. 1B). This
must fit into the Pyrex dishes and must be resistant to organic solvents. The
bottoms of all the 1cm x 1ecm wells in this “staining tray” should be perfo-
rated with many small holes so that they drain rapidly, and these drain holes
should be smooth on the inside so that they do not tear the tissue sections
(see Fig. 1C).

5. One thermometer for measuring approximately 20-60° C.

6. Two 250-mL beakers; 10, 25, 50, 100 and 250 ml graduated cylinders.

7. One hemostat.

8. Two stir bars, 2 cm long.

9. Aluminum foil, 18 inches wide.
10. Paper towels.
11. Distilled and deionized water.
12. All chemicals are from Sigma Chemical Co. unless otherwise specified.
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Fig. 2. de Olmos silver stain of ischemic neuronal injury. Adult mouse brains were
fixed 12 h after occlusion of the middle cerebral artery (right side). Silver stain identifies
extensive region of injury in cortex and striatum. Inset shows higher magnification
view of subcortical white matter, with labeling of individual axon fibers (arrows) in
ischemic but not control white matter. Note some background labeling on control side
is from red blood cells; this is a consequence of incomplete perfusion.

2.2. Stock Solutions

All solutions should be prepared in clean beakers with clean stir bars, then
stored in clean glass bottles. We clean all glassware by soaking in 50% nitric
acid for at least 1h (in the hood—dangerous fumes), then rinsing very well
with distilled water and finally with deionized water. Use precise measurements
in every step. Unless otherwise noted, stock solutions can be stored at room
temperature in a chemical cabinet for up to 1 year (see Note 1).

1. 1% CuNO; (light sensitive).
2. 0.1% Allantoin.
3. 0.4% NaOH.
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4. Ammonium hydroxide, absolute. (We order small 25-mL bottles, because it is no
longer good for silver staining after 2-3 months; it does not clear the solution—
see Note 3).

5. Borate buffer (light sensitive):

Titrate 0.2M boric acid (Aldrich) with 0.05M sodium tetraborate (in deionized
water) to pH 8.5.

6. Mounting solution:

a. 100 mL Distilled water,
b. 2g Gelatin, and
c. 100 mL Absolute ethanol.

Dissolve the gelatin completely on a hot plate, allow it to cool but not
solidify, and then add the alcohol very slowly, with continuous mixing, to avoid
precipitating the gelatin. This mounting solution can be stored for a long time at
4° C, at which point it is a cloudy gel. Before each use, put approximately 10 mL
of this solution in a beaker and warm it enough to redissolve and clarify it.

2.3. Solutions to be Prepared for Each Use

1. Fixative: 4% paraformaldehyde (Fisher Scientific) in 0.1 M cacodylate buffer
(Polysciences, Inc.), pH 7.4. For perfusion, make up the fixative solution fresh, or
at least use it within the first 24 h after preparation.

2. Cupric-silver solution: Make fresh in the hood for each use, with the hood lights
off, as it is light sensitive.

120 mL Deionized water,
1.05 g AgNO;,

I mL 1% CuNOs;,

10mL 0.1% Allantoin,

6 mL Pyridine,

12mL Absolute ethanol, and
6 mL Borate buffer.

R -0 0 o

3. Silver diamine incubation solution:

60 mL Deionized water,

12 g AgNO;,

30mL 0.4% NaOH (upon addition of this, the solution should turn very brown),
15mL NH,OH (upon addition of this, the solution should clear completely
again; see Note 2), and

e. 60mL Deionized water (total 120 mL).

ac op

Make fresh for each use, in the hood with the hood lights off.
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. Reducing agent solution:

135 mL Deionized water,

15 mL Absolute ethanol (or 16 mL of 95% ethanol) (see Note 3),

180 nL 37% w/w Formaldehyde, and

10.5mg Anhydrous citric acid (or 11.5mg citric acid if it is monohydrous);
measure this precisely.

&0 op

. Ferricyanide bleaching solution, 0.3% K;Fe(CN),:

450 mg K;Fe(CN), in 150 mL distilled water (see Note 4).
Make fresh for each use.

. Thiosulfate solution:

150 mg Sodium thiosulfate in 150 mL distilled water.
Make fresh for each use.

