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Preface

 

In the last few years, the scientific community has synchronously and over-
whelmingly come to the realization that the study of cell death is a highly
rewarding and important endeavor. Relegated to the sidelines of modern cell
biology research for most of the last century, cell death, nonetheless, has
received some attention from investigators who noted several forms of mor-
phologic cell death and speculated on the relevance of this process. Indeed,
major breakthroughs in cell biology came from the investigation of neu-
rotrophic factors that prevented the otherwise default cell death of neurons.
Biologists had also noted the significance of programmed or predetermined
cell death in developmental biology, and botanists had labeled the periodic
death of leaves as senescence.

Understandably, general interest in cell death was lacking, due to the
preconception that cell death is a default process that shows little if any
regulation, and therefore, does not lend itself to investigation or interest.
Major events and observations in cell biology occurred in the last three
decades that slowly began to change this perception and ultimately created
the current avalanche of interest in this field of study. First, different forms
of cell death were clearly distinguished and defined: necrosis was applied
to the usual forms of direct cell death due to (usually harsh) physical con-
ditions, and apoptosis was applied to a more slowly developing process that
could be distinguished morphologically from necrosis. This alerted keen
observers to perceive that not all forms of cell death are identical, and
therefore, by implication, there must be distinct mechanisms that operate
during cell death. Second, it became appreciated that apoptosis is accompa-
nied by activation of specific endonucleases that cleave DNA at internucleo-
somal junctions, whereas necrotic cells showed diffuse and generalized
(nonspecific) breakdown of DNA. This singular observation heralded the
biochemical approach to apoptosis since it demonstrated, and very clearly,
that apoptotic stimuli generate signals that result in specific biochemical
effects. This approach eventually led to the discovery of the role of proteases
(the caspases) in apoptosis, and to the unraveling of mechanisms in receptro-
mediated cell death. Third, evaluation of molecular mechanisms of oncon-
genesis disclosed that one prominent “anti-oncongene,” p53, functioned pri-
marily as a mediator of growth arrest and apoptosis whereas the oncongenic
Bcl-2 functioned primarily as an inhibitor of apoptosis. Finally, genetic stud-
ies in 

 

C. elegans

 

 identified several genes specifically involved in apoptosis.
Elucidation of the structure of those genes, as homologues of Bcl-2 and
caspases, allowed for the convergence of these different approaches in the
study of apoptosis. This convergence has catapulted the study of apoptosis
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to its current heights, and it promises rapid unfolding of many of the remain-
ing mysteries on the significance of apoptosis and its mechanisms.

The field of neurobiology is particularly rich in potential understanding
and application of apoptosis study. It appears that disorders of neurodevel-
opment as well as neurodegenerative disorders are a direct result of activa-
tion of apoptotic programs (either due to primary defects in these programs
or, more commonly, as a consequence of insults and injuries that activate
these programs). Therefore, the study of apoptosis in neurobiology promises
significant rewards in understanding such diverse disorders as Alzheimer’s
disease, Parkinson’s disease, and the many neurodegenerative diseases of
the central and peripheral nervous systems.

This volume was compiled with the singular purpose of allowing the
uninitiated neuroscientist intellectual and practical access to the study of
apoptosis, with special consideration to the nervous system. The book is
divided into two major sections. The first concentrates on conceptual
approaches to the study of apoptosis in neurobiology and its significance in
the nervous system. The second part provides for a user-friendly approach
to methods and techniques in the study of apoptosis and, where appropriate,
as specifically applied to neurobiology.

We would like to take this opportunity to thank our contributors for
outstanding and timely contributions. We would also like to thank our many
colleagues and students who make these efforts worthwhile.

 

 

Yusuf A Hannun and Rose-Mary Boustany
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1

 

Introduction: Occurrence, Mechanisms, 
and Role of Apoptosis in Neurobiology and 

 

in Neurologic Disorders

 

Rose-Mary Boustany and Yusuf A. Hannun

CONTENTS

 

1.1 Molecular Mechanisms of Apoptosis
1.2 Mechanisms of Apoptosis in Neurological Disorders
1.3 Methodologies in Apoptosis
References

Apoptosis in the developing nervous system results in naturally occurring
cell death (NOCD), a necessary and desirable process. NOCD effectively
eliminates neurons that have made faulty synapses or have not reached
appropriate targets.

 

1

 

 In the rest of the organism, apoptosis is essential for
organogenesis, sculpts digits and extremities, and plays a role in determining
polarity of structures by contributing to directional growth of cell popula-
tions.

 

2

 

Failure of carefully orchestrated and effective apoptosis in the developing
fetus can have serious and long-lasting effects in the adult. Congenital brain
malformations such as heterotopias, schizencephaly, myelomeningocoele,
and many others probably represent poorly designed and/or incomplete
apoptosis.

An accelerated rate of apoptosis is purposefully induced when cancers are
treated with radiation and various chemotherapeutic agents. In fact, cancers
are frequently thought of as failure of enactment of apoptosis. Mutations in

 

p53,

 

 that normally is a suppressor of growth, occur in a large number of
human tumors.

 

3

 

 In addition, there are numerous endogenous factors that
protect normal and tumor cells from apoptotic death. Nerve growth factor
(NGF) bound to its low affinity P75 or high affinity Trk A receptors is an
example.

 

4

 

 NGF binding to the p75 receptor on neuroblastoma tumor cells
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explains their resistance to chemotherapy induced apoptosis. Chapter 4 on
neurooncology delves into this issue in greater detail.

If cancer is a state of transformation, unbridled cell proliferation, or failure
of enactment of apoptosis, neurodegenerative diseases on the other hand
represent accelerated apoptosis in the face of fully differentiated nondividing
neurons. In fact, the repertoire of most neurons in the adult nervous system
is limited to healthy quiescence, senescence, or death. Neurodegenerative
disease is the phenotypic expression of undesirable and inappropriate neu-
ronal death occurring in the adult brain. These diseases can be due to auto-
somal recessive defects in genes involved in the apoptotic pathway.
Examples include defects in the antiapoptotic 

 

CLN3

 

 gene in the juvenile form
of Batten disease or defects in the survival motor neuron (SMN) or neuronal
apoptosis inhibitory protein (NAIP) defective in spinal muscular atrophy.

 

5-7

 

Alternatively, neurodegenerative disorders can result from defects in dom-
inant genes, as seen in the expanded triplet repeat diseases. These represent
a deleterious gain of function model where the expanded CAG/poly-
glutamine tract in the mutant protein results in novel toxic protein–protein
interaction in part responsible for the death of neurons. Some of these dis-
eases are Huntington disease (

 

huntingtin

 

), spinocerebellar ataxia type-1
(

 

ataxin-1

 

), Machado-Joseph disease (

 

ataxin-3

 

) and dentatorubro-pallipallidol-
uysian atrophy or DRPLA (

 

atrophin-1

 

). There are other neurodegenerative
diseases where apoptosis has been implicated as the mechanism of neuronal
death. These include a subset of Alzheimer cases, amyotrophic lateral scle-
rosis, Parkinson’s disease, and various forms of retinitis pigmentosa result-
ing from mutations in rhodopsin or other retinal proteins. A more complete
discussion of these disorders is addressed in Chapter 3 on neurodegenerative
diseases.

 

8

 

Acquired diseases representing neuronal apoptosis triggered by an infec-
tious agent include HIV-1 encephalitis and prionic encephalopathies. It is
thought that the HIV-1 infection initiates an apoptosis-signaling cascade in
the central nervous system. The reader is referred to Chapter 5 on HIV-1.

 

9

 

1.1 Molecular Mechanisms of Apoptosis

 

We are just beginning to unravel the complexities and intricacies of the
regulation of apoptosis. Insight has developed rapidly in the last decade
from (1) studies on cytokine- and chemotherapeutic agent-induced cell
death, (2) genetic regulation of cell death in the nematode 

 

C. elegans,

 

11

 

 and
(3) studies on proapoptotic tumor suppressor genes such as 

 

p53

 

 and antiap-
optotic oncongenes, most notably 

 

bcl

 

-2.

 

12

 

Control of apoptosis is possible at many levels. This regulation can be
expressed as a positive or negative modulating effect (Table 1.1): transcrip-
tional regulation, induction of early intermediate genes; stage of the cell cycle
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and relative levels of cyclins; presence or absence of nerve growth factor and
its receptors; TNF-

 

α

 

 and related receptors

 

13

 

; Fas–Fas-L interactions,

 

14

 

 ceram-
ide as proapoptotic lipid second messenger and the sphingomyelin cycle

 

15

 

;
the neuroprotective 

 

bcl-2

 

 oncogene and its homologues,

 

16

 

 

 

p53

 

 and retinoblas-
toma genes as inducers of growth arrest and apoptosis

 

17

 

; the early initiator
and later executionary caspase cascades and their triggers and inhibitors

 

18

 

;
the role of the mitochondrion as central processor of incoming messages,
and the role of translocation of inner mitochondrial membrane proteins such
as cytochrome c, Apaf-1, and other factors to be found.

 

19

 

 A hypothetical and
simplified choreography depicting possible interactions, as best illustrated
with apoptosis-inducing cytokines, is outlined in the scheme shown. Accord-
ing to this model, the action of proapoptotic cytokines, such as TNF, Fas-L,
or NGF, on their membrane receptors (P75 receptor in the case of NGF)
results in recruitment/activation of a number of adapter proteins such as
FADD, TRAFs, and TRADs. These proteins, though poorly understood
mechanisms, couple the occupied receptors to distinct pathways of signaling
and cell regulation. Whereas Fas appears to be a more dedicated proapop-
totic receptor, the TNF receptors couple to apoptotic, antiapoptotic, and
inflammatory pathways. Thus, TNF can activate the following: (1) NF-kB,
which predominantly functions as antiapoptotic transcription factor; (2) the jun
kinase (JNK) or stress-activated kinase (SAPK) pathway, which primarily func-
tions in the regulation of stress, at times promoting apoptosis and at other times
inhibiting it; and (3) the MACH/Flice protease, a member of the caspase family
of proteases, which launches the apoptotic functions of TNF.

 

20

 

It is not yet clear how MACH/Flice turns on the apoptotic program. In
the case of Fas, it has been proposed that a cascade of proteases is turned
on, and that it is necessary and sufficient to cause apoptosis. This proposed
mechanism now appears as an over-simplified explanation, especially in the
case of TNF, where many endogenous pathways are activated and regulated
in response to TNF and Fas and contribute to the terminal apoptotic outcome.
These pathways include the formation of reactive oxygen intermediates and
changes in mitochondrial permeability and function.

 

21

 

 Also implicated are

 

TABLE 1.1

 

Positive and Negative Modulators of Apoptosis

 

Negative Positive

 

Bcl-2 Bax
Bcl-x

 

L

 

Bcl-x

 

s

 

Bag Bcl-

 

x

 

β

 

Baculovirus p35 Bag, Bak, Mcl-1, Bok
Cowpox virus serpin crm A TNF superfamily (Fas, TNFR-1, Reaper)

 

NAIP?

 

 Chemotherapeutic agents

 

SMN?

 

 Radiation

 

CLN3

 

 ceramide
NGF p53
IL-6, IL-3, erythropoetin

 

c-myc
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ceramide- and sphingolipid-derived molecules as stress-induced mediators
that promote and enhance the apoptotic program.

Noncytokine stresses, such as heat, oxidative damage, and DNA-damag-
ing agents also activate apoptosis by generating poorly understood internal
signals. It is not yet determined whether these processes overlap cytokine-
induced apoptosis, but in the case of DNA-damaging agents the proapop-
totic protein P53 plays an important role in driving the response of the cells
either through induction of cell cycle arrest or the induction of apoptosis.

 

22

 

Significant results now implicate cytochrome c as a key mediator of the
apoptotic pathways (Figure 1.1). Many, but not all, inducers of apoptosis
cause the release of cytochrome c from the mitochondria. Also, it is now
assumed that the mitochondrial membrane is the site of action of members
of the Bcl-2 family of pro- and antiapoptotic proteins.

 

22

 

 It is suggested that

 

bcl-2,

 

 the mammalian homologue of the 

 

ced-9

 

 gene from 

 

C. elegans

 

, functions
primarily by inhibiting the release of cytochrome c, whereas proapoptotic
relatives of 

 

bcl-2

 

 may promote this event. The released cytochrome c interacts
with Apaf-1, a positive regulator of apoptosis with homology to the 

 

C. elegans
ced-4

 

 proapoptotic gene. This collaboration results in activation of down-
stream caspases such as caspase 3, which are homologues of the 

 

C. elegans
ced-3

 

 gene. It is the action of these caspases on their substrates that results
in the systematic degradation of key substrates such as nuclear lamins, PARP,
fodrin, protein kinases, and other structural or regulatory proteins. This
process culminates in the organized collapse of the nucleus, membranes, and
cellular organelles. Many neuronal proteins are now recognized as substrates
of caspases, including presenilins and huntingtin.

 

23,24

 

 The orderly breakdown
of dying cells through the apoptotic mechanisms results in the packaging of
cellular debris into apoptotic bodies which are then cleared by reticuloen-
dothelial cells as well as normal adjacent cells, thus preventing inflammatory
reactions to cell fragments.

The study of existing apoptotic developmental and neurodegenerative
diseases, be they caused by a genetic defect or a triggering environmental
factor, provide us with naturally occurring human models that validate
existing hypotheses in neuronal culture systems and provide new informa-
tion pertinent to basic cell biology.

 

1.2 Mechanisms of Apoptosis in Neurological Disorders

 

One theory invoked to explain Alzheimer cases that are apoptosis positive
is that the accumulation of amyloidogenic protein results in excess intracel-
lular calcium, a known trigger for the endonuclease responsible for the DNA
fragmentation seen during the final stages of apoptosis.

 

25

 

 Oxidative stress
due to defects in energy and/or mitochondrial metabolism contributes to apo-
ptosis in anterior horn cells in amyotrophic lateral sclerosis, in the substantia
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FIGURE 1.1
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nigra in Parkinson’s disease, and in the penumbral region of infarcts seen
in cerebrovascular disease.

 

26-29

 

 Excitotoxicity induced via activation of
NMDA receptors and also that induced by application of kainic acid to the
hippocampi has linked apoptosis and hippocampal sclerosis to the occur-
rence of epilepsy.

 

30

 

 Defects in antiapoptotic genes such as 

 

CLN3

 

 and 

 

NAIP

 

and 

 

SMN

 

 in the juvenile form of Batten disease and spinal muscular atrophy
type 1, respectively, coexist with massive neuronal loss and have inexorably
coupled these inherited neurodegenerative diseases most intimately with
the occurrence of apoptosis.

 

31-33

 

The fact that some sites in the body are immunologically privileged was
recognized over 100 years ago. The brain, like the eye and the testes and
placenta, is an immune-privileged site. Obviously, it is important to protect
the central nervous system and the eye from the ravages of invasive immu-
nopathologic injury.

 

34

 

 There are multiple hypothetical mechanisms sur-
rounding the concept of immune privilege. One such theory is based on the
Fas–Fas ligand interaction. The expression of Fas is high in the cornea, in
photoreceptors, and in neurons, whereas expression of Fas-L is high in
endothelium. The strong Fas–Fas ligand interaction provides a tight “apop-
totic” vise curtailing the entry of activated macrophages, lymphokines, and
other growth-supporting factors into the sanctuary of the eye or brain. The
existence of conditions such as a defect in an antiapoptotic gene, oxidative
stress, or the presence of a toxic element that engages the apoptotic process,
tips the balance in the direction of neuronal or photoreceptor death in the
brain and eye, but remains phenotypically silent in other tissues.

 

1.3 Methodologies in Apoptosis

 

A long list of techniques exists that facilitates the study of apoptosis in
neurobiology and other disciplines. The second part of this book covers
many techniques that the authors have found useful. These include TUNEL
staining and other staining techniques that capitalize on the morphologic
changes of the nucleus and biochemical changes occurring in the cell and
nucleus during apoptosis (see Chapter 8). Also, they include cell viability
assays, electron microscopy (Chapter 9), flow cytometry (Chapter 10), mea-
surement of ceramide and sphingolipids (Chapter 12), and the use of viral
vectors to introduce genes of interest into cells (Chapter 13). The production
of proapoptotic or antiapoptotic gene knockout and/or specific gene over-
expressing mice, as well as the creation of mice with tissue-specific gene
expression have aided in the elucidation of apoptotic pathways and mech-
anisms as we know them.

 

35

 

 Once the role of a gene or the protein it codes
for has been ensconced as significant, homologous genes and/or interacting
proteins can be fished out using traditional library screening or yeast two-
and three-hybrid systems.

 

36
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Ultimately, the choreography of neuronal apoptotic pathways will become
more complex, detailed, and specific. A better understanding of molecular
mechanisms in apoptotic pathways will make it possible to design effective
drugs targeting defined subsets of neurons at precise points in development
or adult life.
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2.1 Introduction

 

In the context of neural development, programmed cell death refers to the

 

naturally occurring

 

 cell death seen at various stages of development in
almost all neural populations. This term is not entirely synonymous with
“apoptosis,” which refers to a particular cell death mechanism that is trig-
gered both in developmental cell death and in disease or injury. There are
thus many triggers that may initiate the cell death program. Programmed
cell death results in the elimination of cells that are not needed, without
injury to neighboring cells and without an inflammatory response. This
ranges from the removal of extraneous cells that were generated as part of
a lineage, abnormal cells, cells that were produced in excess, cells that did
not succeed in establishing a proper interaction with other cells, cells that
were dependent on a hormone or factor that is not available anymore, or
cells that had a role only at a particular developmental stage. The eventual
form of the nervous system (morphogenesis) is a result of a balance between
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the early processes of proliferation and regression, followed by cell growth
and maturation.

Apoptotic cell death has been observed in many different cell types, and
is relevant to the study of many human diseases. Commonly cited examples
of apoptotic cell death that result in the loss of particular tissues include the
elimination of the tail from developing vertebrate embryos (frogs and
humans) and the elimination of webs between the digits of developing
embryos.

 

1

 

 The dramatic changes that occur during metamorphosis in
amphibia and insects are accompanied by apoptotic cell death in tissues that
are not required in the adult organism.

Naturally occurring cell death as a phenomenon in neural development
has been known for almost a century.

 

2

 

 However, the systematic and quan-
titative study of neuronal death began with the work of Viktor Hamburger
and Rita Levi-Montalcini. Their work not only quantified cell death in dif-
ferent cell populations, but led to a now generally accepted hypothesis about
the role of target tissue and led to the discovery and characterization of
neurotrophic factors. We shall review here their original work and that of
other neurobiologists, and summarize the current ideas as they pertain to
neural histogenesis.

 

2.2 Target-Independent Cell Death

 

One form of programmed cell death is an intrinsically programmed genetic
cell death that is best exemplified by the developing nematode, 

 

Caenorhabditis
elegans

 

. In this organism, cell identity, cell location, and function are entirely
determined by cell lineage. Of the approximately 1090 cells that are gener-
ated by cell division during development of the adult hermaphrodite, about
131 undergo programmed cell death.

 

3

 

 It is known precisely which cells in
the developing organism (and at what point in their lineage) are destined
to die, this being one of the terminally differentiated states. In 

 

C. elegans,

 

there are regional differences in the patterns of programmed cell death, and
cell death appears to function primarily to generate regional diversity,

 

1

 

 per-
haps by eliminating certain sublineages.

 

4

 

 Genetic studies have led to the
identification of mutations that affect programmed cell death, and to the
cloning of genes (

 

ced-3

 

 and 

 

ced-4

 

) that are 

 

necessary

 

 for

 

5-7

 

 and genes (

 

ced-9

 

)
that 

 

inhibit

 

 cell death.

 

8,9

 

Although the determination of cell fate purely by lineage is not found in
more complex organisms, the cellular mechanisms that mediate cell death
in 

 

C. elegans

 

 and vertebrates share common features. The 

 

ced-3

 

 gene from

 

C. elegans

 

 has been cloned and was found to encode a homologue of human
and murine interleukin-1

 

β

 

-converting enzyme (ICE).

 

7

 

 Conversely, expres-
sion of the murine ICE gene product in cultured mammalian cells causes
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apoptotic cell death,

 

10

 

 indicating a conservation of the molecular mechanisms
of programmed cell death through evolution. ICE is a member of a family
of proteases which activates its substrate by proteolytic cleavage and initiates
a cascade of events leading eventually to apoptotic cell death. The 

 

ced-9

 

 gene
product is a structural and functional homologue of the mammalian 

 

bcl-2

 

protooncogene, which is known to suppress apoptosis in a variety of model
systems.

 

9

 

 Thus, programmed cell death in 

 

C. elegans

 

 provided an example
of cell death as a predetermined outcome as a function of lineage, and led
to the discovery of the molecular mechanisms mediating apoptosis that are
functional in more complex organisms.

A form of target-independent (but not strictly predetermined) cell death
has also been observed in vertebrate nervous systems, in the embryonic
cerebral cortex, and even earlier in the developing neural tube. There is a
fairly widespread and uniform appearance of cells undergoing apoptosis in
the embryonic murine cerebral cortex. The peak of this apoptotic cell death
occurs around E14–16, and virtually no dying cells are seen at E10 or in the
adult.

 

11

 

 Although many dying cells were observed in regions which con-
tained postmitotic neurons (marginal zone, cortical plate, and intermediate
zone), the majority of dying cells were within the proliferative zones.

 

11

 

 Some
large neurons undergoing apoptosis in the border area between the subplate
and cortical plate were thought to be subplate neurons.

 

12

 

 The reason for the
observed rate of cell death (average of about 50%) in the proliferative zones
of the embryonic cortex is not clear, but it is interesting that the period of
maximal cell death (E12–E16) corresponds roughly to the neuronogenetic
interval, that time period during which all the terminally postmitotic neu-
rons are generated.

 

13

 

Results similar to the above have also been observed in human fetuses.
Apoptotic cells were found in the ventricular zone at the 12th week of
gestation, reaching a peak by the 21st week of gestation.

 

14

 

 In the oldest fetuses
studied (23 weeks), apoptotic cells were found primarily in the deep portions
of the subplate. As was the case in murine embryos, programmed cell death
in the human embryonic cortex was most prominent in the proliferative
zones. Whether these represent differentiated cells or undifferentiated cells
was not clear. It has been hypothesized that the apoptotic cells represent
postmitotic cells that are uncommitted to reach an appropriate position in
the cortical plate, and are thus eliminated before migration.

 

14

 

 However, the
precise characteristics that determine whether a cell in the proliferative zone
survives or dies remain unknown. Among the postmitotic regions of the
developing cortex, most of the observed cell death occurs within the sub-
plate, a transient population of neurons that occupies the layer between the
proliferative zone and the cortical plate.

 

12

 

 Almost all of these cells are elim-
inated early in postnatal life by apoptosis.

 

15

 

Another example of cell death occurring at a very early stage of neural
development, before the stage of neuron-target contact, is that seen in the
developing neural tube. In the chick embryo, between the 8- and 12-somite
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stages, many dead cells are seen, concentrated in the neural folds.

 

16

 

 In order
to determine the function of apoptotic cell death in neural tube closure, chick
embryos were cultured at the 8-somite stage, and allowed to develop to the
13-somite stage. In these embryos, the neural tube was completely closed
between somites 1 and 8, similar to what is observed 

 

in vivo

 

. When these
embryos were cultured in the presence of specific protease (caspase) inhib-
itors, programmed cell death and neural tube closure were blocked.

 

16

 

 These
results suggest that programmed cell death is required for neural tube clo-
sure, although it is not clear what aspect of neural tube closure depends on
apoptosis.

 

2.3 Target-Dependent Cell Death and the Discovery 
of Trophic Factors

 

The studies of Hamburger and Levi-Montalcini on the role of targets in
neural development began with the observation that reduction of a periph-
eral field (limb) resulted in a size reduction of the innervating primary nerve
center. Hamburger and Levi-Montalcini studied the mechanisms by which
such changes were brought about.

 

17

 

 They reported on the effect of reduction
and augmentation of target size on the development of the spinal ganglia
of the chick, examining the rate of proliferation, differentiation, and degen-
eration. The occurrence of cell degeneration in the spinal ganglia during
normal development was noted, and it was observed that there was a distinct
topographic pattern of dying cells within the spinal ganglia. It occurred (in
normal embryos) most extensively in the cervical and thoracic regions, and
was minimal in the brachial and lumbosacral segments. However, limb bud
removal caused an extensive cell degeneration within the brachial ganglia
(wing bud) or lumbosacral ganglia (hind limb bud). Hamburger proposed
that the mechanisms behind cell death in normal and experimental (limb
bud extirpation) embryos were the same, and that the enlarged target offered
by the developing limb (wing or hind limb) prevented the cell degeneration
in the corresponding sensory spinal ganglia. A stated hypothesis was that
either synaptic contact with the target or a trophic substance produced in
the target area was necessary for cell survival, and that competition for these
trophic interactions was what determined whether or not a cell survived or
died.

Following these seminal observations, cell death has been noted in many
different neuronal populations, and may be a universal developmental phe-
nomenon. Examples include the spinal ganglia and motoneurons, the cranial
nerve nuclei, the optic tectum, the retina, and the cerebellum (see Table 1,
Reference 18). The phenomenon of cell death is not limited to neurons, but
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occurs in glial cells as well. About 50% of newly formed oligodendrocytes
normally die in the developing rat optic nerve.

 

19

 

 Using cultured O-2A pro-
genitors and oligodendrocytes, Barres showed that cell death can be pre-
vented by the addition of certain growth factors (PDGFs or IGFs), suggesting
that survival of cells that effectively compete for factors that are available in
limiting quantity is a feature not limited just to neurons.

 

19

 

 Overproduction
of oligodendrocytes followed by cell death may be the mechanism behind
matching the number of oligos required to myelinate the axons within the
optic nerve. It may also allow for even spacing of oligodendrocytes along
the length of the axon.

 

19

 

 Peripheral glia, Schwann cells, also undergo pro-
grammed cell death during normal development.

 

20

 

 The rate of Schwann cell
death appears to be regulated by axon-derived trophic support. In one study
aimed at identifying the phenotype of dying cells in developing (postnatal)
murine cortex, up 50% of the pyknotic cells were thought to be glia as they
were GFAP positive.

 

21

 

2.4 Cell Death in Sensory and Sympathetic Ganglia

 

Cell death in the sympathetic nervous system was first noted by Levi-
Montalcini while trying to understand the development of regional differ-
ences in the spinal motor column.

 

2

 

 At a time when the preganglionic
sympathetic neurons were forming in the thoracic spinal cord of the chick,
there was massive cell degeneration in the corresponding region of the
cervical spinal cord.

 

22

 

 In a series of experiments looking at the effect of
limb bud extirpation or transplantation, Hamburger and Levi-Montalcini
discovered that alteration of target size affected the innervating neuronal
population by enhancing or reducing cell degeneration.

 

17

 

 They also
reported normally occurring neuronal death in the spinal ganglia, noting
that in the neurons in those regions that had a larger target (the brachial
and lumbosacral regions) there was quantitatively less cell death than in
those regions (cervical and thoracic) that had a smaller target. In the case
of the developing sensory ganglia, the problem of matching the size of the
innervating neuronal population with the size of the target was accom-
plished by initial overproduction of neurons followed by cell death con-
trolled in some manner by the target. The concept of competition for a
trophic substance which was produced by the target tissue was introduced
at this time. The discovery of the first neurotrophic factor, nerve growth
factor (NGF), resulted from studies of the effect of mouse sarcomas
implanted in chick embryos. A diffusible agent produced by the sarcomas
caused an increase in size of sympathetic and sensory ganglia in the host
embryo. This same growth-promoting activity was found in snake venom
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and in mouse submaxillary glands, leading eventually to the biochemical
and molecular characterization of NGF.

 

23,24

 

 When purified NGF was
injected into normal chick embryos or those in which the wing bud was
removed, there was a reduction of cell death in the spinal ganglia.

 

25,26

 

2.5 Cell Death in Motoneurons

 

The analysis of cell death in spinal motoneurons was also started by Ham-
burger, who demonstrated loss of about 40% of motor neurons in the lateral
motor column of the chick embryo during development.

 

27

 

 He also showed
that enlarging the target by transplantation of a supernumerary limb rescued
motoneurons that were destined to die.

 

28

 

 R. Oppenheim and colleagues have
continued this investigation, looking at the timing of cell death, the relation-
ship to synapse formation and synaptic activity, and the role of afferent
input.

 

29

 

 Contact between motoneurons and their targets occurred before the
period of cell death, even in experimental embryos where the limb bud was
removed.

 

30,31

 

 Thus, it was proposed that motoneurons compete for a target-
derived trophic factor, similar to sensory and sympathetic neurons compet-
ing for NGF secreted by their targets.

 

32

 

That arrival of motoneuron axons at the target site alone was not sufficient
to guarantee survival was demonstrated in studies of the role of synaptic
activity on cell death. Neuromuscular blockade during the period of cell
death increased motoneuron survival by 50%, suggesting that synaptic activ-
ity played a key role in cell death.

 

33,34

 

 Enhanced neuromuscular activity (by
chemical activation of AChR or by electrical stimulation of nerves) increased
motoneuron cell death in chick embryo.

 

35

 

 Blockage of neuromuscular trans-
mission probably resulted in the maintenance of extrajunctional ACh recep-
tors, which could accept additional innervation. In contrast, physiologic
activity in the developing synapse (at a certain critical level) may result in
only a single synapse being supported, causing death of those neurons that
were unsuccessful in establishing a 

 

functional synapse

 

. Thus, competition
at the target would be for secreted trophic factors or for a limited number
of functional synaptic sites, and this combination determined the extent of
motoneuron survival.

It is still not clear if there is a single target-derived neurotrophic factor for
motoneurons. Several neurotrophic factors have now been discovered that
promote motoneuron survival 

 

in vitro

 

 and 

 

in vivo

 

: cholinergic development
factor (CDF), ciliary neurotrophic factor (CNTF), brain-derived neurotrophic
factor (BDNF), insulin-like growth factors (IGFs), and glial-derived neu-
rotrophic factor (GDNF), to name a few.

 

36

 

 Some of these are expressed by
skeletal muscle while others are not. Whether these act in conjunction with
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a yet to be discovered muscle derived trophic factor to determine motoneu-
ron survival is not known. The characterization of motoneuron trophic fac-
tors have important clinical implications as well. Several of these trophic
factors have already been used in experimental protocols for treatment of
motoneuron degenerative disorders such as amytrophic lateral sclerosis
(ALS).

What has been established already is that target-derived factors are not
the only ones that promote motoneuron survival. Afferent input (from sen-
sory ganglia, spinal interneurons, or from other CNS regions) also has a role
in the extent of motoneuron cell death. Elimination of afferent input to
motoneurons resulted in a decrease in their survival.

 

37

 

 The increase in cell
death as a result of deafferentation is seen in several other neuronal popu-
lations. Blockade of afferent synaptic activity also induces the death of some
neurons.

 

38,39

 

 Thus, deafferentation may enhance cell death either because
afferents produce a trophic factor, or neurotransmitters released at the syn-
apse may also promote cell survival, or synaptic activity alters the ionic
composition of the postsynaptic neuron resulting in enhanced survival.

 

18

 

2.6 Summary

 

Programmed cell death is a phenomenon that has been observed in almost
all parts of the developing nervous system. The reduction of neuronal num-
ber by cell death is necessary because neurons are generated in great excess.
Early work focused on the peripheral nervous system (sensory and sympa-
thetic ganglia and the motoneurons), leading to the idea that programmed
cell death functions to match the size of a given neuronal population with
its target. Only those neurons survived that made appropriate and functional
connections with their target. This occurred as a result of competition for
trophic factors produced (in limiting amounts) by the target and for potential
synaptic sites on the target. In addition to the preeminent trophic factor,
NGF, numerous other trophic factors have been discovered, and their mech-
anisms of action characterized. In addition to target-derived and afferent-
derived trophic signals, there may be other factors that promote neuronal
survival, such as glial-derived signals or circulating hormones.

Other forms of programmed cell death occur well before the neuronal
population in question has contacted its target. These include the lineage-
dependent cell death seen in 

 

C. elegans

 

, the cell death seen at the time of
neural tube closure, and the cell death in the proliferative zone of the embry-
onic cortex. The phenotype of the cells that are eliminated by this apoptosis
in these two models is not entirely clear, but at least in the developing neural
tube, prevention of apoptosis drastically affects neural development.



 

© 1999 by CRC Press LLC

 

The programmed cell death which is observed in normal neural develop-
ment has several possible functions, including: (1) elimination of neurons
that fail to make functional synaptic contact with their target (size matching);
(2) elimination of cells or separation of cell layers during epithelial sheet
fusion and shape change (e.g., neural tube closure); (3) elimination of tran-
sient neural populations (e.g., subplate neurons) which serve an important
function only during a particular phase of development; and (4) elimination
of cells that were necessarily generated in a lineage (e.g.,. 

 

C. elegans

 

). The
cell death program that is seen in normal development is also triggered as
a result of injury, and in disease states. The molecular mechanisms behind
apoptotic cell death appear to have been conserved through evolution, and
are now the subject of intense research. These issues will be discussed in
other chapters.
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3.1 Introduction

 

The occurrence of apoptotic cell death during the course of illness has been
clearly demonstrated for a number of human neurodegenerative disorders
and animal models of human disease.

 

1,2 

 

Programmed cell death of neurons,
glial cells, and other elements of the nervous system is not only a feature of
neurodegeneration, but also a prominent feature of normal prenatal and
postnatal development.

 

3-6

 

 This is most elegantly displayed in the studies of
development and neurodegeneration in 

 

C. elegans

 

.

 

7,8

 

 It is perhaps natural to
expect that the nervous system’s ability to conduct graceful and programmed
removal of cells during development might reemerge during abnormal
aging, injury, or neurodegenerative disease. One must ask, however, in each
particular model or neurodegenerative disease whether the timing and num-
ber of cells involved in this particular mode of cell death are sufficient to
consider apoptotic cell death a key element of the disease process. In this
chapter, we will review the normal occurrence of apoptotic cell death in the
developing nervous system to use as a standard to judge the potential impor-
tance of apoptosis in aging and in neurodegenerative disorders. In particular,
we will consider the “gold standard” of a neurodegenerative disorder, Batten
disease, where the gene defect directly involves apoptotic mechanisms.
Finally, we will consider the case for apoptotic cell death in a number of
other more common neurodegenerative disorders.

 

3.2 Cell Death in Normal Development and Aging

 

3.2.1 Spinal Cord

 

The developing spinal cord and its interactions with inducing structures
such as the notochord and with its targets of innervation, especially striated
muscle, has been extensively studied.

 

9-12

 

 It is now clear that programmed
cell death resulting in eventual loss of up to 50% of cell classes such as
motoneurons is a normal feature of development.

 

9 

 

Programmed cell death
occurs at very early stages of spinal cord development and continues
throughout the later stages. Of interest is the finding that early apoptotic
death of spinal motoneurons may be determined by intrinsic programs or
local factors within the spinal cord, whereas later stages of motoneuron
apoptotic death may be dominated by trophic factor influence related to
interactions and innervation of target muscles.

 

9

 

 Thus, even in this one portion
of the neuraxis and for one discrete set of cells, apoptosis is heterogeneous
in mechanism. Moreover, apoptotic cell death involves not only projection
neurons innervating skeletal muscle and sensory neurons of the dorsal root
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ganglia, but also supporting glial cell elements in the spinal cord and periph-
eral nerves and interneurons intrinsic to the spinal cord.

 

9-12

 

3.2.2 Midbrain, Forebrain, Retina

 

The occurrence of significant cell death is likewise a feature of development
in higher levels of the neuraxis.

 

3

 

 This has been well documented for cere-
bellum, whose development can be studied postnatally in rodents, and like-
wise for the visual pathway which is easily studied in animals with late eye-
opening.

 

3,14-16

 

 An interesting finding in these systems is the occurrence of
distinct periods of apoptotic activity and the occurrence of apoptosis in both
neuronal and glial populations.

 

17

 

 These events are likely keyed to the tempo
of neurogenesis, establishment of neural connections of postmitotic neurons,
and neuronal–glial interactions.

 

17

 

 With the advent of functionality of these
pathways and systems, this transient period of apoptosis ceases. While fur-
ther gliogenesis, myelination, and alterations in axonal connectivity occur,
apoptosis is clearly a major player only during early development of the
nervous system under normal circumstances.

 

15

 

 The occurrence of low back-
ground levels of apoptosis in the adult nervous system is of uncertain sig-
nificance, although low steady rates over time should not be neglected as a
significant biological factor in long-lived animals. This may be particularly
true for cells which are poised midway in differentiation or which are rem-
nant stem cell populations from the subventricular zone. Likewise, low levels
of apoptotic cell death in defined subsets of neurons could signal an eventual
significant attrition over time. For example, subclasses of gabaergic inhibi-
tory neurons account for usually 1 to 5% of total neurons as defined by
neuropeptide content, and all together usually 20 to 30% of total neurons in
most forebrain regions. Significant cell loss through apoptosis could occur
in these or similar neuronal subsets without being easily detectable by usual
histological methods.

 

3.2.3 Cerebral Cortex: Example of Cortical Subplate

 

The cortical subplate is a transient zone in the developing cerebral cortex
which integrates a primitive level of organization of the cortical plate.

 

18

 

Neurons generated early in the development of the neocortex are situated
in this zone beneath the main cortical plate. Subplate neurons interconnect
with the neurons in layer I and participate in important cell–cell interactions
with migrating neurons and with incoming afferent and efferent projections.
This structure is particularly prominent in human and primate brain. Its
disappearance during the course of development illustrates another princi-
ple of apoptosis, which is the removal of earlier phylogenetic patterns of
organization that are developmentally active, but are then superseded by
more complex patterns. Thus, the primitive developmental pattern of cere-
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bral cortical organization and activity is changed with subsequent neuro-
genesis.

 

18,19

 

 While some of these neurons are diluted in the marked expansion
of the cerebral cortical mantle, there is evidence for neuronal loss. Local
circuit neurons in layer I and particularly neurons in the cortical subplate
undergo cell death and glial reaction to remove cell and their processes. This
timing is also near the remodeling and loss of long axonal projections of
other systems. In the visual system, up to 50% of neuronal projections from
retina to posterior visual structures are lost. In other regions of cerebral
cortex, there is significant loss of projection neurons and the transient sub-
plate neurons. During this time period of development, significant microglial
activity is observed in the deep white matter underlying the cortex.

 

20

 

 This
raises another issue surrounding the occurrence of cell death and apoptosis
during development — glial reaction to the extensive cell death. Microglial
recruitment and activation represents an early and significant interaction of
immune-competent cells with dying neurons and glial cells. These early
interactions might in certain cases alter the subsequent cellular and immune
reaction to cell death in the adult nervous system.

 

3.2.4 Hippocampus

 

The hippocampus is an important area to consider for apoptotic cell death,
given its very ordered geometry and its importance to memory and cogni-
tion. A number of studies suggest that the hippocampus may be subject to
apoptotic cell death even after development. In particular, the influence of
adrenal steroids and hypothalamic–pituitary axis on hippocampal neurons
have been demonstrated in a number of studies.

 

21 

 

The most direct model —
adrenalectomy with loss of corticosteroid levels — produces significant cell
death by apoptosis in hippocampal granule cell neurons. The organization
of the dentate gyrus and its component granule cells is such that it is likely
to withstand significant gradual losses of granule cells without much behav-
ioral compromise. This suggests two problems: (1) why would these neurons
be particularly sensitive to systemic factors and subject to apoptotic cell
death?, and (2) would low rates of apoptotic cell death in such nervous
system structures eventually serve as a priming event or portal into neuro-
degenerative disorders? The important clinical issue is that significant low
levels of apoptotic cell death could occur with gradual denervation over
time. This process might be clinically relatively silent, and yet be a significant
pathological event for disease.

 

3.2.5 Deafferentation

 

Deafferentation of adult or mature neurons can clearly be a cause of apoptosis
for many classes of neurons.

 

22

 

 The significant issue for neurodegenerative
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illness is the response of the nervous system to two common events during
aging: denervation of a neuron from its target cells or tissue, and activation
of the immune-competent glial cells from systemic factors or acquired illness.
In the first case, it is very clear that many neurons are dependent on trophic
factors from their innervated targets for their moment-to-moment sustenance
and biological program. Thus, during development, one of the factors that
may lead to apoptotic cell death is failure to innervate a target tissue (e.g.,
striated muscle for motoneurons), failure to successfully maintain innerva-
tion once achieved (e.g., competition, disuse atrophy), injury or compromise
to the integrity of that connection (e.g., axonal injury), and/or loss of trophic
factor production by the target. The significance of loss of trophic factors for
adult neurons, varies for different classes of neurons depending on their
connectivity, redundancy of connections, and age of the nervous system.
Glial response and the immune competence of glial cells interacts directly
with the above dependence of the neuron on its connections. For example,
when an axon suffers reversible crush injury, there is an immediate response
and proliferation of satellite glial cells around the motoneuron cell body at
the level of the spinal cord. On the positive side, these activated glial cells
may assist in removal of afferent connections to such a cell and participate
in a program of recovery for the neuron (retrograde cell reaction of the
neuron or chromatolysis). On the downside, these cells are immunocompe-
tent and may be part of the substrate for adverse genetic factors to result in
neurodegenerative illness. For example, amyotrophic lateral sclerosis (ALS)
or motor neuron disease is preceded in some cases by discrete injury to
peripheral nerve trunks and ALS may “begin” at this level in the spinal cord
before progression to other levels. The general principle is that any injury
to neurons or their processes is accompanied by reaction of glial cells at the
level of the injury and at the parent neuronal cell body. Thus, consideration
of deafferentation and loss of trophic factors or their influence must be
connected with the idea that glial cells are also involved in the outcome from
the earliest time points of injury.

 

3.3 Apoptotic Cell Death in Early Onset 
Neurodegenerative Disorders

 

3.3.1 Necrosis–Apoptosis Continuum

 

The role of apoptotic cell death in neurodegenerative disorders has been
controversial because of the difficulty of precise identification of apoptosis
in human tissues. The methods brought to bear must include anatomical
methods employing TUNEL (terminal deoxynucleotidyl dUTP nick end
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labeling) staining, ultrastructural study, and morphological analysis and
biochemical methods with identification of endonucleosomal DNA cleavage
and characteristic laddering of DNA fragments. Furthermore, in the nervous
system, the timing with regard to disease onset, the tempo of apoptosis
during the disease course, and the potential restriction to one cell class in a
complex tissue with many cell classes further complicates the identification
and evaluation of apoptosis as a disease process in many illnesses. In addi-
tion, the potential inciting factors (e.g., ischemia, excitotoxic injury, toxic
injury to mitochondria) and the resulting process of active tissue injury are
capable of producing both cell necrosis and apoptosis in the same tissue.
This brings up the issue of assessing cell death over a potential continuum
of necrotic or accidental cell death to apoptotic or programmed cell death.

 

23,24

 

Experimental studies make clear that studying the role of apoptosis in a
given disease may be heavily weighted by other secondary factors. Persons
dying late in the course of their illness have perimortem morbidity from
other illnesses such as sepsis and dehydration. The degree of hypoxia and
rate of decline during the dying process, and status of the hypothalamic-
pituitary-adrenal axis with the effect of steroid levels can affect the levels of
apoptosis detected in postmortem examination.

 

25

 

 This is a particular problem
for human studies where almost all brain tissues are obtained postmortem
late in the course of the neurodegenerative illness.

With the knowledge that common environmental assaults on the nervous
system as well as the complex process of cell injury and glial response can
produce both apoptotic cell death and necrotic cell death, there is a real issue
of assessing the role of apoptotic cell death for a given neurodegenerative
disease. The most convincing case can be made for those illnesses with a
genetic defect in a gene directly related to the apoptotic cell response (e.g.,
Batten disease). Not surprisingly, such a major genetic influence on apoptosis
is associated with onset of disease in early life. Many other neurodegenera-
tive diseases have defects in genes that influence the response of a cell to
injury or cellular protective mechanisms such as free radical protective
enzymes, or involve genes which can be shown 

 

in vitro

 

 to influence apop-
tosis. Many of these diseases have catastrophic later onset of illness in
midlife. These illnesses can be viewed as having a secondary genetic rela-
tionship to apoptosis. However, even environmental events in a genetically
neutral or “normal” host can result in apoptosis. Two common examples are
ischemia and toxic injury. For example, carbon monoxide poisoning and
probably other mitochondrial toxins can result in delayed neuronal death
through apoptosis.

 

26

 

 Such environmental injury may interact with genetic
factors to result in neurodegenerative disease in late life. Thus, a further
category of neurodegenerative disease can be characterized as having a
secondary or environmental relationship to apoptosis. These three categories
are represented in Table 3.1. In the following sections, we will study these
issues in several selected neurodegenerative diseases where apoptosis is a
major and/or clear-cut mechanism of pathogenesis.
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3.3.2 Batten Disease

 

Batten disease is an eponymic term for a family of autosomal recessive or
apparently sporadic neurodegenerative disorders, also termed neuronal
ceroid lipofuscinosis, and refers most often to the juvenile form.

 

27

 

 The neu-
ropathology of these progressive disorders is characterized by massive neu-
ronal death and, in most subtypes, death of photoreceptors in the retina with
resultant blindness. Thus, they represent a devastating syndrome of decline
in both cognitive and motor skills with loss of milestones, visual loss, and
seizures. Their descriptive name stems from the occurrence of inclusions in
involved cells which become autofluorescent and represent lipofuscin depos-
its. Ultrastructural analysis can demonstrate various inclusions, including
fingerprint-like bodies, granular osmiphilic deposits, and curvilinear pro-
files. These disorders are also ordered by their age of onset: infantile neuronal
ceroid lipofuscinosis (INCL), late infantile neuronal ceroid lipofuscinosis
(LINCL), Batten disease or juvenile neuronal ceroid lipofuscinosis (JNCL),
and the adult variant or Kuf’s disease. Interestingly, the accumulation of

 

TABLE 3.1

 

Apoptosis and Neurodegenerative Disease

 

Role of Apoptosis Gene/Protein Disease Example

 

Primary — genetic

 

Gene directly related to apoptosis

 

NAIP,

 

 ?SMN Spinal muscular atrophy
Gene directly related to apoptosis CLN3 Battens disease

 

Secondary (1) — genetic

 

Gene affecting G-protein signaling 
transduction

Rd gene, rhodopsin Retinal degeneration

Gene affecting apoptotic pathway Presenilin 2 Alzheimer’s disease
Amyloid precursor protein Alzheimer’s disease
?APOE Alzheimer’s disease

Gene affecting cell injury/or cell 
protection

Cu,Zn-SOD Motor neuron disease (ALS)

Gene acted on by apoptotic genes Huntingtin Huntington’s disease
MJD1 Machado-Joseph disease
DRPLA-protein Dentatorubro pallidoluysian 

atrophy (DRPLA)
Ataxin-1 Spinocerebellar ataxia

Gene affecting mitochondrial 
function

mtDNA defect e.g., Leber’s hereditary optic 
Neuropathy

 

Secondary (2) — environmental 
injury

 

Excitotoxic injury ?Alzheimer’s disease, ALS
Ischemia Vascular dementia
Mitochondrial injury ?Alzheimer’s disease, PD 

e.g., Minimata disease
Toxin: cadmium, mercury
Toxin: carbon monoxide Delayed neuronal 

degeneration
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subunit 9 of the mitochondrial ATPase synthase complex in lysosomes of
the last three forms, together with an associated alteration in subunit 9
(nuclear coded) mRNA, and protein expression was not accompanied by
defects in the gene encoding this protein.

Recent advances in the understanding of these disorders has resulted from
the histological demonstration that cell death in Batten disease is represented
by apoptotic cell death.

 

28

 

 In addition, other neurochemical studies have
shown upregulation of Bcl-2 and ceramide levels, implicating a close rela-
tionship to the regulation of apoptosis.

 

29 

 

These findings linking apoptosis
with Batten disease or juvenile NCL have been further advanced by the
discovery of the responsible gene, CLN3 on chromosome 16, which has been
cloned and sequenced.

 

30

 

 Recent work shows that the 438-amino acid protein
product of this gene is operative in a novel antiapoptotic pathway. The 

 

CLN3

 

peptide modulates both endogenous and vincristine stimulated levels of
ceramide suggesting mediation of its antiapoptotic effect by attenuating
ceramide levels. The human disease is associated with deletions of the 

 

CLN3

 

gene, which apparently result in loss of function. The gene defect in LINCL,
a lysosomal peptidase encoded on chromosome 11, may also be implicated
in this apoptotic pathway. Infantile neuronal ceroid lipofuscinosis is due to
mutation in the 

 

CLN1

 

 gene (palmitoyl protein thioesterase) on chromosome
1 with unknown relationship to apoptotic mechanisms.

 

30

 

The lesson from Batten disease and likely LINCL is probably that devas-
tating, multisystem diseases with marked cell death by apoptosis can be
produced by genetic defects in proteins involved directly in apoptotic path-
ways.

 

30

 

 The hallmark of this family of diseases is early onset, although it is
interesting that relatively normal development is achieved prior to disease
onset and that the course of illness can be quite prolonged.

 

27

 

 Thus, Batten
disease provides one “gold standard” example of neurodegenerative disor-
der directly linked to apoptosis by gene defect and by pathobiology (see
Table 3.1).

 

3.3.3 Spinal Muscular Atrophy

 

The prominent apoptosis of spinal motor neurons that occurs during normal
development and that results in the normal complement of motor neurons
continues unabated in spinal muscular atrophy (SMA). SMA occurs in sev-
eral forms, from the most common form SMA I, occurring in young infants
with death often before age 2; to a milder form SMA II, with somewhat
shortened lifespan; to SMA III, with onset late in the first decade and almost
normal lifespan. SMA I is due to deletions in the neuronal apoptosis inhibitor
protein (

 

NAIP

 

) gene on chromosome 5.

 

31-33

 

 Other copies of the 

 

NAIP

 

 gene
exist and some of these truncated versions of the 

 

NAIP

 

 gene may confer
partial biological activity. Thus, the different forms of SMA, differing in age
of onset and severity, may represent the ability of residual copies of the 

 

NAIP
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gene to compensate for loss of the full-length form. It is interesting that the

 

NAIP

 

 gene is similar to a viral gene inhibiting apoptosis.
In the same region of chromosome 5, other cases of spinal muscular atro-

phy have been mapped to a second gene called survival motor neuron gene
(

 

SMN

 

).

 

34

 

 Both of these genes imply that the absence of apoptosis in the
mature nervous system is also dependent on active genetic mechanisms that
are antiapoptotic. The relevant proteins are present in the tissues at risk.

 

35

 

3.3.4 Retinal Degeneration

 

Retinal degeneration is a well-studied system where genes producing apo-
ptotic cell death and photoreceptor loss have been analyzed in animal mod-
els and in human disease.

 

36-41

 

 The involved genes result in photoreceptor
loss with resultant retinitis pigmentosa in early to midlife with devastating
effects and loss of vision. Other pro- and antiapoptotic and related genes are
activated during this process.

 

42-45

 

 The directly involved defective genes, such
as rhodopsin, are involved in signal transduction. The defective proteins
result apparently in altered G-protein-related signaling so as to promote a
balance favoring apoptotic cell death. This imbalance, since it involves sig-
naling mechanisms for physiological transduction of vision, can also be
influenced by environmental factors such as light flux, ischemia, or retinal
detachment.

 

46-48

 

 Thus, in experimental models, the process of apoptotic cell
death can be triggered by altering the light and wavelength input to the
retinal tissue at risk.

 

47,48

 

Retinal degeneration repeats the theme of spinal muscular atrophy con-
sidered above. The survival of cells in the mature nervous system is not
automatically assured, and in fact, hangs on a delicate balance of proper
interactions with other cells and elements of a complex biological system.
Thus, the same factors that lead to the gracious and programmed death of
excess cells and connections during the development of the nervous system
can supervene to cause exit of mature elements that are unfortunately no
longer in excess. Abnormal signaling and balance in the G-protein system
can lead to activation of the apoptotic pathway. Unlike spinal muscular
atrophy where mutations in antiapoptotic genes cause loss of function and
direct involvement of the apoptotic pathway, retinal degeneration represents
disorders one step removed, where alteration in normal signaling pathways
is “interpreted” by the cell as a sign of physiological failure and activates
the genetic program for cell removal.

 

49,50

 

3.3.5 Triplet Repeat Disorders

 

Triplet repeat expansion disorders include a number of diseases that result in
apoptotic cell death for selected sets of cells in the nervous system.

 

51

 

 These
disorders include spinocerebellar ataxia type I (SCA-1), Huntington’s disease,
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Machado-Joseph disease, dentatorubral pallidoluysian atrophy (DRPLA),
and others.

 

52-57

 

 The common theme is gain of abnormal function through
augmentation of a CAG repeat that results in lengthening of a polyglutamine
hinge region for the particular protein. Depending on the particular gene
and its tissue and cellular distribution, this results in neurodegeneration in
early to midlife in the caudate-putamen and cerebral cortex (Huntington’s
disease), spinocerebellar tracts (Machado-Joseph disease), and cerebellum,
red nucleus, and pallidoluysian nuclei (DRPLA). Genetic animal models and
cell culture models for these diseases support the concept that abnormal gain
of function is the key mechanism which is common to all of the above
disorders.

 

52,57,58

 

 Specificity of disease may be conferred by the involved gene
product, its distribution, and stochastic risk of adverse protein–protein inter-
action depending on length of repeat and expression level.

 

59

 

The mechanism of injury is the ability of the polyglutamine region to
aggregate above a certain length of over 35 amino acids, and thereby to
influence intracellular metabolism and function through abnormal pro-
tein–protein interactions. One enzyme that is affected is glyceraldehyde-
6-phosphate dehydrogenase (GAPDH), a key enzyme in glycolysis. Post-
translational modification of GAPDH with presumed impact on intermedi-
ate metabolism is also implicated in apoptosis.

 

60,61

 

 These effects result in an
apparent stochastic increase in likelihood for certain sets of neurons to exit
by apoptotic cell death, with devastating effects on the nervous system. It is
interesting that even though this process is relatively specific anatomically,
and results from apoptotic cell death, it is not necessarily easy to demonstrate
evidence for apoptotic cell death at every point in the illness. Thus, at some
time points early in the disease, apoptotic cell death can be demonstrated
easily in the caudate-putamen, whereas at the very latest time points (where
few neurons remain), apoptotic figures are relatively rare.

 

3.3.6 Mitochondrial Disorders

 

When one considers the delicate balance of proapoptotic and antiapoptotic
pathways in cells and the need in a complex organism and tissue for removal
of cells that are not functioning properly or that are irreparably injured, one
must almost ask whether all neurodegenerative disorders must not involve
apoptotic mechanisms of cell death. The key questions remain those posed
in the introduction: whether in each particular model or neurodegenerative
disease, the timing and number of cells involved are sufficient to consider
apoptotic cell death a key element of the disease process. Loss of afferent or
efferent connections with associated trophic/growth factors or influence, loss
of protective/antiapoptotic genes, imbalance of signaling pathways, and
serious compromise to the energy metabolism and membrane integrity of
the cell can all be key signals for apoptotic cell death. Clearly, one of the
most important signals for apoptotic cell death can be mitochondrial injury,
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excess free radical production, and/or defective oxidative protection mech-
anisms.

 

62

 

 If sufficient, such injury can yield energy failure for the cell and
immediate or necrotic/accidental cell death. If less severe impairment of
oxidative metabolism occurs, even minor mitochondrial dysfunction with
release of cytochrome c and pore transition for a lesser number of mitochon-
dria might be a signal for apoptosis.

 

63-67

 

With the knowledge that mitochondrial dysfunction can result in cyto-
chrome c release, a potent inducer of apoptotic cell death, it is perhaps not
surprising that mitochondrial disorders, whether genetic or acquired, can
result in apoptosis.

 

62

 

 This should be weighed against the fact that in most
models of cellular apoptosis, mitochondrial morphology is apparently intact
in the face of marked nuclear changes.

 

68 

 

Most mitochondrial disorders are
characterized by variable onset of disease. The issue of heteroplasmy of
affected mitochondria during vertical maternal transmission of the mito-
chondrial genome and the subsequent possibility of clonal selection during
development and life raise the possibility that cells at risk may contain a
variable and not necessarily high percentage of genetically compromised
mitochondria. Environmental and genetic compromise of mitochondrial
function may be an important mechanism or portal for the development of
neurodegenerative disorders.

 

62,69

 

Mitochondrial disorders can result in apoptotic cell death such as dis-
played in Leber’s hereditary optic atrophy. In these disorders, the principle
for cell injury and induction of apoptosis may depend on heteroplasmy (i.e.,
the actual proportion of inherited deficient mitochondria apportioned to a
particular cell class or tissue during development) and environmental factors
yielding a critical level of oxidative injury to the cells at risk. Thus, many of
these disorders result in tissue-specific patterns of injury that involve cells
with high metabolic rates and high level of oxidative metabolism (e.g., car-
diac muscle, extraocular muscles, proximal renal tubule cells, etc.). Since a
natural stress or level of oxidative injury in such a cell class at risk could
then be amplified by a genetically defective electron transport chain, the
potential for a stochastic (need for environmental event or physiological
stressor) and catastrophic (amplification of injury and further mitochondrial
dysfunction through injury to the “naked” mitochondrial genome) element
to mitochondrial disorders is almost an unavoidable consequence of the state
condition of mitochondrial DNA and mitochondrial energy production.
Thus, many mitochondrial disorders yield further “nonspecific” deletion
events of the mitochondrial genome during the expression of the illness.
Such events also occur during normal aging and presumably can reflect
exogenous environmental injury to an otherwise normal mitochondrial
genome. Thus, apoptotic cell death through mitochondrial cytochrome c
release is perhaps a very necessary signal to allow a particular organ or tissue
to react to adverse mitochondrial injury prior to more catastrophic failure
with necrotic cell death and attendant inflammatory reaction.
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3.4 Apoptosis in Alzheimer ’s, Parkinson’s, and Motor Neuron 
Disease

 

3.4.1 Modeling Chronic Neurodegenerative Diseases

 

The issue in chronic neurodegenerative disease of onset in mid to late life
and lasting from 5 to 25 years from onset to death is modeling the various
stages of disease. Most information on AD and other similar chronic neuro-
degenerative disorders is gathered from postmortem data at the very end
stages of disease when many other factors have intervened, most notably
the process of dying. Thus, much information on apoptosis in AD has been
gathered, but mostly from the endpoints of the disease process. It is of crucial
importance to model the beginning of AD pathology and, particularly, the
probable subclinical pathology that exists in persons at genetic and/or envi-
ronmental risk even at a very early age. The way to circumvent this problem
is the creation of 

 

in vitro

 

 and 

 

in vivo

 

 models of AD pathology in animals or
human-derived tissue and, particularly with the discovery of specific genes
for AD, to create genetic models of AD.

 

3.4.2 Evidence for Apoptosis in AD

 

The evidence for apoptotic cell death in AD brain is quite compelling and
stems back to work by Cotman and others to demonstrate the anatomical
and biochemical features of apoptotic cell death in AD brain tissue.

 

70-89

 

 This
includes demonstration of TUNEL-positive staining as well as correlation
with markers associated with apoptosis such as Bcl-2, Bax, c-Jun, Fos, and
others.

 

72,73,78,81-87

 

 There has been relatively good agreement among different
workers, although there is relatively little published ultrastructural evidence
for apoptosis.

 

3.4.3 Role of AD Genes: Presenilins, Amyloid Precursor Polypeptide, 
Apolipoprotein E

 

The proposed role for apoptotic cell death in AD has been strengthened by
the discovery that many or all of the genes discovered for AD influenced
cellular apoptosis.

 

2

 

 Not surprisingly, the strongest case exists for the three
genes involved in early onset, autosomal dominant AD, presenilin 1 (chro-
mosome 12), presenilin 2 (chromosome 1), and amyloid precursor polypep-
tide (

 

APP

 

) on chromosome 21.

 

2

 

 However, unlike the clear-cut case for Batten
disease, it is not clear that these gene products are directly placed in the
pathway for apoptosis. Rather, by influencing protein trafficking, membrane
events, and free radical production, mutations in these three AD genes alter
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the outcome of cell injury and repair in such a way as to activate apoptotic
pathways.

Proposed mechanisms that would initiate apoptotic programs include
potentiating oxidative injury, sensitizing the cell to trophic factor deficiency,
altering protein trafficking in the rough endoplasmic reticulum, altering APP
metabolism, and influencing signal transduction, particularly G-protein
related. A strong case has been made for a common mechanism based on
G-protein signaling for production of apoptosis in AD without necessarily
involving the extracellular events of AB deposition.

 

2

 

 However, there is also
evidence for increased oxidative injury in AD related to intra- and extracel-
lular protein–protein interactions, particularly with APP and its fragments,
presenilin, and oxidative priming events all working together to sensitize
the cell for apoptosis.

 

90-104

 

 Thus, at the moment, there is an abundance of
potential mechanisms for presenilin or APP mutations to result in apoptotic
cell death. Interestingly, however, there is little evidence to date for apoptotic
cell death or even neuronal degeneration in the genetic animal models based
on these mutations.

 

105,106 

 

It is also important to realize that most cases of AD
in late life with normal presenilin and 

 

APP

 

 genes. It may be necessary to
“humanize” the rodent more extensively with human versions of 

 

APOE

 

, tau,
and other AD-related gene products.

 

107

 

The role of the AD susceptibility gene 

 

APOE

 

 in the most common late-
onset cases of AD is played out in the setting of normal presenilin 1 and 2
and APP genes. There is yet no evidence for increased apoptotic cell death
with 

 

APOE

 

 allele 4 (high risk for AD), but there is 

 

in vitro

 

 evidence that

 

APOE

 

 and 

 

APP

 

 can interact to produce increased oxidative damage.

 

108

 

3.4.4 Evidence for Apoptosis in Parkinson’s Disease

 

Parkinson’s disease (PD) has been classically considered a predominantly
environmentally related disorder with known etiologies, including MPTP
toxin exposure, carbon monoxide exposure, postencephalitic related (1919
epidemic), manganese exposure, and other putative chemical exposures
involving injury to mitochondrial complex I enzymes. Nevertheless, most
cases are idiopathic without demonstrable etiology, and clearly some cases
are genetically influenced. The knowledge that PD is related to progressive
dopaminergic cell loss in the substantia nigra with symptomatology usually
appearing at 80 to 90% cell depletion and the evidence connecting Parkin-
sonism to environmental exposures has led to an oxidative stress theory for
the pathogenesis of PD and an emphasis on apoptosis as a possible mecha-
nism of cell loss.

 

109,110

 

Evidence for apoptosis in Parkinson’s disease has been provided from both
animal models and human material for the key cell population at risk, the
dopaminergic neurons of the substantia nigra.

 

111-118 

 

In some experimental mod-
els of PD, there has been “mixed” evidence for classical cellular apoptosis with
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support for perhaps a variant of apoptotic cell death.

 

111

 

 It is important to
point out that both in experimental animals and in human disease, cell death
of dopaminergic neurons does occur in the setting of some amount of cellular
inflammation and microglial response. This may indicate that cell death for
some dopaminergic neurons may be relatively abrupt and proceed along the
pathway of accidental or necrotic cell death with attendant inflammation.
Likely, a continuum between apoptotic and necrotic cell death may occur,
with the proportion depending on the magnitude and timing of the envi-
ronmental toxin or stressor.

 

23,24

 

A further issue in Parkinson’s disease is the possible role of both endog-
enous L-dopa produced by the surviving dopaminergic neurons and exog-
enous L-dopa used in therapy as neurotoxins. A number of experiments
have demonstrated the ability of L-dopa to induce apoptosis in cell cul-
ture.

 

119-124 

 

L-dopa synthesis and release is increased in surviving dopaminer-
gic neurons to compensate for loss of neurons during the illness and may
therefore contribute in a secondary manner to further injury. In addition,
toxins affecting complex I in mitochondria, calcium stress, aging-related, or
inherited mtDNA defects have been suggested as portals into apoptotic loss
of dopaminergic neurons. 

 

125-127 

 

Protective therapy may be directed at mito-
chondrial or apoptotic mechanisms of cell injury and death.

 

128,129

 

3.4.5 Evidence for Apoptosis in Motor Neuron Disease (ALS) 
and Related Disorders

 

Motor neuron disease or amyotrophic lateral sclerosis (ALS or Lou Gehrig’s
disease) represents a neurodegenerative disorder in which apoptotic cell
death has been invoked as a key pathogenetic mechanism. In ALS, progres-
sive loss of upper and lower motor neurons results in extreme disability and
ultimately death. As in AD and Parkinson’s disease, both environmental and
genetic factors have been suggested.

 

131

 

 Apoptotic cell death of motoneurons
has been related to immunological attack and to failure of cell defenses
against oxidative damage.

 

132,133

 

The discovery of Cu,Zn-superoxide dismutase mutations as a cause for
some cases of familial ALS has strongly supported a role for apoptosis since
the effect of the mutation is to convert an antioxidant defense enzyme into
a proapoptotic gene.

 

134 

 

Furthermore, other rare cases of familial ALS have
been associated with 

 

NAIP

 

 mutations.

 

135 

 

This suggests that ALS may well be
very similar to Parkinson’s disease and late-onset AD in that a number of
specific gene defects or allelic effects may be identified, accounting for 25 to
50% of familial cases. Environmental factors most likely interact with these
genes to determine onset and character of illness. Many of the remaining
cases may result from multiple genetic factors in combination with stronger
and more adverse environmental or aging-related events. It is important to
realize that the identified genes to date only account for a proportion of the
familial ALS cases, and that most ALS cases (95%) are sporadic.



 

© 1999 by CRC Press LLC

 

The importance of understanding the pathogenesis of ALS for other neu-
rodegenerative disorders is that apoptotic cell death may be the major mode
of motor neuron loss.

 

136-139 

 

The issue raised for excitoxic injury to the nervous
system is the potential for both necrotic and apoptotic cell death with per-
haps all intermediates depending on the timing and amount of injury.

 

23,24 

 

In
ALS, there is considerable evidence for excitotoxicity as a mode of cell
injury.

 

140-144

 

Alterations in buffering of extracellular glutamate during cellular reactions
to injury may result in neuronal cell injury and triggering of apoptosis.

 

143,144

 

For example, alterations in glutamate transporters might result during aging
or as a result of previous cellular injury. ALS and motor neuron disorders
stand, therefore, as an example of apoptotic cell injury with modulation by
both genetic and environmental events. In addition, some of these defects
may arise from defective RNA splicing, as has been suggested for spinal
muscular atrophy cases with mutations in the 

 

SMN

 

 gene. This gene may
code for an RNA-splicing enzyme.

 

145

 

 Abnormal RNA splicing may be a
common mechanism in age-related neurodegenerative diseases.

 

3.4.6 Role of ALS Genes: Copper, Zinc Superoxide Dismutase Mutations

The mutation in Cu,Zn-SOD that is involved in roughly 15 to 25% of familial
ALS cases results in an enzyme that still retains enzymatic activity, and yet
represents a proapoptotic gene. One potential mechanism is through aggre-
gation, much like the triplet repeat diseases, and perturbation of other intra-
cellular processes, or effective sequestration of activity in a nonuseful
location. Another possibility is that intracellular copper stores are depleted
through aggregation and loss of these proteins, resulting in inadequate cop-
per charging of other copper proteins and cuproenzymes.69

3.4.7 Evidence for Apoptosis in Toxic Environmental Exposures

Apoptotic cell death is likely the result of a number of toxic environmental
exposures that can damage the nervous system.26,146 Two prominent exam-
ples are organic mercury or cadmium poisoning, such as occurred in the
Minimata disease outbreak in Japan, and in subacute carbon monoxide poi-
soning. Both exposures can result in chronic and prolonged nervous system
injury, with syndromes of delayed neuronal degeneration either in actual
human cases and/or in vitro models.26,146 Since well-studied experimental
models of physical, ischemic, and toxic injury to the retina result in apoptotic
cell death of photoreceptor cells, it is likely that many environmental expo-
sures, particularly those that are subacute and sublethal with less tissue
injury and necrotic cell death, result in apoptotic cell death. Such environ-
mental exposures (e.g., head injury, ischemic stroke, lack of estrogen) are
strong contenders for contributing to the onset of neurodegenerative disor-
ders in persons at increased genetic risk.
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3.5 Summary

The key issue in considering the role of apoptosis in neurodegenerative
disorders is whether this information will yield practical scientific and ther-
apeutic advances that result in the prevention or cure of these terrible dis-
eases. On one level, certain neurodegenerative disorders are clearly disorders
of apoptosis through involvement of key genes or pathways. These disorders
include spinal muscular atrophy, Batten disease, retinal degeneration, and
most likely triplet repeat disorders and many mitochondrial disorders. They
are characterized by genetic inheritance, relative cell class and tissue specific
pathology, onset before late life, and progressive and fatal outcome. Success
in diagnosis, prevention, and treatment of these disorders may be solved on
an individual level by gene transfer therapy or on a more general level by
a greater understanding of the key events that can be modulated or pre-
vented in the genetic and posttranslational events in cellular apoptosis. None
of these diseases currently can be successfully treated in any true sense with
other than symptomatic therapy.

The larger question of the involvement of apoptosis in other neurodegen-
erative disorders such as motor neuron disease, Parkinson’s disease, and
Alzheimer’s disease is less settled. One can certainly make the case that
genetically inherited disease such as Cu,Zn-SOD-ALS, early-onset familial
AD (mutations in presenilin genes or amyloid precursor polypeptide), and
rare cases of genetically inherited Parkinson’s disease, may operate early on
in their pathogenesis through apoptosis. The relevant genes (see above) can
certainly affect apoptosis in cell systems, apparently indirectly through alter-
ing signal transduction, intracellular trafficking of proteins, or by altering
cellular oxidative defense. However, the genetic load in the vast majority of
cases of motor neuron disease, Parkinson’s disease, and Alzheimer’s disease
may be more modest or involve susceptibility genes. In these cases, envi-
ronmental factors and/or other complex age-related or genetic “gating”
events may play the major role in disease onset and progression. In these
neurodegenerative diseases, one must ask whether the timing and number
of cells involved in this particular mode of cell death are sufficient to consider
apoptotic cell death a key element of the disease process. It is clear that
neuronal loss is a key feature of these disorders (motor neurons in ALS,
dopaminergic nigral neurons in PD, cortical neurons in AD), and proximate
cause of clinical deficit. However, the key issue may well turn out to be
failure of other cell classes to undergo apoptosis (e.g., glial cells, persistence
of neurons with retrograde reaction and physiological dysfunction) and/or
abnormalities in the immune competent cells involved in all these disorders
(e.g., astrocytes and microglial cells).147 Excitoxic injury and its effects on
neurons, the various classes of glial cells, and other cell classes such as
activated macrophages and endothelial cells may be a major factor in apo-
ptosis.148
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In summary, knowing the developmental history of the nervous system,
the issue is not whether apoptotic cell death occurs in neurodegenerative
disorders, but establishing the timing and context of this phenomenon. Even
if apoptosis turns out not to be the primary event in some or all of these
late-onset disorders, apoptosis may still be viable as a target for modulating
or preventing disease activity. Given the complexity of these diseases and
the constant involvement of immune mechanisms during the disease course,
one should remain open to the possibility that the issue is not preventing
apoptosis of neurons, but producing apoptosis and removal of immune-
competent cells promoting further tissue reaction. The best proof of principle
for a key role for apoptosis in the late-onset, complex neurodegenerative
disorders may well turn out to be the success of specific therapies modulating
cellular apoptosis. These therapies may well need to be long-term and
applied at very early time points in the illness prior to clinical onset, and/or
during times of environmental stress or exposure to mitigate against initia-
tion events such as head injury, ischemic events, and surgical or systemic
stress. The great need in applying the lessons learned and to be learned
about cellular apoptosis and neurodegenerative disorders will be biological
markers for measuring disease activity and efficacy of treatment.
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The role of apoptosis in cancer biology and therapy in general, and neuroon-
cology in particular, has taken many forms. Aberrancy of the forces that
regulate apoptosis initiation and enactment has been blamed for tumorigen-
esis in many systems. Molecular species that act to protect cells from under-
going apoptosis are being increasingly recognized as mediators of resistance
to currently available cancer chemo- and radiotherapy. Most recently, and
as a direct outgrowth of this, novel targets for cancer therapy and prevention
include most prominently those species that play a role in inducing, enacting,
and/or preventing programmed cellular death. This chapter will deal in turn
with each of these aspects of apoptosis in neurooncology.

Both inside and outside of the nervous system, it has become clear that
apoptosis results from cells embarking on a final common pathway, and
there are many roads that lead to this distal approach.

 

1-3

 

 Which of the many
proximal feeders a cell traverses, and whether or not a particular stimulus
or condition ultimately results in apoptosis, depend in part on the particular
agent used to induce apoptosis, and in part on the intrinsic characteristics
of that cell.

 

4-6

 

 As a consequence, it becomes impossible to discuss in a generic
way apoptosis of nervous system neoplastic cells. Rather, one must distin-
guish findings and conclusions in this area from one another on the basis of
the particular cell type (even at the molecular level) and inducer of apoptosis
in question. Much of the published work on apoptosis in nervous system
neoplasia has involved gliomas and glioblastomas in the central nervous
system, and neuroblastomas in the peripheral nervous system. The emphasis
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on these particular tumors is perhaps the result of their relative frequency
in the clinical arena and the ready availability of cell lines derived from them.
This emphasis is reflected in the discussion that follows. In this discussion,
the names of genes related to apoptosis are indicated by italicized, lower
case letters (e.g., 

 

p53

 

); the names of the proteins encoded by these genes are
indicated by plain type with a capitalized first letter (e.g., P53).

 

4.1 Apoptosis Regulation and the Pathogenesis of Nervous 
System Neoplasia

 

The control of apoptosis induction is a major arbiter, not only of individual
cell fate, but of the sculpting and maintenance of organs and organisms
throughout embryogenesis, postnatal development, and adult life. It is a
determinant of cell number and the complement of cell types that comprise
each organ and organ system. It is therefore not surprising that many of the
regulators of apoptosis have been either proposed and investigated or fully
implicated in the pathogenesis of nervous system neoplasia.

Mutation of the tumor suppressor gene, 

 

p53

 

, is the most commonly iden-
tified genetic aberration in glioma and glioblastoma cells. It is thought that
mechanistic information obtained from glioma cell lines on the role of 

 

p53

 

mutations in prevention of apoptosis is a valid mirror of the pathogenesis
of 

 

in vivo

 

 tumors because the frequency of 

 

p53

 

 mutations in such lines is the
same as that found in primary tumors.

 

7

 

In general, mutational inactivation of P53 leads to prevention of apoptosis
and induction of tumor formation.

 

2,3

 

 The role of wild-type P53 in inducing
the synthesis of proteins important for apoptosis induction was first deter-
mined in a glioblastoma multiforme cell line in which 

 

p53

 

 was of the mutant
type. While this native cell line did not express the protein WAF-1/CIP-1,
induction of wild-type 

 

p53

 

 in these cells resulted in production of this pro-
tein, a key element in one pathway for apoptosis induction.

 

8

 

 Inactivation of
P53 has since been shown to be an early event in tumorigenesis, and induc-
tion (by transfection) of wild-type 

 

p53

 

 expression in mutant 

 

p53-

 

expressing
glioma cells results in apoptosis.

 

7

 

 In this regard, it is interesting that those
astrocytomas that overexpress wild-type 

 

p53

 

 also express higher levels of
the anti-apoptosis gene, 

 

bcl-2

 

. It has been proposed that the increased expres-
sion of 

 

bcl-2

 

 is a mechanism by which these cells evade P53-mediated apo-
ptosis and thereby establish themselves as tumorigenic.

 

9

 

A role has also been proposed for protein kinase C in the pathogenesis
(by prevention of apoptosis) and invasiveness of gliomas.

 

10,11

 

 This hypothesis
grows out of the observations that glioma cells frequently overexpress pro-
tein kinase C, and pharmacologic inhibition of this enzyme results in apop-
tosis induction in these cells.

 

11

 

 Furthermore, fibroblast and epidermal growth
factors enhance glioma growth rate and invasiveness in animal model studies,
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and both are known to initiate signal transduction pathways that involve
activation of protein kinase C.

 

10

 

It has long been known that nuclear condensation during mitosis is accom-
panied by phosphorylation of histone H3 and deubiquination of histone
H2A. Studies in glioma cells demonstrating similar postsynthetic modifica-
tions of histones have raised the question of whether defects in the ability
to effect these modifications might underlie the genesis of gliomas.

 

12

 

 How-
ever, because these chemical changes are unique to chromatin condensation

 

per se

 

 and not to apoptosis, it is doubtful that they represent primary events
in the initiation of apoptosis.

Bcl-2 is one of a family of anti-apoptosis proteins that have been implicated
in both tumorigenesis and tumor resistance to therapy in a host of cell
types.

 

2,3

 

 In the case of central nervous system neoplasia, however, expression
of 

 

bcl-2

 

 is generally fairly low.

 

13

 

 While it is true that the 

 

bcl-2

 

 gene is expressed
in some cells within medulloblastomas and gliomas, studies of both tumor
and normal astrocytes suggest that the variation in 

 

bcl-2

 

 expression seen in
cells within these brain tumors reflects the developmental regulation of Bcl-
2 production seen in normal maturing and reactive astrocytes.

 

14

 

In contrast to this, overproduction of Bcl-2 and its structural relatives has
been implicated in both the etiology and chemoresistance of neuroblasto-
mas.

 

15-17

 

 The findings that some neuroblastomas are present at birth, and
that autopsies of infants that die of other causes reveal neuroblastic rests in
a fraction that is larger than that which would be predicted by the incidence
of clinically apparent neuroblastoma, have led to the notion that neuroblas-
toma is a developmental anomaly that results from aberrations in the regu-
lation of apoptosis. The observation that neuroblastomas in particular
metastatic sites in young children often disappear without treatment has led
some to hypothesize that an alteration in the timing of developmentally
governed apoptosis is etiologic in this instance.

 

18

 

 Consistent with a role for
Bcl-2 in the genesis of neuroblastomas, Bcl-2 is prevalent in these tumors,
but not in their more 

 

“

 

mature,

 

”

 

 benign counterparts, ganglioneuromas.
Accordingly, TUNEL staining for apoptosis reveals abundant apoptotic cells
in ganglioneuromas and not in neuroblastomas.

 

15

 

 In addition, artificially
induced overexpression of 

 

bcl-2

 

 in neuroblastomas leads to resistance to
apoptosis induction,

 

16

 

 and many neuroblastomas obtained from patients
overproduce either Bcl-2 or the Bcl-2–like protein, Bcl-x

 

L

 

.

 

15,17

 

 Unlike the case
for gliomas, mutations of the 

 

p53

 

 gene are rare in neuroblastomas.

 

4.2 Resistance to Therapy: The Role of Antiapoptosis Factors

 

Many of the chemo- and radiotherapeutic agents used in the treatment of
nervous system neoplasia work by inducing apoptosis in the cells of these
tumors. As such, the same anti-apoptosis factors that give rise to the tumors
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in the first place are also responsible for their resistance to therapy. The
conventional notion of resistance to a single class of chemotherapeutic agents
evolving out of a selection pressure exerted by the use of agents in that class
is clearly incomplete. Clinically encountered resistance is now often the
result of mechanisms that act well downstream from the proximate action
of the drug or radiation itself. These mechanisms are therefore protective
against apoptosis induced by a whole host of mechanistically distinct agents.

For example, the prevalence of mutant P53 in cells of glioblastoma multi-
forme specimens predicts the number of mechanistically different chemo-
therapeutic agents to which those cells are resistant.

 

18

 

 Transfection with a
constitutive expression construct for Bcl-2 predictably confers chemoresis-
tance upon glioma cells 

 

in vitro

 

.

 

19

 

 In an analogous fashion, higher stage
neuroblastomas generally have more Bcl-2 and are more chemoresistant than
lower stage neuroblastomas.

 

20

 

 Again, predictably, transfection with 

 

bcl-2

 

 con-
fers chemotherapeutic resistance upon neuroblastoma cells in culture.

 

16

 

Three novel strategies for overcoming Bcl-2–mediated chemotherapeutic
resistance in neuroblastoma have been proposed. The first is predicated on
the observation that 

 

bcl-2

 

 expression by neuroblastomas is differentially
influenced by different differentiation-inducing agents. While most such
agents induce increased Bcl-2 levels, differentiation induced by interferon-

 

γ

 

is accompanied by decreased Bcl-2 production.

 

6

 

 This has led to the sugges-
tion that interferon-

 

γ

 

 be used in the therapy of neuroblastoma, not only as
a differentiation-inducing agent 

 

per se

 

, but also as an adjunct to the use of
more conventional chemotherapeutic agents to which these cells might oth-
erwise be resistant.

The second strategy exploits the finding that overexpression of 

 

bcl-2

 

 in
neuroblastoma cell lines is accompanied by an increase in the cellular con-
centration of reduced glutathione.

 

21

 

 This approach uses, as chemotherapy,
agents that are prodrugs that require reaction with reduced glutathione for
activation. (This is unlike other chemotherapeutic drugs, most of which are
detoxified by conjugation with glutathione.) Trials of these prodrugs in cul-
tured neural crest tumor cells have demonstrated 

 

“

 

proof-of-concept

 

”

 

 in that

 

bcl-2

 

 overexpression actually potentiates the apoptosis-inducing activity of
these drugs.

 

22

 

 These studies further suggest that this potentiation is the result
of increased activation of the prodrugs in cells with increased reducing
potential. However, given the proposed mechanism of Bcl-2 in preventing
the release of cytochrome c from the mitochondrion,

 

23,24

 

 it is curious that
apoptosis is not still blocked in this system distal to the prodrug activation
step. Preliminary studies aimed at this issue suggest that while Bcl-2 offers
protection to cells from the oxidation by other drugs of membrane species
important in the initiation of apoptosis,

 

25

 

 it does not protect such species
from oxidation by these activated prodrugs (Tyurina, Kagan, and Schor,
preliminary results).

Finally, the observation has been made that agents that increase the activity
of protein kinase A produce down-regulation of 

 

bcl-2

 

.

 

26

 

 It has been proposed
that the development of such agents might result in altering for the better
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the chemosensitivity of tumor cells that, in their native state, overexpress
this gene.

Recently, protection from apoptosis of both glioma and neuroblastoma
cells by endogenously produced growth factors has been hypothesized, and
has also given rise to the proposal of novel targets and strategies for over-
coming chemotherapeutic resistance in these tumors. One example of this
grows out of the realization that nerve growth factor (NGF) is both an anti-
apoptosis factor for and present in the environment of neuroblastoma cells.
For at least some neuroblastoma cells, this effect of NGF is mediated by the
binding of NGF to its low-affinity, or 

 

p75,

 

 receptor.

 

27

 

 In these cells, the naked

 

p75

 

 receptor appears to facilitate apoptosis, while its occupation by NGF
prevents apoptosis induced by a variety of conditions,

 

28

 

 including treatment
with chemotherapeutic agents.

 

27

 

 This raises the possibility that prevention
of chemotherapeutic drug-induced apoptosis by endogenous NGF might be
responsible for the chemoresistance of some neuroblastomas. The recogni-
tion that specific and different regions of the NGF molecule bind to the low-
affinity 

 

p75

 

 and high-affinity 

 

trkA

 

 receptors, respectively, has led to the
development of ligands for one or the other, but not both, receptors,

 

29,30

 

 and
to the proposal that selective competitive inhibitors of 

 

p75

 

 alone might be
effective and nontoxic adjunctive agents for overcoming the chemoresistance
of neuroblastomas.

 

27

 

Downstream approaches to the trophic effects of platelet-derived growth
factor and epidermal growth factor on glioma cells have also been proposed
in an effort to overcome chemotherapeutic resistance. These approaches
include inhibition of protein kinase C and tyrosine kinase. Both of these
proteins are key components of the signal transduction pathways triggered
by binding of platelet-derived and epidermal growth factors to their respec-
tive receptors and enzymes, the activities of which are markedly increased
in glioma cells.