. Methods

Clean all dishes with 50% nitric acid as described in Section 2.2. All steps

should be done in a fume hood (see Note 1). Prepare solutions listed in

Su

bheading 2.3., just before use.

3.1. Tissue Preparation

1.

Fix rodent brains or spinal cord by intracardiac perfusion. Warm the fixative (4%
paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4; see Note 5) to room temper-
ature before perfusion. Use good perfusion technique, including a preflush with
buffer to remove all red blood cells. (If any red blood cells remain behind, they
will also become impregnated with silver and create a confusing background.) For
adult mice, the following perfusion method is effective:

a. 20-ga Needle, gravity or pump perfusion,
b. 20mL Cacodylate buffer with 0.002 g heparin, and
c. 80 mL Fixative.

After perfusion fixation, remove the brains or spinal cords and store them in the same
fixative for at least 24 h at 4° C. For faster perfusion, fix in 8% paraformaldehyde
at room temperature overnight, with gentle agitation on shaker.

. Prepare 50-pm thick vibratome sections. Silver staining works also on 40-pum to

100-pm thick brain, spinal cord, or retina sections. Store tissue sections in 4%
paraformaldehyde at 4° C for up to 6 months.

3.2. Staining

1. Put approximately 150 mL of deionized water into each staining boat, enough to

float the brain sections in the staining tray but not to overflow its wells so that the
sections get mixed up.
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12.

13.

14.

15.
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Distribute not more than three to four brain sections in each well of the staining
tray (see Note 6) and make sure to note on paper which row (horizontally
or vertically) corresponds to which section and which brain or spinal cord
(see Note 7).

. Wash the sections five times with deionized water for 1-5 min each, by transfer

through five successive dishes, shaking the tray occasionally in each dish. (Hold
the tray in the middle with a hemostat.) Blot the tray well on paper towels (but be
careful not to dry it) before the next step.

Place the tray in a dish of cupric-silver solution, wrap the dish in aluminum foil,
and insert a thermometer into it through the foil, then place the dish on a hot plate
at 40° C for 1h, then remove it from the hot plate and leave it in the hood at room
temperature overnight.

The next day, blot the tray well on paper towels (but again, be careful not to dry it).
Dip the staining tray in a dish of 100% acetone for 30-90 s (again, make sure not
to overflow the tray and risk mixing up the brain slices).

Quickly transfer the staining tray to a dish of silver diamine incubation solution
and incubate for 35 min. Wrap the dish in Aluminium foil.

Remove the tray from the silver diamine incubation solution and blot it very well
with paper towels (again, be careful not to dry it).

Transfer the staining tray to a dish of reducing agent solution for 90s to 5 min
(see Note 8). (From this point on, blot the staining tray between each step with a
lot of paper towels.)

Transfer the tray to a dish of ferricyanide bleaching solution and incubate for
approximately 10 min with continuous gentle agitation (see Note 9). Watch this
step very carefully. The tissue should end up a dark straw color. If the tissue
remains too dark, it can be left in this solution for up to 30 min. Blot well.
Transfer the staining tray through three distilled water washes in three clean dishes,
spending 30s to 1 min in each dish. Blot well between each transfer.

Transfer to a stabilizing solution composed of 0.1% sodium thiosulfate for 1 min.
Blot well.

Again transfer the staining tray through three distilled water washes in three
clean dishes, spending approximately 1 min in each dish. Blot well between each
transfer.

Mount the tissue sections on prewarmed “+ treated” glass slides with
gelatin/alcohol mounting solution (Section 2.2.6). Place a group of sections in the
solution for approximately 5 min to impregnate them, then use a small soft paint
brush to transfer them onto a slide and orient them as desired. Then leave the
sections to dry on the slide overnight, without a coverslip.

“Dehydrate” the mounted sections through graded alcohols (50, 70, 2 x 90%, and
2 x 100%) for 5 min each, transfer to xylene for three exchanges for 5 min.
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16. Coverslip with Permount before the xylene dries out.
17. Examine slides under bright-field microscopy (see Note 10).

4. Notes

1. Many of the solutions are toxic, volatile, corrosive, and/or carcinogenic. Use
appropriate precautions for safety, storage, and disposal at all stages. Do not remove
the preincubation cupric-silver solution from the hood; it contains pyridine (a
carcinogen). Store the silver waste solutions and potassium ferricyanide solution in
disposable containers. The glassware, stir bars, thermometer, and hemostat should
be cleaned by soaking in 50% nitric acid for at least 1hr, followed by rinsing with
distilled then dionized water.

2. All the measurements should be very precise. If this solution does not clear
completely, it may mean that the ammonium hydroxide is not fresh (the most
common reason) or that the water or dishes are not clean.

3. Use 15mL alcohol only if the bottle has been opened for the first time, otherwise
use 16 mL.

4. From this point in the procedure on, deionized water does not need to be used;
ordinary distilled water is adequate.

5. The best fixative for de Olmos staining is 4% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.4; this fixative is also perfectly fine for light microscopy
and immunocytochemistry. Alternatively, 4% paraformaldehyde in 0.1 M Tris
buffer, pH 7.4, is also effective and less toxic than cacodylate buffer. Other tested
buffers resulted in unacceptably high backgrounds.

6. If the sections are overcrowded, the quality of the staining is not good—especially,
the bleaching step is perturbed.

7. The sections can be distributed horizontally or vertically, so every row or every
column corresponds to sections from one brain. Placement of the sections in rows
allows processing of 12 sections from six brains at the same time.

8. You should watch the color of the sections. The color should be dark brown velvet.
Sometimes, the color does not correspond to the time.

9. This is the most critical step referring to the background of the staining.
Watch the color of the sections and continuously agitate the tray. The bleaching
of young tissue generally proceeds much faster (for neonatal mouse brains,
< 2min).

10. Sections from experimental brains should be compared with age-matched control
brains that are processed in parallel.
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Model of Acute Injury to Study Neuroprotection

Michal Schwartz and Jonathan Kipnis

Summary

A major causative factor in the paralysis that often follows an acute injury to the central
nervous system (CNS) is the paradoxical inability of the CNS to tolerate its own mechanism of
self-repair. The dismal result is often a wider spread of damage (part of the inevitable “secondary”
or “delayed” degeneration) rather than contribution toward a cure. Ever since the phenomenon
of posttraumatic damage spread in the CNS was first recognized, neuroscientists have attempted
to identify the players in this destructive process and have sought ways to neutralize or bypass
them with the object of rescuing any neurons that are still viable. This approach is collectively
termed neuroprotection. In this chapter, we present a view of experimental paradigms used to
study neuroprotection.

Key Words: Neuroprotection; CNS degeneration; partial injuries; protective autoimmunity.

1. Introduction
1.1. Central Nervous System Injuries

The central nervous system (CNS) has been referred to as an immune privi-
leged site in which local immune responses are restricted (I-6). Unlike most
peripheral tissues, the CNS functions through a network of postmitotic cells
(neurons) that are incapable of regeneration, and hence, any immune activity
might interfere with cell function. The CNS is vulnerable to damage that might
be caused by the same means that the immune system uses to defend peripheral
tissues from pathogens. Consequently, immune privilege in the CNS might
be interpreted as an evolutionary adaptation developed to protect the intricate
neuronal networks of the CNS from incursion by the immune system (7,8).

From: Methods in Molecular Biology, vol. 399: Neuroprotection Methods and Protocols
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An early definition of CNS immune privilege was based on the assumption
that access of the immune system into the CNS is restricted. This assumption
was supported by the observation that the rejection of allografts is very slow
in the CNS (9,10). Any penetration of leukocytes into the CNS was viewed
as evidence of pathology. Several observations have challenged this definition.
First, CNS antigens drain into peripheral (cervical) lymph nodes and induce
immune responses in the host (11,12). Second, activated T cells have been
found to enter the CNS in the absence of discernible neuropathology (13,14).
Third, leukocyte recruitment into the CNS appears to successfully resolve some
CNS viral infections, such as Sindbis virus encephalitis, without the devel-
opment of any apparent long-term bystander effects (15,16). Fourth, based on
the relatively prolonged survival of xenografts (tissue grafts from different
species) in immunosuppressed individuals, it was suggested that the immune
system participates in CNS xenograft rejection (17). Taken together, these
findings indicate that the CNS is accessible to immune cells and that local
immune responses within the CNS are regulated by a number of mechanisms. It
seems likely that some of these mechanisms help limit immune responses, with
meaningful consequences for the functioning of the healthy CNS. However,
these mechanisms are altered following injury or under neurodegenerative
disorders, making the CNS more accessible to immune cells. This includes
upregulation of MHC class I and II molecule expression (18).