 

31

 

 Agents that decrease both protein kinase C and tyrosine
kinase activities, including staurosporine and hypericin, have been proposed
as apoptosis-inducing chemotherapeutic agents for gliomas.

 

11

 

 Recently, the
protein kinase C-selective inhibitor, calphostin C, has been shown by itself
to induce apoptosis and to decrease 

 

bcl-2

 

 expression and Bcl-2 levels in
glioma cells.

 

31

 

4.3 Induction of Apoptosis as an Antineoplastic Strategy

 

Many conventional antineoplastic agents have been demonstrated to induce
apoptosis in a host of normal and tumor cell types.

 

32

 

 The exploitation of
apoptosis induction as a useful therapeutic strategy depends critically upon
the specific targeting of this effect for the neoplastic cells in question. Novel
methods by which to target nervous system neoplasia for apoptosis induc-
tion are discussed in this section.
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The hydroxymethylglutaryl- (HMG-) CoA reductase inhibitor, lovastatin,
has been reported to have a differential apoptosis-inducing effect upon
glioma cells, as opposed to normal glial cells in culture.

 

33,34

 

 In glioma cells,
this drug induces growth arrest followed by apoptosis.

 

35

 

 In normal glial cells,
only a reversible decrease in the rate of DNA synthesis occurs.

 

34

 

 It has been
proposed that this differential effect is the result of the requirement for
isoprenylation in the course of several pathways, the up-regulation of which
is associated with the neoplastic state. Lovastatin inhibits isoprenoid syn-
thesis, and thereby blocks this step. In support of this hypothesis, the addi-
tion of mevalonate to lovastatin-treated cells, a means of by-passing the
HMG-CoA reductase reaction blocked by lovastatin, prevents lovastatin-
induced apoptosis.

 

35

 

 Lovastatin has therefore been proposed as an antineo-
plastic agent in glioma therapy.

For reasons that are not mechanistically clear, the estradiol–nitrogen mus-
tard fusion molecule, estramustine, appears also to effect glioma-specific
G

 

2

 

/M arrest followed by apoptosis in a rat model of the disease.

 

36

 

 Charac-
teristic DNA end-labeled staining and DNA fragmentation are seen in tumor
sections from estramustine-treated, but not untreated, rats. Normal brain
tissue from estramustine-treated rats did not demonstrate these apoptosis-
associated findings. Similarly, treatment with tumor necrosis factor-

 

α

 

induces apoptosis and results in up-regulation of wild-type, but not mutant,

 

p53

 

 in cultured rat glioma cells, but not in cultured normal newborn rat
astroglia or neurons.

 

37

 

One targeted apoptosis strategy currently in clinical trial in childhood and
adult central nervous system tumors involves the insertion of the gene for
herpes virus thymidine kinase into a retroviral vector. The stereotactically
introduced viral gene-containing construct confers sensitivity to the cyto-
toxic nucleotide analogue ganciclovir upon the cells by facilitating the phos-
phorylation of ganciclovir and its consequent incorporation into host DNA.
This leads to cessation of DNA synthesis and apoptotic cell death inhibitable
by overexpression of 

 

bcl-2

 

. In addition, this approach has been shown to lead
to a 

 

“

 

bystander

 

”

 

 effect on tumor cells that did not incorporate the viral gene,
presumably because of the efflux of the toxic ganciclovir phosphate from the
cells in which it was produced.

 

38-40

 

 This is of particular interest because it is
virtually impossible to get a foreign gene into 100% of the cells of a tumor.
It, of course, leads as well to concern about the toxicity of released drug to
surrounding normal nonneural bystander cells.

 

41

 

Targeting of apoptosis induction for neuroblastoma cells has similarly
involved identifying those biochemical and cytological characteristics that
distinguish these cells from normal neural crest and from normal rapidly
dividing nonneural tissues. In addition, it has been determined that, in
neural crest-derived tumor cell lines, whether a cell undergoes apoptosis,
necrosis, or differentiation in response to a particular drug is a function of
the intrinsic characteristics of that particular cell.

 

4,42,43

 

 This latter point is
important, because most neuroblastomas are comprised of a mixture of
neural- and epithelial-type cells, and each of these phenotypes is associated
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with a different response to such stimuli as antimitotic agents

 

4,43

 

 or differ-
entiation-inducing agents.

 

44

 

One targeted strategy for the induction of apoptosis in neuroblastoma is
the development of cytotoxic neurotransmitter analogues such as 6-hydrox-
ydopamine. This dopamine analogue is a generator of reactive oxygen spe-
cies,

 

45

 

 and has been demonstrated to induce apoptosis in neural crest tumor
cells 

 

in vitro

 

.

 

46

 

 It gains selective access to cells, like some neuroblastoma cells,
with a dopamine uptake system.

 

47,48

 

 It is excluded from the CNS and there-
fore does not produce CNS toxicity, because it is too polar to cross the
blood–brain barrier.

 

49

 

 However, because it is predictably toxic to the normal
sympathetic nervous system,

 

50

 

 its clinical use has been limited to the 

 

ex vivo

 

purging of bone marrow. Recently, there is some preclinical evidence

 

51

 

 that
6-hydroxydopamine can be rendered safe and selective for tumor tissue by
adjunctive administration with the free radical scavenger and superoxide
dismutase mimic, Tempol.

 

52

 

 Because Tempol is selectively active in normal
cells, it protects only them, leaving neoplastic cells susceptible to attack.
Studies in a murine allograft model suggest that this adjunctive regimen is
both relatively nontoxic and effective.

 

51

 

 Studies are currently underway to
define in neuroblastoma-bearing mice the effectiveness of this regimen
against human neuroblastoma and the limits of dose and dosing schedule
for this drug combination.

A closely related experimental approach involves the use of a prodrug that
can be selectively activated inside neuroblastoma cells by a neurotransmitter
analogue specifically designed to chemically react with the prodrug. For
example, neocarzinostatin is one of a class of antimitotic prodrugs that
requires sulfhydryl activation,

 

52

 

 and that, once activated, induces apoptosis
in neural-type and differentiation with mitotic arrest in epithelial-type neu-
roblastoma cells.

 

4,53

 

 By co-administration with 6-mercaptodopamine, a
dopamine analogue that has been modified by addition of a sulfhydryl group
at the 6-position on the catecholamine ring, neuroblastoma cells can be
selectively loaded with reactive sulfhydryl groups, and the concentra-
tion–response curve of cultured neuroblastoma cells to neocarzinostatin can
be synergistically shifted 2- to 3-fold in the direction of greater efficacy.

 

54

 

Theoretically, the activation of neocarzinostatin to its antimitotic metabolite
in normal neurons with a dopamine uptake system would not result in
adverse effects, since most of these cells are postmitotic. The 

 

in vivo

 

 useful-
ness of this approach is under examination.

 

4.4 Apoptosis and Nervous System Cancer

 

Apoptosis and alterations of its regulation clearly play a role in the origin,
resistance to therapy, and effectiveness of therapy of nervous system neo-
plasia. An understanding of apoptosis and the forces that facilitate and
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impair its progress is critical to an understanding of the pathogenesis of
neoplasia in the nervous system and elsewhere. Novel targets for overcom-
ing therapeutic resistance and inducing selective apoptosis in nervous sys-
tem tumors are already being identified as a result of advances in our
delineation of the pathways that lead ultimately to apoptotic cell death.

Although it is easy philosophically and useful intellectually to refer to
drugs as apoptosis inducers and to cells as targets for apoptosis induction,
it has become clear that what that means in particular is dependent both
upon the drug and the cell of reference. For example, Table 4.1 lists the
molecular species proposed to be involved in blocking glioma or neuroblas-
toma cell apoptosis in response to natural and/or pharmacologic stimuli.
The differences between these tumors in the proximal pathway that leads
downstream to apoptosis demonstrate the probability that selective phar-
macologic induction of apoptosis must rely on delineation and targeting of
pathways that may be unique to each tumor type. As such, even within a
tumor, different cells have different, 

 

“

 

hard-wired

 

”

 

 propensities and respond
to different signals to undergo apoptosis. This heterogeneity at all levels
represents a challenge for the future in cancer therapy.
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TABLE 4.1

 

Proposed Mediators of Tumorigenesis and/or Therapeutic Resistance in Nervous 
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Note:  Both the origins of tumors and their resistance to chemotherapy have been hypothesized
to be related to resistance to or blocking of apoptosis. The proximate mediators of these phenom-
ena differ from cell type to cell type. This fact makes imperative the individualization of thera-
peutic approaches aimed at apoptosis-related targets.
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5

 

Human Immunodeficiency Virus Type 1 
Infection: Chronic Inflammation and 
Programmed Cell Death in the Central 

 

Nervous System

 

Harris A. Gelbard

 

Human immunodeficiency virus type 1 (HIV-1) is a member of the lentiviral
family that includes simian immunodeficiency virus, visna virus, and feline
immunodeficiency virus. All lentivirus infections are characterized by mul-
tiorgan disease, including infection and inflammation of brain tissue to vary-
ing degrees. Current estimates suggest there are approximately 21.8 million
individuals worldwide infected with HIV-1, and of this group, at least one
million are children. Furthermore, HIV-1–associated dementia (HIV-D) is the
most frequent cause of neurologic disease in young adults in the U.S.

 

1

 

 HIV-
D is estimated to occur at an annual rate of 7% in people with AIDS.

 

2

 

 HIV-1
replicates continuously through the asymptomatic and symptomatic phases
of infection. This poses a special problem for the central nervous system
(CNS), because new antiretroviral therapies and treatment for opportunistic
infections have lengthened the survival time, but have not eradicated the
virus from the CNS. This is largely due to impaired immune surveillance
and poor penetration of antiretroviral agents through the blood–brain barrier
(BBB) and the blood-cerebrospinal fluid (CSF) barrier.

HIV-1 infection of the CNS occurs early in the course of disease. Neurologic
disease, including dementia, occurs relatively late in the course of infection
and is usually associated with immunosuppression. HIV-D may be associ-
ated with the neuropathologic correlates of HIV-1 encephalitis (HIVE).

 

3

 

HIV-1 productively infects brain-resident macrophages and microglia.

 

4,5

 

 In
the absence of opportunistic infections of brain, features of HIVE include
microglial activation, multinucleated giant cells, astrocytosis, and myelin
pallor (decreased staining for myelin). HIV-1–infected children (usually
through vertical transmission) have the most striking evidence of this disease
complex.

 

5

 

 Using polymerase chain reaction/

 

in situ 

 

hydridization techniques,
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no productive or latent HIV-1 infection of endothelial cells or oligodendro-
cytes has been demonstrated in the CNS.

 

6

 

However, HIV-1 can 

 

“

 

restrictively

 

”

 

 infect astrocytes in children and adults;
that is, only regulatory gene products such as Tat and nef are made without
production of progeny virus.

 

7,8,9

 

 The actual percentage of restrictively
infected astrocytes in brains of patients with HIVE is unknown, but thought
to be relatively small. The pathophysiologic significance of restricted infec-
tion in astrocytes remains unknown.

Productive infection of neurons with HIV-1 has never been demonstrated.
Nuovo et al. demonstrated latent proviral HIV-1 infection of neurons in brain
tissue from a single patient with severe HIV-D of 5 years’ duration using 

 

in
situ 

 

polymerase chain reaction (ISPCR).

 

10

 

 However, using similar techniques,
Takahashi et al. failed to demonstrate HIV-1 infection in neurons from
patients with HIV-1–associated dementia.

 

6

 

 Nevertheless, it is accepted that
there is focal neuronal loss in retina, neocortex, and in subcortical brain
regions, including putamen, substantia nigra, and cerebellum. There is also
a decrease in synaptic density and vacuolation of dendritic spines in affected
brain regions.

 

11,12,13,14,15

 

 However, quantitative analysis of neuronal loss from
postmortem studies of patients with HIV-1 and neurologic dysfunction has
not demonstrated a clear correlation between the magnitude of neuronal loss
and neurologic disease.

 

16

 

As previously noted, cytolytic infection of neurons by HIV-1 is highly
unlikely. Thus, changes in neuronal architecture, signal transduction, and
number that underlie neurologic disease are likely due to indirect mecha-
nisms; that is, soluble, diffusible factors, including HIV-1 gene products and
cellular metabolites released from productively infected macrophages or
microglia, present in focal inflammatory infiltrates, mediate dysfunction and
death in vulnerable neurons. Numerous reports have demonstrated that
HIV-1–infected macrophages and microglia produce soluble neurotoxic fac-
tors. Levels of some of these neurotoxins can markedly increase after anti-
genic stimulation.

 

17,18

 

 Neurotoxic factors include the HIV-1 coat protein
gp120, gp41, and Tat,

 

19,20,21

 

 as well as cellular metabolites, including
eicosanoids (i.e., arachidonic acid and its metabolites), the phospholipid
mediator platelet activating factor (PAF), the proinflammatory cytokine
tumor necrosis factor alpha (TNF-

 

α

 

), and an as yet unidentified NMDA
receptor agonist, NTox, that has been tentatively identified as a phenolic
amine with lipophilic properties that lacks the carboxyl groups of quinolinic
acid.

 

22,23,17,24

 

 With the exception of NTox, most of these neurotoxins act by
indirect mechanisms that involve dysregulation of a normal cellular process,
such as arachidonic acid- and TNF-

 

α

 

–mediated decreases in glutamate
uptake in affected astrocytes or gp120-mediated increases in glutamate efflux
from affected astrocytes. All of these effects may then result in excess levels
of glutamate and overstimulation of NMDA and non-NMDA receptors on
vulnerable neurons.

 

25,26

 

 Dysregulation of high-affinity glutamate uptake in
astrocytes could be further amplified by PAF because microglial PAF receptor
activation can result in arachidonic acid release.

 

27

 

 Other indirect mechanisms
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of neurotoxicity include: activation of autocrine loops in adjacent uninfected
macrophages or microglia, such as gp41- and gp120-mediated release of
arachidonic acid, cytokines, and nitric oxide;

 

28,29

 

 and immune activation of
uninfected monocytes by proinflammatory cytokines or antigenic stimula-
tion to produce the quinolinic acid, which in turn can directly activate
NMDA receptors.

 

18

 

 Furthermore, glucocorticoids, adrenal hormones
released during stress, can potentiate gp120-induced neurotoxicity.

 

30

 

Tat, TNF-

 

α

 

, and PAF may also have direct effects on vulnerable neurons.
Tat has been shown to induce hippocampal CA1 neuron depolarization,
probably via a non-NMDA receptor mechanism,

 

31

 

 and induce neuronal apo-
ptosis.

 

32

 

 TNF-

 

α

 

 can induce neuronal cell death, in part by activation of non-
NMDA (i.e., AMPA) receptors.

 

33

 

 This TNF-

 

α

 

–induced neuronal death has
the biochemical and morphologic features of apoptosis, involves oxidative
stress, and is independent of nuclear factor kappa B (NF

 

κ

 

B) activation.

 

34

 

 PAF
can also induce neuronal cell death via a mechanism that involves activation
of NMDA receptor channels,

 

17

 

 and results in neuronal apoptosis.

 

35

 

 Because
these three neurotoxins appear to work in part through activation of non-
NMDA and NMDA receptors, it is important to note that NMDA receptor
activation and production of nitric oxide (potentially mediated via gp120)
can also induce neuronal apoptosis.

 

36,37

 

The hypothesis that a lentiviral infection such as HIV-1 causes cell loss
and subsequent tissue atrophy in the brain and the immune system by
inappropriate expression of genes involved in programmed cell death (PCD)
was first promulgated in 1990.

 

38

 

 In particular, the authors speculated that
HIV-1 is able to modify normal inter- and intracellular signaling to induce
pathologic programmed cell death of CD4+ lymphocytes. This hypothesis
was confirmed in two subsequent studies.

 

49,40

 

 A later study demonstrated
that CD4+ and CD8+ lymphocytes from patients with both asymptomatic
and symptomatic HIV-1 infection have increased levels of reactive oxygen
species and a decreased mitochondrial transmembrane potential, which
appears to be an early, irreversible step in activation of programmed cell
death.

 

41 

 

         

 

As new techniques became available to identify free 3

 

′

 

-OH ends of newly
cleaved DNA 

 

in situ,

 

42

 

 coupled with the light microscopic identification of
some of the morphologic hallmarks of apoptosis (i.e., chromatin condensa-
tion), determination of whether apoptosis of neural cells occurred in post-
mortem archival formalin-fixed brain tissue from patients with HIV-1
infection became feasible. Using the TUNEL (Terminal deoxynucleotidyl
dUTP Nick End Labeling) technique, we demonstrated that apoptotic neu-
rons were present in the cerebral cortex and basal ganglia of children that
had HIVE and progressive encephalopathy (HIVE/PE).

 

43

 

 Double-labeling
immunocytochemistry for the TUNEL reagent and the HIV-1 P24 antigen in
brain tissue from children with HIVE/PE revealed a spatial association
between apoptotic neurons and perivascular inflammatory cell infiltrates
containing HIV-1–infected macrophages and multinucleated giant cells
(Figure 5.1A–C).

 

43

 

 Quantitative morphometric analysis of apoptotic neurons
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FIGURE 5.1 

 

Montage of cerebral cortex from a pediatric patient with HIVE/PE stained with antisera to p24
(new fuchsin, red immunostain) and ApopTag (i.e., TUNEL) reagent (DAB, brown immun-
ostain). Panel A shows migration of P24-positive perivascular, TUNEL-negative macrophages
into brain tissue, Panel B shows an adjacent field of TUNEL-positive neurons (large arrows) and
TUNEL-positive microglia (small arrows). Panel C is a higher power magnification of Panel B.
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present in basal ganglia from children with HIVE/PE revealed a 12-fold
increase in apoptotic neurons relative to children that were seronegative for
HIV-1 infection, and a 3-fold increase in apoptotic neurons relative to chil-
dren that had HIV-1 infection without the neuropathologic features of HIVE,
or a pre-mortem diagnosis of PE.

 

44

 

However, apoptotic neurons were infrequently identified in a third of the
cases from pediatric HIV-1 seronegative controls.

 

43

 

 HIV-1 negative control
tissue ranged in age between 3 weeks and 16.5 years. Taken together, these
studies suggested that neuronal apoptosis was unlikely to be associated with
postnatal development, but instead may be the end result of a disease process
such as HIVE. Importantly, neuronal apoptosis in the CNS of adult patients
with HIV-1 infection was confirmed in four separate reports.

 

45,46,47,48

 

 Two
reports demonstrate that neuronal apoptosis occurs in a small number of
cases prior to the onset of clinical AIDS or dementia.

 

5,38

 

Four studies noted the presence of apoptotic macrophages and
microglia

 

45,18,38,45

 

 in the brains of patients with HIVE, but only one report

 

45

 

(Petito et al., 1995) noted the presence of apoptotic astrocytes in 2/7 brains
of patients with HIVE. This finding was only observed with a DNA poly-
merase technique, not the TUNEL technique. Interestingly, only one 

 

in vitro

 

study has demonstrated apoptosis of astrocytes after HIV-1 infection of
primary human brain cultures.

 

25

 

In an attempt to reconcile these discrepancies and to further investigate
the fate of glial cells in the brains of pediatric patients with HIVE, we have
recently analyzed the 

 

in situ 

 

expression of pro- (

 

Bax

 

) and anti-apoptosis (

 

Bcl-

 

FIGURE 5.1 (continued)
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2

 

) gene products in cerebral cortex and basal ganglia.

 

29

 

 Markedly elevated
numbers of microglia, and macrophages immunoreactive for bax were
present in the pons, basal ganglia and cerebral cortex of children with
HIVE/PE (Figure 5.2), in comparison to HIV-1 infected children and HIV-1
seronegative children. Marked increased numbers of 

 

Bax

 

-positive microglia
were also observed in an adult brain with HIVE.

 

29

 

 In contrast, astrocytes in
brain tissue from patients with HIVE or HIV-1 had little or no 

 

Bax

 

 immun-
ostaining.

Additional findings from Krajewski et al.

 

29

 

 demonstrated that patients
with HIVE/PE, but not HIV-1 or seronegative controls, had increased expres-
sion of 

 

Bcl-2

 

 in reactive astrocytes in cortex and basal ganglia. Thus, the lack
of TUNEL staining and the presence of increased expression of 

 

Bcl-2

 

 suggest
that astrocytes may be resistant to apoptosis in brain tissue that has the
neuropathologic hallmarks of HIVE. In contrast, the findings of TUNEL
staining, increased 

 

Bax

 

 expression, and decreased or absent 

 

Bcl-2

 

 expression
in brain-resident macrophages and microglia suggest that these cells are
more prone to undergo apoptosis in patients with HIVE. These findings are
consonant with a cellular defense mechanism to limit microglial activation,
thereby decreasing the spread of productive HIV-1 infection in brain-resident
macrophages and microglia in the CNS of children with HIVE. In support
of this hypothesis, a recent 

 

in vitro

 

 study demonstrated that caspase inhibitors

 

FIGURE 5.2

 

Human 

 

Bax

 

 expression in white matter containing inflammatory infiltrate from a pediatric
patient with HIVE/PE. The chromagen is VIP (purple immunostain). Note that virtually all
perivascular macrophages (also identified by CD68 immunostaining, data not shown) are
strongly immunoreactive for cytoplasmic 

 

Bax

 

.
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actually stimulated HIV-1 production in activated peripheral blood mononu-
clear cells obtained from HIV-1–infected asymptomatic individuals.

 

10

 

Curiously, TUNEL-positive neurons in basal ganglia and cerebral cortex
of children with HIVE did not have cytoplasmic expression of 

 

Bax

 

 with
double label immunocytochemistry. Neurons in tissue sections from basal
ganglia and cerebral cortex of children with HIVE were not immunoreactive
for 

 

Bax

 

 alone. Lack of neuronal 

 

Bax

 

 immunostaining in brain tissue from
patients with HIVE may be due to fixation artifacts and suboptimal process-
ing conditions secondary to delays in postmortem fixation. Because micro-
glia and brain-resident macrophages were intensely immunoreactive for 

 

Bax

 

in brains of patients with HIVE, a more likely explanation would be that
neurons in the brains of patients with HIVE may undergo apoptosis second-
ary to dysregulation of other proapoptotic genes including 

 

Bak

 

, 

 

Bcl-x

 

s

 

 and

 

Bad

 

.

 

43

 

Several studies have focused on neuronal changes that occur during SIV
infection. One report demonstrated that hippocampal neuronal atrophy
occurs in rhesus macaques as early as 3 months following SIV inoculation.

 

31

 

In younger monkeys there was a positive association between a reduction
in neuronal density and duration of infection. A more recent study by Adam-
son et al.,

 

1

 

 using a neurovirulent strain of SIV, demonstrated a spatial asso-
ciation between apoptotic neurons and perivascular inflammatory cell

 

FIGURE 5.3

 

Human 

 

Bcl-2 

 

expression in white matter containing inflammatory infiltrate from the same
pediatric patient with HIVE/PE (see Figure 5.2). The chromagen is VIP (purple immunostain).
Note astrocytes (arrows; also identified by glial fibrillary acidic protein immunostaining, data
not shown) are strongly immunoreactive for cytoplasmic 

 

Bcl-2

 

.
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infiltrates containing SIV-infected macrophages and multinucleated giant
cells. These findings are consonant with previous reports in patients with
HIVE.

 

3,18

 

 However, this report also noted glial cell apoptosis, in agreement
with Petito et al.

 

45

 

Neuronal apoptosis has also been demonstrated in a severe combined immu-
nodeficiency (SCID) mouse model of HIV-1 encephalitis. Here HIV-1–infected
monocytes were exogenously infected with a neurovirulent macrophage-tropic
strain of HIV-1 (ADA) and stereotactically injected into brain parenchyma,
resulting in microglial activation, astrocyte proliferation, and TUNEL-stained
neurons.

 

44

 

 These findings were specific for HIV-1–infected monocytes, since
stereotactically injected uninfected monocytes did not elicit the same inflam-
matory response or induce neuronal apoptosis.

In summary, the available data from 

 

in vitro

 

, 

 

in vivo

 

, and postmortem
studies suggest that neurons in CNS with a lentiviral infection such as HIV-1
and SIV-1 undergo apoptosis as opposed to necrosis. Loss of vulnerable
neurons by apoptosis is likely to be a gradual process, mediated by a com-
plex, multifactorial network of proinflammatory mediators and excitotoxins
that result in impaired glial-neuronal signaling, and ultimately neuronal
death. With the development of 

 

in vivo

 

 models of HIVE such as the SCID
mouse model,

 

44

 

 the relative pathophysiologic significance of the many
HIV-1–induced neurotoxins in mediating neuronal dysfunction and death
can be ascertained. This may in turn help us to design more rational thera-
peutic strategies to ameliorate the neurologic disease associated with HIV-1
infection of the CNS.
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6.1 Background

 

Experiments performed over the past 5 years have implicated proteases in
the initiation and execution phases of programmed cell death (PCD).
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Although these studies have outlined an evolutionarily conserved cell death
machinery that appears to be similar in various types of cells, important
differences between cell types are also emerging. Methods used to study the
role of proteases in PCD are summarized in Chapter 11 by Kaufmann et al.
In this chapter, we review the current understanding of apoptotic proteases,
examine the evidence that they play a role in various types of neuronal cell
death, and identify unanswered questions pertinent to the field of neurobi-
ology. We focus primarily on information that has become available since
this subject was last reviewed in depth.

 

1

 

6.2 A Primer on Caspases

 

6.2.1 Caspases: An Evolutionarily Conserved Family 
of Cysteine Proteases

 

Apoptosis is a morphologically distinct form of eukaryotic cell death that
occurs in a wide range of physiological and pathological settings.

 

2

 

 The nem-
atode 

 

Caenorhabditis elegans

 

 has provided an elegant model system for the
study of this process.

 

3

 

 

 

During development of this organism, the fate of each
cell can be reproducibly defined. Of the 1090 cells produced during ontogeny,
precisely 131 undergo PCD. Genetic analysis has defined lineage-specific
genes that are thought to be involved in the tissue-specific signaling required
for PCD. In addition, a series of genes that appear to be involved in PCD in
all cells have been identified. These include several genes whose products
are involved in phagocytosis of the dead cells as well as a nuclease required
for degradation of genomic DNA in the engulfed cells. Three genes involved
further upstream in the cell death process were also genetically identified:

 

ced-3

 

, 

 

ced-4

 

 and 

 

ced-9

 

.

 

3

 

 

 

Mutation of 

 

ced-3

 

 or 

 

ced-4

 

 abolishes the developmen-
tally regulated cell deaths, permitting the cells to survive and differentiate
into mature cells, often neurons.

 

3

 

 Conversely, mutation of 

 

ced-9

 

 increases the
number of cells undergoing PCD. Subsequent analysis has revealed that 

 

ced-9

 

encodes a homologue of the mammalian protein Bcl-2, a polypeptide that
inhibits PCD in a variety of cell types, including neurons;

 

4-9

 

 

 

ced-4

 

 encodes a
homologue of the recently identified mammalian protein Apaf-1 (

 

a

 

poptotic

 

p

 

rotease 

 

a

 

ctivating 

 

f

 

actor-1),

 

10

 

 a docking protein whose function is described
below; and 

 

ced-3

 

 encodes cysteine protease related to members of the mam-
malian interleukin-1

 

β

 

–converting enzyme (ICE) family.

 

11,12

 

 
At the present time, there are 10 known mammalian members of the

ICE/ced-3 family (Table 6.1). These proteases, which are now called caspases
(

 

c

 

ysteine-dependent 

 

asp

 

artate-directed prot

 

ases

 

),

 

13

 

 all appear to share sev-
eral common features (reviewed in References 14 to 17a). First, they are
cysteine-dependent proteases that cleave polypeptides on the carboxyl side
of aspartate residues, a cleavage site that is distinctly unusual for proteases
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 TABLE 6.1  

Selected Properties of ICE Family Proteases

 

Identity with
New Name Old Name ced-3 ICE Preferred Small Substrates

 

a

 

Known Polypeptide Substrates

 

Caspase-1 ICE 28%  — YEVD

 

⇓

 

X > YVAD

 

⇓

 

X WEHD

 

⇓

 

X

 

Cytoplasmic:

 

 pro-IL-1

 

β

 

Caspase-2 Ich-l

 

L

 

/NEDD2 28% 27% VDVAD

 

⇓

 

X DEHD

 

⇓

 

X Not PARP
Caspase-3 CPP32/YAMA

/apopain
35% 30% DMQD

 

⇓

 

X > DEVD

 

⇓

 

X DEVD

 

⇓

 

X

 

Cytoplasmic: 

 

Protein kinase C

 

γ

 

, Protein kinase C

 

θ, 

 

gelsolin, 
p21-activated kinase 2 (PAK2), D4-GDP dissociation 
inhibitor (GDI), procaspases -6 and -9, huntingtin, 
presenilin-1 and -2, ICAD

 

Nuclear: 

 

PARP, DNA-PK

 

cs

 

, 70 kDa U1 SnRNP polypeptide, 
PITSLRE kinase, Rb, MDM2, replication factor C, C1 and C2 
HnRNP

Caspase-4 Tx/ICE

 

rel

 

-II 30% 50% LEVD

 

⇓

 

X > YEVD

 

⇓

 

X (W/L)EHD

 

⇓

 

X

 

Cytoplasmic: 

 

Pro-ICE
Caspase-5 TY/ICE

 

rel

 

-III 25% 52% Unknown (W/L)EHD

 

⇓

 

X

 

Nuclear: 

 

Not pro-IL-1

 

β

 

Caspase-6 Mch2 35% 29% VEID

 

⇓

 

X VEHD

 

⇓

 

X

 

Nuclear: 

 

Lamins A/C and B

 

1

 

Caspase-7 Mch3/CMH-1 33% <30% DEVD

 

⇓

 

X > DMQD

 

⇓

 

X DEVD

 

⇓

 

X

 

Nuclear: 

 

PARP, C1 and C2 HnRNP
Caspase-8 Mch5/FLICE 32% IETD

 

⇓

 

X LETD

 

⇓

 

X

 

Cytoplasmic: 

 

Procaspases -3, -4, -7, and -9
Caspase-9 Mch6/ICE-

LAP6
Unknown LEDH

 

⇓

 

X

 

Cytoplasmic: 

 

Procaspases -3 and -6

Caspase-10 Mch4/FLICE2 32% IEAD

 

⇓

 

X Not reported

 

Cytoplasmic: 

 

Procaspases -3, -7, and -8

 

a

 

The left column indicates the preferred substrate specificity reported by Talanian et al.,

 

35

 

 whereas the right column indicates that reported by Thornberry
et al.

 

34

 

 Additional details are found in Ref. 17a.
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in higher eukaryotic organisms. Second, they have a unique quaternary
structure compared to other cysteine proteases.

 

18,19

 

 It appears that each active
caspase is an 

 

α

 

2

 

β

 

2 

 

tetramer composed of two 17- to 20-kDa and two 10- to
12-kDa subunits, with each active site involving one 

 

α

 

 and one 

 

β

 

 subunit.

 

18-20

 

Third, the caspases are all synthesized as zymogens, with each precursor
polypeptide giving rise to one large subunit and one small subunit during
an activation process that involves proteolytic cleavage at Asp-X cleavage
sites.

 

18,20-22
 

 

The fact that these precursors are activated by cleavage at the same
type of bond they themselves cleave raises the possibility that the various
caspases activate each other 

 

23-25

 

 and are also capable of autoactivation.

 

26-29

 

This concept will be elaborated upon in subsequent Sections.
Despite these similarities, there are also differences among the various

caspases.

 

30-32

 

 One of the most prominent differences appears to be their
varied substrate specificities.

 

30,33-35

 

 The caspases all require an asparate in the
P1 position (i.e., immediately to the amino-terminal side of the scissile bond)
and are tolerant of a variety of amino acids in the P2 position because this
side chain projects away from the active site of the enzyme.

 

18-21

 

 In contrast,
the various family members have distinct preferences for the P3–P5 posi-
tions. Some of these cleavage specificities are indicated in Table 6.1. Because
of hydrophobic residues lining the pocket that binds the P4 residue,

 

20

 

caspase-1 prefers tyrosine in the P4 position and is particularly effective at
cleaving the YVHD

 

⇓

 

G sequence, thereby converting pro-interleukin-1

 

β

 

 to
the mature cytokine.

 

21,36

 

 

 

Conversely, the pocket that binds the P4 residue in
caspase-3 is lined with basic residues,

 

19

 

 resulting in a preference for sub-
strates such as DEVD

 

⇓

 

G, the site at which the repair enzymes poly(ADP-
ribose) polymerase and DNA-PK

 

cs

 

 are cleaved during apoptosis.

 

37-39

 

 

 

These
differences in substrate specificity are carried to the extreme in the case of
caspase-2, which appears to recognize five amino acids on the amino side
of the scissile bond compared to the four amino acids recognized by the
other caspases.

 

35

 

6.2.2 Two Different Routes to Caspase Activation

 

In addition to differences in substrate specificity, the caspase precursors differ
in the lengths of their amino-terminal precursor domains. It is thought that
these variations reflect differences in the mechanism of regulation and/or
function of the enzymes.

 

17

 

 

 

In particular, caspases -1, -2, -4, -5, -8, and -10
have long prodomains. Although the functions of the prodomains in
caspases -1, -4, and -5 are unknown, the prodomains of caspases -2, -8, and
-10 appear to be involved in targeting these precursors to membrane-bound
signaling complexes, where their activation subsequently takes place (see
Figure 6.1). The prodomains of caspases -8 and -10 contain two 60-amino
acid domains (so-called 

 

“

 

death effector domains

 

”

 

) that are homologous to
protein interaction domains on the adaptor protein FADD.

 

40-42

 

 Upon ligation
of the cell surface receptor CD95, FADD binds to an intracellular domain of
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this receptor.

 

43

 

 Protein–protein interactions involving the prodomains of
caspase-8 and caspase-10, then recruit these molecules to this complex,
resulting in their proteolytic cleavage and activation.

 

44,45

 

 The mechanism of
this activation is not completely understood but most likely involves low
level constitutive activity of one or both proenzymes, resulting in autoacti-
vation by cleavage at Asp-X bonds.

 

17a

 

 In an analogous manner, caspase-2
has a protein interaction motif in its long prodomain that is homologous to
the interaction domain on the adaptor protein RAIDD or CRADD.

 

46,47

 

 Liga-
tion of the type 1 tumor necrosis factor (TNF) receptor results in recruitment
of adapter proteins RIP and TRADD, which in turn interact with
RAIDD/CRADD, recruiting caspase-2 to this complex. These observations
suggest that caspases -2, -8, and -10 might be involved in initiating intracel-
lular proteolytic cascades that constitute the execution phase of cell deaths
initiated by signaling at cell death receptors such as CD95 and the type 1
TNF receptor.

In contrast to the caspases with long prodomains, caspases -3, -6, -7, and
-9 have short prodomains (reviewed in Reference

 

 

 

17). It has been proposed
that these are the workhorse proteases whose catalytic activity actually
results in cleavages that disassemble the cell during apoptosis.

 

17,23,48

 

 

 

These
proteases appear to be activated by one of two processes. First, active
caspase-8 appears to be capable of directly catalyzing the cleavage of mul-
tiple procaspases, including precursors of caspases -3, -4, -7, and -9, 

 

in
vitro.

 

49-51

 

 Likewise, caspase-10 has been shown to cleave the precursors for
caspases -3, -7, and -8 

 

in vitro.

 

40

 

 These observations provide the outline of a
direct path from ligation of cell surface death receptors to activation of
workhorse caspases.

 

23,52

 

 On the other hand, a variety of stimuli appear to
induce apoptosis through pathways that do not involve ligation of cell sur-
face death receptors.

 

53,54

 

 Recent studies have provided the outline of an
alternative pathway for the activation of these workhorse caspases. Many —
perhaps most — apoptosis-inducing stimuli appear to generate intracellular
signals whose net result is the loss of cytochrome c from mitochondria.

 

55-58

 

The nature of the signals triggering this cytochrome c release is currently
unknown. Nonetheless, the release of cytochrome c to the cytosol has three
consequences. First, it interrupts electron transport, resulting in collapse of
the proton gradient across the inner mitochondrial membrane (measured as
mitochondrial transmembrane potential 

 

Ψ

 

m

 

).

 

58,59

 

 Second, it causes transfer
of electrons to nonphysiological acceptors, resulting in generation of reactive
oxygen species.

 

55,58

 

 Third, it directly contributes to caspase activation in the
cytosol.

The critical role of cytochrome c in activation of workhorse caspases has
been suggested by a series of biochemical fractionation studies from the
laboratory of Xiaodong Wang.

 

10,29,56,60

 

 

 

Based on their earlier observation that
caspase-3 can be activated 

 

in vitro

 

 upon prolonged incubation of cytosol at
4°C,

 

61

 

 this group has utilized column chromatography and FPLC to identify
three different polypeptides that are all required to accomplish this activation
process. One of these polypeptides, Apaf-1, is a docking protein that shares
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FIGURE 6.1
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limited homology with the product of the 

 

C. elegans

 

 

 

ced-4

 

 gene.

 

10

 

 A second
of these polypeptides is procaspase-9.

 

60

 

 The third polypeptide required for
activation of caspase-3 is cytochrome c.

 

29

 

 Analysis of the interactions between
these three components

 

10,60

 

 

 

has suggested that binding of cytochrome c to
Apaf-1 results in a dATP-dependent change in the latter protein, thereby
enabling binding of procaspase-9 and Apaf-1 through somewhat homolo-
gous amino terminal domains termed caspase recruitment domains.

 

60,62

 

 

 

This
binding somehow results in conversion of procaspase-9 to active caspase-9,
which then is thought to proteolytically cleave procaspase-3 to the active
enzyme.

 

60

 

 Earlier observations indicating that procaspase-1 is capable of
catalyzing its own autoactivation, albeit at an extremely slow rate,

 

26,28

 

 raise
the possibility that the cytochrome c/Apaf–1 induced proteolytic activation
of procaspase-9 is autocatalytic. What is unclear at this point is how binding
of procaspase-9 to Apaf-1 facilitates this autoactivation. 

 

6.2.3 Roles of Caspases in Programmed Cell Death

 

Once the workhorse caspases are activated, a subset of the total cellular
polypeptides begin to be selectively degraded. The currently identified
caspase substrates are listed in Table 11.1 of Chapter 11 by Kaufmann et al.
Although it remains to be shown that any particular cleavage event is abso-
lutely essential for the demise of the cell, the net effect of all of the cleavage
events appears to be cell death.

 

17a,48,63

 

Most cellular polypeptides remain intact during apoptosis (e.g.,
References 64 to 66). For those polypeptides that are cleaved, the proteolytic
process can have one of three effects: (1) it can alter the assembly/disassem-
bly properties of a structural protein; (2) it can result in inactivation of a

FIGURE 6.1
Two possible routes of caspase activation. In some models of PCD, currently uncharacterized
signals cause release of cytochrome c from mitochondria. This cytochrome c then interacts with
Apaf-1, leading to activation of caspase-9 followed by caspases -3, and -7. At present it appears
that caspase-9 activates caspases-6.170 In other models of PCD, ligation of death receptors
(exemplified by Fas/CD95 in this diagram) leads to binding of procaspases-8 and -10 to mem-
brane-associated signaling complexes. This binding results in activation of these caspases, which
have in turn been shown to be capable of directly activating caspases -3, -6, and -7. Some
experimental evidence suggests, that activation of caspases -8 and -10 might also result in release
of cytochrome c from mitochrondria.55 The relative contributions of cytochrome c-dependent
and cytochrome c-independent pathways in activation of downstream caspases after CD95
ligation vary from cell type to cell type. Once caspases-3, -6, and -7 are activated, a variety of
proteolytic events occur as illustrated on this schematic. The biochemical effects of these cleav-
ages are summarized in the text. As also indicated in the text, antiapoptotic Bcl-2 family
members have been reported to affect the caspase pathway by inhibiting cytochrome c release
in some models and by competing for binding of procaspases to activation factors in other
models.
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particular enzyme; or (3) it can result in constitutive activation of a normally
tightly regulated enzyme activity. There are multiple examples of each of
these effects.

The nuclear lamins are intranuclear intermediate filament proteins that are
thought to play a structural role at the interface between the peripheral
chromatin and the inner nuclear membrane (reviewed in References 67,68).
A number of studies have demonstrated that lamins are degraded early in
the course of apoptosis.64,65,69-74 Subsequent studies have demonstrated that
caspase-6 preferentially cleaves the lamins at a site in the coiled-coil domain
that is thought to be responsible for protein–protein interactions in the lamin
filaments.30,75 Interestingly, inhibition of lamin degradation prevents frag-
mentation of the nucleus,73,75 suggesting that lamin degradation is required
for packaging of nuclear fragments into apoptotic bodies. Additional studies
have revealed that the nuclear/mitotic apparatus polypeptide NuMA,
another polypeptide with extensive coiled-coil domains76,77 that is thought
to form intermediate filaments within the nucleus,78 is also degraded during
apoptosis.74,79,80 The proteases responsible for NuMA cleavage during apo-
ptosis have not been identified to date; and the role of NuMA cleavage in
apoptotic nuclear changes remains to be determined.