1.2. Why Neuroprotection?

Acute insults to CNS neurons often cause direct damage to their cell bodies,
their axons, or both. Damage to the cell body will inevitably cause death of the
neuron. Damage to the axon will result in its degeneration, but the cell body
might survive for a while, and during that time, it is potentially capable of
being rescued from death (19). Rescued cell bodies will not have the capacity
to confer functional recovery, however, unless they undergo the regenerative
process of sprouting new axons capable of forming new connections.

The overall damage and resulting disability caused by a CNS injury is
often worse than would be expected from the severity of the insult. This is
because degeneration of axons and damage to cell bodies are not confined
to the neurons that sustained the primary injury; additional neurons in the
vicinity of the directly injured cells are often affected as well. Studies over
the last 15 years have suggested that the major agents of posttraumatic
damage spread are neurotransmitters such as glutamate and NO (20-28). These
physiological compounds, although normally pivotal for proper functioning of
neural tissue, become neurotoxic when their physiological levels are exceeded,
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for example, after an acute insult or under chronic CNS neurodegenerative
conditions (Fig. 1). Based on these findings, it was reasonable to assume that
by restoring such compounds to physiological levels it should be possible to
prevent the postinjury loss of neural tissue. Experiments showing that a transient
increase in their levels occurs within hours of an acute insult led scientists
to focus their studies of neuroprotection in animal models on a therapeutic
window spanning only the first few hours after the insult (25,29,30). Their
assumption was supported by observations that any postinjury intervention
based on blocking or neutralizing glutamate or NO was beneficial only if
applied within that time window (25,31).

Over the years, it was shown, however, that CNS insults also trigger the
operation of other mechanisms. One such mechanism, in which the infiltration
of immune cells is required, has been interpreted in different, even conflicting,
ways mostly in terms of its destructive effect (32-34). Nevertheless, under-
standing that the same compounds might exert their adverse effects at different
dosages and different stages and that the same cells might behave differently under
different conditions have led to the recognition that (1) the therapeutic window for
neuroprotection in acute insults is wider than originally thought, (2) the optimal
timing of an intervention is critically dependent on the nature of the manipu-
lation, (3) a similar mechanism operates in both acute and chronic conditions,
and (4) many of the devastating mechanisms represent physiological self-repair
processes that are out of control and have consequently become distorted.

1.3. Model of Partial Insult to the CNS Leads to Further Findings

Several years ago, we developed a novel model of partial injury of the rat
optic nerve (19,35-37), which enabled us to distinguish quantitatively between
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axons that have survived the primary injury and those that have survived
secondary degeneration. Using calibrated forceps to inflict a controlled crush
injury, we were able to calibrate the force of the insult in such a way that it left
a desired proportion of axons undamaged. We next injected a fluorescent dye
at the site of injury and then counted the axons that were retrogradely labeled
distal to the lesion site, that is, those that were still viable. This procedure
made it possible to demonstrate quantitatively that even axons that escape the
primary lesion subsequently undergo degeneration (19). The model also proved
useful in screening candidate compounds for their neuroprotective effects (19).

Use of this model opened the way to several important developments in
connection with neurodegenerative diseases. First, it led us to propose that
glaucoma, a chronic disease of the visual system, might benefit from a neuro-
protective treatment strategy (38). This suggestion has substantially influenced
current research on glaucoma. Second, it led to the discovery that the systemic
immune system plays a key role in the ability of the CNS to withstand injurious
conditions and, in particular, to fight off delayed degeneration (32,39). The
latter finding led in turn to the discovery that the therapeutic window after
acute insults is wider than the few hours suggested by the observed postinjury
increase in neurotransmitters. Several useful models of acute CNS injury have
been adapted over the years to study neuroprotection. Examples of such models
are given below. (see Subheadings 3.1., 3.2., 3.3.)

2. Material
2.1. Tools

1. Cross-acting forceps.

2. Precalibrated cross-acting (self-closing) forceps that open when the handles are
pressed and close when the handles are released.

3. Binocular operating microscope.

4. Stereotactic device.

5. 10-pL Hamilton syringe with a 30-ga needle.

6. 27-ga Syringe.