Proteolytic cleavage also results in inhibition of certain cellular activities.
Active caspases -3 and -7 can cleave poly(ADP-ribose) polymerase
(PARP)22,81,82 and DNA-PK,39,83-85 two enzymes that are thought to play a role
in DNA repair.86-88 The result of this cleavage is inactivation of these
enzymes37,89,90 and, presumably, inhibition of DNA repair. Likewise, cleavage
of the 70-kDa polypeptide of U1 small nuclear ribonucleoprotein particles91

and the C1 and C2 polypeptides of heterogeneous nuclear ribonucleoprotein
particles92 is thought to inhibit RNA splicing; and cleavage of DNA replica-
tion factor C is thought to result in inhibition of DNA synthesis.93

Proteolytic cleavage by caspases also appears to be involved in uncon-
trolled activation of certain enzymes. For example, protein kinase Cδ is
cleaved by caspase-3 or a closely related homolog94 in cells treated with
ionizing radiation95 or various chemotherapeutic agents,96 thereby generat-
ing a constitutively active 40-kDa fragment. In transient transfection assays,
cDNA encoding this fragment induces apoptosis, whereas cDNA encoding
full-length protein kinase Cδ does not,94 suggesting that the 40-kDa fragment
might play an active role in subsequent apoptotic events. Likewise, caspase
cleavage of gelsolin generates a constitutively active fragment that cleaves
actin filaments in an uncontrolled manner, possibly contributing to shape
changes in apoptotic cells;66 and cleavage of the p21-activated kinase PAK2
generates a constitutively active fragment that might be involved in subse-
quent fragmentation of the cell into multiple membrane-enclosed vesicles.97

Finally, caspase activity appears to be involved in activating the endonu-
clease that is responsible for cleaving genomic DNA to generate the nucleo-
somal ladder that is characteristic of apoptotic death in many cell types.37

Recent data indicate that a unique nuclease termed CAD (caspase-activated
deoxyribonuclease) is synthesized as an inactive precursor that binds a second
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polypeptide called ICAD (inhibitor of CAD).98 Subsequent caspase-mediated
cleavage of ICAD at the sequence DEPD⇓S liberates CAD in an active form,
thereby initiating internucleosomal DNA degradation.99

6.2.4 Regulation of Caspase Activity

Caspase precursors appear to be constitutively expressed in many — per-
haps all — somatic cells (reviewed in References 100 to 105; see also
Reference 106). Expression of some of these precursors (procaspases -1, -2
and -3) appears to depend on the presence of the signaling molecule Stat 1
(signal transducer and activation of transcription 1),107 raising the possibility
that levels of these caspases might be regulated, in part, at the transcriptional
level. In addition, there is good evidence that the caspases are capable of
autoactivation26-28 and activating each other.40,49-51,60,108 Given these latter
observations, it is clear that there must be stringent safeguards to prevent
inadvertent activation of these proteases within cells. Although the study of
caspase regulation is currently in its infancy, there appear to be at least three
levels of control.

First, caspase activation appears to be regulated at the level of the death
receptors. As indicated above, recruitment of procaspases to these receptors
results in activation of caspases -8, -10, and possibly -2. Affinity purification
studies,109 as well as cloning of cDNAs identified by their homology to
caspases110,111 or their interaction with caspases in yeast two hybrid sys-
tems,112 have resulted in the identification of a series of mammalian polypep-
tides that are recruited to cell surface death receptor/adaptor molecule
signaling complexes. These molecules appear to compete for procaspase
binding sites or inhibit procaspase activation, thereby inhibiting subsequent
apoptotic cell death.

Second, caspase activation appears to be regulated by Bcl-2 family mem-
bers, a large family of polypeptides that affect the initiation of apoptosis in
a variety of cell types,7,8 including neurons.4-6,9 Bcl-2, the founding member
of this family, is localized to a variety of intracellular membranes,113,114 includ-
ing the outer mitochondrial membrane, endoplasmic reticulum, and possibly
the outer nuclear membrane in the region of nuclear pores. Because Bcl-2
family members do not share significant sequence homology with other
polypeptides, their functions have been somewhat enigmatic. Early studies
demonstrated that Bcl-2 homologues were able to form homo- and het-
erodimers. Overexpression of antiapoptotic Bcl-2 family members also pre-
vented apoptosis-associated release of calcium from the endoplasmic
reticulum,115 as well as generation of reactive oxygen species,116 two effects
that are now viewed as probably being indirect results of the inhibition of
apoptosis. X-ray crystallography revealed that Bcl-xL most closely resembles
the pore-forming (translocation) domain of diptheria toxin,117 raising the
possibility that Bcl-2 family members might form pores. Consistent with this
possibility, several groups have demonstrated that pro- and antiapoptotic
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Bcl-2 family members are capable of forming pores that can transport ions
across lipid membranes (reviewed in Reference 8). Whether these ion trans-
port capabilities contribute to the pro- and antiapoptotic effects of various
Bcl-2 family members is not clear at present. Other investigations have
suggested that Bcl-2 family members might affect the ability to activate
caspases.53 As discussed above, one current model suggests that transloca-
tion of cytochrome c from the intermembrane space of mitochondria to the
cytosol plays a critical role in activation of some caspases (Figure 6.1).60

Recent studies have indicated that this release of cytochrome c from mito-
chondria is inhibited by Bcl-256,118 and antiapoptotic Bcl-2 family mem-
bers.57,58 These observations, which are consistent with the reported ability
of antiapoptotic Bcl-2 family members to alter transport of other polypep-
tides between various cellular compartments (reviewed in Reference 119),
provide one potential explanation for the antiapoptotic effects of Bcl-2 and
Bcl-XL. Unfortunately, this explanation does not account for the observation
that overexpression of Bcl-2 or Bcl-XL also inhibits the triggering of apoptosis
by direct injection of cytochrome c into the cytosol of living cells.120,121 On
the other hand, it has also been demonstrated that Bcl-XL competes with
certain procaspases for binding to ced-4, the C. elegans polypeptide with
limited sequence homology to Apaf-1.122 This latter observation raises the
possibility that antiapoptotic family members might inhibit caspase activa-
tion by altering the ability of Apaf-1 to activate caspases, e.g., by altering
the dATP-dependent Apaf-1 conformational change or the subsequent inter-
action with procaspase-9 (Figure 6.1). Further investigation of these possi-
bilities is clearly required.

Finally, there appear to be intrinsic inhibitors of cellular caspases. The
genes encoding p35 and IAP (inhibitor of apoptosis) were originally cloned
from baculoviruses based on the ability of these gene products to inhibit
virus-induced apoptosis in lepidopteran cells.123,124 Although mammalial
cells do not appear to contain any homologue of p35, a well-characterized
and relatively promiscuous caspase inhibitor,17a,125 at least four mammalian
homologues of the baculovirus IAP protein, ciap-1, ciap-2, XIAP, and NAIP,
have been described.109,126-129 These polypeptides typically consist of an
amino terminal domain containing three copies of a so-called BIR (baculov-
irus IAP repeat) motif130 and a carboxyl-terminal domain containing a zinc-
binding motif called a ring finger that is found in several signal transduction
molecules and is thought to play a role in protein–protein interactions.131

Interestingly, the gene encoding one of these four polypeptides, the NAIP
(neuronal apoptosis inhibitor protein) gene, contains mutations and dele-
tions in patients with spinal muscular atrophy, a neurodegenerative disease
characterized by excessive apoptosis in spinal cord motor neurons.126

Although NAIP inhibits apoptosis induced by a variety of stimuli,127 the
mechanism of action of the NAIP polypeptide has not been reported to date.
Recent studies on XIAP (X chromosome-encoded IAP), however, have dem-
onstrated that this polypeptide is capable of not only inhibiting apoptosis
in transfected cells, but also selectively binding to and inhibiting caspases



© 1999 by CRC Press LLC

-3 and -7 under cell-free conditions.132 Moreover, analysis of truncation
mutants demonstrated that the BIR domain, which is conserved among the
various IAP proteins, is responsible for inhibition of apoptosis.132,133 Collec-
tively, these observations not only indicate that mammalian cells contain
polypeptides that are capable of directly inhibiting active caspases, thereby
controlling their activity under physiological conditions, but also suggest
that alterations in these putative caspase inhibitors can play a direct role in
the pathogenesis of neurological diseases. Clearly, further studies are
required to (1) examine the possibility that NAIP might be a caspase inhib-
itor, (2) more completely define the spectrum of proteases that are inhibited
by mammalian IAP proteins, and (3) examine the regulation of these
proteins — the cIAPs and XIAP as well as NAIP — in neurons under various
physiological and pathological conditions.

6.3 The Potential Role of Caspases and Other Proteases in 
Neuronal Programmed Cell Death

In addition to the studies of NAIP described above, several other pieces of
evidence suggest that caspases play an important role during neuronal PCD.
Genetic analysis in the nematode C. elegans revealed that two genes, ced-3
and ced-4, are absolutely required for all developmentally regulated cell
deaths.3 The product of the ced-4 gene shares some similarity to Apaf-1, the
docking protein that appears to be involved in caspase activation in mam-
malian cells.10,60 The product of the ced-3 gene has significant structural11 and
functional 12,134 homology to mammalian caspases. Interestingly, the supernu-
merary cells that survive when these genes are disrupted are typically neurons,3
indicating that products of these genes participate in neuronal apoptosis. Con-
versely, the demonstration that mice lacking caspase-3 or -9 have central ner-
vous system abnormalities as a consequence of diminished developmentally
regulated neuronal apoptosis135, 135a suggests that these caspases play unique
roles in neuronal PCD in the developing mammalian central nervous system.

Further support for the role of caspases in neuronal PCD comes from
pharmacological and biochemical studies. Treatment with low molecular
weight caspase inhibitors such as Z-VAD-fluoromethylketone or Boc-
Asp(OMe)-fluoromethylketone not only inhibits apoptotic changes in tissue
culture after application of many different stimuli,136-139 but also diminishes
central nervous system damage in animal models of stroke and epilepsy,140

where apoptotic death is thought to play a key role. Finally, a growing
number of polypeptides have been shown to be degraded by caspases in
cells undergoing apoptosis (see above); and there is now evidence for cleav-
age of these peptides (and activation of the corresponding caspases) in
several examples of neuronal PCD.
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Despite the large number of studies examining caspase function during
PCD, it is important to keep in mind that other proteases might also play
important roles in this process. Inhibitor studies have implicated other pro-
teases, including the proteasome,141,142 serine proteases,143,144 calpains,145-147

cathepsin D,148 and cathepsin B,149 in apoptosis in various cell types, although
the specificity of the inhibitors utilized in those studies has not been firmly
established in all cases. Two observations are particularly interesting in the
context of the present discussion. First, calpain I activation has been observed
after administration of excitotoxic amino acids in vivo.150 Second, a variety
of proteasome inhibitors, including E64d, Ac-Leu-leu-norleucinal, Ac-Leu-
leu-methioninal and lactacystin, delay or prevent apoptotic morphological
changes in rat superior sympathetic ganglion neurons deprived of NGF.141

These observations raise the possibility that other classes of proteases might
also play a role in neuronal PCD.

6.4 Evidence for the Role of Proteases in Neuronal PCD 
Provoked by Various Stimuli

In the Sections that follow, we briefly review the evidence that proteases are
active during neuronal PCD, summarize current controversies in this field,
and identify questions that remain to be answered. Because of the over-
whelming attention currently being paid to caspases, these comments focus
almost exclusively on this class of proteases.

6.4.1 Trophic Factor Withdrawal-Induced Neuronal PCD

The most extensively studied type of neuronal cell death is that which occurs
after withdrawal of neurotrophic factors such as NGF, NT-3, NT-4, BDNF,
and CNTF (reviewed in Reference 151). In several in vitro models, including
cultured sensory,152 sympathetic,153 and parasympathetic neurons,152 moto-
neurons,154,155 retinal ganglion cells,156 and cerebellar granule neurons,157

withdrawal of trophic support is followed by a prolonged period of time (10
to 20 h) during which the cells can be rescued by neurotrophin restoration.
After this period of latency, increasing numbers of cells become committed
to PCD and are no longer capable of being rescued. A variety of studies have
suggested that the early stages of PCD in many such model systems require
macromolecular synthesis, although the molecules essential for subsequent
PCD have not been completely characterized. It is known that the synthesis
of the transcription factor c-Jun and members of the Fos family are required
for the occurrence of PCD in NGF-deprived sympathetic neurons at the usual
time,158,159 although it is not clear whether down-regulation of these genes
with antisense oligonucleotides or dominant negative protein expression
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completely prevents PCD or merely delays it. Increased expression of cyclin
D1 has also been reported in trophic factor-deprived sympathetic neu-
rons,160,161 raising the possibility that inappropriate entry into S phase might
play a role in triggering neuronal PCD. Studies showing that the synthesized
cyclin D1 pairs with a cyclin-dependent kinase and actually alters cell cycle
distribution remain to be performed. Nonetheless, experiments demonstrat-
ing that the cyclin D1-dependent kinase inhibitor p16INK4 and low-molecular
weight inhibitors of cell cycle progression such as mimosine, olomucine, and
flavopiridol can inhibit PCD in NGF-deprived sympathetic neurons or neu-
ronally differentiated PC12 pheochromocytoma cells162,163 provide further
support for a model in which inappropriate cell cycle progression after
neutrophin withdrawal contributes to PCD. Whatever the identity of the
macromolecules that are synthesized during this latent period, neutrophin
withdrawal ultimately results in a stereotypic series of morphological
changes that include neurite withdrawal, cytoplasmic blebbing, and nuclear
fragmentation in the model systems described above. Higher-order DNA
fragmentation is generally demonstrable in these model systems using ter-
minal transferase-mediated dUTP nick end-labeling (TUNEL), although
cleavage of DNA into oligonucleosomal fragments is variably observed.

A number of studies have examined the potential role of caspases in
neurotrophin withdrawal-induced neuronal cell death. In a seminal study,
Yuan and co-workers164 injected chicken dorsal root ganglion neurons with
a control vector or a vector containing a cDNA encoding crm A, a cowpox
virus polypeptide that selectively inhibits a number of different
caspases.22,165,166 Within 3 days of NGF withdrawal, ~80% of control neurons
exhibited apoptotic morphology, whereas only 25% of crmA-expressing neu-
rons were apoptotic.164 Expression of the baculovirus protein p35, another
caspase inhibitor,125 has likewise been shown to protect rat superior cervical
ganglion neurons from NGF withdrawal-induced apoptosis.167 In subsequent
studies, low-molecular weight caspase inhibitors have also been examined
for their effect on neurotrophin withdrawal-induced PCD. Milligan et al.
demonstrated that trophic factor withdrawal-induced death of motor neu-
rons in vitro was delayed by Ac-YVAD-aldehyde, but not by leupeptin
(another aldehyde protease inhibitor) or E64 (a calpain inhibitor).168 Interest-
ingly, administration of Ac-YVAD-aldehyde to chick embryos inhibited apo-
ptosis occurring spontaneously in spinal cord motoneurons in vivo, but not
apoptosis provoked by extirpation of limb buds.168 In a similar fashion, Z-
VAD-fluoromethylketone delayed the occurrence of apoptosis in PC12 cells
after NGF withdrawal.169,170 Interestingly, activation of c-Jun N-terminal
kinase (JNK) occurred normally in these PC12 cells,171 suggesting that pro-
tease activation is downstream of JNK activation. In a similar vein, studies
by Deshmukh et al.138 indicated that Boc-Aspartyl(OMe)-fluoromethylketone
inhibited apoptotic morphological changes in rat sympathetic neurons
deprived of NGF in vitro, even though this caspase inhibitor had no effect
on the expression of immediate early genes.
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Although the preceding studies suggest a role for caspases in neurotrophin
withdrawal-induced apoptosis, identifying the caspase(s) involved has proven
unexpectedly difficult. Because caspase-2 was originally identified as a mouse
brain embryonic transcript down-regulated in late stages of brain develop-
ment,172 there was considerable speculation that this caspase might play a
particularly important role in neuronal PCD resulting from neurotrophin dep-
rivation. Consistent with this possibility, transfection with caspase-2 cDNA
induce apoptosis in sympathetic neurons173 and neuroblastoma cells.174 Trans-
fection with a variety of caspase cDNAs, however, has been observed to induce
apoptosis in other cell systems, making it difficult to interpret this observation
(see Chapter 11 by Kaufmann et al.). The critical issue is whether endoge-
nously expressed caspase-2 plays a role in neuronal PCD. Two groups have
reported that procaspase-2 is cleaved in sympathetic neurons undergoing NGF
withdrawal-induced apoptosis.138,175 Furthermore, Troy et al. have reported
that caspase-2 antisense oligonucleotides simultaneously down-regulate
caspase-2 polypeptide levels and delay PCD after NGF withdrawal in rat
sympathetic neurons and PC12 cells.176 Collectively, these observations are
consistent with the view that caspase-2 plays an important role in neurotro-
phin withdrawal-induced apoptosis. On the other hand, caspase-2–/– mice do
not exhibit major neurologic deformities,176a calling this conclusion into ques-
tion.

What about other caspases? Some investigators have reported that pro-
caspase-3 polypeptide levels are unchanged after NGF withdrawal, raising the
possibility that caspase-3 fails to play a role in this process.138,173 Other exper-
iments, however, have suggested a different picture. In particular, Stefanis and
co-workers have reported that NGF-deprived PC12 cells activate a caspase that
is capable of cleaving DEVD-aminofluorocouramin,170 a substrate that can be
cleaved by caspase-3 but not caspase-2.35 Immunoblotting and affinity labeling
experiments likewise have indicated that neurotrophin withdrawal-induced
apoptosis in mouse neurons and neuronal cell lines is accompanied by con-
version of procaspase-3 to the active enzyme.175,177 These results, which are
difficult to reconcile with earlier reports, clearly indicate activation of caspase-
3 during neutrophin withdrawal-induced apoptosis. Interestingly, the DEVD-
AFC cleavage activity reportedly appears later than JNK activity, raising the
possibility that caspase-3 activation follows Jun synthesis.170

Two groups have utilized molecular genetic approaches to examine the
role of caspases in neurotrophin withdrawal-induced programmed cell
death. Friedlander et al. observed diminished cell death 24 h after neutrophin
withdrawal from dorsal root ganglion neurons of caspase-1–/– mice or mice
expressing a dominant negative caspase-1 inhibitor as compared to wild-
type litter mates.178 Because a single time point was examined, it is unclear
whether caspase-1 inhibition actually prevented neuronal apoptosis or
merely slowed the kinetics. Consistent with the latter hypothesis, mice from
these animals were viable and did not display supernumerary neurons or
developmental abnormalities.178 These results suggest that caspase-1 might
play a critical role in apoptosis induced by postnatal neutrophin withdrawal
but not prenatal (developmental) apoptosis. In contrast, Kuida et al.135,135a
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have observed that caspase-3–/– and caspase-9–/– mice die during develop-
ment with a variety of central nervous system abnormalities that are attrib-
utable to lack of normal developmentally regulated neuronal PCD. These
latter observations raise the possibility that caspases-3 and -9 might play an
essential roles in neurotrophin withdrawal-induced PCD during embryonic
development, but do not rule out the possibility that other caspases might
also play essential roles.

Further studies are required to define the full compliment of caspases that
are present in various neurons at different times during development and
to identify which of these are activated during the process of neurotrophin
withdrawal-induced PCD. In addition, current evidence suggests at least
two possible routes of caspase activation in other cell types (Figure 6.1); and
further studies are required to determine which of these contribute to caspase
activation after neurotrophin withdrawal. On the one hand, the requirement
for macromolecular synthesis raises the possibility that neurotrophin with-
drawal is accompanied by synthesis of one of the death receptors and/or
the corresponding ligand. On the other hand, the observation that reactive
oxygen species are produced during neurotrophin withdrawal-induced
PCD179 raises the possibility that release of cytochrome c to the cytosol is
involved in caspase activation in this setting. Although the effects of Bcl-2
on cytochrome c release and neurotrophin withdrawal-induced apoptosis
(see Section 6.2) are consistent with this possibility, it remains to be deter-
mined how (or even whether) cytochrome c release is induced after neu-
rotrophin withdrawal.

6.4.2 Excitotoxic Neuronal PCD

Studies dating to the mid 1980s indicate that excessive excitation of neurons
results in cell death (e.g., Reference 180). More recently, this death has been
compared and contrasted to neurotrophin withdrawal-induced PCD. Model
systems that demonstrate this “excitotoxic” effect include various neuronal
cells exposed to glutamate, the glutamate analog N-methyl-D-aspartate
(NMDA), potassium ionophores like valinomycin, calcium channel blockers
(e.g., nifedipine or verapimil),181 low calcium medium, or 3-nitropropionic
acid.182 In addition, it has been observed that survival of cultured cerebellar
granule neurons beyond the first 5 days in vitro is enhanced when the cells
are maintained in depolarizing concentrations of potassium (20 to 25 mM).183

Conversely, transfer of these neurons to nondepolarizing medium (5 mM
potassium) results in apoptotic cell death,157 providing one of the more
widely utilized models of neuronal PCD. In contrast to neurotrophin with-
drawal-induced PCD, these model systems typically cannot be rescued after
the initial insult and show no requirement for macromolecular synthesis
(e.g., Reference 184), the PCD observed after transfer of neurons to nonde-
polarizing potassium concentrations being the notable exception.185,186 Typ-
ical morphologic features of PCD, including neurite withdrawal, chromatin
condensation, plasma membrane blebbing, and nuclear fragmentation, are
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observed after all of these excitotoxic treatments. In addition, most excito-
toxic treatments are accompanied by development of oligonucleosomal DNA
fragmentation.

The role of caspases in excitotoxic PCD remains uncertain. On the one
hand, proteolytic cleavage of procaspase-3 to the active protease184,187 and
appearance of corresponding DEVD-AFC cleavage activity in cytosol187-189

has been demonstrated in several model systems. Du et al. have observed
that treatment with the caspase inhibitor DEVD-aldehyde but not the inhib-
itor YVAD-aldehyde protects superior cervical ganglion neurons from
NMDA-induced PCD.184 Likewise, the more promiscuous caspase inhibitor
Z-VAD-fluoromethylketone has been reported to inhibit valinomycin-
induced PCD in cultured cortical neurons.190 To the extent that these inhib-
itors are specific for caspases, the preceding observations suggest that one
or more caspases might play a critical role in excitotoxic PCD. On the other
hand, the same inhibitors have no effect on PCD in cerebellar granule neu-
rons exposed to depolarizing potassium concentrations,188,191 although other
caspase inhibitors such as Z-asp-2,6-dichloroacyloxybenzylmethyl ketone do
inhibit apoptosis in this model system.189 One possibility is that the differ-
ential effect of caspase inhibitors might reflect the use of different excitotoxic
stimuli. Alternatively, it has been suggested that caspase inhibitors might
prevent the internucleosomal DNA degradation and morphologic manifes-
tations of apoptosis without preventing death by a caspase-independent
pathway.188 This latter explanation is highly reminiscent of results of McCar-
thy et al., who demonstrated that caspase inhibitors prevent apoptotic
changes without inhibiting cell death after a variety of treatments in Rat-1
fibroblasts.192 Further studies are required to distinguish between these two
possibilities. As is the case with neurotrophin withdrawal-induced apopto-
sis, the pathways that lead to caspase activation and the roles of individual
caspases in excitotoxic PCD also remain to be clarified.

6.4.3 Neuronal PCD Subsequent to Ischemia or Hypoxia

Although the prevailing paradigm in neuropathology was that ischemia
caused necrotic cell death, the demonstration of oligonucleosomal DNA
fragment after transient carotid artery ligation193,194 raised the possibility that
apoptotic cell death might occur after ischemia and reperfusion. Subsequent
studies in postischemic hippocampal neurons195 and cyanide-treated PC12
cells196 have demonstrated cell death with typical apoptotic morphology.
Current models suggest that oxygen radicals formed after reperfusion set in
motion the biochemical process of PCD in cells that survived the initial insult
but were transiently hypoxic.

There is a paucity of information related to the role of caspases in PCD
occurring under these conditions. Studies from Yuan and Moskowitz and
associates indicate that treatment with the caspase inhibitor AcYVAD-chlo-
romethylketone or Z-VAD-fluoromethylketone results in diminished infarct
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volume and improved neurological score after middle cerebral artery occlu-
sion in mice.140 Likewise, expression of a dominant negative mutant of
caspase-1 reduces infarct size and/or neurological deficits after transient
ischemia.178 Subsequent studies have suggested that these effects of caspase
inhibitors are indirect: It appears that caspase-1 generates interleukin-1β,
which recruits inflammatory cells to the post ischemia areas and thereby
worsens the cellular damage.197 Further studies are required to define the
direct role (if any) of caspases in ischemia/reperfusion-induced neuronal
PCD.

6.4.4 Neurodegenerative Diseases

Premature neuronal death is observed with a number of neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s disease, Hunting-
ton’s disease, and amyotrophic lateral sclerosis (ALS). Although frankly
necrotic cells are observed in some instances, PCD has long been suspected
to play an important role in many neurodegenerative diseases. In recent
years, descriptive and experimental studies have begun to provide support
for this hypothesis (reviewed in References 198-200).

AD, one of the most intensively studied forms of neurodegeneration, is
associated with the intracortical formation of proteinaceous plaques contain-
ing large amounts of amyloid beta-peptide (AβP). Morphological evidence
of apoptosis has been observed in AβP-treated cultured neurons201,202 as well
as the cortices of transgenic mice engineered to overexpress AβP.203 More
recently, overexpression of the familial AD gene Presenilin 2 (PS2) has been
reported to increase apoptosis of neuronally differentiated PC12 cells after
NGF withdrawal, exposure to glutamate or treatment with AβP.204-206

Mounting evidence suggests that excessive apoptosis plays a role in the
pathogenesis of Huntington’s disease, Parkinson’s disease, and ALS as well.
For Huntington’s disease and ALS, both of which are associated with defined
genetic alterations, knockout or overexpression studies indicate that the
disease gene products act to regulate apoptotic cell death.207,208 Similarly, in
an in vivo Parkinson’s disease model, apoptotic cell death has been
reported.209

Despite accumulating evidence for the importance of apoptosis in the
pathogenesis of neurodegenerative diseases, relatively little mechanistic
information has been published to date. In an AD model, correlations
between exposure to AβP and alterations in expression of genes that are
associated with neuronal PCD in other contexts (see Section 6.4.1) have been
demonstrated. Paradis et al., for example, showed down regulation of the
antiapoptotic protein Bcl-2 and concomitant upregulation of the proapop-
totic protein Bax in AβP-treated primary human neuron cultures.210 In
another study that examined postmortem AD tissue, DNA fragmentation
(detected by TUNEL staining) was found in the same cells that displayed
increased immunoreactivity of the transcription factor c-Jun, an immediate
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early gene product that is upregulated during trophic factor withdrawal-
induced neuronal PCD.211

Studies exploring the role of caspases in the pathogenesis of neurodegen-
erative diseases have only recently begun. Although Goldberg et al. have
reported that huntingtin can be cleaved by caspase-3 under cell-free condi-
tions,212 the cleavage of this substrate in intact cells and the contribution of
this cleavage to the pathogenesis of Huntington’s disease remain to be dem-
onstrated. In contrast, the cloning of the familial AD genes PS1 and
PS2/STM2213-215 resulted in analyses that suggest the direct involvement of
caspase-mediated PCD pathways in the pathogenesis of AD. Vito et al., for
example, reported that a cDNA homologous to PS2/STM2 is capable of
rescuing T cell hybridoma cells from Fas- and T cell receptor ligation-induced
apoptosis.205 Subsequently, Lacana et al. provided data suggesting that the
antiapoptotic activity of PS2/STM2 results from its ability to suppress
ICE/CED-3-like protease activity.216 Interestingly, caspases have also recently
been implicated in the proteolytic processing of PS1 and PS2/STM2, although
the biological significance of such processing is currently unclear.217 Addi-
tional studies will be required to further elucidate the importance of caspase
activity in diseases like AD. Studies involving inhibitors of specific caspases
or caspase knockout animals are likely to shed the most light on the involve-
ment of caspase-mediated apoptosis in neurodegenerative diseases.

6.5 Future Directions

As indicated in the preceding sections, there is now ample evidence that
caspases are activated in neurons during PCD triggered by a variety of
stimuli. The identity of the caspases that are activated and the individual
roles that they play in the cell death process remain to be more completely
elucidated. The possibility that different caspases are involved in different
types of neuronal cell death169,176 needs to be more fully explored. There is
also much to be learned about the regulation of caspase expression, caspase
activation, and caspase activity in neuronal cells as well as other cell types.
In addition, the pathways that lead from the proapoptotic stimuli to caspase
activation are poorly understood and require further investigation.

The possible roles of other proteases in neuronal PCD also remain to be
elucidated. Although calpain I has been shown to be activated in neutrophin
withdrawal-induced PCD, an essential role for calpain I in this process has
not been demonstrated. Likewise, experiments using proteasome inhibitors
have provided indirect evidence that this protease might play a role in
neuronal PCD; but more definitive molecular biologic and biochemical
experiments remain to be performed.

Why study the role of proteases in neuronal PCD? Recent studies have
shown that neurotrophin withdrawal, excitotoxic stimuli, hypoxia/reper-
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fusion injury, and several degenerative processes all appear to involve
apoptotic neuronal cell death. When coupled with evidence suggesting that
proteases play important roles in the initiation and propagation of apop-
totic cell death,15,17,23,48,52,63,100,103,104 these observations raise the possibility
that inhibition of apoptotic proteases might delay or prevent pathological
neurological degeneration. Transforming this scientific hypothesis into a
useful therapeutic strategy will require incisive and rigorous scientific
investigation.
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7.1 Introduction

 

Ceramide is the common moiety forming the hydrophobic backbone of
glycosphingolipids and sphingomyelin (SM). Over the last 8 years, numer-
ous reports have shown that cytokines,

 

1-9

 

 hormones,

 

10-12

 

 neurotrophins,

 

13,14

 

the T cell costimulatory molecule CD 28,

 

15

 

 chemotherapeutic agents,

 

16-20

 

 and
environmental stresses

 

21,22

 

 increase cellular ceramide levels primarily via the
hydrolysis of SM (Figure 7.1). Collectively, these studies support a role for
ceramide as a bioactive sphingolipid metabolite involved in the regulation
of numerous cellular responses. Foremost among these responses is the
ability of ceramide to affect growth suppression pathways leading to cell
growth arrest, cell differentiation, and programmed cell death (apoptosis).

Several lines of evidence support a role for ceramide as an important
mediator in apoptosis. First, ceramide production occurs in response to agents
which induce apoptosis, i.e., tumor necrosis factor-

 

α

 

 (TNF),

 

23-26

 

 Reaper,

 

27

 

 nerve
growth factor,

 

28

 

 daunorubicin,

 

16,17

 

 vincristine,

 

19

 

 arabinofuranosylcytosine,

 

18

 

 FAS

 

FIGURE 7.1

 

Schematic of ceramide production via sphingomyelin breakdown or 

 

de novo

 

 synthesis. The
relevant enzymes are (I) acid or neutral sphingomyelinase, (II) phosphatidylcholine:ceramide
cholinephosphotransferase, (III) sphinganine 

 

N

 

-acyltransferase (dihydroceramide synthase),
and (IV) dihydroceramide desaturase.
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antigen,

 

29-33

 

 antibody crosslinking,

 

34,35

 

 and ionizing radiation.

 

22,26,39

 

 Second,
the kinetics of ceramide accumulation correlates closely with the kinetics of
apoptosis induced by these agents.

 

36

 

 Finally, exogenous ceramide mimics the
ability of the aforementioned agents to induce apoptosis in hematopoietic
cells,

 

23,37

 

 fibroblasts,

 

25,38

 

 lung endothelium,

 

39

 

 pheochromocytoma cells,

 

40

 

 and
oligodendroglial cells.

 

28,41

 

In contrast to glial cells, primary cultures of cortical neurons are relatively
insensitive to ceramide-induced apoptosis,

 

41

 

 except at very high concentra-
tions of ceramide.

 

42

 

 Indeed, ceramide prevents or at least delays apoptosis
of sympathetic neurons induced by growth factor withdrawal.

 

43

 

 Ceramide
also protects hippocampal

 

44

 

 and cortical neurons (RTD, unpublished data)
from apoptosis induced by amyloid-

 

β

 

 peptides. These results indicate that
in postmitotic neurons ceramide may activate antiapoptotic pathways and
suggest that the ceramide signal is interpreted in a very distinct manner in
mature neurons vs. glial cells.

The intent of this review is to describe the molecular mechanisms whereby
ceramide may mediate apoptotic or antiapoptotic responses. It is hoped that
these discussions will serve as overview for scientists new to the field and
provide a framework for the design of future investigations into how cera-
mide may activate similar molecular targets but promote very dichotomous
biologies in different cell types.

 

7.2 Ceramide as a Mediator of Apoptosis

 

7.2.1 Ceramide Generation

 

7.2.1.1 Sphingomyelinase Activation

 

Numerous cell culture studies have identified that sphingomyelinase
(SMase) activity is increased following stimulation with TNF,

 

1,4

 

 FAS anti-
gen,

 

29,33,45

 

 ionizing radiation,

 

39

 

 and chemotherapeutics.

 

17,18

 

 SMase is a type of
phospholipase C which cleaves phosphocholine from SM generating cera-
mide (Figure 7.1). Further, at least two types of SMases have been implicated
in generating a bioactive pool of ceramide. These enzymes can be readily
distinguished, based upon their neutral or acidic pH optima for activity. Of
these two enzymes, the gene encoding for acid SMase has been cloned and
knockout animals generated.

Compelling evidence for a critical role of acidic SMase and ceramide in
radiation-induced apoptosis comes from studies using acid SMase-deficient
knockout mice.

 

39

 

 Following irradiation of wild-type animals, ceramide levels
in lung tissue increased 2-fold over control levels within 10 min and
remained elevated for at least 1 hour. Ten hours following irradiation, his-
tologic analysis of tissues from the wild-type animals indicated extensive
apoptosis in lung and heart endothelium as well as mesothelium of the
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pleura and pericardium. In contrast, the lack of acid SMase in the knockout
animals completely abolished ceramide production and the induction of an
apoptotic phenotype in lung tissue. The conclusion from these studies is that
the activation of acid SMase and the production of ceramide may be critical
to the induction of an apoptotic phenotype in lung tissue in response to
ionizing radiation.

Interestingly, cells from the thymic cortex of acid SMase deficient mice
were not as resistant to radiation-induced apoptosis. Although p53 is a
critical component in the apoptosis of thymic cells, lung tissue from p53-defi-
cient mice showed a similar extent of radiation-induced apoptosis to that in
wild-type mice. Together, these data suggest that p53 is not involved in
mediating apoptosis within lung endothelium and that the role of acid SMase
in apoptosis may be very cell specific.

 

39

 

 This cell specificity may underlie the
reported differences in the activation of either acid

 

33

 

 or neutral

 

29

 

 SMases in
various cell lines in response to FAS antigen. Unfortunately, the mechanisms
regulating which SMase may become activated in response to a given stim-
ulus remain poorly defined.

In contrast to the acidic SMase, establishing a definitive role for the Mg

 

2+

 

-
dependent neutral SMase in apoptosis has been difficult, since this enzyme
has not been purified or cloned, nor have any specific inhibitors of its activity
been identified. Despite these shortcomings, exciting progress has been evi-
dent on the potential role of this enzyme in apoptosis. A most striking
example is the correlation between increased cell death, the induction of
neutral SMase activity, and a 15-fold increase in cellular ceramide levels in
Molt-4 cells in response to serum deprivation.

 

46

 

Previous studies have indicated that the neutral SMase is preferentially
activated by FAS

 

29

 

 and is very susceptible to proteolytic degradation.

 

47

 

 In
this regard, the site-specific inhibitor of certain ICE-like proteases (YVAD-
CMK), significantly attenuated FAS-dependent ceramide production and
decreased apoptosis by 60% in Jurkat cells.

 

31

 

 Although an assessment of the
specific SMase which was being inhibited by YVAD-CMK was not per-
formed, these results suggest that an ICE-like protease may regulate neutral
SMase activation. Indeed, a dominant negative mutant of the FAS-binding
protein, FADD, abolished FAS-induced ceramide generation and apoptosis.

 

48

 

Since an ICE-like protease lies downstream of FADD,

 

49,50

 

 these results also
place this or a closely related protease upstream of ceramide production.
Similarly, inhibition of ICE proteases blocked ceramide production and apo-
ptosis induced by ectopic expression of Reaper (a cell death protein in 

 

Droso-
phila

 

) in mammalian cells.

 

27

 

The cytokine response modifier A (CrmA) is a viral protein which also
inhibits members of the ICE family of cysteine proteases.

 

51

 

 Similar to
YVAD.CMK, transfection of CrmA into MCF-7 cells blocked TNF-induced
ceramide generation and apoptosis.

 

24

 

 However, exogenous ceramide circum-
vented the inhibition of apoptosis by CrmA, indicating that the cell death
machinery was intact and that ceramide-induced apoptosis occurred down-
stream of the CrmA-sensitive protease.

 

24

 

 Collectively, the above reports



 

© 1999 by CRC Press LLC

 

strongly suggest that an ICE-like protease activity is upstream of FAS- and
TNF-induced SMase activation and ceramide generation. Although not def-
initely established, this SMase activity may be the Mg

 

2+

 

-dependent neutral
pH enzyme. More important, however, in conjunction with the genetic stud-
ies from the acid SMase knockout mice, these data strongly support evidence
that ceramide is a critical mediator in the induction phase of apoptosis by
these varied stimuli.

 

7.2.1.2 De Novo Synthesis

 

Daunorubicin is an anthracycline antibiotic that induces apoptosis and is
widely used in cancer chemotherapy. Not surprisingly, ceramide mimicked
the effect of daunorubicin in inducing apoptosis in U937 human monoblastic
leukemia cells and HL-60 cells.

 

16,17,20

 

 However, despite the fact that dauno-
rubicin increased intracellular ceramide levels, a concomitant decrease in
SM levels was not observed. These results suggested that ceramide may be
a mediator in the apoptotic response to this chemotherapeutic agent, but
was not generated through SM catabolism.

 

16,20

 

 Although most studies have
focused on the activation of SMases as the enzymes responsible for ceramide
generation, ceramide may also be formed 

 

de novo

 

 from the acylation of
sphinganine by sphinganine 

 

N

 

-acyltransferase.

 

52

 

 Dihydroceramide subse-
quently serves as substrate for the enzyme dihydroceramide desaturase
which introduces the 4,5-

 

trans

 

 double bond present in ceramide

 

53,54,54a

 

(Figure 7.1). Indeed, 10 µ

 

M

 

 daunorubicin induced a 70% increase in the V

 

max

 

of sphinganine 

 

N

 

-acyltransferase after 4 to 6 h of drug treatment. Similar
results have also been reported for the effect of daunorubicin on dihydroce-
ramide synthase activity in HL60 cells.

 

20

 

 Additionally, increased 

 

de novo

 

ceramide synthesis precedes apoptosis induced by palmitate after inhibition
of the mitochondrial enzyme, carnitine palmitoyltransferase.

 

57

 

 Although it
is unknown whether dihydroceramide desaturase activity is also subject to
regulation, this enzyme is critical for the synthesis of an apoptogenic pool
of lipid, since dihydroceramide is ineffective at inducing apoptosis.

 

23,25

 

An important tool in defining the role of this sphingolipid biosynthetic
pathway in apoptosis was the discovery that the acylation of sphinganine
to dihydroceramide is inhibited specifically by fumonisin B

 

1

 

.

 

55

 

 Fumonisin B

 

1

 

is a member of a family of fungal metabolites which can induce a wide range
of toxicities in both animals and humans that are due to alterations in
sphingolipid metabolism (for an excellent review, see Reference 56). Signif-
icantly, pretreatment of U937 leukemia cells with 25 µ

 

M

 

 fumonisin B

 

1

 

 dra-
matically attenuated increases in ceramide levels and apoptosis in response
to 10 µ

 

M

 

 daunorubicin

 

16

 

; supporting the conclusion that 

 

de novo

 

 synthesis
of ceramide may be involved in the cellular actions of daunorubicin.

A caveat to these studies, however, concerns the physiologic relevance of

 

de novo

 

 ceramide synthesis in the clinical efficacy of daunorubicin. At usual
pharmacologic doses of daunorubicin (0.1 to 1 µ

 

M

 

), ceramide levels also
increased, but through activation of neutral SMase.

 

17

 

 Indeed, fumonisin B

 

1
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was without effect on apoptosis or ceramide generation induced by 0.1 to
1 µ

 

M

 

 daunorubicin; suggesting that stimulation of 

 

de novo

 

 synthesis may be
inconsequential at therapeutic levels of the drug. Further, other chemother-
apeutic agents such as vincristine, methotrexate, etoposide, and 

 

cis

 

-platinum
did not increase dihydroceramide synthase activity. Unfortunately, other
anthracyclines such as doxorubicin, idarubucin, epirubicin, and mitox-
antrone were not tested.

 

16

 

 Regardless of the mechanism of ceramide produc-
tion, however, these studies agree that ceramide is a likely mediator in the
apoptotic action of this important chemotherapeutic agent.

 

7.2.1.3 Localization of Ceramide Production and Relationship 
to Apoptosis

 

The bulk of cellular SM localizes to the external leaflet of the plasma mem-
brane.

 

58

 

 This orientation has raised the question of where the signal-sensitive
pool of SM used in the generation of ceramide is located. Linardic and
Hannun

 

59

 

 first addressed this question by treating HL-60 cells with bacterial
SMase, thereby depleting 48% of cellular SM. Since the cells are impermeable
to the bacterial enzyme, it can only hydrolyze externally oriented SM and
is inaccessible to internal pools of SM (Figure 7.2A). If a ligand such as
vitamin D

 

3

 

 was hydrolyzing only an internal pool of SM, then SM hydrolysis
induced by co-treatment of the cells with bacterial SMase and the ligand
should be additive. Accordingly, treatment of HL-60 cells with vitamin D

 

3

 

alone induced a 15.4% decrease in SM, whereas treatment with Vitamin D

 

3

 

plus bacterial SMase resulted in a loss of 65.3% (48% + 15%) of total SM.
These results strongly suggested that vitamin D

 

3

 

 was hydrolyzing an internal
pool of SM. Similar results have also been obtained in cells treated with TNF
or nerve growth factor.

 

14,60

 

 Subsequent cell fractionation experiments suggest
that the internal signal-sensitive pool of SM localizes to the plasma mem-
brane,

 

59

 

 possibly within specialized microdomains called caveolae.

 

61,62

 

The importance of this internal pool of SM in producing an apoptogenic
pool of ceramide has been elegantly demonstrated by Zhang et al.

 

63

 

 These
investigators cloned the neutral SMase from 

 

Bacillus cereus

 

 and placed it in
an inducible mammalian expression vector under the control of the 

 

lac

 

 oper-
ator. Upon induction of the enzyme with isopropylthiogalactoside (IPTG) in
stably transfected Molt-4 cells, cellular ceramide levels increased greater than
2-fold and the extent of cell death increased 6-fold.

 

63

 

 Significantly, treatment
of the cells with exogenous bacterial SMase failed to induce death despite
increasing cellular ceramide levels (Figure 7.2B). Thus, hydrolysis of the
outer leaflet SM, while increasing cellular ceramide levels, does not induce
an apoptogenic pool of ceramide. These results provide strong biologic evi-
dence suggesting that the reservoir of SM for production of the bioactive
pool of ceramide is distinct from that present on the outer leaflet pool of the
plasma membrane. However, it is unclear why treatment with bacterial
SMase has reportedly induced apoptosis in some cell lines

 

25,38,42

 

 but not
others.

 

40,63
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7.2.2 The Effect of Ceramide on Mitochondrial Function and 
Its Potential Role in Apoptosis

 

7.2.2.1 Inhibition of Mitochondrial Respiration

 

Several recent reports have provided convincing evidence that ceramide can
inhibit complex III of the mitochondrial respiratory chain and increase the
generation of H

 

2

 

O

 

2

 

 both 

 

in vivo

 

50,64

 

 and in isolated mitochondria
(Figure 7.3).

 

64,65

 

 Indeed, rotenone (complex I inhibitor) and thenoyltrifluoro-
acetone (complex II inhibitor) blocked electron transfer prior to complex III
and inhibited ceramide-induced increases in H

 

2

 

O

 

2

 

. However, Antimycin A
(complex III inhibitor at the level of electron transfer to cytochrome c)
increased ceramide-induced H

 

2

 

O

 

2

 

 production, suggesting that ceramide was
acting at or near the same site of action as Antimycin A (Figure 7.3).

 

50,64,65

 

Interestingly, dihydroceramide was ineffective at increasing H

 

2

 

O

 

2

 

 in whole
cells,

 

50

 

 but had a similar potency to ceramide in inducing H

 

2

 

O

 

2

 

 production
in isolated mitochondria.

 

65

 

 However, other structurally related lipids were
ineffective at inducing H

 

2

 

O

 

2

 

 generation. These results suggest that ceramide
may affect cellular processes not only through direct interaction with protein
targets

 

67-69

 

 but also indirectly through the generation of reactive oxygen
species.

 

7.2.2.2 Ceramide-Induced Production of H

 

2

 

O

 

2

 

 and the Mitochondrial 
Permeability Transition

 

A recent development in elucidating the sequence of events mediating the
apoptotic cascade was the realization that changes in mitochondrial perme-
ability and disruption of the mitochondrial transmembrane potential marks
a critical point in the execution of apoptosis from which recovery is irrevers-
ible.66 The mitochondrial transmembrane potential is a product of the respi-
ratory activity of mitochondria. During oxidative phosphorylation, electrons
are passed from one carrier to another along the four complexes of the
respiratory chain. (Figure 7.3). However, elements such as coenzyme Q
within the electron transport chain may carry both protons and electrons. In
passing electrons from coenzyme Q to a cytochrome, for instance, the protons
must be ejected. These protons collect in the intermembrane space of the
mitochondria and form a pH and electrical gradient across the inner mito-
chondrial membrane (∆Ψ, transmembrane potential). The mitochondrial per-
meability transition results from a rapid increase in the permeability of the
inner mitochondrial membrane which occurs through the opening of a trans-
membrane pore.70 This process leads to a collapse of the ion gradient, mito-
chondrial depolarization (loss of ∆Ψ), generation of reactive oxygen species,
and loss of oxidative phosphorylation.66,71 The nature of the mitochondrial
permeability transition pore is unknown, but it may involve a mitochondrial
cyclophilin which can be inhibited from opening by cyclosporine and sph-
ingosine.70
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Ceramide did not induce a change in the mitochondrial ∆Ψ nor inhibit oxi-
dative phosphorylation. These results indicate that neither ceramide nor cera-
mide-induced H2O2 directly affect the permeability transition. Moreover,
ceramide-induced increases in H2O2 preceded the mitochondrial permeability
transition, suggesting that the generation of H2O2 by ceramide is not a conse-
quence of increased permeability of the inner mitochondrial membrane.50,64,65

Since the permeability transition increases the production of reactive oxygen
species,72 the accumulation of ceramide within mitochondria and its inhibition
of electron transport may have a role in activating the pore and/or amplifying
the production of reactive oxygen species.65 Interestingly, TNF treatment of
cultured hepatocytes led to a 2- to 3-fold increase in ceramide levels in mito-
chondria isolated from these cells.65 If this result is reproducible, it will be
important to determine how ceramide may accumulate in mitochondria and
the necessity of this accretion to ceramide-mediated apoptosis.

FIGURE 7.2
The signal-sensitive pool of sphingomyelin is internally oriented and involved in apoptosis.
(A) Treatment of cells with exogenous bacterial SMase hydrolyzes SM  oriented on the
outer leaflet of the plasma membrane to ceramide . However, the enzyme is inaccessible
to an internal pool of SM which is hydrolyzed by TNF (see text for more details). (B)
Treatment of cells with exogenous bacterial SMase hydrolyzes SM  oriented on the outer
leaflet of the plasma membrane to ceramide . However, the resulting increase in cellular
ceramide does not create an apoptogenic pool of lipid. In contrast, after transfection of
bacterial SMase into cells and induction with IPTG, the enzyme has access to internally
oriented of SM which upon hydrolysis, creates an apoptogenic pool of ceramide.
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FIGURE 7.2 (continued)

FIGURE 7.3
Ceramide inhibits mitochondrial respiration by blocking electron transport. The four complexes
(I-IV) of the respiratory chain are located on the inner mitochondrial membrane (IMM). As
electrons are transferred along the complexes (indicated by the arrows), protons are ejected
into the intermembrane space, creating an electrochemical gradient (∆Ψ) across the IMM.
Ceramide inhibits electron transport within complex III of the respiratory chain. Q represents
the ubiquinone complex and OMM is the outer mitochondrial membrane.
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Not surprisingly, antioxidants inhibited ceramide-induced H2O2 production
and subsequent apoptosis.50 The level of mitochondrial peroxides is primarily
regulated via the oxidation of glutathione (γ-glutamycysteinylglycine) by glu-
tathione peroxidase. Accordingly, glutathione-depleted mitochondria isolated
from animals treated with buthionine-L-sulfoximine (BSO, a specific inhibitor
of γ-glutamylcysteine synthase), were more sensitive to ceramide-induced H2O2

generation than mitochondria whose glutathione levels had been repleted.65

Moreover, Liu and Hannun73 demonstrated that physiologic concentrations of
glutathione may serve as a negative allosteric regulator of neutral SMase in
vitro. Indeed, treatment of Molt-4 cells with BSO for 48 h reduced cellular
glutathione to 9% of control levels and induced a 2.5-fold increase in ceramide.
Thus, depletion of cellular glutathione may create a double insult to the cell by
elevating (mitochondrial?) ceramide levels and amplifying the level of H2O2

through increased production and decreased degradation73 (Figure 7.4).

7.2.2.3 Ceramide Activation of Caspases and Inhibition by Bcl-2

Ceramide activates caspase-3 and induces proteolysis of poly(ADP)ribose
polymerase.74 Although the mechanism of ceramide activation of caspase-3
is unknown, it may relate to the release of cytochrome c. Cytochrome c is

FIGURE 7.4
Glutathione depletion may amplify ceramide-induced H2O2 production. In response to
stimuli such as FAS and TNF, mitochondrial levels of ceramide may increase, stimulating
H2O2 production. The oxidation of the reduced form of glutathione to GSSG with the
concomitant reduction of H2O2 to water is the primary defense of mitochondria for peroxide
removal. In cells depleted of glutathione, peroxide metabolism is severely compromised in
the mitochondria leading to increased H2O2 levels. Additionally, depletion of cellular glu-
tathione may relieve the allosteric inhibition of neutral SMase activity by glutathione thus
elevating ceramide levels and further amplifying H2O2 production.
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located in the intermembrane space of the mitochondria peripherally bound
to the inner mitochondrial membrane (Figure 7.3). Recent data have identi-
fied the release of cytochrome c from mitochondria as a critical component
of apoptosis and in the activation of caspase-3,75 at least in some cell sys-
tems.76 Although discrepancies exist regarding whether cytochrome c is
released before77,78 or after the permeability transition,71,79 these results raise
the possibility that ceramide may affect the release of cytochrome c and
related factors or be a component with apoptotic protease-activating factor
175 and/or apoptosis-inducing factor79 in activating caspases.

Bcl-2 is well recognized for its ability to inhibit apoptosis induced by TNF
or ceramide.80 Importantly, Bcl-2 does not inhibit ceramide production, indi-
cating that it acts downstream of ceramide,19,24 most likely at the level of the
mitochondria by protecting against unidentified ceramide-elicited inducers
of the permeability transition.71 Although the mechanism whereby Bcl-2
inhibits apoptosis is unknown, it may relate to its ability to inhibit caspase
activation,74,81 to inhibit the release of cytochrome c and the apoptosis-induc-
ing factor,77-79 to function as an antioxidant protein,82 to effect Ca2+ fluxes
across mitochondrial membranes, to bind Raf-1,77,80,83 and to antagonize the
activation of stress-activated protein kinases.84

Although overexpression of Bcl-2 inhibits ceramide-induced apoptosis, it
is tempting to speculate that ceramide may affect Bcl-2 in the induction of
apoptosis. Recent data have shown that Bcl-2 binds Raf-1 and that this
interaction facilitates resistance to apoptosis,83 potentially through the phos-
phorylation and inactivation of the proapoptotic protein BAD by Raf-1.85

Ceramide activates a 97-kDa protein kinase68 recently identified as the kinase
suppressor of ras (KSR).86 KSR is a membrane-associated Raf-1 kinase which
phosphorylates Raf-1 on a unique motif in the N-terminal domain86,87 which
is not involved in BAD phosphorylation nor the interaction with Bcl-2.83,85

Similar to Bcl-2, KSR lacks a signal sequence and may bind to membranes
through interaction with its hydrophobic carboxyl terminal domain.80,86

Although it is unknown whether KSR may localize to mitochondrial mem-
branes, increases in mitochondrial pools of ceramide65 may activate KSR and
affect the antiapoptotic activity of the Bcl-2-Raf–1 complex. On the other
hand, one study has suggested that ceramide-activated protein kinase (KSR)
may not be involved in apoptosis.88

7.2.3 Effect of Ceramide on Stress-Activated Protein Kinases

Stress-activated protein kinases (SAPKs or c-Jun N-terminal kinases, JNK)
and p38 kinase are members of the MAP kinase family, which are activated
by a phosphorylation cascade involving upstream kinase–kinase activities
(reviewed in Reference 89). In many cells, one biologic consequence of SAPK
and p38 kinase activation is apoptosis. There is significant overlap between
the stimuli known to activate SAPK and induce ceramide production,90

suggesting that SAPK activation may be a downstream effector of ceramide
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signaling. Indeed, addition of C2-ceramide to HL-60 cells activated SAPKs
and increased c-jun mRNA levels.91 These results are consistent with the
reports that the activation of c-jun/AP-1 is necessary for ceramide-induced
apoptosis in HL-60 cells37 and that inhibition of SAPK by dominant-negative
SEK1 (the immediate upstream kinase activator of SAPKs) or TAM-67 (a
dominant-negative c-Jun mutant lacking the N-terminal transactivation
domain) blocked apoptosis induced by growth factor withdrawal92 or cera-
mide.26 However, a separate study found that Tam-67 alone failed to protect
cells from ceramide-induced apoptosis, although the combination of Tam-
67 and an inhibitor of p38 kinase was effective.93 These results suggest that
cross talk between SAPKs and p38 kinase may be important in regulating
the response to ceramide, and that the role of these MAP kinase family
members in ceramide-induced apoptosis may vary depending upon the cell
type. Although the mechanism whereby ceramide leads to SAPK activation
is unknown, it may involve the generation of reactive oxygen species.94

Alternatively, the activation of GTPases such as Rac1 and Ras30,93 may reg-
ulate an upstream MAP kinase kinase kinase such as TAK1, which may be
necessary for ceramide activation of SAPKs.94 Indeed, dominant negative
mutants of Rac1 and ras inhibited ceramide-induced activation of SAPKs
and p38 kinase and blocked apoptosis.30,93

7.3 Ceramide, a Potential Mediator of Antiapoptotic Signals 
in Post-Mitotic Neurons

Primary cultures of sympathetic neurons are dependent upon nerve growth
factor (NGF) for survival.43 However, the addition of the cell-permeable
ceramide analogue, C2-ceramide, concomitant with NGF withdrawal
increased neuronal survival by up to 84% after 48 h. Moreover, the time
necessary to kill 50% of the neurons increased from 27 to 81 h. Similarly,
ceramide protected hippocampal neurons against cell death induced by
amyloid-beta peptides, glutamate, and FeSO4 toxicity.44 The protective effects
of ceramide in the latter study were only seen upon preincubation of the
cells with ceramide and were blocked by inhibitors of protein and RNA
synthesis. Significantly, in both studies, ceramide concentrations exceeding
25 µM induced cell death. These results are similar to studies showing that
neurons are much less sensitive than glial cells to ceramide-induced death.28,41

For example, chick cortical neurons required 50 to 100 µM ceramide in serum
free medium to achieve significant levels of cell death42; these concentrations
are at least 10 to 20 fold greater than those required for death in glial cells.28,41

These data suggest that ceramide may temporarily activate antiapoptotic path-
ways in neurons and that a fundamental difference exists between how the
ceramide signal is interpreted by postmitotic neurons vs. glial cells.
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7.3.1 Potential Molecular Mechanisms of the Protective Effects 
of Ceramide

7.3.1.1 Inhibition of Cell Cycle Reentry by Postmitotic Neurons

Although the discussion to this point has focused on ceramide as a mediator
of apoptosis, ceramide also induces cell growth arrest at the G0/G1 phase of
the cell cycle.46 Importantly, ceramide can induce a G0/G1 cell cycle arrest
without inducing apoptosis.46,95 In many cells, apoptosis occurs from late G1

to early S phase, while cell cycle arrest in G0 or early G1 can suppress
apoptosis.96,97 The cell cycle/apoptosis hypothesis predicts that neuronal
apoptosis may be initiated by an abortive attempt of postmitotic neurons to
reenter the cell cycle.98 Several studies support the view that once neurons
attempt to reenter the cell cycle at the G1/S checkpoint, they are committed
to die.99,100 Indeed, inhibitors which block progression through G2/M do not
protect postmitotic sympathetic neurons from undergoing apoptosis in
response to NGF withdrawal, indicating that neurodegenerative pathways
are already irreversibly activated.98,100

Several studies have shown that cyclin D1 expression and cyclin-depen-
dent kinase 4 (cdk4) activity are necessary for neuronal apoptosis. Since the
cyclin D–cdk4 complex is the first cdk known to be activated and is necessary
for the progression of cells from G1,101 activation of this complex in postmi-
totic neurons may be an early signal for apoptosis.102 Additionally, hyper-
phosphorylation of retinoblastoma (Rb) protein by cyclin D1–cdk4 and the
neuron specific cdk5 may accelerate apoptosis.103,104 These results raise the
possibility that the antiapoptotic effect of ceramide may relate to the ability
of ceramide to induce Rb dephosphorylation,105 inhibit cdk activity,95 and
arrest cells at the G0/G1 checkpoint,46 thereby blocking an attempt at cell
cycle reentry. Prevailing evidence suggests that ceramide-induced growth
arrest is regulated at least in part by changes in the phosphorylation state
of Rb19,105 and the inhibition of cyclin-dependent kinases.95 The importance
of Rb in effecting ceramide-induced cell cycle arrest is underscored by the
attenuated ability of ceramide to inhibit the proliferation of cells either lack-
ing Rb or in which Rb is sequestered by binding to the adenoviral E1A
antigen.105 Further, ceramide dramatically attenuates the activation of cdk4
induced by treatment of primary cultures of cortical neurons with amyloid-
beta peptides (RTD, unpublished data). However, neurons may also undergo
apoptosis through pathways independent of attempts at cell cycle reentry,
i.e., peroxynitrite-induced cell death. It will be interesting to determine if
ceramide may also be protective against these inducers of apoptosis.

7.3.1.2 Ceramide Activation of NF-κκκκB and Protection against Apoptosis

NF-κB is an inducible transcription factor classically implicated in the reg-
ulation of inflammatory response genes.106 NF-κB is activated by numerous
stimuli including amyloid-beta peptides,107 reactive oxygen species,106,107

TNF,108 chemotherapeutic agents,20 NGF109 and ceramide.2,47,109 Intriguingly,
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the activation of NF-κB may elicit both apoptotic and antiapoptotic responses
in neurons vs. glial cells.107,110-112 For example, activation of NF-κB in glial
cells may be involved in apoptosis induced by amyloid-beta peptides, poten-
tially through the activation of proinflammatory or cytotoxic genes such as
nitric oxide synthase and interleukin-6.106,107 In contrast, activation of NF-κB
in neurons may increase the expression of antioxidant genes and decrease
neuronal apoptosis induced by amyloid-beta peptides44 or growth factor
withdrawal.114 Moreover, previous studies had suggested that TNF could
protect neurons from amyloid-beta-induced apoptosis by decreasing H2O2

production and activating NF-κB.115 Further, ceramide pretreatment mim-
icked the effect of TNF in protecting neurons from cell death induced by
amyloid-beta peptides or glutamate.44 However, as previously discussed,
ceramide can increase H2O2 production by directly inhibiting mitochondrial
electron flow.65 These results raise the possibility that fundamental differ-
ences may exist in the effects of ceramide on mitochondria in different cell
types. Alternatively, low levels of ceramide may induce sufficient generation
of H2O2 to activate NF-κB and induce the expression of antioxidant genes
but not be apoptotic. Indeed, recent data suggest that the production of H2O2

by low concentrations of Aβ (0.1 µM) may induce a protective response in
neurons through a transient activation of NF-κB.107 In contrast, doses of
amyloid-beta peptides typically used to induce apoptosis (10 µM) generate
significantly more H2O2 which inhibits NF-κB activation.107 Thus, depending
upon the cell type and its genetic program, the nature of the specific activator,
the magnitude and duration of the activation signal, as well an interaction
with other signaling pathways, similar effector proteins may be involved in
eliciting neurodegenerative or neuroprotective responses.

In summary, the dichotomous responses of neurons to ceramide are con-
sistent with the hypothesis first put forth by Hannun and co-workers that
ceramide may serve as a sensor of cellular stress involved in gauging the
extent of cellular injury and initiating a response.19,36 If the stress is short
term, transient ceramide production may promote an antiapoptotic response
by affecting cell cycle progression and afford the cell an opportunity to
recover from the stress. In contrast, if the stress endures, prolonged ceramide
production in combination with other signals may initiate entry into apop-
totic pathways. Understanding the circumstances and mechanisms whereby
ceramide may activate antiapoptotic signals will undoubtedly provide basic
insight into the relationships between lipid signaling pathways, cell cycle
progression, and apoptosis. These efforts may provide novel approaches to
regulating or slowing neurodegenerative processes.
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8.1 Introduction

 

Historically, the distinction between various types of cell death has been
based on the morphology of the cells as they undergo the process. The
classification of cell death as apoptosis or necrosis now depends on morpho-
logical and biochemical criteria, in addition to the circumstances that lead
to these processes.

 

1-3

 

 The necrosis phenomenon involves swelling of the
plasma membrane and other organelles, eventually leading to their rupture.
Cells undergoing the apoptotic process shrink and increase in density while
maintaining organelle integrity until relatively late in the course of events.
The plasma membrane of apoptotic cells forms bud-like protrusions that
eventually separate as membrane-bound vesicles containing remnants of the
cell: these are referred to as apoptotic bodies. The chromatin in the nucleus
of these cells goes through remarkable changes leading to condensation and
finally, to a breakdown of the nucleus. The nuclear fragments are emitted
by the cell as apoptotic bodies. Biochemically, the nuclear DNA in apoptotic
cells gets cleaved by activated endonucleases into 200 to 300 kb and 30 to 50
kb fragments, which may get further cleaved into internucleosomal, 180 to 200-
bp fragments.

 

4,5

 

 The apoptosis detection methods discussed in this chapter are
based mainly on the profound changes in cell membrane and nuclear morphol-
ogy that occur during the course of apoptosis. The methods will first be dis-
cussed briefly, followed by short protocols for each of the methods.

Detection methods that assess the viability of cells undergoing apoptosis
are based on (a) the intactness of the plasma membrane; (b) the morpholog-
ical state of the nucleus; or, (c) certain cellular enzymes and/or their bio-
chemical function. Membrane impermeant dyes such as trypan blue,
ethidium bromide, or propidium iodide are used in assays that are based
on the principle of dye exclusion.

 

6-8

 

 Cells with damaged plasma membrane
allow entry of these dyes, whereas viable cells with intact plasma membrane
exclude them. Membrane-permeable nuclear dyes such as acridine orange
and the Hoechst 33258 dye are used for detecting apoptotic cells, based only
on their ability to stain the nucleus by chelating DNA and thus differentiating
a normal nucleus from one that has condensed due to apoptosis.

 

9,10

 

Viability assays based on the quantitation of a biochemical function that
are to be discussed in this chapter include the MTT (3-(4,5-di

 

m

 

ethy

 

t

 

hiazol-
2-yl)-2,5-diphenyl 

 

t

 

etrazolium bromide) assay and the LDH (lactate dehy-
drogenase) release assay. The MTT assay is based on the evaluation of cell
viability by quantitating the metabolic product, formazan, of the tetrazolium
salt, MTT.

 

11

 

 The MTT formazan has a dark blue color and can be easily quan-
titated using a spectrophotometer. The LDH assay is functionally based on the
observation that injured or nonintact cells tend to leak the cytosolic enzyme
LDH into the surrounding media.

 

12

 

 The LDH enzyme converts pyruvate to
lactate in the presence of NADH (nicotinamide adenine dinucleotide). LDH
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release is then measured by spectrophotometrically monitoring the decrease
in the absorption of NADH.

Histochemical methods used to detect apoptosis are based on 

 

in situ 

 

labeling
of cleaved nuclear DNA.

 

13

 

 The TUNEL (

 

T

 

dT-mediated d

 

U

 

TP 

 

n

 

ick 

 

e

 

nd 

 

l

 

abeling)
method utilizes the ability of the TdT (terminal deoxynucleotidyl transferase)
enzyme to incorporate deoxyuridine (dUTP) at the 3

 

′

 

-OH sites of DNA breaks.

 

14

 

The dUTP is conveniently labeled with a tag which is then detected, depending
on the chemical nature of the tag. The final detection can be using a color
development reagent such as DAB (3, 3

 

′

 

-diaminobenzidine) or by fluorescence.
Double-labeling techniques incorporating the TUNEL method have also
proved helpful in associating apoptosis with the expression of various proteins
in the cell.

 

15

 

 Finally, the old standby method of detection of fragmented DNA
by gel electrophoresis or DNA laddering is discussed.

 

16

 

8.2 Methods to Assay Cell Viability

 

8.2.1 Assays Based Only on Dye Exclusion Principle

 

Assessment of cell viability using high molecular weight dyes such as trypan
blue has become a widely used method to differentiate viable from damaged
cells.

 

8,17

 

 Normal cells or those that are in the early phase of apoptosis, have
intact plasma membrane, and thus exclude trypan blue; whereas, dead cells
or those that are in late apoptotic stages with lysed membranes are permeable
to the dye. The trypan blue assay for cell viability is inexpensive and reliable
and is thus one of the most commonly used viability assays. Both adherent
as well as suspension cells can be easily stained with trypan blue and counted
using a hemocytometer under a light microscope. Viable cells exclude the
dye and appear unstained or white, whereas dead cells take up the dye and
are stained blue.

The usefulness of viability assays using trypan blue, particularly for some
cell types, is somewhat limited due to the fact that once cells are exposed to
the dye, the number of dead cells tends to increase with incubation time.

 

18,19

 

As time goes on, the percentage of dead cells artificially increases during
this assay. One can overcome this problem by incubating cell samples for
different experimental time points with trypan blue immediately prior to
counting it, thus ensuring reliable results.

 

8.2.2 Assays Based on Dye Exclusion and Nuclear Staining

 

Viability assay by staining for apoptotic cells with the fluorescent dye ethid-
ium bromide is also based on the principle of dye exclusion. The ethidium
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bromide homodimer can permeate dead cells and fluorescently stain the
nuclei as it chelates DNA; intact cells remain unstained.

 

7,20

 

 When viewed
under a fluorescence microscope, the nuclei of dead cells have a bright red
fluorescence.

 

21

 

 The other fluorescent dye frequently used in similar experi-
ments is propidium iodide (PI). PI is also a membrane impermeable nuclear
dye, under a fluorescence microscope the stained dead cells emit red fluo-
rescence upon green excitation.

 

6,22,23

 

 The advantage of using both these dyes
for viability assay is that in addition to distinguishing between live and dead
cells based on membrane integrity, they also stain the nucleus, and thus
differentiate a normal nucleus from a condensed, apoptotic one.

One advantage of using fluorescent dyes for cell viability assay over trypan
blue is that the count of stained cells remains constant with time.

 

24

 

 However,
while counting several hundred cells under a fluorescence microscope, the
fluorescent dye tends to bleach. This problem is overcome by photographing
various fields and counting stained cells from the photographs.

 

8.2.3 Assays Based on Nuclear Morphology

 

Apoptotic nuclei have characteristic condensed chromatin forming crescent
shaped clumps at the periphery of the nuclear membrane.

 

1

 

 These distinctive
morphological changes in the nucleus of the apoptotic cell can be visualized
at a very gross level by staining with membrane-permeable (or inclusion)
dyes such as acridine orange (AO) and Hoechst 33258.

 

9,10,25

 

 These dyes bind
to nuclear DNA and emit fluorescence when excited by ultraviolet or visible
light. When bound to DNA, AO emits a yellow-green fluorescence at con-
centrations lower than 20 µ

 

M

 

, whereas Hoechst 33258 dye emits blue fluo-
rescence.

 

10,24

 

 Condensed nuclei in apoptotic cells are clearly distinguishable
with these staining methods as they are highly fluorescent, visibly shrunk,
and homogenous bodies when compared to normal nuclei.

Viability assays based on nuclear staining can also be carried out with
membrane-impermeant dyes such as propidium iodide, provided the entire
population of cells being analyzed is made permeant prior to incubation
with the dye. This is commonly achieved either by fixation of cells followed
by staining, or by staining with PI in the presence of a detergent such as
Triton X-100.

 

17

 

 Furthermore, as an extension of the use of these fluorescent
dyes for viability assay, one can use a combination of exclusion and inclusion
dyes such as ethidium bromide or PI (exclusion) and AO (inclusion). This
permits a more detailed analysis of viable, early apoptotic, and late apop-
totic/necrotic cells in the same population.

 

17,24,26

 

 In such experiments, viable
cells are stained with only the membrane permable dye (AO), which emits
a green fluorescence. At the same excitation wavelength, late apoptotic or
dead cells will emit a bright red fluorescence; even though both AO and PI
enter such cells, the emission of PI is stronger than AO. Cells that are in the
early stages of apoptosis will have mostly green fluorescence (AO) and a
very low level of red fluorescence.
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8.2.4 Assays Based on Biochemical Function

 

8.2.4.1 MTT Assay

 

Measurement of cell viability by the MTT method is commonly used to assay
cell survival during apoptosis. This method was originally described to
measure cell proliferation in cytotoxic assays.

 

11

 

 It has been very widely used
in drug screening and drug sensitivity testing for various tumor cell lines.

 

27

 

The main advantage of this assay is that it is a rapid and quantitative
(colorimetric) method to measure the number of surviving cells. This assay
is based on the ability of live cells to reduce a light yellow compound, MTT,
into a dark blue product, formazan MTT, that is quantitated spectrophoto-
metrically by absorbance measurement at 570 nm.

 

11

 

 The cellular reduction
of MTT is now believed to occur both in the mitochondria by the enzyme
succinate dehydrogenase and also extra-mitochondrially involving the pyri-
dine nucleotide cofactors, NADH and NADPH.

 

28

 

 The MTT assay is easily
performed with cells grown in microtiter assay plates. The MTT formazan
crystals generated from the reduction reaction are best dissolved in an
organic solvent such as DMSO and then quantitated by absorbance mea-
surement at 570 nm.

 

29

 

 Only live cells in a given cell population reduce MTT;
hence, only viable cells contribute to the absorbance measurement. There-
fore, an increase or decrease in the number of live cells will show up as a
corresponding increase or decrease in the absorbance value at 570 nm.

The reduction of MTT to the formazan product is influenced by many
parameters, only some of which can be controlled by changing the cellular
growth and assay parameters.

 

29,30

 

 The assay cannot be applied to all cell
lines, since some do not metabolize MTT (for example, breast cancer cell
lines VACC 732 and VACC 812) and some lose the ability to do so at high
density (for example, colon carcinoma cell line HCT-8).

 

31,32

 

 The absorbance
at 570 nm which is directly related to the level of the product, MTT formazan,
varies significantly among different cell lines; therefore, assay conditions for
each cell line should be initially established before a detailed use of this
method.

 

8.2.4.2 LDH Assay

 

The LDH efflux assay originally developed for measuring cytotoxicity is also
used to quantitate damaged cells.

 

33

 

 The LDH assay is a sensitive enzyme
release assay that is based on the fact that cytosolic LDH leaks out of cells
with damaged membranes. The released LDH can be rapidly and spectro-
photometrically monitored by one of the following two ways: the LDH
enzyme reduces pyruvate to lactate in the presence of NADH which is
oxidized to NAD

 

+

 

. The level of LDH is most commonly measured by mon-
itoring the reduction of absorbance of NADH at 340 nm.

 

12,34

 

 Instead of mea-
suring the absorbance of NADH, one can also measure its fluorescence at
460 nm with an excitation at 360 nm.

 

35

 

 The increased sensitivity of fluores-
cence measurement over that of absorbance, has been cited as the major
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advantage of this detection method. The second method of detecting LDH
is based on the ability of LDH to catalyze the reverse reaction, i.e., oxidation
of lactate to pyruvate using NAD

 

+

 

, which in turn is reduced to NADH. This
reaction is coupled to another enzymatic reaction wherein NADH reduces
INT ((2-(

 

p

 

-iodophenyl)-3-(

 

p

 

-nitrophenyl)-5-phenyltetrazolium chloride)) to
a red formazan product that can be detected and spectrometrically quanti-
tated between 450 to 490 nm.

 

34

 

Both the MTT and LDH assays for measurement of cell viability are rapid
and reliable methods. In testing for drug sensitivity, a good correlation has
been found between these two methods.

 

27

 

 The MTT method cannot be used
for all cell types as described earlier. A major advantage of the LDH assay
is that it is very sensitive. Neurons that have a relatively high level of the
LDH enzyme are commonly assayed for viability by this method.

 

12

 

8.3 Histochemical Methods to Detect Apoptosis

 

8.3.1 TUNEL Method

 

Profound changes involving the digestion of nuclear DNA in apoptosis were
demonstrated in early experiments done on thymocytes.

 

16

 

 It is now recog-
nized that the digestion of DNA occurs in two phases, one that cleaves the
genomic DNA into large 200- to 300-kb and 30- to 50-kb fragments, and the
second that further cleaves the DNA to produce fragments 180 to 200 bp in
size.

 

36,37

 

 The final DNA fragments produced as a result of the cleavage, most
often, are the nucleosomal units that, by gel electrophoresis, show up as a
DNA ladder, referred to as an oligonucleosomal ladder. The identity of the
nucleases involved in DNA fragmentation during apoptosis is still very
controversial and is the topic of much discussion.

 

38,39

 

 Nucleases involved in
the generation of the internucleosomal, 200-bp fragments have been vari-
ously identified as DNaseI, DNaseII, and several other proteins.

 

40-42

 

However, an observation that is not controversial is the generation of 3

 

′

 

-
OH groups on the fragmented DNA.

 

43

 

 These new 3

 

′

 

-OH groups can be
identified by 

 

in situ 

 

labeling and forms the basis of the histochemical ISEL
(

 

i

 

n 

 

s

 

itu 

 

e

 

nd 

 

l

 

abeling) method to detect apoptotic cells. The ISEL technique
relies on the labeling of DNA by terminal deoxynucleotidyl transferase (TdT)
or DNA polymerase. Based on the enzyme that is used to label the DNA,
the method is either called TUNEL (

 

T

 

dT mediated d

 

U

 

TP 

 

n

 

ick 

 

e

 

nd 

 

l

 

abeling)
or ISNT (

 

i

 

n 

 

s

 

itu 

 

n

 

ick 

 

t

 

ranslation).

 

14,44,45

 

 Significant labeling differences have
been observed upon comparison of the two ISEL techniques. The TUNEL
method has been found to be superior to the ISNT method, as it has a higher
sensitivity and also labels a larger number of cells. This was found to be the
case in tissues of the nervous system, tissues from biopsies of breast cancer,
head and neck squamous cell carcinoma, and non-Hodgkin’s lymphoma,
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and also cells such as HL60.

 

13,46

 

 The difference in labeling is based on the
activity of the two enzymes involved. The DNA polymerase enzyme only
recognizes 3

 

′

 

-OH recessed ends, whereas the TdT enzyme recognizes the 3

 

′

 

-
OH at 3

 

′

 

 recessed, 5

 

′

 

 recessed as well as blunt ends.

 

46,47

 

 Therefore, TdT
labeling tends to be stronger than that with DNA polymerase. In addition,
some tissue samples (breast cancer) that are TUNEL-positive do not even
label with the ISNT method leading to the hypothesis that DNA breaks in
this case of apoptosis probably do not produce 3

 

′

 

 recessed OH groups.

 

46

 

 The

 

in situ 

 

labeling method described in this chapter will be restricted to the
TUNEL method.

The labeling technique in the TUNEL method is functionally based on the
activity of the TdT enzyme that transfers dUTP to the 3

 

′

 

-OH groups of the
fragmented DNA.

 

14

 

 The dUTP moiety is chemically tagged, thus allowing
the visualization of cells that are apoptotic. Normal nuclei have very low
levels of 3

 

′

 

-OH breaks and do not produce any appreciable signal as opposed
to apoptotic nuclei. In the original method, dUTP was labeled with biotin,
and detection was achieved with avidin-peroxidase followed by color devel-
opment.

 

14

 

 Subsequently, several modifications of the original method have
been made. One such change involves the chemical modification of dUTP
to digoxigenin-dUTP, which is then detected by using an antibody that
recognizes the digoxigenin group.

 

48

 

 This antibody can itself be fluorescently
labeled or can be detected by the addition of a horseradish peroxidase (HRP)
conjugated secondary antibody followed by DAB color development that
results in brown apoptotic nuclei. A more recent and simple technique
involves the direct tagging of dUTP with the fluorescent molecule, fluores-
cein.

 

49

 

 This modification drastically reduces the time required to label apo-
ptotic cells. In addition, the direct fluorescent TUNEL method produces
significantly lower levels of background fluorescence when compared to the
method that employs fluorescently labeled antidigoxigenin antibody. In
experiments where the detection is based on a color reaction, the cells are
counterstained with a staining reagent such as methylene blue.

The results of a TUNEL staining experiment with digoxigenin-dUTP, fol-
lowed by detection using HRP-conjugated antidigoxigenin antibody and
DAB are shown in Figure 8.1. Brain tissue sections from a patient with
juvenile Batten disease (JNCL) were subjected to TUNEL staining using the
ApopTag kit from Oncor (Gaithersburg, MD).
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 Apoptotic cells are identi-
fiable as those containing brown nuclei; normal nuclei stain blue. Figure 8.2
shows the results from a TUNEL staining experiment with indirect fluores-
cent detection. A human brain tissue section (treated with DNaseI to artifi-
cially induce DNA fragmentation) was labeled with digoxigenin-dUTP and
then visualized by addition of a rhodamine-conjugated antidigoxigenin anti-
body that fluoresces red. The small, dense nuclei (white arrows) can be easily
recognized as apoptotic nuclei. The results from a direct fluorescent TUNEL
staining experiment performed on cells that were made apoptotic by with-
drawal of growth factors is shown in Figure 8.3. Neuronal precursor cells,
NT2, were grown under conditions of serum withdrawal for 20 h and fixed
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prior to staining with ApopTag Direct (Fluorescein) kit from Oncor (Gaith-
ersburg, MD).
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 In this case the detection method was direct, since fluores-
cein-labeled dUTP was used in the TdT labeling reaction.
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 The cells were
counterstained with propidium iodide, which is taken up by every cell since
all cells were made membrane permeable during fixation. Cells with apop-
totic nuclei are those that stain yellow-green; normal nuclei counterstain red.

 

8.3.2 Double Labeling for TUNEL and Other Proteins

 

A variation of the TUNEL technique involves the double labeling for apop-
tosis and other proteins under investigation.
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 This method can be used to
elegantly demonstrate whether or not apoptosis and the protein of interest
are colocalized to the same cell. This double labeling procedure can be
performed using either DAB or the fluorescent method of detection for both
apoptosis and the protein being studied. This method is now commonly
used in many different systems. For example, TUNEL has been combined

 

FIGURE 8.1

 

TUNEL staining of brain tissue section using digoxigenin-dUTP and DAB color development.
Paraffin-embedded brain section from a Batten patient (JNCL) was deparaffinized in xylene,
rehydrated, and stained for apoptosis by the TUNEL method. Digoxigenin-dUTP was detected
with HRP-conjugated antidigoxigenin antibody and DAB. When viewed under a light micro-
scope, apoptotic cells are identified as those with brown nuclei, whereas normal cells have blue
nuclei. See color plates following page 148.
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with immunocytochemistry to stain for GFAP (glial fibrillary acidic protein)
in astrocytes and transferrin in oligodendrocytes following peripheral nerve
injury in the CNS.
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The result from a double-labeling experiment as described above is shown
in Figure 8.4. Paraffin-embedded tissue sections of a diseased juvenile Batten
brain were subjected to the double-labeling method in order to determine if
apoptotic neurons overexpress the Bcl-2 protein.
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 The tissue sections were
labeled for apoptotic nuclei using the ApopTag kit from Oncor. Immunola-
beling for Bcl-2 was carried out using a polyclonal anti-Bcl-2 antibody fol-
lowed by biotin conjugated secondary antibody and finally, HRP-
streptavidine. DAB was used for color development for both TUNEL and
immunolabeling. A brown nucleus indicates an apoptotic neuron. Brown
cytoplasm identifies neurons overexpressing Bcl-2. Labeling of affected (Bat-
ten) tissue showed three types of cells: (1) those that were neither apoptotic
(blue nuclei) nor Bcl-2 overexpressors (blue cytoplasm); (2) those that were
either only apoptotic (brown nucleus, thin white arrow) or only Bcl-2 over-
expressors (brown cytoplasm, broad white arrow); and, finally, (3) those

 

FIGURE 8.2

 

Fluorescent TUNEL (indirect) staining of brain tissue section. Paraffin-embedded section of
human brain was deparaffinized, rehydrated, and treated with DNase prior to TUNEL staining
using digoxigenin-dUTP. The dUTP-labeled fragmented DNA was then visualized by using a
rhodamine labeled antidigoxigenin antibody that has red fluorescence. Apoptotic cells with the
condensed, round, red nuclei (white arrows) are easily distinguishable from normal nuclei. See
color plates following page 148.
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neurons that were both apoptotic and Bcl-2 overexpressors (brown nucleus
and cytoplasm, white arrowhead).

Double labeling results with fluorescently labeled antibodies for TUNEL
and the Bcl-2 protein are shown in Figure 8.5. Paraffin-embedded tissue
section from a diseased (Batten) brain was first labeled for apoptosis with
TdT and digoxigenin-dUTP and detected by using fluorescein-labeled anti-
digoxigenin antibody. The protein of interest, Bcl-2, was detected by immu-
nolabeling with a polyclonal anti-Bcl-2 antibody followed by rhodamine-
labeled secondary antibody. The green fluorescein labeling (A) identifies
apoptotic nuclei only, whereas the red rhodamine labeling (B) indicates the
expression of Bcl-2 protein in the cytoplasm. The apoptotic cells can be clearly
identified as those with the small homogenous, dense, green rounded nuclei
(Figure 8.5A) some of which also express the Bcl-2 protein (white arrows in
Figure 8.5B). In addition, there are cells that are not apoptotic but which
express Bcl-2 as indicated by a broad white arrow in Figure 8.5B. It is impor-
tant to note that the intrinsic green autofluorescence of some tissues, such

 

FIGURE 8.3

 

Direct fluorescent TUNEL staining of cells. Neuronal NT2, precursor cells, were grown on glass
coverslips and cultured for 20 h in serum-free medium. Cells were then fixed in 2% formalde-
hyde, 0.2% glutaraldehyde, and stained by TUNEL method. Fluorescein-labeled dUTP was
used for direct visualization of fragmented nuclei. Propidium iodide was used to counterstain
the cells. Apoptotic nuclei are those with green or yellow-green fluorescence. See color plates
following page 148.



 

© 1999 by CRC Press LLC

 

as brain, contributes to the background. However, the apoptotic homoge-
nous green nuclei can still be distinguished from normal nuclei (Figure 8.5A).

The TUNEL method of detecting apoptotic cells is the most widely used
histochemical method. Its major advantage is the ability to detect apoptosis
at the level of single cells. The various modifications of the technique, such
as the simultaneous detection of the occurrence of apoptosis and overexpres-
sion of certain proteins, make it particularly attractive to various facets of
apoptosis research. It is, however, necessary to optimize a few of the param-
eters prior to performimg a detailed TUNEL assay.
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 These are proteinase K
treatment, concentration of TdT enzyme, and the counterstaining step in the
case of DAB detection. The proteinase K treatment, necessary for tissue
sections, gives the best results when performed at a concentration of 2 µg/ml;
excess digestion may result in nonspecific staining. Similarly, TdT concen-
tration needs to be varied to achieve optimal staining results; lower concen-
trations (20 U/100 µl) have been shown to produce better staining. Finally,

 

FIGURE 8.4

 

Double labeling for apoptosis by TUNEL method and Bcl-2 protein by immunocytochemical
method. Paraffin-embedded brain section from Batten patient (JNCL) was labeled with digox-
igenin-dUTP followed by HRP-conjugated antidigoxigenin antibody. Bcl-2 detection was car-
ried out by immunolabeling with a polyclonal anti-Bcl-2 antibody followed by biotin labeled
secondary antibody and, finally, HRP-streptavidin. Color development was done using DAB.
A brown nucleus identifies an apoptotic cell (thin white arrow), while a brown cytoplasm
indicates Bcl-2 overexpression (broad white arrow). See color plates following page 148.
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methylene blue counterstaining conditions need to be well established to get
optimal counterstaining; too strong a counterstain makes the normal nuclei
appear very dark.