7. Fluorescent microscope.

.2. Reagents

2

1. Fluro-Gold (5% solution in saline: Flurochrome, Denver CO).

2. Pentobarbitone.

3. Ketamine.

4. Xylazine.

5. Neurotracer 4-(4-(didecylamino)styryl)-N-methylpyridinium iodide (4-Di-10-Asp)
(Molecular Probes, Invitrogen, Europe BV).
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6. L-Glutamate (Sigma-Aldrich, St. Louis, MO).
. Paraformaldehyde (4%).
8. Hydrogen peroxide.

\]

3. Methods
3.1. Partial Crush Injury of the Rat Optic Nerve

Use of the model has made it possible to demonstrate self-propagating
secondary degeneration (35), identify some of the mediators of degeneration
common to many neurodegenerative disorders (40), study the molecular mecha-
nisms underlying retinal ganglion cell (RGC) death, and discover processes of
neuroprotection (1,41-44). Molecular mechanisms can also be studied in the
severely crushed optic nerve of the mouse (see Subheading 3.2.), an easily
obtained model in which the availability of transgenic mice can be exploited
for studies of the effects of relevant genes on RGC survival (45,46).

3.1.1. Surgical Exposure of the Optic Nerve Intraorbitally

The intraorbital part of the optic nerve is longer in rodents than in other
species, making it relatively easy to carry out experimental manipulations
without impinging on adjacent tissues or harming the nerve itself. All surgical
procedures are done under general anesthesia. We use a binocular operating
microscope. The conjunctiva is incised lateral to cornea; the retractor bulbi
muscles are separated using curved blunt forceps; and the optic nerve is
identified and exposed near the eyeball by blunt dissection for 2.5-3 mm. Care
is taken not to stretch the nerve (see Notes 1 and 2).

3.1.2. Calibrated Crush Injury

A reproducible crush injury of graded severity is inflicted on the optic nerve
by the use of precalibrated cross-acting (self-closing) forceps that open when
the handles are pressed and close when the handles are released (35). The force
exerted by the grasping jaws, and thus the severity of the crush lesion inflicted,
is adjusted by varying the number of revolutions of the screw attached to the
handle.

Using the forceps, a moderate, mild, or very mild crush injury is inflicted
on the exposed optic nerve about 1 mm distal to the eye, for 30 s (Fig. 2).

3.1.3. Retrograde Labeling of RGCs

Because of the anatomical construction of the visual system, RGC survival at
any time after axonal injury can be quantified by the use of retrograde neuronal
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Secondary
degeneration |

Fig. 2. Partial crush injury of the rat optic nerve: a model for secondary degeneration.

tracers. Properties of the tracers selected for this purpose should include (1)
lack of any effect on neuronal viability and activity, (2) intense fluorescence,
(3) resistance to fading, (4) absence of diffusion from labeled cells, and (5)
relatively prolonged survival time (Fig. 2).

The RGCs that survive an optic nerve crush injury and are potentially
capable of being rescued by neuroprotective therapy are the cell bodies of the
damaged fibers and of intact fibers that escaped the injury. To determine the
total number of surviving RGCs, the protocol of choice is to label prior to
the injury. To assess the number of surviving RGCs with still-intact fibers, the
protocol of choice is the postinjury labeling. These two protocols are done by
employing the retrograde labeling procedures, as described in the following
section. (see Subheading 3.1.4.)

3.1.4. Labeling of All RGCs Prior to Injury

The total number of RGCs in the retina is determined after sterotactic injection
of a fluorescent dye to the superior colliculus of both hemispheres, where almost
all of the optic axons form synapses. This technique is performed in order to
assay the total number of surviving RGCs of the injured and intact fibers in the
retina. Two weeks prior to the crush injury, rats are deeply anesthetized and
placed in the stereotactic instrument. The skull is exposed and kept dry and
clean using 3% hydrogen peroxide. Bregma is identified and marked. A hole
is drilled above the superior colliculus (6 mm behind and 1.2mm in front of
bregma). Using a stereotactic measuring device and Hamilton injection, Fluoro-
Gold is injected (2uL/2 min for each point, at three points in the superior
colliculus, at depths of 3.8, 4, and 4.2 mm from the bony surface of the brain).
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3.1.5. Postinjury Labeling of Cell Bodies of Rescued Fibers

Postinjury application of the fluorescent lipophilic dye 4-Di-10-Asp (47)
(Molecular Probes, Europe BV) distal to the site of optic nerve lesion results
in the labeling of RGCs with intact axons, as only axons whose continuity is
preserved across the site of injury are capable of transferring the dye to RGC
bodies (see Note 3).