 

8.4 DNA Laddering

 

The endonucleolytic cleavage of nuclear DNA forms the basis of detection
of apoptosis by gel electrophoretic analysis of the DNA ladder.
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 Genomic
DNA is extracted from apoptotic and normal cells and the formation of an
oligonucleosomal ladder or bands representing DNA of 180 to 200 bp and
their concatamers is assessed by analyzing the DNA on agarose gels (1.8 to
2.0%). The results of a DNA laddering experiment as performed on apoptotic
cells is shown in Figure 8.6. U937 cells were treated with proapoptotic agents
such as ceramide or TNF-

 

α

 

 (tumor necrosis factor) and harvested by extrac-
tion of genomic DNA that was then analyzed on a 1.2% agarose gel.
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 The
internucleosomal DNA ladder was only observed in apoptotic cells.

A modification of the original method has made the detection of the DNA
ladder much simpler. This modification involves the extraction of only the

 

FIGURE 8.5

 

Fluorescent double labeling for apoptosis and Bcl-2. Paraffin-embedded brain tissue section
was stained by the TUNEL method with digoxigenin-dUTP followed by fluorescein-labeled
antidigoxigenin antibody. Bcl-2 detection was done using a polyclonal anti-Bcl-2 antibody and
rhodamine-labeled secondary antibody. Green fluorescence (A) shows TUNEL-positive nuclei
as condensed, rounded bodies (arrow heads). Red fluorescence (B) indicates Bcl-2 overexpres-
sion (arrow and arrow heads). See color plates following page 148.
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low-molecular weight fragmented DNA which is subsequently analyzed on
a gel.
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 This drastically reduces the time required to analyze the cells, par-
ticularly when a large number of samples is to be tested. Another modifica-
tion that increases the sensitivity of detection of the ladder is the utilization
of the Southern blotting method following the gel electrophoresis step.
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 In
such experiments, radioactively labeled sheared genomic DNA (same spe-
cies as the DNA being tested) is used as the probe. This modification is very
useful in situations where the amount of fragmented DNA is so low that
detection in the gel by ethidium bromide staining is impossible.

The formation of DNA ladder was once considered a hallmark of
the apoptotic process. Subsequently, the universality of formation of the

 

FIGURE 8.6

 

DNA fragmentation as detected by gel electrophoresis. U937 cells were treated with proapop-
totic agents such as ceramide (Cer) or tumor necrosis factor (TNF). Genomic DNA was extracted
and analyzed on a 1.2% agarose gel. Oligonucleosomal DNA fragments are visible in apoptotic
cells (Cer and TNF lanes), but not in normal cells (Nor). (Reprinted with permission from Obeid,
L. M., Linardic, C. M., Karolak, L. A., and Hannun, Y. A., Programmed cell death induced by
ceramide, 

 

Science

 

, 259, 1769, 1993. Copyright 1993 American Association for the Advancement
of Science.)
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oligonucleosomal units during apoptosis was questioned, as it is known that
after the initial cleavage of nuclear DNA into the larger fragments of 200
to 300 kb and 30 to 50 kb, there may not necessarily be any further frag-
mentation of the DNA to the lower molecular weight fragments.9 Currently,
the absence of DNA laddering is not equated with the absence of apopto-
sis.5 Therefore, the DNA laddering assay should be used to assess apoptosis
only if there is similar evidence from other histochemical and cell viability
assays.

8.5 Protocols

8.5.1 Cell Viability Assay

8.5.1.1 Trypan Blue Staining

Materials and Equipment

• 0.4% (w/v) Trypan blue made in 0.85% saline and filter sterilized
• Phosphate buffered saline (PBS)
• Hemocytometer
• Light microscope

Procedure

1. Wash and resuspend cells to be counted in PBS at a density of 0.5
to 2 × 106/ml. Add an equal volume of trypan blue dye so that the
final dye concentration is 0.2%. Mix thoroughly and incubate at
room temperature for 1 to 2 min.

2. Introduce 10 µl of the cell suspension with dye under the coverslip
of a hemocytometer and examine under a light microscope at 40×
magnification.

3. Count separately the white (viable) and blue (nonviable) cells in
the corner 1 mm squares (4 in all) of the hemocytometer. Cell den-
sity is the number of cells in each square multiplied by the dilution
factor (2 in this case) times 104 (accounts for the volume of the 1-mm
chamber).

4. Express cell viability as survival rate defined as the ratio of viable
cells to the total number of cells times 100.
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8.5.1.2 Ethidium Bromide or Propidium Iodide Staining

Materials and Equipment

• Ethidium bromide (20 µg/ml)
• Propidium iodide (20 µg/ml)
• Phosphate buffered saline (PBS)
• Fluorescence microscope

Procedure

1. Wash and resuspend cells in PBS at an approximate density of 0.5 to
1 × 106/ml and then add ethidium bromide to a final concentration
of 2 µg/ml. Incubate cells in dye for 30 to 60 min at room temperature.
For propidium iodide staining, add the dye to a final concentration
of 3 to 5 µg/ml and incubate the cells at 4˚C for 5 min. Wash cells
twice in PBS and resuspend in PBS for microscopic analysis.

2. Load 10 µl of the cell suspension in the counting chamber of a
hemocytometer and view under a fluorescence microscope. For
ethidium bromide-stained cells, use excitation wavelength of
360 nm and emission filter for 600 nm (red fluorescence). In order
to count propidium iodide stained cells, use excitation wavelength
of 525 nm with an emission filter for 600 nm.

3. Count dead cells as those that fluoresce red and the total cells in
any chamber under phase contrast conditions. Calculate cell den-
sity and viability as described above.

8.5.1.3 Nuclear Staining with Acridine Orange or Hoechst 33258

Materials and Equipment

• Acridine orange (100 µg/ml)
• Hoechst 33258 (2.5 µg/ml)
• Phosphate buffered saline (PBS)
• Fluorescence microscope

Procedure

1. Wash cells and resuspend in PBS at a density of 0.5 to 1 × 106/ml.
Add acridine orange to achieve a final concentration of 4 to
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5 µg/ml. Incubate cells at room temperature for 10 to 30 min. For
Hoechst staining, add dye to a final concentration of 0.05 µg/ml
and incubate cells for 30 min at room temperature.

2. Wash cells three times with PBS and proceed to microscopic analysis
as described above. View acridine orange-stained cells at 515 to
535 nm following excitation at 488 nm. For Hoechst-stained cells, use
excitation wavelength of 365 nm and emission wavelength of 460 nm.

3. Apoptotic cells are distinguished from normal cells based on nuclear
staining. Normal cells will display nucleus with homogenous fluo-
rescent chromatin, whereas apoptotic cells are those with condensed
chromatin and therefore, stongly fluorescent nuclei. Viability is cal-
culated from the number of dead and live cells as described above.

8.5.1.4 MTT Assay

Materials and Equipment

• MTT dissolved in PBS at 5 mg/ml, filter sterilized
• Lysis buffer (DMSO or 0.04 N HCl in isopropanol or 10% SDS in

0.01 N HCl)
• Spectrometer with a microtiter (ELISA) plate reader

Procedure

1. Incubate 1 to 2 ×104 cells in 0.1 ml culture medium in a 96-well
microtiter plate with 10 µl of the stock MTT solution at 37˚C for 2
to 4 h.

2. Add 100 µl of lysis buffer to each well of the plate and mix thoroughly
to dissolve the dark blue crystals. Check for complete solubilization
before measuring the absorbance of the formazan product.

3. Measure absorbance at 570 nm, using the plate reader on the spec-
trometer. The absorbance correlates directly to the number of viable
cells in the sample.

8.5.1.5 LDH Assay

Materials and Equipment

• 0.1 M potassium phosphate buffer (pH 7.2 at 25˚C)
• 7.5 mM sodium pyruvate (prepared fresh in phosphate buffer)
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• 1 mM NADH (freshly made in phosphate buffer)
• Spectrophotometer with automatic recording capability

Procedure

1. Remove media (0.1 to 0.5 ml) from cells being assayed. Add 1/10
volume of the sodium pyruvate solution (final concentration of
0.75 mM). Add phosphate buffer to get a final volume of 3 ml. For
background value, use plain culture medium for assay.

2. Start the enzymatic reaction by addition of 1/10 volume of NADH
(0.1 mM final concentration) to the sample.

3. Immediately start recording the absorbance of the sample at 340 nm
at 2 s intervals. The concentration of LDH, automatically calculated
from the slope of the absorbance curve, is expressed as U/ml (units
per ml). One unit is defined as the amount of LDH required to
cause a decrease of 0.001/min in the absorbance of a 3-ml reaction.

4. Measure total LDH from the cells being assayed by rupturing cells
at –70˚C (freeze-thawing). Express degree of apoptosis as a ratio of
LDH from the sample (minus background) over the total LDH in
the cells being assayed.

8.5.2 Histochemical Assay

8.5.2.1 TUNEL Staining

Materials and Equipment

• Xylene
• Ethyl alcohol (absolute, 95%, 70% diluted in distilled water)
• Phosphate buffered saline (PBS)
• Hydrogen peroxide (30% solution)
• Proteinase K (20 mg/ml)
• Equilibration buffer (100 mM sodium cacodylate, 0.1 M dithiothre-

itol, 5 mM cobalt chloride, 30 mM Trizma base, pH 7.2)
• TdT enzyme (1U/µl)
• Reaction buffer (0.001 mM digoxigenin-dUTP in equilibration buffer)
• Stop solution (300 mM sodium chloride, 30 mM sodium citrate)
• Peroxidase conjugated antidigoxigenin antibody (for indirect

TUNEL staining)
• Counterstain (1% w/v methyl green in 0.1 M sodium acetate)
• DAB (0.025% in PBS, 0.1% hydrogen peroxide freshly added)
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• Coplin jars
• Light microscope

Procedure

1. Deparaffinize and rehydrate tissue sections by washing specimen
in two changes of xylene for 5 min each, two changes of absolute
ethanol for 5 min each, one wash in 95% and 70% ethanol for 3 min
each and finally, one wash in PBS for 5 min.

2. Apply proteinase K (100 µl of 2.5 to 5 µg/ml) directly to the tissue
sample, incubate for 15 min at room temperature, wash four times
in distilled water for 2 min each.

3. Quench endogenous peroxide by incubation in 3% hydrogen per-
oxide in PBS for 5 min at room temperature. Wash twice in PBS for
5 min each.

4. Remove all excess liquid from slide, apply 50 µl of equilibration
buffer to each sample, cover with a plastic coverslip and incubate
at room temperature for up to 30 min.

5. Remove equilibration buffer by tapping off liquid, apply 25 µl of
TdT solution (20 U/100 µl) made up in reaction buffer. Cover with
plastic coverslip and incubate in a humid chamber at 37°C for 1 h.

6. Terminate labeling reaction by incubating the section in stop buffer
for 15 min at room temperature. Wash thrice in PBS for 5 min each
wash.

7. For indirect TUNEL staining, apply peroxidase conjugated anti-
digoxigenin antibody and incubate sections for 30 min at room
temperature. Wash samples thrice with PBS for 5 min each.

8. Add 150 µl of DAB solution to sections and let the color develop-
ment proceed for 5 min at room temperature. Wash samples four
times with distilled water for 5 min each.

9. Counterstain sections for 3 min in methyl green solution. Wash
sections with three changes of water followed by three changes of
100% butanol.

10. Wash in three changes of xylene and mount sections under glass
coverslips, using an appropriate mounting medium. View samples
under light microscope.

Notes:

1. While staining fixed cells, omit steps 1 and 2; start with step 3.
2. For a negative control, omit the TdT enzyme from the reaction mix

in step 5.
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3. For a positive control, treat a tissue section with DNase I (10 to 20
U/µl) for 10 min at room temperature, followed by four washes in
distilled water, 5 min each. This treatment is carried out between
steps 3 and 4.

8.5.2.2 TUNEL Staining and Immunolabeling for a Protein

Materials and Equipment

• All the materials for TUNEL staining as described above
• Bovine serum albumin (BSA), IgG free (5% w/v in PBS)
• Antibody for the protein to be detected
• Biotin-labeled secondary antibody
• HRP-streptavidine
• Hematoxylin stain

Procedure

1. Proceed with the steps for TUNEL staining until step 6 (termination
of TdT reaction).

2. Incubate sections with BSA (to block nonspecific binding) for 1 h
at room temperature.

3. Remove the BSA solution and apply primary antibody (appropri-
ately diluted in BSA solution) to sections, incubate overnight (18
to 20 h) at room temperature. Wash thrice with PBS, 5 min each.

4. Apply biotin-labeled secondary antibody (diluted 1:300 with PBS)
to sections, incubate at room temperature for 1 h, and wash thrice
with PBS, 5 min each.

5. Incubate sections with HRP-streptavidine (diluted 1:300 with PBS)
for 15 min at room temperature. Wash with PBS once for 5 min.

6. Continue with step 7 from the TUNEL procedure described above.
Include hematoxylin blue in the counterstaining step.

8.5.3 DNA Laddering

Materials and Equipment

• Phosphate buffered saline (PBS)
• Lysis buffer (5 mM Tris-HCl, pH 7.4, 20 mM EDTA, 0.5% Triton

X-100)
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• Buffer-saturated phenol, pH 8.0
• Chloroform-isoamylalcohol (24:1, v/v)
• Sodium acetate (3 M, pH 5.2)
• Ethanol, absolute
• TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA)
• RNase (1 mg/ml)
• TBE buffer (89 mM Tris-OH, 89 mM boric acid, 2 mM EDTA)

Procedure

1. Wash cells twice with ice-cold PBS and resuspend in lysis buffer
(0.5 ml for 1 × 106 cells). For adherent cells, collect by scraping in
lysis buffer. Incubate for 20 min at 4˚C with gentle agitation.

2. Remove cellular debris by centrifugation for 2 min at full speed in
a microfuge.

3. Extract supernatant twice with buffered phenol and once with
chloroform-isoamylalcohol.

4. Precipitate DNA by addition of 0.1 volume of sodium acetate and
2 volumes of ethanol. Incubate for 30 min at –20˚C, spin DNA at
4˚C for 20 min. Wash once with 70% ethanol, air dry DNA pellet.

5. Resuspend DNA in TE buffer and digest with RNase (50 µg/ml)
at 37˚C for 30 min.

6. Analyze DNA on a 1.8% agarose gel in TBE buffer.

Note: This method is only for the extraction and detection of low molecular weight
DNA. Genomic DNA can be extracted by following procedure described elsewhere.58
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9.1 Introduction

 

Practical assessment of morphological changes associated with programmed
cell death or apoptosis relies in practice on light microscopy. Examination of
tissue sections should include looking for pycnotic cells or apoptotic bodies,
looking for histological evidence of nuclear fragmentation, using dyes and
internucleosomal DNA cleavage, using TUNEL staining, and other screening
methods for cell death and tissue reaction. These approaches are quite reliable
in most defined experimental contexts for detecting and quantitating cell death.
For routine screening and assessment, light microscopy is to be preferred for
the rapid ability to survey large areas. However, in new experimental para-
digms or complex tissues with multiple cell classes, adequate documentation
of the cellular changes of apoptosis must also be based on ultrastructural
demonstration of characteristic features of apoptotic cell death. Likewise, there
must be careful description of all forms of cell death observed in the tissue and
specific inventory of features that suggest necrosis or forms of cell death other
than apoptosis. In this chapter, we will focus on the ultrastructural delineation
of apoptosis using transmission elecron microscopy in nervous tissue.

Apoptosis or programmed cell death was first defined by observations on
cell death in developing tissues in young organisms.

 

1-4

 

 Even in these studies,
the delineation of apoptosis or programmed cell death, as contrasted to
necrosis or accidental cell death, was not always easily made.

 

2-4

 

 The most
compelling evidence for apoptosis in complex tissues would be the complete
observation of an individual cell’s lifespan from birth to programmed death.
This has been achieved in the nematode 

 

Caenorhabditis elegans, 

 

where 131 of
1090 somatic cells undergo programmed cell death.

 

5,6

 

 In 

 

C. elegans

 

, pro-
grammed cell death can be precisely contrasted with degenerative cell
death.

 

6

 

 In programmed cell death, there may be early recognition of the
doomed cell by neighboring cell processes, followed by condensation of the
cytoplasm, dilatation of the nuclear membrane, chromatin aggregation, and
alteration of nuclear and nucleolar morphology. Phagocytosis splits the cell
into membrane-bound fragments, the nucleus breaks up into fragments, and
the cell disappears within as short a time as 1 hour. Programmed cell death
during development is contrasted with degenerative cell death of normal
cells induced by mutations in

 

 C. elegans

 

. Necrotic-like degenerative cell death
is manifested by swelling of the cytoplasm and nucleus, marked vacuolated
appearance, and eventual lysis and disappearance. This process is longer
than apoptosis and may take up to 8 h or more. Of note is the fact that
effective disposal of cells dying of apoptotic or degenerative cell death can
also be influenced or even arrested by specific genetic mutations.

 

6

 

In studies of apoptosis in the vertebrate nervous system, observations are
made more complex by the abundance of cell classes and the complexity of
nervous tissue.

 

7-9

 

 Major advances have been achieved by studying cell death
during development or in genetically defined degenerations where the
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degree of programmed cell death is extensive and/or the tissue cell classes
affected are well defined such as the examples of development of motor
neurons, retinal cells, or in inherited retinal degeneration.

 

7-10 

 

These studies
suggest that the degree of apoptosis during development is commonly
underappreciated, perhaps because of the rapidity of cell death.

When evidence for apoptotic cell death is sought in neurodegenerative
disease in adult animals or man or in the context of injury to the mature
nervous system, there needs to be a careful review of the experimental
methods applied to demonstration of apoptosis. Many studies now use a
combination of histological analysis, TUNEL staining for demonstration of
DNA cleavage, electrophoretic analysis of DNA for ladder pattern support-
ive of internucleosomal DNA breaks, and finally, ultrastructural analysis
using electron microscopy.

 

11-13 

 

Ultrastructural examination of tissue is an
important component of such a multidimensional approach and a sensitive
probe for the early morphological equivalents to the various steps of pro-
grammed cell death and of degenerative cell death or cell necrosis.

The dialectic between the extreme of early nuclear changes with cell con-
densation observed in programmed cell death and the extreme of early
energetic/membrane integrity failure with cell swelling in necrotic or degen-
erative cell death has existed since the earliest studies on cell death.

 

1-3 

 

Early
studies of cell death during development proposed three types of cell death:

Type 1 — apoptosis (other synonyms — shrinkage necrosis, preco-
cious pycnosis, nuclear type of cell death) with pronounced nuclear
condensation, blebbing of cytoplasmic membrane, condensation of
cytoplasm to electron-dense state with loss of ribosomes from RER,
and prominent heterophagic elimination;

Type 2 — autophagic cell death with some nuclear changes; cell mem-
brane changes; abundant autophagocytotic vacuoles with dilata-
tion of ER, mitochondria, and Golgi; and inconsistent and late
heterophagic disposal;

Type 3A — nonlysosomal disintegration with late nuclear changes;
disrupted cell membrane; general disintegration of the cytoplasm
with swelling, abnormal organelles, and 

 

“

 

empty space,

 

”

 

 and no
particular phagocytosis; and

Type 3B — cytoplasmic type of cell death with late nuclear change;
rounding up and swelling of cell; dilatation of ER, nuclear enve-
lope, mitochondria, and Golgi; and heterophagocytosis by neigh-
boring cells.

 

2-4

 

The relative proportion of these forms of cell death has been related to age
of the organism, developmental stage of the tissue, and actual amount or
load of dying cells contrasted to ability of remaining cells to participate in
phagocytosis.

 

4

 

 This level of complexity contrasts with the simple extremes
of apoptosis or necrosis and is similar to the more complex descriptions of
early workers.
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Recent reports emphasize the ultrastructural delineation of multiple fea-
tures of nuclear and cytoplasmic morphology to allow creating multiple
possible categories of cell death.

 

4

 

 The main distinction is between (1)

 

 necrotic
cells

 

 showing swelling of cytoplasm and nucleus with retention of the shape
of the nucleus; and vacuolation and loss of ultrastructural integrity of cell
membrane, organelles, and cytoplasmic membranes, and nucleus; and (2)

 

apoptotic cells

 

 showing condensation of nucleus and cytoplasm with early
nuclear changes in chromatin and convoluted nuclear membrane, and rela-
tive preservation of cell membrane, of organelles such as mitochondria and
of cytoplasmic structures (apoptosis). A third type of degeneration was noted
with shared features between apoptosis and necrosis, namely, early nuclear
changes and vacuolar changes in the cytoplasm. Likewise, two detailed
reviews of cell death and excitotoxicity in developing and adult brain made
a strong contention for a continuum of changes between necrosis and apo-
ptosis with many intermediate forms.

 

11,12 

 

The more current approach is to
grade nuclear and cytoplasmic changes independently and to consider other
experimental data on internucleosomal DNA cleavage, gene activation, cal-
cium influx, and protease activation with regard to establishing evidence for
apoptotic cell death in a given experimental paradigm. Any one set of criteria
for a given tissue and particularly a given individual cell may fail or provide
misleading evidence based on sampling biases and or timing.

Thus, current literature suggests that apoptosis and necrosis often coexist
in adult tissues during injury or degeneration and that a full continuum of
morphological changes is often observed between apoptosis and necro-
sis.

 

4,11,12

 

 The observed changes must be adequately described for the partic-
ular experimental paradigm in order to define for given time points the mode
of cell death and injury. The major changes to be observed include nuclear
morphology and cytoplasmic morphology, organelle integrity (particularly
mitochondria), and membrane integrity. An impartial inventory of these
changes for a reasonable sample of the cells under consideration, of control
tissue, and at reasonable time intervals is necessary for considering apoptotic
mechanisms of cell death. Adequate demonstration of these features requires
consistently and well fixed and prepared material. This chapter will present
an overview of how to prepare and to analyze nervous system tissue by
transmission electron microscopy for mechanisms of cell injury and death.

 

9.2 Methods of Tissue Preparation

 

9.2.1 Fixation

 

Fixation for nervous tissue is critical for preservation of membrane structure,
myelin, and other organelles.

 

14 

 

Good manuals exist for the detailed description
of theory and methods involved in fixation, embedding, and preparation of
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specimens.

 

15,16 

 

Proper fixation may be critical for the preservation of proteins,
particularly cytosolic proteins.

 

17

 

 In general, quick and even fixation must be
assured through perfusion fixation via the vasculature with an appropriate
fixative for that tissue. The only other alternatives for

 

 in vivo

 

 studies are drip
fixation 

 

in situ 

 

or careful removal of fresh tissue and immersion fixation of small
2- to 3-mm tissue blocks dissected with the utmost of care. In addition, the
fragility of nervous tissue is such that during the slow chemical process of
aldehyde fixation, there must be no trauma to the tissue from rough handling
or dissection. Dark neurons can be produced by postmortem changes through
improper fixation or handling of brain.

 

18,19

 

 Liver is also a difficult tissue for
immersion fixation. For certain other tissues, fixation can be reliably performed
by immersion fixation with relatively acceptable results for ultrastructure.

 

20

 

These tissues include spleen, kidney, pancreas, heart, and muscle.
Possible fixatives include paraformaldehyde, glutaraldehyde, paraformal-

dehyde with periodate-lysine as cross-linker, osmium tetroxide, and
acrolein.

 

15,16 

 

Possible buffers include phosphate-based buffers, cacodylate-
based buffers, and others suitable for certain pH ranges. Variables to be
considered in fixation include time length of fixation, buffer pH, temperature,
osmolality and osmolarity, and volume of fixative for weight of tissue. For
most studies of apoptosis, fixations with phosphate buffered paraformalde-
hyde at neutral pH with small concentrations of glutaraldehyde are used
since tissue is also used for TUNEL staining and/or other specialized reac-
tions that may be fixation sensitive. Representative protocols are given below,
but each new experimental situation should be carefully assessed for optimal
results with a trial of different fixation protocols.

 

9.2.2 Cell Culture

 

Cell culture affords the luxury of precise fixation through superfusion. Min-
imal periods of cell stress, hypoxia, or hypercarbia are preferable, with care-
ful rinsing of medium and rapid fixation using cooled fixative 

 

in situ.

 

Examples of suitable protocols are given in References 21 through 23, and
are basically similar to fixation protocols used for 

 

in vivo

 

 preparations.

 

9.2.3 Animal Tissue

 

Animal tissue is best prepared by intravascular perfusion with fixative
through the ascending aorta or through the left ventricle. This assures the
best preservation of ultrastructure. Suitable protocols are listed below.

 

9.2.4 Human Tissue

 

Human tissue must be obtained through biopsy or autopsy procedures.
Biopsies offer the most attractive means of securing defined tissue from a
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physiologically normal organ. Unfortunately, most biopsies are very small
and result in tissue cores of 100 to 200 µm, weighing 10 to 20 mg total tissue
weight. For nervous tissue, the reason underlying the biopsy must be sought,
since the biopsy site may represent tumor margin, tissue resected for surgical
treatment of epilepsy, or other nonnormal tissue. Perimortem delay, illness,
and adrenal corticosteroid failure may well influence apoptosis.

 

24

 

 Thus, pro-
longed periods of decline before death may result in markedly increased
apoptotic counts compared to similar cases dying rapidly. In some tissues,
adrenal corticosteroid failure may result in lack of apoptosis through steroid-
sensitive mechanisms.

 

24

 

9.3 Correlation with Other Histological Methods

 

9.3.1 Basic Histological Methods

 

Correlation of ultrastructural studies with light microscopic analysis is most
useful for definition of cytoarchitectonic areas and for initial surveying for
evidence of apoptosis. For some experiments, this involves devoting some
of the experimental animals or material to biochemical analysis, some to
ultrastructural analysis, and some to preparation for light microscopy.

 

11-13

 

This can also be accomplished in the same animal by taking thick sections
of 0.2 to 1 µm from blocks prepared for electron microscopy, or by selecting
adjacent blocks for processing for light microscopy.

 

11,12

 

 Suitable stains include
Nissl stains or more general purpose stains such as hematoxylin–eosin.

Another method is to prepare thick vibratome sections of tissue of 35 to
100 µm in thickness with thinner alternating sections for histology and/or
immunocytochemistry.

 

13 

 

The thick vibratome sections can be flat-embedded
under Mylar film, on glass slides, or under plastic coverslips to enable large
areas to be analyzed for apoptosis or for precise selection of architectonic
areas. These plastic-embedded sections and their adjacent sections stained
for light microscopy can help direct precise dissection of small blocks 0.5 to
1 mm large for re-embedding.

 

9.3.2 TUNEL Methods

 

TUNEL methods are useful for defining distribution of cells with DNA
breaks to assist in ultrastructural analysis. This method has also been used
on material destined for electron microscope and provides perhaps the best
and most direct way to correlate DNA cleavage with observed morpholog-
ical changes.

 

25

 

 The objection to a pure criterion of TUNEL staining for apo-
ptosis is that generalized endonuclease digestion of DNA may be observed
in necrotic cells.

 

11,12,26

 

 Internucleosomal cleavage typical of programmed cell
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death should result in defined fragments identifiable by ladder pattern on
electrophoresis.

 

11,12

 

9.3.3 Immunocytochemical Methods

 

Proposed immunocytochemical markers for apoptosis include c-jun, pro-
teases, and other markers.

 

27-29

 

 In some experimental situations, it may be
important to consider cell-specific markers for precise immunochemical
identification of cells undergoing apoptosis in complex tissues such as the
nervous system. An example would be glial fibrillary acidic protein for
astrocytes.

 

9.4 Ultrastructural Analysis

 

9.4.1 Cell Identification

 

The best method is to survey areas with known, well-defined laminated cell
populations such as cerebellum, hippocampus, olfactory bulb, or defined
subcortical nuclei such as cranial nerve nuclei. More difficult are areas with
multiple, overlapping, and intermingled neuronal populations such as cere-
bral cortex, thalamus, and hypothalamus, particularly where small neurons
may be difficult to distinguish from glial cells. Cell identification for neurons
can be facilitated by observation of synaptic structures terminating on cell
(Figures 9.1 to 9.3), or by observation of typical features such as axon or
dendritic structures.

 

13

 

 Obviously, tightly laminated and dense cell popula-
tions such as granule cell neurons of cerebellum and hippocampus or larger
projection neurons in other regions are easiest.

 

30

 

9.4.2 Nuclear Changes

 

The ultrastructural quality of the material should permit observation of the
nuclear membrane and nuclear pores with preservation of chromatin struc-
ture and nucleolar morphology in normal cells in the same material
(Figures 9.1 to 9.4). It is of the utmost importance to have comparison to
normal cells of the same category either in the same animal or in control
animals. Figure 9.1 shows a large pyramidal neuron in the cerebral cortex
with normal nuclear and cytoplasmic morphology. This animal was exposed
to a sham intoxication in a study of delayed neuronal degeneration in carbon
monoxide exposure.

 

13

 

In Table 9.1, a list of nuclear changes is given for the spectrum between
apoptosis and necrosis.

 

1-4,11,13,31,32

 

 In addition, one must consider in nervous
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FIGURE 9.1
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tissue the occurrence of cells altered during postmortem fixation such as

 

“

 

dark neurons

 

”

 

 and other neuronal changes such as retrograde reaction after
axonal injury.

 

14,18,19

 

 The application of these criteria is illustrated in the fol-
lowing material from experiments on delayed neuronal degeneration after
carbon monoxide exposure.

In animals exposed to carbon monoxide, there is occasional evidence of
necrotic cells with swollen, electronlucent nuclei (Figure 9.2). These cells
show little margination of nuclear chromatin and relatively preserved
nuclear morphology. In the same animals, other neurons show early changes
of chromatin margination and convolution of the nuclear membrane as illus-
trated for a pyramidal neuron (Figure 9.3) and for a possible nonpyramidal
neuron (Figure 9.4) from the cerebral cortex. At the light microscopic level,
TUNEL staining of rats exposed to sublethal carbon monoxide intoxication
suggests widespread occurrence of internucleosomal DNA cleavage.

 

13 

 

These
ultrastructural nuclear changes are suggestive of an early stage of apoptosis
when considered with the cytoplasmic changes in the same cells (see below).
The interpretation of early apoptotic cells in nervous tissue is controversial.
Most likely, many intermediate forms exist and many cells may show mixed
characteristics of necrosis and apoptosis.

 

4,11,12

 

For apoptotic cell death, the late changes of significant margination and
formation of apoptotic bodies can also be assessed in tissue with less perfect
ultrastructural preservation. This is the typical case for human tissue, par-
ticularly from the central nervous system. One can assess nuclear morphol-
ogy in such samples and the relative degree of cytoplasmic swelling or
condensation and preservation of organelles.

 

30

 

More advanced changes are illustrated for apoptotic cells from autopsy
samples from frontal cortex of a patient with late infantile neuronal ceroid
lipofuscinosis (Figure 9.5A,B) and from cerebellum of a patient with Batten’s
disease or juvenile neuronal ceroid lipofuscinosis (JNCL) (Figure 9.5C,D).

 

30

 

9.4.3 Cytoplasmic Changes

 

The cytoplasm of dying cells should be independently assessed for changes
in membranes, organelles such as mitochondria, and for status of rough

 

FIGURE 9.1

 

Normal neuron. 

 

A.

 

 Pyramidal neuron in cerebral cortex of rat exposed to sham carbon monoxide
exposure showing normal, oval nuclear morphology, cytoplasmic density with surrounding
satellite cells and neuropil. Arrow shows region of plate B. Original magnification 4000

 

×

 

, bar
represents 2 microns. 

 

B.

 

 Detail of pyramidal neuron in A from region marked by arrow showing
normal nuclear membrane, nuclear pores, rough endoplasmic reticulum and Golgi apparatus
with presence of axosomatic synapse (arrow) on plasma membrane. Nuclear pores are easily
visible (oblique arrow) and mitochondria (m) and rough endoplasmic reticulum (rer) appear
normal. Original magnification 25,000

 

×

 

, bar represents 200 nm.
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FIGURE 9.2
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endoplasmic reticulum, Golgi, and lysosomal structures.

 

11,12

 

 In Table 9.2, a
list of cytoplasmic morphological features is listed for apoptotic cell death
compared to necrotic cell death.

 

1-4,11,12

 

 These features are assessed in the same
illustrations (Figures 9.1 to 9.4) used above for nuclear morphology.

The cytoplasm of a normal pyramidal neuron (Figure 9.1) is contrasted
with the swollen, electronlucent cytoplasm of a necrotic neuron (Figure 9.2)
and the condensed cytoplasm of neurons that may be in early stages of
apoptosis.

 

13

 

 There is no widespread vacuolar change and all organelles and
membranes are relatively intact. Of note is the occurrence of some dilatation
of the rough endoplasmic reticulum (Figures 9.3B, 9.4B) compared to a nor-
mal neuron (Figure 9.1B) and to abnormal profiles in a necrotic neuron
(Figure 9.2B).

 

9.4.4 Mitochondrial and Other Organelle Changes

 

In apoptotic cells, there should generally be a lack of mitochondrial abnor-
malities, increased lysosomal or autophagocytic profiles, or major abnormal-
ities of the endoplasmic reticulum or Golgi apparatus.

 

1-4

 

 In other words, the
cytoplasm should appear relatively normal, although condensed in volume
and electrondense. In necrosis, swollen abnormal mitochondria and abnor-
mal cytoplasmic features make the cell look abnormal even at low power
with swollen and electron-lucent appearance.

Mitochondria and other organelles are relatively normal appearing in cells
in early stages of apoptosis (Figures 9.3B, 9.4B) compared to their somewhat
swollen and electron-lucent character and disrupted cristae in the necrotic
neuron (Figure 9.2B).

 

13

 

In cells in more advanced stages of apoptosis, there is still relative preser-
vation of cytoplasmic integrity and of mitochondrial morphology
(Figure 9.5).

 

30

 

 There is little indication of lysosomal or autophagocytotic
activity in subacute delayed neuronal degeneration.

 

13

 

Mitochondria may be normal in some apoptotic cells since cytochrome c
release is in fact an inducer of the apoptotic program.

 

33 

 

In these instances, a
subpopulation of the mitochondria are biochemically abnormal and may
present some morphological abnormalities. This signaling of mitochondrial
injury would be contrasted with a more global event affecting energy pro-
duction in all mitochondria of the cell and leading to necrosis. Such 

 

“

 

hetero-

 

FIGURE 9.2

 

Swollen neuron with early signs of necrosis. 

 

A.

 

 Pyramidal neuron in cerebral cortex of rat
exposed to carbon monoxide, showing swollen cytoplasm and disruption of cellular organelles
with relatively normal appearing nucleus. There are some swollen astrocytic processes nearby.
Arrow shows region of plate B. Original magnification, 4000

 

×

 

, bar represents 2 microns. 

 

B.

 

 Detail
of pyramidal neuron in A from region marked by arrow showing swollen mitochondria (m)
and rough endoplasmic reticulum (rer). Cytoplasm is watery and electronlucent. Presence of
axosomatic synapse absolutely identifies cell as neuron (arrow). Original magnification 25,000

 

×

 

,
bar represents 200 nm.
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FIGURE 9.3
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plasmic

 

 ”

 

 injury may well be common in mitochondrial diseases
accompanied by apoptosis.

 

34

 

9.4.5 Continuum of Necrosis to Apoptosis

 

The occurrence of mixed nuclear and cytoplasmic morphologies supports a
continuum of cell response from necrosis to apoptosis.

 

11,12

 

 Most often, the
combination is nuclear morphology suggestive of apoptosis with cytoplas-
mic morphology suggestive of necrosis. One can imagine multiple modes of
cell injury in complex nervous tissue after an initial insult either due to
continued presence of toxic influence (e.g., prolonged tissue levels of trim-
ethyltin, binding of carbon monoxide to mitochondrial cytochrome oxidase),
to further injury from inflammatory responses of glial cells and recruited
microglial cells/macrophages, or from secondary energy failure or necrotic
mechanisms supervening on a cell entering initially into apoptosis. This may
be particularly true for ischemic injury. The current literature suggests that
many experimental models of injury lead to cell death both by apoptosis
and by necrosis with intermediate morphological forms as discussed above.
This includes ischemic injury,

 

36-44

 

 excitotoxic or seizure-induced injury,

 

45-48

 

and combined physical or ischemic injury.

 

49-51

 

Thus, the ability of a cell to undergo programmed cell death may be
compromised or changed by injury to neighboring cells, lack of effective
heterophagocytosis, or even superimposed cell injury leading to energy fail-
ure and interruption of the steps of programmed cell death.

 

6

 

9.4.6 Documentation and Analysis

 

Documentation and analysis should be based on careful survey of multiple
animals and sites using electron microscopy at low magnifications. These
comparisons should include similarly processed material from control ani-
mals. To document the various nuclear and cytoplasmic features, there
should be electron micrographs taken at magnifications that permit visual-
ization of nuclear, mitochondrial, endoplasmic reticulum, and plasma mem-
branes (e.g, 15,000 to 25,000

 

×

 

). It is important to realize that both necrotic
and apoptotic cell death and intermediate forms may affect multiple cell
classes besides neurons, particularly glial cells.

 

52-57

 

FIGURE 9.3

 

Condensed neuron with early signs of apoptosis. 

 

A.

 

 Pyramidal neuron in cerebral cortex of rat
exposed to carbon monoxide, showing condensed cytoplasm, relatively normal appearing mi-
tochondria, and abnormal nuclear shape with crenelation of nuclear membrane and margination
of chromatin. Arrow indicates region of plate B. Original magnification, 5000

 

×

 

, bar represents
2 microns. 

 

B.

 

 Detail of pyramidal neuron in A with irregular nuclear profile, distention of nuclear
membrane space, and loss of nuclear pores near regions of chromatin condensation (arrows).
Mitochondria (m) and rough endoplasmic reticulum (rer) are relatively normal. Long arrow
indicates axosomatic synapse. Original magnification 25,000

 

×

 

, bar represents 200 nm.
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FIGURE 9.4
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9.5 Protocols

 

9.5.1 Tissue Fixation

 

Materials and Equipment

 

• Commercial formalin (37% solution)
• Paraformaldehyde powder, reagent grade
• Purified glutaraldehyde, 25 to 50% (in sealed ampule or under

nitrogen)
• 0.1 to 0.2 

 

M

 

 sodium phosphate buffer, pH 7.4 to 7.6
• Sodium hydroxide pellets, reagent grade
• Buchner filter flask and funnel with Whatman #1 or equivalent

paper

Tissue fixation is usually performed with mixed aldehydes or with paraform-
aldehyde solution. The chosen approach depends on tissue chosen and on
potential use for ultrastructural analysis as well as issues of convenience.
The following fixatives may be considered:

 

Routine Formalin Fixation

 

1.

 

“

 

10%

 

”

 

 Formalin consists of 10% by volume dilution of commercial
formalin in 0.1 

 

M

 

 sodium phosphate buffer (pH 7.4 to 7.6) and is
prepared by dilution of 37% commercial formalin into buffer (final
concentration 3.7% by weight).

2. Fixation is from 24 h to several days, depending on size of tissue
block (for example, 24 h for ca. 500 mg mouse brain).

 

FIGURE 9.4

 

Condensed neuron with early signs of apoptosis. 

 

A.

 

 Smaller neuron in cerebral cortex of rat
exposed to carbon monoxide, showing condensed cytoplasm, normal cell organelles, and ab-
normal nuclear shape with crenelation of nuclear membrane and margination of chromatin.
Swollen, necrotic appearing cell is in top margin of plate. Arrow indicates region of plate B.
Original magnification 4000

 

×

 

, bar represents 2 microns. 

 

B.

 

 Detail of neuron in A showing
nonspherical appearance of nuclear membrane (arrows), mild dilatation of endoplasmic retic-
ulum, presence of free ribosomal rosettes, and normal appearing mitochondria (m). Presence
of axosomatic synapse absolutely identifies cell as neuron (arrow). Original magnification
25,000

 

×

 

, bar represents 200 nm.
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FIGURE 9.5

 

Apoptotic cells in human brain (courtesy of Dr. Rose Mary Boustany). 

 

A.

 

 Apoptotic cell profile in
human frontal cortex of patient with late infantile neuronal ceroid lipofuscinosis (LINCL). Cell
with marginated chromatin (arrowhead) and condensed cytoplasm represents presumed apoptotic
cell. Mitochondria (m, arrow indicates one) are quite numerous, and appear relatively normal,
given postmortem state. There are abundant lysosomes (lys) in this cell. Original magnification
6000

 

×

 

, bar represents 1 micron. 

 

B.

 

 Another field from patient in plate A showing two cells with
chromatin margination and relatively condensed cytoplasm. Mitochondrion (m) is relatively
normal sized, although electron-lucent. Original magnification 6000

 

×

 

, bar represents 1 micron.
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FIGURE 9.5 (continued)

 

C.

 

 Apoptotic cell profiles in human cerebellum of patient with Batten’s disease or juvenile
neuronal ceroid lipofuscinosis (JNCL). The cells are located in internal granule cell layer and
are most likely granule cell neurons, but precise identification is difficult in postmortem tissue.
One cell shows marginated chromatin (oblique arrowhead), while other profile is apoptotic
body (fragment of nucleus, horizontal arrowhead). Original magnification 5000

 

×

 

, bar represents
1 micron. 

 

D.