Atdifferent times after crush injury, the optic nerve is re-exposed intraorbitally
as described above (see Subheading 3.1.). With the use of a 27-ga syringe, a small
hole is made in the dura 1 mm from the distal border of the site of injury, and the
axons are cut to allow dye uptake. Solid crystals (0.2—-0.4 mm diameter) of the dye
are deposited at the cut edge of the optic nerve. Five days after dye application,
the number of labeled RGCs is determined. The dye application procedure had
no effect on RGC survival during the period until retinal excision (19).

3.1.6. Counting of RGCs

At the end of experimental period, the rats are killed and their eyes are
excised into Petri dishes containing phosphate-buffered saline (PBS). The retina
is detached from the eye without the vitreous body and fixed in freshly prepared
4% paraformaldehyde. Four cuts are made in the fixed retina to allow flattening
of the retina onto a nitrocellulose filter (Fig. 3).

Labeling RGCs are counted using the fluorescent microscope (see Note 4). Tt
should be noted that RGC density across the rat retina ranges from about 1000
cells/mm? at the periphery to 6000 cells/mm? in the center. However, over most

B -Excise eye into 4% PFA
+Cut sclera below limbal veins

* Remove the cornea, lens and vitreal body

« Gently separate retina from
sclera, using a fine brush,

* Cut through the optic disk
to detach the retina.

_‘.

+ Cut 3-4 cuts toward center of retina 4

* Flat-mount retina on nitrocellulose filter

* Dry filter on absorbent paper for a few seconds
to glue retina to the filter, then return to fixative

Fig. 3. Whole-mount retina.
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of the retina, except at the outer periphery, the average density is about 3000
cells/mm?(19,48). Nevertheless, after optic nerve injury, the rate of RGC death
is higher at the periphery than at the center of the retina (19). Accordingly,
labeled RGCs are counted in four to six fields at the same distance from the
center of the retina, at a magnification of x250. The numbers of labeled RGCs
per field are averaged, and the mean number of RGCs per square millimeter is
calculated (see Note 5).

3.2. Mouse Optic Nerve Injury Model
3.2.1. Crush Injury of the Mouse Optic Nerve

To identify and characterize the molecule participation in the process of
RGC death, it is necessary to devise an animal model that allows molecular
manipulation. Establishment of the mouse model makes it possible to study the
effects of severe optic nerve injury in genetically manipulated mice. For this
purpose, all RGCs must be labeled 72 h before optic nerve crush. With the aid
of a binocular operating microscope, the conjunctiva over the posterior pole
of the eye of the anesthetized mouse is incised. The optic nerve is exposed
by gentle blunt dissection between the surrounding muscle and the retrobulbar
region, as described above for the rat (see Subheading 3.1.). Using cross-acting
forceps and taking care not to interfere with the blood supply, we then crush
the nerve for 2s.

3.2.2. RGC labeling in Mice

RGC:s are labeled 72 h before excision with a fluorescent dye injected stereo-
tactically into superior colliculus. For this purpose, mice are anesthetized and
placed in a stereotactic device. The skull is exposed and kept dry and clean,
and the bregma is identified and marked. The designated point of injection is
2.92 mm posterior to the bregma, 0.5 mm lateral to the midline, and at a depth of
2 mm from the brain surface. A window is drilled in the scalp above the desig-
nated coordinates in the right and left hemispheres. The neurotracer dye Fluoro-
Gold (5% solution in saline) is applied (1 wL, at a rate of 0.5 wL/min in each
hemisphere) using a Hamilton syringe, and the skin over the wound was sutured.

3.2.3. Assessment of RGC Survival

At the end of the experiment period, the mice are given a lethal dose of
pentobarbitone. The eyes are enucleated, and the retinas are detached and
prepared as flattened whole mounts in 4% paraformaldehyde in PBS. Labeled
cells from four to six fields of identical size are counted, all located at the same
distance from the optic disk (Fig. 3).
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3.3. Glut