 

 Another field from patient with JNCL (plate C), showing more condensed nucleus
(arrowhead) representing apoptotic body consistent with late stages of apoptosis. Original
magnification 10,000×, bar represents 500 nm.
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TABLE 9.1

Nuclear Ultrastructure of Dying or Injured Cells

Low magnification
Dark neuron Dark nucleus and cell
Retrograde reaction Eccentric or displaced euchromatic nucleus
Early apoptotic neuron Crenelated heterochromatic nucleus with DNA margination
Late apoptotic neuron Fragmentation into chromatin-containing apoptotic bodies
Early necrotic neuron Oval electron-lucent nucleus
Late necrotic neuron Destruction or karyolysis commensurate with cytoplasmic 

dissolution
High magnification

Dark neuron Condensation and collapse of normal structure — “shrunken”
Retrograde reaction Tendency to euchromatic appearance, otherwise normal
Apoptotic neuron Margination and condensation of chromatin, coalescence into caps 

or larger domains along nuclear margin; early crenelation of nuclear 
membrane with formation of protuberances; loss of pores near 
condensed chromatin

Necrotic neuron Margination of chromatin in small, loose-textured aggregates; 
nuclear shape relatively intact or swollen; destruction of nuclear 
membrane, loss of pores commensurate with destruction of 
cytoplasmic structures

TABLE 9.2

Cytoplasmic Ultrastructure of Dying or Injured Cells

Low magnification
Dark neuron Dark cytoplasm with condensation
Retrograde reaction Rearrangement of rough endoplasmic reticulum into arrays; 

otherwise normal organelles
Early apoptotic neuron Condensed, shrunken appearance with electron-dense cytoplasm; 

normal appearing mitochondria and other organelles; absence 
of large vacuoles

Late apoptotic neuron Phagocytosis by surrounding cells or microglial cells blebbing of 
cell surface to form apoptotic bodies; secondary necrosis in some 
cell classes

Early necrotic neuron Swollen, electron-lucent with abnormal organelles
Late necrotic neuron Destruction with cytolysis, karyolysis phagocytosis, and/or 

liquefaction necrosis; inflammatory response depending on 
extent of cell loss

High magnification
Dark neuron Condensed, electron-dense cytoplasm and organelles
Retrograde reaction Normal cytoplasm with rearranged rough endoplasmic reticulum
Apoptotic neuron Condensation of cytosol with intact membranes and normal organelles, 

particularly mitochondria; some dilatation of rough endoplasmic 
reticulum and Golgi apparatus, with formation of vacuoles in 
some experimental contexts

Necrotic neuron Swelling of all cytosol compartments with electron-lucency and 
disintegration of membrane integrity; abnormal mitochondria with 
matrix densities
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4% Paraformaldehyde Fixation

1. 4% Paraformaldehyde is prepared as follows (liter): 40 g of pow-
dered paraformaldehyde (caution carcinogen) is weighed out
under hood or with respiratory precautions and set aside; 500 ml
of distilled or purified water is heated on stirred hot plate to 70 to
80°C and paraformaldehyde powder carefully added and stirred
into slurry.

2. One to three pellets of sodium hydroxide are added by dropwise
addition of 1 N sodium hydroxide solution to depolymerize
paraformaldehyde. This will occur relatively suddenly, but success-
fully only at this temperature range. Higher temperatures will
result in excessive vapor production.

3. This slightly opalescent, but clear solution is then added to 500 ml
of 0.2 M sodium phosphate buffer (pH 7.4 to 7.6) to yield final
solution of 4% paraformaldehyde in 0.1 M phosphate buffer. This
solution should be filtered over fine grade Whatman filter paper
and Buchner funnel by slow vacuum to provide clarification and
removal of small precipitates and undepolymerized paraformalde-
hyde. For larger volumes, aldehyde mixture can be filtered before
addition to buffer if that is more convenient and buffer solution is
clear.

Mixed Aldehyde Fixation

1. This fixative consists of 2 to 4% paraformaldehyde (P) with 0.1%
to 2% glutaraldehyde (G). Some potential combinations are 4% P
to 0.1% G (light fixation), 4% P to 0.5% G (moderate fixation), or
more traditional half or full strength Karnofsky formulations of 2%
P to 2% G or 4% P to 4% G. The latter fixative is hyperosmolar and
should not be used in most initial fixations.

2. These fixations are prepared as for 4% paraformaldehyde with addi-
tion of electron microscopy grade glutaraldehyde (25 to 50% stored
in nitrogen-filled, sealed bottles or ampules) to give correct final con-
centration (e.g., for 1% G in 1 l of fixative, one would need 20 ml of
50% glutaraldehyde). This should be added before final filtration.

3. In some protocols, calcium is added for “membrane stabilization.”
Saturated calcium chloride solution is added dropwise with stir-
ring until clouding persists. Solution is then filtered.

Fixation for Fetuses or Young Postnatal Animals

1. This fixative consists of 2.5% paraformaldehyde in 0.1 M phosphate
buffer at pH 7.4 with addition of 4% sucrose (w/v). Saturated
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calcium chloride is added dropwise with stirring until clouding
and solution is filtered as above.

2. Small amounts of glutaraldehyde (0.1 to 0.5%) can be added to
improve ultrastructural preservation.

Other Fixative Choices

Other fixatives may be chosen for particular tissues, particularly when
immunocytochemical analysis is planned and the particular antigen is fixa-
tion sensitive. Such an approach is described for a cytoplasmic, relatively
soluble antigen, the various enolase isoenzymes, in Reference 17. These
approaches usually involve some compromise of ultrastructural preserva-
tion, particularly in nervous tissue.

9.5.2 Tissue Preparation

Materials and Equipment

• Appropriate surgical and dissection instruments
• Anesthetic solutions (pentobarbital, ketamine, etc.) and approved

euthanasia protocol
• Foam board and dissection pins/tape or other method to immobi-

lize animal
• Fume hood
• Appropriate cannula or fine-bore needles for perfusion
• Peristaltic pump for perfusing solutions

Immersion Fixation

1. Animal is deeply anesthetized or euthanized. Appropriate tissue
is gently dissected and removed. Further subdivision into small
blocks 100 to 200 mg is advised with 1 to 3 mm maximum distance
from external surface to deepest tissue plane (smallest blocks will
fix the most adequately, but are more liable to damage during
dissection and more difficult to process and to orient during
cutting).

2. This method results in adequate ultrastructural preservation for
tissue culture as well as a number of tissues including kidney, heart,
muscle, and pancreas. Brain and liver are usually poorly served by
this approach, but key is in rapidity of transfer into fixative, absence
of trauma to tissue during removal, and size of tissue block. Small
blocks of tissue, small organs (e.g., rodent brain at postnatal day
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14 to 30), and needle biopsies may be reliably fixed in this manner.
Block size should approximate 2 to 3 mm2 for best results, given
slow penetration rates of aldehyde fixatives. In many cases, using
cooled fixative most likely decreases autolytic processes. Tissue
must be handled gently without dropping or physical trauma
through instrumentation.

Perfusion Fixation of Young or Adult Animals

For nervous tissue, perfusion fixation is the method of choice for assuring
relatively reasonable preservation of myelin, synaptic structures, and general
membrane integrity.

1. Animal is deeply anesthetized or euthanized. Reasonable anesthe-
sia is intraperitoneal pentobarbital 100 mg/kg after appropriate
restraint and/or neurolepsis with ketamine. Animal must be in
deepest level of anesthesia for appropriate ablation of pain and
vascular reactivity. After appropriate immobilization and confir-
mation of anesthetic plane by corneal reflex, breathing pattern, and
lack of pain response, chest wall is rapidly opened within 5 to 15
s. Heart should still be beating. Chest wall should be excised or
gently reflected without torquing great vessels or carotids, and
attention given to avoiding damage to vessels. Rapid, but careful
technique is sufficient for most experiments; gold standard is total
control of respiration and blood pressure through artificial venti-
lation and vascular access.

2. Heart is exposed and pericardium removed or window opened.
Right auricle or atrium is incised to provide good flow of return
blood from right heart. After incision or careful insertion of needle,
cannula is inserted into left ventricle and flow-guided gently into
outflow tract and, if possible, into ascending aorta, taking care not
to rupture intraventricular septum, heart wall, and/or aorta. Best
method is to insert cannula into ascending aorta and to gently
occlude around cannula with soft clamp. Cannula should be
secured so as not to torque or shift heart or great vessels. Fluid
build-up in lungs or through nose/mouth indicates rupture into
right heart through bronchial circulation or through rupture of
intraventricular septum.

3. Vasculature is rinsed with room temperature normal saline for 0.5
to 1.0 ml/gm body weight or until blood return from right heart
is substantially cleared. Some add heparin and/or vasodilators
such as nitrite to this rinse. This is usually not necessary in well-
anesthetized animal with rapid progression through steps 1 and 2
to prevent cessation of blood flow and intravascular coagulation.
For certain fixatives containing low percentages of paraformalde-
hyde and/or glutaraldehyde and larger animals, it is possible to
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commence directly with half-strength or even full strength fixative
for rinsing. Danger is clogging of capillary vasculature with chem-
ically fixed red blood cells and/or serum proteins.

4. The usual amount of fixative is 2 to 4 ml/g body weight under
pressure equivalent to 50 to 100 cm water delivered through left ven-
tricle. For some experiments, room temperature fixative for certain
fraction of volume can be followed by ice-cold fixative to minimize
autolysis. Gravity flow is most reliable pressure guide but inconve-
nient. Volume-limited perfusion by peristaltic pump is easiest, but
attention must be given to maintaining appropriately low pressures
and impedance, since there is no pressure limitation. After perfusion,
animal is left undisturbed for 1 to 2 h before dissection.

5. Tissue must be kept moist or hydrated at all times and dissection
must be delicate particularly if performed at early time points after
initiation of fixation.

6. Postfixation in ice-cold fixative after dissection is appropriate for
many experiments.

7. Tissue blocks of 1 to 2 mm are prepared for processing with appro-
priate geometry to assure proper orientation. Alternative is to cut
60- to 100-micron sections on vibratome (allowing 2 to 4 mm of
block thickness and up to 1 × 1 cm block face) which facilitates
visual control of dissection and processing. Such sections can be
alternated with 15- to 35-micron sections for light microscopy and
immunocytochemistry.

Perfusion Fixation of Small Fetuses or Young Postnatal 
Animals (e.g., Rodents)

1. Animal is cooled on ice to provide anesthesia (less stressful than
needle administration of anesthetic in very young animal).

2. Vasculature is rinsed using hand-held syringe and #30 needle with
warm room temperature saline, room temperature fixative (10 ml),
and then ice-cold fixative.

3. Brain is removed after perfusion and postfixed 4 to 6 h. Dissection
and cutting as above.

9.5.3 Tissue Storage

Tissue can either be stored in imbedded blocks in plastic resin or paraffin
waxes, as frozen tissue blocks for cryosection with adequate protection
against dessication, or as tissue blocks in refrigerated buffer solution. The
first methods allow for indefinite storage, while the keeping of unimbedded
tissue blocks runs the risk of bacterial or yeast contamination. This can be
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minimized by addition of small percentage of fixative (e.g., 0.1% paraform-
aldehyde) or antimicrobial (e.g., thymol crystal).

9.5.4 Tissue Processing and Embedding Methods

Methods will be described for processing tissue through embedding into
resin. These methods can be carried out in laboratories with fume hood and
vacuum oven and may be cost-effective or reasonable for large scale exper-
iments. Further work-up with cutting of thick and thin sections on ultrami-
crotome, grid collection and storage, grid coating, and examination under
electron microscope are beyond scope of chapter and presume availability
of fully equipped EM laboratory and trained technicians and support per-
sonnel. All reagents are EM grade and glass-distilled water should be used.

• Absolute alcohol (nondenatured), EM grade
• 0.1 M Sodium cacodylate buffer (Danger: arsenic containing) with

7.5% sucrose
• 4% Glutaraldehyde in 0.1 M sodium cacodylate buffer
• 1% Osmium tetroxide in S-collidine buffer
• 0.5% Uranyl acetate in veronal acetate buffer
• Propylene oxide, EM grade (Danger: use under hood)
• Epon resin: Luft’s formula or equivalent
• Vacuum oven

Vibratome Sections

1. Place vibratome sections mounted on slides into 4% glutaralde-
hyde in 0.1 M cacodylate buffer with sucrose for 10 min (tissue
previously in phosphate buffer must be rinsed first to avoid pre-
cipitate). For 1 liter of buffer: 21.4 g of sodium cacodylate are mixed
and brought to 1000 ml distilled water. Adjust pH to 7.4 using 1 N
HCl. Osmolarity is 350 mOsm and solution is filtered and kept in
refrigerator. Add 4% glutaraldehyde by dilution of 25 to 50%
ampules into buffer on day of use for appropriate volume.

2. Rinse tissue for 3 changes of 5 minutes each with 0.1 M sodium
cacodylate buffer with 7.5% sucrose. For 1 liter of buffer: prepara-
tion is as in step 1 with addition of 75 g sucrose at onset.

3. Postfix tissue in 1% osmium tetroxide in S-collidine buffer for 10
to 30 min (shorter for vibratome sections, longer for tissue blocks).
For stock OsO4 solution: melt crystals in sealed vial under hot water
and allow to run to one side of vial and recrystallize. Using acid-
washed glassware, gloves, and under fume hood, score and break
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vial and place in glass-stoppered bottle. Add appropriate amount
of distilled water to make 2% solution. May take 2 to 4 days to
dissolve in warm water bath. Store in closed container in refrig-
erator and only use with acid-washed one-time use pipettes to
avoid organic contamination. Will blacken and discolor when no
longer good from very initial faint yellowish color. For 0.2 M S-
collidine stock buffer: 120 ml distilled water is added to 5.34 ml
purified S-collidine, and then 16 ml of 1N HCL is added. Volume
is adjusted to 200 ml with distilled water. Store in refrigerator.
For working solution: add appropriate volumes of 2% OsO4 and
0.2 M S-collidine buffer at 1:1 ratios. Can be stored in refrigerator
until discolored.

4. Optional en bloc staining with uranyl acetate for greater contrast.
Tissue is placed in 0.5% uranyl acetate in veronal buffer for 30 min.
Stock is prepared: 2.92 g sodium acetate, 4.42 g sodium barbital,
5.10 g NaCl, and 3.75 g uranyl acetate are added to 7.26 ml of
distilled water, and pH adjusted with 24 ml 1N HCl for pH 4.70,
osmolarity 350 to 450 mOsm. Solution is kept in refrigerator.

5. Tissue is dehydrated through ascending alcohols for 3 to 5 minutes
each change through following steps: 35%, 50%, 70%, 95% × 2
changes, 100% × 2 changes. Tissue is very brittle at this point and
must be carefully handled or protected by solvent-resistant sup-
ports or filters.

6. Alcohol is removed with two changes of propylene oxide for 3 to
5 min each. Very noxious solvent, use under hood. Also will dis-
solve many plastics; appropriate disposable resistant plasticware
must be used.

7. Tissue is placed with 1:1 mixture of epon and propylene oxide for
10 min. Epon mixture is prepared (Luft’s formula) freshly for each
run by combining appropriate volumes of room temperature stock
solutions of mixtures A and B (see below) in 3:7 ratio with stirring
with magnetic bar and addition of accelerator 2% by total volume
to A+B mixture of DMP-30 catalyst. If there are excess bubbles,
mixture can be degassed briefly in vacuum oven. Stock solutions
of A (41 ml Epon 812 and 65 ml DDSA or dodecenyl succinic
anhydride) and mixture B (82 ml Epon 812 and 70 ml MNA or
methyl nadic anhydride) are prepared by stirring above propor-
tions with stir bar and can be stored for long periods in refrigerator.

8. Flood slide with pure Epon mixture for 3 changes of 5 min each.
9. Leave enough Epon on slide to cover tissue section.

10. Put slides in 90°C oven for 30 min.
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11. Strip Epon film off slide with soaking in hot water and store as
thin film. Selected areas can be dissected with scissors or razor
blade and re-embedded or glued on top of Epon blank blocks (stubs
for ultramicrotome). Remounted tissue is re-cured for 30 min at
90°C.

12. Submit to EM laboratory for thick sections (0.2 to 0.5 µm) and thin
sectioning and appropriate stains and coating.

Small Tissue Blocks (0.5 to 1.0 mm)

1. Steps are as for vibratome sections with following changes and
longer times to allow for penetration of reagents:
a. Glutaraldehyde step is 30 min.
b. Cacodylate-sucrose rinsing step is 2 changes for 10 min.
c. Postfixation in 1% OsO4 is 30 min.
d. Dehydration in ascending alcohols and propylene oxide changes

are 5 to 10 min each.
e. Infiltration with 1:1 Epon propylene oxide mixture is without

accelerator for 30 min under vacuum at room temperature.
f. Pure Epon mixture with accelerator is incubated with tissue for

30 min to 1 h under vacuum at room temperature.
g. Blocks are placed in molding cups or block holders with appro-

priate identification and placed in embedding oven at 60°C for
24 to 48 h or shorter times at high temperature.

9.5.5 Ultrastructural Analysis

Appropriate record-keeping is essential to record details of dissection pro-
tocols, tissue blocks, light and electron microscopic examination of tissue,
and logs of photographic negatives. It is essential to keep some thick sections
(0.2 to 0.5 µm) of each EM block to facilitate orientation to anatomical land-
marks in tissue. This is particularly true if blocks are further trimmed to
facilitate cutting of thin sections. Alternating series of thick and thin sec-
tions can be used to step through a block for systematic analysis of larger
regions or an appropriate number of blocks used to provide survey. Point-
counting methods or stereological analysis may assist in determining actual
incidence of described features.58 In general, low-power 1000 to 4000×
micrographs are extremely important to provide context for changes
observed at higher magnifications.
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10.1 Introduction

 

The aim of this chapter is to provide an introduction and guide to investi-
gators studying apoptosis who are new to the field of flow cytometry. It
should also serve as a reference for flow cytometrists who are interested in
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applying the methods of flow cytometry in studies of apoptosis. The chapter
opens with an introduction to the topics of apoptosis and flow cytometry.
An outline of the elements of apoptosis that can be measured by flow cytom-
etry follows. The chapter goes on to detail a number of specific assays for
detection of apoptosis by flow cytometry. In the case of each assay, the
following information is provided: (1) an introduction to the characteristic
apoptotic feature that the assay is designed to measure, (2) an introduction
to the theory behind the measurement, (3) details of how to perform the
assay, and (4) a discussion of the advantages and limitations of the assay.
The chapter concludes with a discussion of the power and limitations of
flow cytometry as a tool for studying apoptosis.

 

10.1.1 Introduction to Flow Cytometry

 

Cytometry is defined as the measurement of physical and/or chemical char-
acteristics of cells or other biological particles. Flow cytometry refers to a
technique in which these measurements are made while the cells or particles
(for example, nuclei, chromosomes) are passing in a fluid stream in single
file past one or more sensors in the measuring apparatus.

 

1

 

 In the 25 years
since it was first developed, flow cytometry has evolved into a technology
capable of rapidly analyzing and separating cells, based on physical, bio-
chemical, immunologic, or functional properties.

The anatomy of a multilaser/multiparameter flow cytometer is shown in
Figure 10.1. This illustrates the use of multiwavelength excitation and mea-
surement of multicolor fluorescence emission and light scatter, as employed
in various apoptosis assays. The details of the anatomy and use of this
instrument are presented by Steinkamp.

 

2

 

 For the purposes of the material
presented in this chapter, the following brief summary of the operation of
this instrument will suffice. Cells are introduced into the flow chamber at
the rate of approximately 1000/s. The core stream containing the cells or
particles to be analyzed is surrounded by a sheath solution that focuses the
sample down to a narrow stream, ensuring that the particles are flowing in
single file. The particles then enter the flow cell, where they impinge on the
laser beam and generate the signal(s) of interest. As cells pass through the
chamber, they are illuminated at a specific wavelength(s). Electrical and optical
sensors measure physical, biochemical, and functional characteristics, and
allow simultaneous measurement of multiple features on the same cell. Typical
measurements include light scatter from cells (which correlates with diffractive,
reflective, and refractive properties of external and internal features of the cell)
and total or multicolor fluorescence emanating from stains bound to compo-
nents of the cell.

 

2

 

 The signal is detected by photomultiplier tubes. Using a
dedicated computer, the data are displayed as frequency distribution histo-
grams showing the number of cells with the characteristic of interest.

Flow sorting represents a powerful extension of the flow cytometry
method. Sorting employs electrical and/or mechanical means to divert cells
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FIGURE 10.1

 

Multiwavelength-multiparameter flow cytometer/sorter illustrating three-laser illumination, flow chamber, cell sensors, beam-shaping
optics, signal processing electronics, and droplet-charging and deflection apparatus (see text for details). (Figure courtesy of J. Steinkamp
[Los Alamos National Laboratory] is adapted from Figure 9 in Reference 2.)
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with preselected characteristics from the main fluid stream. The sorter can be
programmed so that combinations of desired characteristics are used as sorting
criteria.

 

3

 

 This results in the isolation of subpopulations of viable or fixed cells
or particles from the main population with a high degree of purity (usually
>95% pure). Sorting facilitates correlation of measured properties with cell
morphology and allows enrichment for functional and biochemical studies.

 

10.1.2 Apoptosis and Flow Cytometry

 

Apoptosis is characterized by a well-defined set of cellular events, including
changes in cell volume, disruption of the plasma membrane, DNA fragmenta-
tion, chromatin condensation, expression of specific gene products, and gener-
ation of membrane-enclosed apoptotic bodies. There is much interest in the use
of flow cytometry to monitor the morphological, biochemical, and molecular
changes that occur during apoptosis. As shown in Table 10.1, many of the
characteristics of apoptosis can now be measured by flow cytometry.

There are many applications of flow cytometry and cell sorting in the study
of apoptosis (for reviews, see References 39 through 43). The increased use
of flow cytometry in routine research and clinical applications over the past
two decades has formed the basis for the development of flow cytometric
assays for apoptosis, a number of which are presented below.

 

10.2 Description of the Methods

 

10.2.1 Analysis of Light-Scatter Properties

 

As a cell passes through the laser beam, it scatters the laser light both in the
forward and perpendicular directions. The intensity of the light scattered in the

 

TABLE 10.1

 

Some Characteristics of Apoptosis that Can be Measured by Flow Cytometry

 

Characteristics of Apoptosis Some Relevant Citations

 

Changes in cell volume 4–7
Changes in cell granularity 4–7
Changes in plasma membrane permeability 7–12
Alterations in cellular calcium concentration and pH 13–14
Expression of apoptosis-specific and survival-specific gene products 15–22
Apoptosis and cell cycle position 23–26
Internucleosomal DNA degradation

Detection of hypodiploid cells 25, 27–32
Labeling DNA strand breaks 4,23,33–34

Phagocytosis of membrane-enclosed apoptotic bodies 35
Production of intracellular peroxides 36–37
Phospholipid membrane asymmetry 4,20,38
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forward direction (i.e., along the laser beam) provides the forward-angle light-
scatter signal (FALS or FLS) and generally correlates with cell size.

 

44

 

 The intensity
of light scattered at a 90° angle to the laser beam is known as perpendicular
light scatter (PLS), orthogonal, or side scatter, and generally correlates with
granularity, refractivity, and the presence of intracellular structures that reflect
the light in the perpendicular direction.

 

44

 

 Most commercially available flow
cytometers are capable of analyzing FALS and PLS as a routine measurement.

As a cell undergoes apoptosis, a number of changes occur that alter the ability
of the cell to scatter light. The most significant of these changes are a conse-
quence of cell shrinkage and condensation of the cytoplasm and chromatin.
Cell shrinkage, an early event during apoptosis, is a result of cell dehydration,
which leads to condensation of the cytoplasm and, subsequently, reduction in
cell size and alterations in cell shape. Cell shrinkage leads to a decrease in the
forward light-scatter signal from the cell. Condensation of the chromatin and
fragmentation of the nucleus appear to lead to a transient increase in side scatter
in some cell systems during apoptosis.

 

45,46

 

 As the apoptotic program progresses,
however, the forward and side-scatter signals decrease.

 

39

 

Analysis of Light Scatter

Reagents

 

• 70% (v/v) ethanol
• PBS

 

Fixation

 

Ideally, viable cells (1 

 

×

 

 10

 

6

 

 to 5 

 

×

 

 10

 

6

 

 cells in 1 ml PBS) should be analyzed
on the flow cytometer. If cells are to be fixed, proceed as follows:

1. Add 1 

 

×

 

 10

 

6

 

 to 5 

 

×

 

 10

 

6

 

 cells in 1 ml PBS to 9 ml 70% (v/v) ethanol
on ice. At this point, the fixed cells can be stored at –20°C for up
to 1 month.

2. Centrifuge cells (5 min, 1000 rpm).
3. Remove ethanol, resuspend cells in 1 ml PBS.
4. Analyze on flow cytometer.

 

Instrument Set-Up

 

• Excitation in blue light (e.g., 488 nm line, argon ion laser).
• Use standard settings of the light-scatter detectors.
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Advantages/Limitations

 

This assay is easy to perform and can be readily combined with other flow
cytometric assays such as those investigating surface immunofluorescence,
mitochondrial potential, the lysosomal proton pump, exclusion of propidium
iodide (PI), and permeability to Hoechst 33342 and other dyes.

 

40

 

This assay has two main limitations. Differences among cytometers related
to scatter detectors and optical geometry make comparison between instru-
ments inappropriate. Decreased forward light scatter alone is not a reliable
measure of apoptosis

 

41

 

 because a decreased FLS signal is not unique to
apoptosis. For example, G

 

0

 

/G

 

1

 

 cells tend to produce a lower forward light
scatter signal than do S and G

 

2

 

 phase cells, reflecting the smaller size of
G

 

0

 

/G

 

1

 

 cells. Reduced intensity of scattered light is also seen from cells that
are mechanically broken, necrotic cells, apoptotic bodies, cell debris, and
isolated cell nuclei. It is, therefore, inappropriate to rely on FLS as a sole
discriminator of apoptosis, except in situations where the cell population is
known to be homogeneous in size.

 

41

 

 Additionally, care must be taken to use
an exponential scale (logarithmic amplifiers) during analysis of light scatter,
because individual cells show great heterogeneity in light scatter signals.

 

10.2.2 Assays of Plasma Membane Integrity

 

One of the features that distinguish a dead cell from a living cell is loss of
the transport function of the plasma membrane and, in many cases, loss of
physical integrity of the membrane. This phenomenon has served as the
basis for the development of a variety of assays for measuring apoptosis.
Several of these assays are described below.

 

10.2.2.1 Propidium Iodide (PI) Exclusion Assay Combined 
with Hydrolysis of Fluorescein Diacetate (FDA)

 

Cells with impaired transport function of the plasma membrane (such as
cells in the late stages of apoptosis, dead cells, mechanically broken cells,
and isolated nuclei) are unable to exclude charged dyes. PI, for example,
crosses the plasma membrane, binds to DNA and double-stranded RNA by
intercalation, and emits an intense red fluorescence signal. Unbound and in
aqueous solution, this dye shows weak fluorescence. Living cells and cells
in the early stages of apoptosis exclude PI. By virtue of its simplicity, the PI
exclusion assay is a particularly popular flow cytometric assay of plasma
membrane integrity.

As FDA is an uncharged molecule, it readily penetrates into living cells.
Once inside the cell, FDA serves as a nonfluorescent substrate for esterases,
which are ubiquitous enzymes present in all cell types. Subsequent hydrol-
ysis of FDA generates fluorescein which, by virtue of its charge, remains in
the living cell and is detected based on its strong green fluorescence. Therefore,
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living cells and cells in the early stages of apoptosis will emit green fluorescence.
The combination of staining with PI and FDA allows discrimination of living
and early apoptotic cells based on green fluorescence (fluorescein) and red
fluorescence (PI). This assay may be combined with analysis of light scatter
as an alternative method for identifying dead cells.

 

39

 

Many of the assays using charged cationic dyes rely on the fact that a
transient decline occurs in membrane transport function prior to the cells
becoming totally permeable to the charged fluorochromes. This provides a
window of opportunity where the rate of uptake of a number of these dyes
is elevated relative to control cells—following a brief incubation with these
charged fluorochromes, necrotic cells can be identified as those generating
a strong fluorescence signal, while apoptotic cells will generate a less intense
signal, and living cells will generate a weak signal.

 

47-48

 

PI Exclusion Assay Combined with Hydrolysis of FDA

 

39

 

Reagents

 

• FDA stock solution: dissolve 1 mg FDA (Molecular Probes Inc.) in
1 ml acetone (make fresh)

• PI stock solution: dissolve 1 mg PI (Molecular Probes Inc.) in 1 ml
distilled H

 

2

 

O. Can be stored at 0 to 4°C in the dark, for up to 1 month
• Hanks’ buffered salt solution (HBSS)

 

Staining

 

1. Suspend approximately 1 

 

×

 

 10

 

6

 

 cells in 1 ml HBSS.
2. Add 2 µl FDA stock solution.
3. Incubate cells (37°C, 15 min).
4. Add 20 µl PI stock solution.
5. Incubate (5 min, room temperature).
6. Analyze cells on flow cytometer.

 

Instrument Set-Up

 

• Excitation in blue light (e.g., 488 nm line, argon ion laser).
• Use light-scatter signal to trigger cell measurement.
• Analyze green fluorescence at 530 ± 20 nm and red fluorescence at

>620 nm.
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By omitting points 2 and 3, or points 4 and 5, a simplified, single-parameter
analysis of cell viability can be performed, based either on exclusion of PI
alone or on hydrolysis of FDA alone, respectively.

 

Advantages/Limitations

 

While assays involving investigation of the integrity and transport function
of the plasma membrane have some limitations, they have a number of
advantages. They are easy to perform, inexpensive, rapid, and a powerful
way to quantify apoptosis. These methods are particularly appropriate for
identification of necrotic cells, cells that have suffered mechanical damage,
or cells in the very late stages of apoptosis.

The main limitation relates to the fact that plasma membrane integrity is
preserved during the early stages of apoptosis. This method, therefore, can-
not discriminate between living cells and early apoptotic cells.

 

10.2.2.2 Propidium Iodide Exclusion Assay Followed by Counterstaining 
with Hoechst 33342 (HO342)

 

As discussed above, PI is excluded by living cells. In contrast, the bisbenz-
imidazole dye HO342 crosses the plasma membrane of living and apoptotic
cells and stains DNA. HO342 fluorescence is suppressed in dead cells. The
latter, however, stain more intensely with PI. This assay is a modification of
the method of Pollack and Ciancio.

 

12

 

FIGURE 10.2

 

Induction of apoptosis in SK-N-MC cells following treatment. Control cells (A) and cells treated
with retinoic acid (B) were stained with PI. Note hypodiploid peak in Panel B. (Figure courtesy
of R.-M. Boustany and K. Puranam, Duke University Medical Center.)
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PI Exclusion Assay Followed by Counterstaining with HO342

 

40

 

Reagents

 

• Fixative solution: 25% (v/v) ethanol in PBS
• PI solution: dissolve 2 mg PI in 100 ml PBS
• HO342 stock solution: dissolve 3 mg HO342 (Molecular Probes) in

10 ml distilled water
• HO342 working solution: dilute HO342 stock solution 1:4 in PBS

(Ca

 

2+

 

 and Mg

 

2+

 

 free)

 

Fixation/Staining

 

1. Centrifuge 3 

 

×

 

 10

 

5

 

 to 1 

 

×

 

 10

 

6

 

 cells (5 min, 1000 rpm).
2. Decant medium, vortex pellet.
3. Add 100 µl PI solution, vortex, and store on ice for 30 min.
4. Add 1.9 ml fixative solution, vortex.
5. Add 50 µl HO342 working solution and vortex.

Samples may be stored for a maximum of 3 days in this solution,
at 0 to 4°C. Samples should sit for a minimum of 30 min before
analysis.

6. Analyze by flow cytometry.

 

Instrument Set-Up

 

• Illuminate with UV light (351 nm line of argon ion laser, or using
UG1 filter with high pressure mercury lamp).

• Measure blue fluorescence, using a combination of filters and dich-
roic mirrors to obtain maximum transmission at 460 ± 20 nm.

• Measure red fluorescence with long pass filter at >620 nm.

 

10.2.2.3 Propidium Iodide Exclusion Assay Combined with Uptake of  
Rhodamine 123 (Rh123)

 

Mitochondria lose transmembrane potential during the early stages of the
apoptotic program.

 

49

 

Rh 123 is a cationic fluorochrome that is taken up selectively by mitochon-
dria based on their transmembrane potential.

 

50

 

 Rh123 becomes concentrated
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in living cells and cells in the early stages of apoptosis, because of the intact
plasma membrane and active mitochondria. These cells emit strong green
fluorescence from the uptake of Rh 123 and exclude PI. Dead cells, in con-
trast, stain weakly with Rh 123 and stain strongly with PI (red).

 

PI Exclusion Assay Combined with Uptake of Rh 123

 

37

 

Reagents

 

• PI stock solution: dissolve 1 mg PI in 1 ml distilled H

 

2

 

O
• Rh 123 stock solution: dissolve 1 mg Rh 123 (Molecular Probes) in

1 ml distilled H

 

2

 

O
• Tissue culture medium (or HBSS)

The Rh 123 and Pl stock solutions can be stored at 0 to 4°C in the dark for
up to 1 month.

 

Staining

 

1. Suspend 1 

 

×

 

 10

 

6

 

 cells in 1 ml tissue culture medium (or HBSS).
2. Add 5 µl Rh 123 stock solution.
3. Incubate (5 min, 37°C).
4. Add 20 µl PI stock solution.
5. Let samples sit for 5 min, room temperature.
6. Analyze cells on flow cytometer.

 

Instrument Set-Up

 

• Excitation in blue light (e.g., 488 nm line, argon ion laser).
• Use light-scatter signal to trigger cell measurement.
• Analyze green fluorescence at 530 ± 20 nm and red fluorescence at

>620 nm.

 

Advantages/Limitations

 

This method has the advantage of combining two functional assays: (1) an
assay of plasma membrane integrity, and (2) an assay of mitochondrial
transmembrane potential. In addition, the method also allows detection of
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a transient phase of cell death that occurs early in the apoptotic program
when the cell becomes leaky to PI but the mitochondria remain charged,
resulting in the cell staining with both PI and Rh 123.

 

51

 

 In this situation, the
staining with Rh123 may be more intense than in living intact cells. It has
been suggested

 

42

 

 that this may reflect a temporary increase in the mitochon-
drial transmembrane potential, concomitant with the loss of plasma mem-
brane function. A further advantage of this method is that it can be readily
combined with analysis of light scatter.

While it has been proposed that the change in mitochondrial transmem-
brane potential may represent the earliest identifiable biochemical change
in cells undergoing apoptosis,

 

49

 

 it is important to note that changes in mito-
chondrial transmembrane potential

 

 

 

are not unique to apoptosis. For example,
changes in mitochondrial transmembrane potential

 

 

 

are common in cells
undergoing necrosis and in cells with altered mitochondrial electron trans-
port or proton transport (for example, following treatment with metabolic
poisons, such as cyanide or azide).

 

41

 

 In addition, altered transmembrane
potential is not observed in all cells undergoing apoptosis (reviewed in
Reference 41).

 

10.2.2.4 Uptake of Hoechst 33258 Combined with Exclusion 
of 7-Aminoactinomycin D (7-AAD)

 

Apoptotic cells display an increased blue HO258 fluorescence signal when
compared to nonapoptotic cells. This is believed to reflect the increased
plasma membrane permeability to this dye. The cells are counterstained with
7-AAD which is a charged, cationic dye that selectively labels late apoptotic
and necrotic cells.

 

Uptake of HO258 Combined with Exclusion of 7-AAD
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Reagents

 

• HO258 stock solution: dissolve 0.1 mg HO258 (Molecular Probes)
in 1 ml distilled H

 

2

 

O
• PI stock solution: dissolve 0.5 mg PI in 1 ml distilled H

 

2

 

O
• 7-AAD stock solution: dissolve 0.1 mg of 7-AAD (Molecular

Probes) in 1 ml distilled H

 

2

 

O
• HBSS solution: HBSS containing l% (w/v) bovine serum albumin

(BSA)

The H0258 and 7-AAD stock solutions can be stored in the dark at 0 to 4°C
for up to 1 month.
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Staining

 

1. Suspend approximately 1 

 

×

 

 10

 

6

 

 cells in 1 ml of HBSS solution.
2. Add 10 µl HO258 stock solution.
3. Incubate cells (2 to 10 min, 37°C).
4. Cool the sample on ice.
5. Centrifuge (5 min, 1000 rpm).
6. Remove supernatant.
7. Suspend cell pellet in 1 ml HBSS solution.
8. Add 10 µl 7-AAD stock solution.
9. Keep cells on ice.

10. Analyze cells by flow cytometry.

 

Instrument Set-Up

 

• Excite HO258 with either the 351 nm or 325 nm line of the argon
ion laser. Excite 7-AAD with the 488 nm line of the argon ion laser
or the 543 nm line of the helium neon laser.

• Measure the blue fluorescence of HO258, using a combination of
filters and dichroic mirrors to obtain maximum transmission at 460
± 20 nm.

• Measure the fluorescence of 7-AAD with a 660 nm long pass filter.

 

Advantages/Limitations

 

This assay has two main advantages: (1) it is convenient and (2) it can be
readily combined with a two color analysis of cell-surface immunofluores-
cence. This allows simultaneous analysis of the cell-surface phenotype of
apoptotic and nonapoptotic cells by using antibodies labeled with phyco-
erythrin and fluorescein.

 

52

 

A limitation of the assay is that the intensity of the HO258 fluorescence
signal is dependent upon the duration of incubation with HO258. It is,
therefore, necessary to determine the optimal incubation time (generally 2
to 10 min) for each cell line in order to allow discrimination of apoptotic cells.

 

10.2.3 Measurement of Cellular DNA Content

 

10.2.3.1 DNA Content Analysis Following Extraction of Degraded 
DNA from Apoptotic Cells

 

In cells undergoing apoptosis, an endonuclease is activated which preferen-
tially cleaves DNA at the internucleosomal (linker) sections, resulting in
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internucleosomal DNA degradation.

 

27,53

 

 This generates small fragments of
chromatin that can be extracted from the nucleus prior to staining the cells.

The cells are permeablized with detergents or fixed with precipitating fixa-
tives such as alcohol or acetone. During subsequent rinsing and staining, the
degraded DNA leaks from the cells. The intensity of the fluorescence signal
from each cell following staining with propidium iodide (PI) or Hoechst 33258
is directly proportional to the DNA content of the cell. Therefore, apoptotic
cells are detected on the basis of containing less than the diploid amount of
DNA and is measured as a characteristic hypodiploid or sub-G

 

1

 

 peak on a DNA
histogram,

 

27,43,54,55

 

 as shown in Figure 10.2. When combined with analysis of
light scatter, apoptotic cells are identified as cells with lower forward light
scatter signal and decreased PI fluorescence signal relative to G

 

1

 

 cells.

 

Analysis of DNA Content Following Extraction of Degraded 
DNA from Apoptotic Cells

 

39

 

Reagents

 

• 70% (v/v) ethanol
• PBS
• Phosphate–citric acid buffer for extraction of DNA: 192 ml 0.2 

 

M

 

Na

 

2

 

HPO

 

4

 

 + 8 ml 0.1 

 

M

 

 citric acid; pH 7.8
• DNA staining solution (prepare fresh): 200 µg PI dissolved in 10

ml PBS + 2 mg DNase-free RNase A (if RNase is not DNase free,
boil for 5 min)

 

Fixation/Staining

 

1. Add 1 

 

×

 

 10

 

6

 

 to 5 

 

×

 

 10

 

6

 

 cells in 1 ml PBS to 9 ml 70% (v/v) ethanol
on ice. At this point, the fixed cells can be stored at –20°C for up
to 1 month.

2. Centrifuge cells (5 min, 1000 rpm).
3. Remove ethanol, resuspend cells in 10 ml PBS.
4. Centrifuge cells (5 min, 1000 rpm).
5. Suspend cells in 0.5 ml PBS.
6. Add phosphate-citric acid buffer (0.2 to 1.0 ml). The volume of

extraction buffer to be used depends on the extent of DNA degra-
dation. If DNA degradation is known to be extensive, this step can
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be bypassed. In cases where there is little DNA degradation, an
excess of extraction buffer (1.0 ml) should be used.

7. Incubate 5 min, room temperature.
8. Centrifuge 5 min, 1000 rpm.
9. Resuspend cell pellet in 1 ml DNA staining solution.

10. Incubate cells 30 min, room temperature.
11. Analyze cells on flow cytometer.

 

Instrument Set-Up

 

• Use 488 nm laser line or blue light (BG12 filter) for excitation.
• Measure red fluorescence (>600 nm) and forward light scatter.

 

Advantages/Limitations

 

This is a simple and inexpensive assay that allows identification of apoptotic
cells based on degradation of the DNA. Additionally, it allows determination
of DNA ploidy and/or cell-cycle distribution of the nonapoptotic cell pop-
ulation. A further advantage stems from the option of using any DNA
fluorochrome or instrument and the option of counterstaining other cell
constituents.

 

39

 

The main limitation of this assay is low specificity as a measure of apop-
tosis. The sub-G

 

1

 

 peak may include not only apoptotic cells but also cells
that have suffered mechanical damage, cells with altered chromatin structure
(where accessibility of the fluorochrome to the DNA is impaired

 

56

 

), cells with
lower DNA content (in a population of cells with heterogeneous DNA indi-
ces), cell debris, nuclear fragments, and isolated chromosomes released from
mitotic cells. An additional source of error stems from analysis of cells that
were treated with detergent or subjected to a hypotonic solution. These
treatments lyse the cell and generate cellular components that appear in the
sub-G

 

1

 

 peak. If permeabilization by detergent is necessary, this source of
error can be minimized by subjecting the cell to gentle permeabilization with
detergent in the presence of exogenous proteins such as serum or serum
albumin, as discussed in Darzynkiewicz et al.

 

40

 

 The use of a logarithmic scale
in DNA content distributions introduces a source of error by causing accu-
mulation of events representing the particles mentioned above whose DNA
content is less than 1% that of nonapoptotic cells. Darzynkiewicz et al. further
recommend classification of apoptotic cells as those whose DNA content is
no less than 10 to 20% that of normal G

 

1

 

 cells.

 

40

 

It is important to note that this method must be used on cells that are fixed
in precipitating types of fixative, e.g., such as alcohols or acetone. Fixation
in formaldehyde or glutaraldehyde results in cross-linking of low molecular
weight DNA to other constituents and precludes its extraction. Detection of
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reduced DNA content following fixation with cross-linking agents is only
seen in cells in the very late stages of apoptosis when DNA degradation is
very advanced.

 

10.2.3.2 Labeling DNA Strand Breaks with BrdUTP

Activation of the apoptotic endonuclease also results in the generation of a
large number of DNA strand breaks. A number of flow cytometric assays
for monitoring generation of these breaks are in use. Those assays in most
common use involve labeling of the 3′-OH termini in the breaks in the
apoptotic cell with biotinylated or digoxygenin-conjugated nucleosides in a
reaction employing exogenous terminal deoxynucleotidyl transferase (TdT)
or DNA polymerase (nick translation).34,57 Here, an alternative, recently
described assay involving incorporation of BrdUTP and detection with flu-
oresceinated anti-BrdUrd MoAb is presented. A comparison of the differ-
ences in fluorescence intensity of apoptotic cells following DNA strand break
labeling using the various methods is presented by Li and Darzynkiewicz.58

Labeling DNA Strand Breaks with BrdUTP58

Reagents

• Fixative A: 1% (v/v) methanol-free formaldehyde (Polysciences
Inc.) in HBSS, pH 7.4

• Fixative B: 70% (v/v) ethanol
• PBS
• Triton X-100
• BSA
• TdT reaction buffer (5× concentrated): l M potassium cacodylate

(Boehringer Mannheim) + 125 mM Tris-HCI, pH 6.6, + BSA,
1.26 mg/ml.

• 10 mM Cobalt chloride (CoC12) (Boehringer Mannheim).
• TdT (Boehringer Mannheim) in storage buffer, 25 units in 1 µl.
• PI staining solution: PI (2.5 µg/ml) + DNase-free RNase A

(200 µg/ml) in PBS.
• 15 mM Na2EDTA-NaOH, pH 7.8.
• FITC-conjugated anti-BrdUrd MoAb (Becton Dickinson, San Jose,

CA; clone B44).
• MoAb Staining Solution: 0.7 µg FITC-conjugated anti-BrdUrd

MoAb, 0.1% (v/v) Triton X-100 + 1% BSA in PBS



© 1999 by CRC Press LLC

Fixation/Staining

1. Fix cells in Fixative A, 15 min on ice.
2. Centrifuge (5 min, 1000 rpm).
3. Rinse with HBSS.
4. Add cell suspension to 5 ml ice-cold 70% (v/v) ethanol. At this

point, the cells can be stored at –20°C for up to 4 days.
5. Rinse cells (approximately 1 × 106) twice in 5 ml PBS.
6. Centrifuge (5 min, 1000 rpm).
7. Resuspend the pellet in 50 µl of a solution containing:

10 µl TdT reaction buffer (5×)
0.5 µl (12.5 units) TdT in storage buffer
5 µl 25mM CoCl2
0.25 nmoles BrdUTP (Sigma)
Distilled H2 O to 50 µl

8. Incubate (60 min at 37°C).
9. Wash cells twice in 15 mM Na2EDTA-NaOH, pH 7.8.

10. Incubate cells in 100 µl MoAb staining solution.
11. Counterstain with PI staining solution.
12. Incubate (30 min, room temperature in the dark).
13. Run cells on flow cytometer.

Instrument Set-Up

• Illuminate with blue light (488 nm laser line or BG12 excitation
filter).

• Measure green fluorescence at 530 ± 20 nm.
• Measure red fluorescence at >610 nm.

The main advantage of this method is its specificity in identification of
apoptotic cells.39 Another advantage is that simultaneous measurement of
DNA content allows determination of the cell-cycle position of both apop-
totic and nonapoptotic cells. This method facilitates more sensitive and lower
cost detection of DNA strand breaks than do the alternative methods.58 This
and related DNA strand break assays also facilitate detection of apoptosis
in tissue sections.

A disadvantage of this assay is its complexity. A negative result may relate
to a technical problem rather than absence of apoptosis. Therefore, care
should be taken to utilize appropriate positive and negative controls. It is
important to prefix the cells with a cross-linking agent such as formaldehyde
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to ensure that the degraded DNA remains in the cell despite the numerous
washings that are required during cell staining.

10.3 Power and Limitations of Flow Cytometry as a Measure 
of Apoptosis

Use of flow cytometry ensures that precise measurements can be made at
high speed on a cell-by-cell basis, thereby providing separate measurements
on each individual particle within the suspension rather than averaging
across the population. The ability to detect very low frequency events (i.e.,
detection of at least one event in 20,000) allows one to define and quantify
the heterogeneity in a large cell population with high statistical precision.2
When a multiparameter instrument is used, the instrumentation allows
simultaneous measurement of a number of cellular properties. For example,
a number of fluorescent dyes can be combined. Alternatively, light scatter
and fluorescence signals can be collected from a given cell. The ability to
sort cells for use in future experiments or assays is another strength of this
technology.

Despite its many advantages, flow cytometry also has a number of limi-
tations. The main limitation is the requirement for a sophisticated and expen-
sive apparatus to which many investigators do not have easy access. It is
also necessary to have a suspension of single particles that can flow through
the instrument without compromising the smooth flow of fluid and without
clogging any tubes or orifices. This requirement makes flow cytometry inap-
propriate for use with cell lines that are not readily dispersed into a single-
cell suspension.

The following criteria should be carefully considered before deciding on
the most appropriate flow cytometric apoptosis assay to use in a given set
of circumstances — the cell system under investigation, the question being
addressed (i.e., relationship between induction of apoptosis and cell cycle
position), the nature of the inducer of cell death, and other restrictions (i.e.,
type of flow cytometer, whether samples need to be transported, and cost).

When apoptosis is occurring, use of one specific method alone does not
guarantee detection. To identify apoptosis with a high degree of assurance,
at least two apoptosis assays, each measuring different parameters, should
be employed.

In recent years, evidence has accumulated showing that apoptosis can
occur in the absence of one or more of the classical features of apoptosis.
Therefore, caution should be exercised in interpretation of a negative result
in assays of apoptosis. In addition, there is ample evidence from numerous
model systems that not all assays give a positive result for apoptosis, even
when apoptosis is occurring. Furthermore, as not all cells/models undergo
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classical apoptosis, it is always advisable to examine the morphology of the
cells to confirm apoptosis in situations where conventional assays for apo-
ptosis give conflicting results. It is specifically recommended that the cells
be evaluated by light or electron microscopy, as the original description of
the phenomenon of apoptosis was based on specific morphological
changes.59 An additional complication in interpretation of results is that a
characteristic feature of apoptosis (i.e., DNA degradation) may occur in cells
undergoing necrosis.42

10.4 Conclusion

In looking to the future, it is anticipated that improvements in instrumenta-
tion and staining will lead to the development of novel electro-optical tech-
niques, improved staining capabilities, enhanced detection of fluorescence
emission, and increased sorting speed. These advances will lead to exciting
and important new applications of flow cytometry as a tool to monitor
apoptosis.
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11.1 Background

 

A growing body of evidence suggests that proteases, particularly caspases,
play important roles in the initiation and completion of apoptotic cell death
(see Chapter 6 by Mesner and Kaufmann). This claim is based on a wide
variety of experiments that use disparate and often complementary tech-
niques. In the present chapter, we describe some of these techniques, examine
their potential uses, and discuss their potential limitations.

 

11.2 Gene Deletion

 

Perhaps the strongest evidence in favor of a critical role for proteases in
controlling the cell death process comes from studies in the nematode 

 

Cae-
norhabditis elegans

 

. Deletion of the 

 

ced-3

 

 gene, which encodes a caspase,
results in failure of developmental cell deaths that would ordinarily occur.

 

1,2

 

A complete description of the methodology for performing gene knockouts
is beyond the scope of the present chapter. However, a brief discussion of
this approach — particularly the limitations of this approach — appears to
be in order.

At least 10 human caspases have been identified to date (see Chapter 6).
For several of these enzymes, alternatively spliced variants have also been
described. Although studies reported to date indicate that different caspases
have different substrate preferences,

 

3-5

 

 these same studies also indicate con-
siderable overlap in ability to cleave individual substrates. Accordingly, the
demonstration of a developmental phenotype in a caspase knockout mouse
is informative; but the lack of a phenotype cannot rule out a role for a deleted
protein in developmentally regulated cell death because of the possibility
that closely related enzymes compensate for the loss of a particular caspase.
The observation that caspase-3

 

–/–

 

 mice have supernumerary neurons and
generally die 

 

in utero

 

 with neurological abnormalities

 

6

 

 indicates that caspase-
3 plays an important role in developmentally regulated neuronal apoptosis
that is not usually or efficiently subsumed by other caspases in this tissue
at critical times during development. On the other hand, the ability of lym-
phoid cells from caspase-3

 

–/–

 

 mice to undergo apoptosis

 

6

 

 indicates one of
two possibilities: (a) caspase-3 might not play a role in lymphoid apoptosis;
or (b) other caspases might subsume the critical functions of caspase-3 in its
absence. This possibility of redundant functions must be kept in mind as
ongoing studies examine the role of other caspases and caspase-activating
polypeptides in programmed cell death (PCD).

In addition, it must be remembered that gene knockout experiments by
themselves are designed only to elucidate the role of the deleted protein in
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developmentally regulated cell deaths. Only by subjecting the knockout mice
to additional stresses does it become possible to determine the role of the
deleted protein in other types of cell death. This is elegantly illustrated by
the recent demonstration that deletion of caspase-1, which has no effect on
nervous system development,

 

7,8

 

 results in diminished infarct size after cere-
bral artery occlusion.

 

9

 

 

 

Accordingly, it appears that caspase-1 contributes to
postischemic cell death in the central nervous system. This result, however,
also illustrates yet another limitation of gene knockout studies: they do not
indicate how the deleted polypeptide contributes to the observed phenotype.
In the case of caspase-1 and cerebral infarction, it has been proposed that
the contribution might be indirect, with caspase-1 contributing to secretion
of the inflammatory cytokine interleukin-1

 

β

 

, which in turn contributes to
cerebral edema and further cellular damage.

 

9

 

11.3 Overexpression Studies

 

As an alternative approach, forced overexpression has also been utilized to
explore the role of various caspases in apoptosis. Studies have indicated that
overexpression of active caspases results in apoptosis of the transfected cells
(e.g., References 10 to 16) and mutation of the active site cysteine, which
abolishes the potential protease activity of the translated gene product, pre-
vents this induction of apoptosis by the transfected cDNA.

 

10

 

 Although these
results have often been interpreted as providing evidence that caspases play
an active role in apoptosis, more cautious interpretation appears to be
required. Two separate studies have indicated that loading of cells with
nonspecific proteases such as trypsin, chymotrypsin, or proteinase K also
results in apoptotic cell death.

 

17,18

 

 Accordingly, the occurrence of apoptosis
after transfection of a particular cDNA can be taken as evidence for toxicity
of the gene product, but not as evidence that the gene product plays a direct
role in apoptosis.

 

11.4 Cleavage of Candidate Substrates

 

If the transfection experiments can be misleading, then which approaches
can be utilized to examine the role of proteases in apoptosis? Three comple-
mentary techniques have been widely utilized: (1) examination of the cleav-
age of candidate substrates in intact cells; (2) assessment of the cleavage of
small fluorogenic or chromogenic substrates after cell disruption; and (3)
evaluation of the effect of divers protease inhibitors on various aspects of
the apoptotic process. When thoughtfully performed, these techniques can
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provide evidence for the role of proteases in apoptosis. As illustrated below,
however, each of these techniques also has important limitations that must
be kept in mind.

At first glance, evaluating the cleavage of cellular polypeptides during
apoptosis appears to be straightforward: cells are treated with a proapoptotic
stimulus, lysed in a suitable buffer, subjected to SDS-PAGE, transferred to a
solid support, and probed with antibodies using standard techniques that
are widely available.

 

19

 

 Utilizing this approach, a rapidly growing number of
polypeptides have been shown to be cleaved during apoptosis (Table 11.1).
A number of potential limitations, however, must be kept in mind. First,
proteolysis can also occur after rupture of lysosomal membranes during
necrosis. Accordingly, the occurrence of proteolysis — even proteolysis of the
polypeptides listed in Table 11.1 — cannot necessarily be taken as evidence
that cells have died an apoptotic death. Second, cleavage of a particular
polypeptide does not identify the protease responsible for the cleavage. This
is perhaps best illustrated in the case of poly(ADP-ribose) polymerase
(PARP), a polypeptide that is cleaved during apoptotic cell death in a wide
variety of cell types.

 

20,21

 

 PARP is cleaved at asparate 216

 

22

 

 by catalytic amounts
of caspase-3 and caspase-7.

 

13,23,24

 

 Thus, cleavage of PARP in intact cells has
often been assumed to represent activation of either or both of these pro-
teases. However, PARP or PARP subfragments have also been shown to be
cleaved by caspases -1, -4, -6, -8, -9, and -10 at high enzyme:substrate
ratios.

 

16,24-27

 

 Because little is known about the concentration and subcellular
distribution of active forms of the caspases in apoptotic cells, the possibility
that PARP cleavage could reflect the action of caspases -1, -4, -6, -8, -9 or -10
under some circumstances cannot be excluded at present. Thus, the cleavage
of PARP does not by itself demonstrate that a 

 

“

 

caspase-3-like

 

”

 

 protease has
been activated.

It is also important to consider the possibility that substrates might be cleaved
by proteases that are activated downstream of caspases. Although lamin B

 

1

 

 is
cleaved relatively efficiently by caspase-6

 

28

 

 and somewhat less efficiently by
caspase-3,

 

29

 

 this polypeptide can also be cleaved 

 

in vitro

 

 by a calcium-dependent
serine protease.

 

30

 

 Even though it remains to be demonstrated that this latter
protease is responsible for lamin B

 

1 

 

cleavage to the fragments observed in most
types of apoptotic cells, cleavage of lamin B

 

1

 

 by itself can no longer be taken
as definitive evidence of caspase-6 activation. In short, cleavage of candidate
substrates demonstrates that proteases are activated during apoptosis but does
not ipso facto demonstrate the identity of the protease(s) in apoptosis.

In addition, the demonstration that a particular substrate is cleaved does
not establish the role of that cleavage in the apoptotic process. As outlined
in a recent review by Villa et al.,

 

31

 

 

 

the cleavage of a particular intracellular
polypeptide during apoptosis might reflect any of three different possibili-
ties: (1) cleavage might disable the polypeptide from performing its normal
function and thereby facilitate subsequent apoptotic events; (2) cleavage
might generate fragments with novel biological activities that enable subse-
quent apoptotic events; and (3) cleavage might reflect the presence of pro-
teolytic activity within the cell without having any direct consequence on
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apoptosis, i.e., a bystander effect. Once a cleavage event is demonstrated,
further studies are required to distinguish between these possibilities. Two
examples illustrate some of the approaches that have been utilized.

Lamins, the major structural polypeptides of the nuclear envelope, are
degraded early during the course of apoptosis.

 

20,32-34

 

 Sequencing of the
cleaved fragment of lamin A demonstrated that this cleavage occurs within
the coiled–coiled domain that is involved in the protein–protein interactions
of these intermediate filament polypeptides,

 

28

 

 raising the possibility that
cleavage might disrupt the structural integrity of the lamin polymer. In
additional experiments, it was shown that inhibition of lamin cleavage abol-
ished nuclear fragmentation during apoptosis 

 

in vitro

 

35,36

 

 and slowed nuclear
fragmentation 

 

in vivo

 

,

 

37

 

 suggesting that the cleavage of the lamins facilitated
nuclear fragmentation.

Cleavages of other substrates appear to generate novel enzyme activities
that play an active role in further apoptotic events. For example, caspases
generate constitutively active fragments of protein kinase C

 

δ

 

38

 

 

 

and PITSLRE
kinase

 

39,40

 

 

 

during apoptosis. To examine the potential role of these fragments
in subsequent apoptotic events, cDNAs encoding the constitutively active
kinase domains have been transfected into cells. These experiments indicate
that the forced expression of the constitutively active kinase fragments
results in apoptosis in the absence of any other proapoptotic stimulus.

 

39,41

 

As indicated in the preceding section, these types of overexpression exper-
iments can be difficult to interpret. It is possible that the transfected protein
is simply toxic to cells without having any direct role in the apoptotic process.
Additional experiments in cells lacking the active kinase as a result of treat-
ment with inhibitors, transfection with dominant negative mutants, or expo-
sure to antisense constructs have been required to support the conclusion
that these kinases play essential roles in apoptotic events.

As illustrated by these examples, the demonstration that a candidate sub-
strate has been cleaved merely indicates that one or more proteases become
active during apoptosis. This observation by itself is limited, because it does
not necessarily indicate the identity of the protease or the role of the cleavage
in the apoptotic process. In addition to these limitations, two other potential
disadvantages of this approach need to be kept in mind. First, it relies on
the availability of antibodies, which are often costly and sometimes unavail-
able from commercial sources. Second, it is relatively labor-intensive and is
not amenable to high through-put screening, e.g., in the setting in which one
is looking for inhibitors of apoptosis in neurons.

 

11.5 Detection of Protease Activity Using Small Substrates

 

Sequencing of the sites at which protease substrates are cleaved

 

22,28

 

 has facili-
tated the development of rapid and convenient fluorogenic and chromogenic
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TABLE 11.1 

 

Partial List of Polypeptides Cleaved during Programmed Cell Death*

 Polypeptides Cleavage site Enzyme responsible Proposed effect of cleavage References  

Polypeptides Whose Cleavage Inhibits Function

 

PARP DEVD/G caspase-3, -7, and/or -9 Separates DNA binding and catalytic domains, 
inhibiting synthesis of poly(ADP-ribose)

16,20–23, 
78,79

DNA-PKcs DEVD/N caspase-3 and ? Inactivation 80–83
Rb retinoblastoma protein DEAD/G ? Inhibition of cell cycle progression 84,85
Focal adhesion kinase DQTD/S caspase-3 and 7 Detachment from basement membrane 86
Replication Factor C DEVD/G caspase-3 Inhibition of DNA replication 87
MDM2 DVPD/G caspase-3, -6, or -7 Enhancement of P53 function 88

 

Polypeptides Whose Cleavage Activates Enzymatic Activity

 

Protein kinase C delta DMQD/M caspase-3 and ? Constitutively active kinase domain 38,41
Protein kinase C theta DEVD/K caspase-3 and ? Constitutively active kinase domain 89
PITSLRE kinase YVPD/S caspase-3 and caspase-1 Constitutively active kinase domain 39,40
p21-activated kinase 2 SHVD/G ? Constitutively active kinase domain 90
Gelsolin DQTD/G caspase-3 Calcium-insensitive actin filament cleavage 91
ICAD endonuclease inhibitor DEPD/S caspase-3 Liberates active CAD endonuclease 92
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Polypeptides Whose Cleavage Alters Structural Integrity or Association/Dissociation Properties of Structural Proteins

 

Lamin A VEID/N caspase-6 Nuclear lamina disassembly 28,32
Lamin B DSVD/S caspase-6 Nuclear lamina disassembly 20,32,35,93
Gas-2 SRVD/G ? Cytoskeleton rearrangement 94
Fodrin ? caspase-3 and ? Plasma membrane blebbing 95,96

 

Polypeptides Whose Cleavage Does Not Have Demonstrated Biological Effects to Date

 

Huntingtin DSVD/L caspase-3 and ? No known effect 97
70 kDa protein of U1snRNA DGPD/G caspase-3 and ? Inhibition of RNA processing? 81,98
HnRNP proteins C1 and C2 ? caspase-3 and ? Inhibition of RNA processing? 99
Steroid response element binding proteins DEPD/S caspase-3 and caspase-7 Nonphysiological cleavage 100–103
D4-GDP dissociation inhibitor DELD/S caspase-3 and ? No demonstrated effect 104

 

Polypeptides Whose Cleavage Has Been Reported during Apoptosis but Might not Be Caspase-Mediated

 Topoisomerase I Unknown Unknown Unknown 20,93,105
Topoisomerase II Unknown Unknown Unknown 20,106,107
APC Unknown Unknown Unknown 108
Plasminogen activator inhibitor-2 Unknown Unknown Unknown 109
NuMA Unknown Unknown Nuclear shape changes 93,110,111

 

* For updated list of caspase substrates and potential substrates, see Ref. 112.

 

TABLE 11.1 (continued)

 

Partial List of Polypeptides Cleaved during Programmed Cell Death*

 

Polypeptides Cleavage site Enzyme responsible Proposed effect of cleavage References
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assays for the proteases that are activated during PCD. A protocol currently
in use in our laboratories

 

42

 

 

 

is described below. Results obtained using this
protocol are illustrated in Figure 11.1.

 

11.5.1 Protocol for Fluorogenic Assay

 

1. Prepare Cytosol or Other Subcellular Fractions

 

 (modified from
Reference 42).

 

 

 

After the proapoptotic treatment, all steps are per-
formed at 4°C. Cells are released by trypsinization (if adherent),
sedimented at 200 

 

×

 

 g for 10 min, washed twice in calcium-/mag-
nesium-free phosphate-buffered saline, and resuspended in a small
volume of buffer A (25 m

 

M

 

 HEPES [pH 7.5 at 4°C], 5 m

 

M

 

 MgCl

 

2

 

,
5 m

 

M

 

 EDTA, 1 m

 

M

 

 EGTA supplemented immediately before use
with 1 m

 

M

 

 PMSF, 1 m

 

M

 

 DTT, 10 µg/ml pepstatin A, and 10 µg/ml
leupeptin) (see notes 1 and 2). After a 20 min incubation, cells are
lysed with 20 to 30 strokes in a tight-fitting Dounce homogenizer.

 

FIGURE 11.1

 

Detection of caspase activity using fluorogenic substrates. 

 

A

 

, Schematic showing release of AFC
from tetrapeptide-coupled substrate as a consequence of caspase action. 

 

B

 

, Examination of
product release as a function of substrate concentration. Cytosol from apoptotic HL-60 leukemia
cells

 

73

 

 was incubated for 2 h at 37°C with the indicated final concentration of DEVD-AFC,
diluted, and assayed for fluorescence as described in Section 11.5.1. 

 

Inset

 

, Lineweaver-Burke
plot of the data in panel B. 

 

C

 

, Inhibition of DEVD-AFC cleavage activity in HL-60 cytosol by
preincubation with DEVD-fluoromethylketone or YVAD-chloromethylketone for 5 min before
addition of the substrate DEVD-AFC.

 

42



 

© 1999 by CRC Press LLC

 

Following removal of nuclei by sedimentation (800 

 

×

 

 g for 10 min
or 16,000 

 

×

 

 g for 3 min), the supernatant is sedimented at 280,000 

 

×

 

g

 

max

 

 for 60 min in a Beckman TL-100 ultracentrifuge. The superna-
tant (cytosol) is then frozen in 50-µl aliquots at –70°C (see note 3).
Other subcellular fractions can be isolated from the homogenate
using standard techniques.

 

43

 

2. Assay the Samples for Ability to Cleave

 

 

 

Fluorogenic or Chro-
mogenic Substrates

 

. Aliquots of cytosol or other subcellular frac-
tions containing

 

 

 

50 µg of cytosolic or nuclear protein (estimated by
the bicinchoninic acid method

 

44

 

) in 50 µl buffer A are thawed on
ice and diluted with 225 µl of freshly prepared buffer B (25 m

 

M

 

HEPES [pH 7.5], 0.1% [w/v] CHAPS, 10 m

 

M

 

 DTT, 100 U/ml apro-
tinin, 1 m

 

M

 

 PMSF) containing 100 µ

 

M

 

 substrate and incubated at
37°C (see notes 4 and 5). Reactions are terminated by addition of
1.225 ml ice-cold buffer B. Reagent blanks containing 50 µl of buffer
A and 225 µl of buffer B are incubated at 37°C for 2 h, then diluted
with 1.225 ml ice-cold buffer B. Fluorescence is measured in a
fluorometer, using an excitation wavelength of 360 nm and emis-
sion wavelength of 475 nm (see note number 6). Standards contain-
ing varying amounts of the liberated fluorophore (e.g., 0 to 1500
pmoles of 7-amino-4-trifluoromethylcoumarin) can be utilized to
determine the absolute amount of fluorochrome released. Applica-
tions of this assay are depicted in Figure 11.1B and 11.1C.

 

11.5.2 Notes on the Procedure

 

1. The procedure as outlined was designed for the examination of
caspase activity in various subcellular fractions. It is also possible
to assay caspase activity after disrupting cells by incubation in
buffer B. Because this buffer contains a zwitterionic detergent,
membranous organelles are disrupted; and it is not necessary to
perform ultracentrifugation after removal of the nuclei by sedimen-
tation at 800 

 

×

 

 g for 10 min or 16,000 

 

×

 

 g for 3 min.
2. Volumes utilized might need to be adjusted, depending on the

availability of adequate cell numbers. As a starting point, we typ-
ically add 1 ml buffer A to 10

 

8

 

 cells. The resulting cytosolic extracts
typically have a protein concentration of 4 to 8 mg/ml.

3. Control experiments from our laboratory indicate that asp-glu-val-
asp-AFC (DEVD-AFC) cleavage activity is stable for at least 3
months at –70°C.

4. The choice of substrate concentration is extremely important. If the
activity in two samples is being compared and the substrate con-
centration is below the K

 

m

 

 for the enzyme, changes in amount of
product released might reflect either an alteration in v

 

max 

 

(e.g.,
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altered number of enzyme molecules) or a change in K

 

m

 

 (altered
affinity for the substrate). Although either of these outcomes is
potentially interesting, experiments demonstrating changes in
amount of product released are typically interpreted as showing
that the number of active enzyme molecules (v

 

max

 

) has been altered.
This interpretation is valid only if the activity has been assayed
under conditions where the substrate is saturating. A procedure
for estimating the K

 

m

 

 is depicted in Figure 11.1B.
5. Length of incubation. If suitable equipment is available, continuous

monitoring of fluorochrome release can be utilized to examine
kinetics of product release and/or kinetics of enzyme inhibition.

 

45,46

 

If this equipment is not available, the assay can be run as an
endpoint assay, with cold buffer B being added at a fixed time point
to stop the reaction. When this latter approach is utilized, it is
important to perform control experiments to verify that the release
of substrate is a linear function of time. Common causes of non-
linearity include 

 

“

 

substrate exhaustion

 

”

 

 if the ratio of enzyme/sub-
strate is too high, as well as lability of enzymes under the reaction
conditions. Utilizing the conditions described above, we have
found that the release of AFC from DEVD-AFC is linear for at least
2 h.

6. Although peptide derivatives of 7-aminomethylcoumarin (AMC)
and 7-amino-4-trifluoromethylcoumarin (AFC) are commonly uti-
lized for these assays, peptide derivatives containing the two flu-
orophores AMC and dinitrophenol (dnp) have also been
described.

 

47

 

 The basis for using these latter substrates is the obser-
vation that the substrates exhibit low fluorescence due to quench-
ing of the closely spaced fluorophores, whereas the two products
each exhibit higher fluorescence because the fluorophores are no
longer close enough to interact. Alternatively, the same assay can
be adapted to a colorimetric format by using a chromogenic sub-
strate, e.g., peptide linked to 

 

p

 

-nitroanaline (pNA), although the
sensitivity is diminished somewhat compared to the fluorimetric
assay.

 

11.5.3 Strengths and Limitations of the Assay

 

This type of assay can be readily adapted to a microtiter plate format and
utilized to examine various small molecules or macromolecules as potential
inhibitors of apoptotic protease activity. For such an assay, one merely adds
the test compounds or diluent to replicate aliquots of an extract containing
the active protease, incubates for a period of time, and then adds substrate
to initiate the reaction described above. An example of this approach is
illustrated in Figure 11.1C. The ability to rapidly screen a large number of
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compounds (or column fractions) for inhibitory activity is clearly a strength
of this approach.

When applied to the study of protease activation (see below), one simply
adds potential activators to various aliquots of cytosol from control (nonap-
optotic cells), incubates for the desired length of time, and adds substrate to
the reaction mixture. Once again, this technique has the potential to rapidly
screen a large number of compounds or column fractions.

Despite this versatility, an important limitation must also be kept in mind.
Because of overlapping substrate specificities, any of a variety of proteases
present in cellular extracts might be responsible for cleaving commercial
substrates. For example, DEVD-AFC, a substrate based on the cleavage site
in PARP,

 

22

 

 is efficiently cleaved by caspases -3, -6, and -7, but also cleaved
by caspases -8 and -10.

 

5,13,23,24,48,49

 

 

 

Likewise, VEID-AFC, which is efficiently
cleaved by caspase-6, is also cleaved by recombinant caspase-3, albeit less
efficiently

 

3

 

 (T.J.K. and S.H.K., unpublished observations). Similar overlap in
substrate specificities is observed with other synthetic caspase substrates as
well.

 

3

 

 Accordingly, the demonstration that a particular fluorogenic or chro-
mogenic substrate is cleaved in a cellular extract does not indicate the iden-
tity of the protease or proteases responsible for the cleavage. In the most
striking example published to date, the threonine-dependent protease activ-
ity of the proteosome was shown to cleave YVAD-AMC,

 

50

 

 although the K

 

m

 

(700 µ

 

M

 

) is much higher than the K

 

m

 

 of caspase-1 for the same substrate.

 

50,51

 

11.6 Protease Inhibitors

 

As an alternative approach, the potential role of proteases in PCD has been
examined using a variety of low molecular weight protease inhibitors. Cells
are typically preincubated in the presence of these low molecular weight
inhibitors, then subjected to proapoptotic conditions in their continued pres-
ence. As illustrated in Chapter 6 (Mesner and Kaufmann), the observation
that neuronal PCD is prevented by certain protease inhibitors — notably
caspase inhibitors — has provided strong support for the role of caspases in
neuronal cell death. Although a complete review of protease inhibitors is
beyond the scope of this chapter, a few comments might help place the results
obtained with inhibitors in perspective.

As outlined in Reference 51, several different approaches have been uti-
lized to inhibit caspases. Although these enzymes, like other cysteine pro-
teases, are sensitive to nonspecific sulfhydryl alkylating agents such as 

 

N

 

-
ethylmaleimide and iodoacetamide,

 

52

 

 peptide derivatives containing a car-
boxyl-terminal aspartate have generally been employed in an attempt to
improve potency and specificity of the inhibitors. When these peptides are
derivatized to aldehydes or nitriles, the resulting compounds are reversible
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inhibitors. In contrast, when the same peptides are derivatized to halome-
thylketones or acyloxymetylketones, the resulting compounds are irrevers-
ible inhibitors. (For a review of the chemistry involved, see Reference 51) In
applying these inhibitors using the approach described above, several poten-
tial limitations must be kept in mind.

Even with the so-called specific inhibitors, it is usually not clear which
enzymes have been inhibited to produce the observed effect. For example,
early studies of PCD in rat thymocytes demonstrated that tosyl-

 

L

 

-lysine
chloromethylketone (TLCK) and tosyl-L-phenylalanine chloromethylketone
(TPCK) inhibited PCD induced by the topoisomerase II poison tenipo-
side.53-55 Although TLCK and TPCK were originally synthesized as mecha-
nism-based inhibitors of the serine proteases trypsin and chymotrypsin,
respectively, both of these agents inhibit sulfhydryl-dependent proteases
such as cathepsin B56 as well as multiple caspases.13,35 Accordingly, the obser-
vation that TPCK or TLCK inhibits teniposide-induced apoptosis cannot be
taken as evidence that a chymotrypsin-like or trypsin-like enzyme is
involved in the process.

This lack of specificity is not unique to the chloromethylketones. The
aldehyde-based inhibitors N-acetyl-leu-leu-norleucinal and N-acetyl-leu-
leu-methional, which were originally utilized as inhibitors of cysteine-depen-
dent proteases calpain I and II, have been more recently been shown to
inhibit the threonine-dependent protease activity of the proteosome as well.57

In fact, the inhibition of apoptosis in neuronal cells by these compounds,
but not the calpain inhibitor calpastatin, has been cited as evidence to sup-
port the potential role of the proteosome in neuronal apoptosis.58

The preceding examples indicate that some of the currently available pro-
tease inhibitors inhibit members of multiple mechanistically distinct protease
families. Accordingly, inhibition of PCD by these inhibitors does not neces-
sarily indicate the family of proteases involved in the process. Further expe-
rience is required to determine whether the newer agents that are currently
viewed as “specific” inhibitors will in fact be specific for a single class of
proteases like the caspases.

Even if currently available caspase inhibitors are eventually shown to
preferentially target caspases, the observation that a particular inhibitor
slows or abolishes PCD does not indicate which individual protease has
been targeted. For example, YVAD-aldehyde will inhibit caspase-1 with a Ki

of 3 nM in vitro; yet 2700 nM YVAD-aldehyde is required to inhibit produc-
tion of interleukin-1β in intact cells.51 If it were not known that total inhibition
of caspase-1 activity (e.g., gene knockout) abolishes interleukin-1β produc-
tion,7,8 the requirement for such high concentrations of YVAD-aldehyde to
inhibit interleukin-1β production might be viewed as evidence that a less
sensitive protease plays a more important role in the process than caspase-
1 does. In the case of DEVD-aldehyde, there is likewise a disparity between
the nanomolar Ki of the compound against caspase-3 in vitro59 and the 10 to
100 µM concentrations required to inhibit PCD in intact cells.23,60 Although
these disparities have been attributed to poor penetration of the inhibitors
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into intact cells, measurements of intracellular inhibitor concentrations that
would be required to confirm this explanation have not been reported. If
limited cell penetration is responsible for the poor potency of low molecular
weight caspase inhibitors in intact cells, then coupling of the peptide portions
of these inhibitors to permeability-enhancing peptides (e.g., the hydrophobic
region of the signal peptide of Kaposi fibroblast growth factor or the anten-
napedia penetration sequence that carries impermeant molecules directly
into the cytoplasm of cells61) would be expected to result in more effective
inhibitors. Results of studies with these new cell-permeable inhibitors remain
to be reported.

Even if the potency of these inhibitors in intact cells is improved, however,
it must be kept in mind that the DEVD-aldehyde has been shown to inhibit
caspase-1 (Ki 15 nM) and caspase-4 (Ki 135 nM) about as well as the caspase-
3-like caspase-7 (Ki 35 nM).4 Accordingly, inhibition of a cellular process by
DEVD-aldehyde cannot be taken as evidence of involvement of caspase-3
or even a caspase-3 like enzyme. Because of overlapping substrate specificity,
similar limitations might apply to the interpretation of results obtained with
other caspase inhibitors as well.

Two final points make the interpretation of inhibitor data even more prob-
lematic. First, a recent study utilizing purified caspases in vitro demonstrated
that the specificity of irreversible caspase inhibitors for certain family mem-
bers can be lost when the inhibitors are utilized at high concentrations
and/or for prolonged periods of time. In particular, the inhibitors Z-VAD-
[(2,6-dichlorobenzoyl)oxy]methyl ketone and Ac-YVAD-nitrile were shown
to have Ki values 10- to 200-fold lower for caspases -1 and -4 than for caspases
-3 and-7. Nonetheless, activities of caspases -3 and -7 were also irreversibly
inhibited by prolonged (i.e., 1 h) incubation with these inhibitors.4 Because
the inhibition is irreversible, these types of inhibitors do not have to have a
high affinity to eventually inhibit the activity. This property must be kept in
mind in interpreting experiments utilizing prolonged incubations with irre-
versible inhibitors. Second, it must be remembered that so-called “protease
inhibitors” might also inhibit other classes of enzymes. TPCK, which inhibits
chymotrypsin-like serine proteases, sulfhydryl-dependent cathepsins, and
at least some caspases (see above), can also enhance the phosphorylation of
a 42-kDa polypeptide in cells treated with a proapoptotic stimulus, possibly
by inhibiting a phosphatase.62 These observations serve as a reminder that
enzymes other than proteases have reactive nucleophiles at their active sites.
Accordingly, the previously cited observation that TPCK inhibits teniposide-
induced PCD might reflect some alteration in signal transduction rather than
(or in addition to) inhibition of proteases. Only by applying multiple struc-
turally and/or mechanistically distinct inhibitors of an enzyme under study
and showing that each has the same effect is it possible to guard against
these types of unsuspected cross-reactivities. Unfortunately, multiple mech-
anistically distinct cell permeable inhibitors of the proteases implicated in PCD
are not currently available. Until they are, inhibitor data will have to be
interpreted cautiously.
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11.7 Detection of Active Caspases by Affinity Labeling

The mapping of caspase cleavage sites in PARP, the lamins and other sub-
strates has also enabled the design of caspase-specific affinity labeling
reagents. Each of these reagents consists of a small peptide chain linked to
a detector group (e.g., biotin) and a moiety that irreversibly binds to the
active site, e.g., chloromethyl, fluoromethyl, or acyloxymethyl ketone
(Figure 11.2A). In principle, the peptide binds to the substrate binding pocket
of the caspase, the reactive group forms a covalent bond with the active site
cysteine (Cys285 for the case of caspase-163) as established by Thornberry
et al.,64 and the covalently modified subunit of the enzyme can then be
detected or purified using a reagent that reacts with the detector group (e.g.,
streptavidin). Results obtained using this approach are illustrated in
Figures 11.2B and 11.2C.

This approach is feasible because caspases can tolerate the insertion of
detector groups on substrate-like peptides. As first shown by Sleath et al. for
caspase-1, these enzymes exhibit an absolute requirement for aspartate in
the P1 position, the amino acid immediately on the amino side of the scissile
bond.65 The P2 residue, in contrast, has little effect on substrate recognition
by caspases45 because this sidechain is pointed away from the enzyme.63 The
observation that lysine was tolerated in the P2 position45 opened the door to
a new family of labeling reagents that contain biotin on the ε-amino group
of lysine. The first member of this family, tyr-val-(ε-biotin)lys-asp-[(2,6-dim-
ethylbenzoyl)oxy]methylketone (YVK[biotin]D-aomk) was shown by Thorn-
berry et al. to be a potent inhibitor of caspase-1 that could be readily detected
with avidin-based reagents.64 The reagent described below, N-(Nα-benzylox-
ycarbonylglutamyl-Nε-biotinyllysyl)aspartic acid [(2,6-dimethyl-
benzoyl)oxy]methyl ketone (zEK[biotin]D-aomk),42 was synthesized based
on the EVD cleavage site from PARP (EVD⇓G)22 and the EID cleavage site
from lamin A (EID⇓N).28 A protocol currently used in our laboratory for
detection of active caspases in cytosol preparations using zEK(biotin)D-
aomk is described below. This protocol is based on the original labeling
technique developed for caspase-164 as modified by us for use with the
apoptotic caspases42 and then further adapted by Faleiro et al.66

11.7.1 Labeling and Detecting Enzymatically Active Caspases

1. Affinity Label the Active Sites of Activated Caspases. All steps
prior to incubation with the affinity labeling agent should be per-
formed at 4°C. Cells are sedimented at 300 × g for 5 min and
washed twice with KPM buffer (50 mM KCl, 50 mM PIPES, 10 mM
EGTA, 2 mM MgCl2, pH 7). They are then gently resuspended in
150 µl of KPM buffer supplemented with 0.1 mM PMSF, 20 mM
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cytochalasin B, and 1 µg/ml of the following protease inhibitors:
chymostatin, pepstatin, leupeptin, and antipain. After transfer to a
1.5-ml microcentrifuge tube, cells are sedimented at 800 × g.
zEK(biotin)D-aomk (see note 1) is diluted to 2 µM in MDB buffer
(50 mM NaCl, 2 mM MgCl2, 5 mM EGTA, 10 mM HEPES, 1 mM
DTT, pH 7); and equal volumes of the 2 µM zEK(bio)D-aomk solu-
tion and cell suspension are mixed. Cells are then lysed by three
cycles of freezing and thawing. For each cycle, cells are frozen in
liquid nitrogen and thawed at room temp. The lysates are then
incubated at room temperature for 1 h and spun for 2 h at 157,000 ×

Figure 11.2
Labeling of active caspases by acyloxymethylketones. A, Schematic showing the reaction
mechanism of  N-(Nα-benzyloxycarbonylglutamyl-Nε-biotinyllysyl)aspartic  acid [(2,6-dime-
thylbenzoxyl)oxy]methyl ketone, otherwise known as zEK(bio)D-aomk, the affinity-labeling
reagent currently used in our lab.42 Enzyme inactivation occurs through the displacement of
the carboxylate leaving group (R) by the cysteine nucleophile, resulting in formation of a thi-
omethylketone covalent bond. P3 to P1 correspond to amino acid residues at the amino-terminal
side of the scissile bond according to the nomenclature introduced by Schecter and Berger. Note
the absolute requirement of aspartic acid at the P1 position, a feature common to all caspases.
The design of this affinity label42 was based on the mapping of the apoptotic cleavage sites in
PARP22 and lamin A,28 together with the indication from previous studies that substitutions
(including lysine) are well tolerated in the P2 position.45 Although the leaving group R is bulky,
ICE and other caspase family members are able to accommodate bulky residues in the P1′ posi-
tion.45 B, C, results obtained when zEK(bio)D-aomk is reacted with cytosol or nuclei from HL-
60 leukemia cells treated with the chemotherapeutic agent etoposide for the indicated length
of time.42 Each labeled band corresponds to the labeled large subunit of an active caspase.
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gmax in a Beckman Optima TLX ultracentrifuge. The clear lysates
are then subjected to one of several different protein separation
techniques and analyzed. (See notes 2 and 3.)

2. Analyze the Labeled Polypeptides. Prior to separation by SDS-
PAGE, samples are diluted with 0.5 volume of 3× sample buffer
(0.15 M Tris-HCl [pH 6.8], 45% [w/v] sucrose, 6 mM EDTA, 9%
[w/v] SDS, 0.03% [w/v] bromophenol blue, 10% [v/v] β-mercap-
toethanol) and boiled for 3 min. Separation is performed on a 16%
SDS-polyacrylamide gel using the technique described by Laem-
mli.67 In our experience, optimal resolution of the caspases is
obtained using 0.75 mm thick 16 × 18 cm gels, with separation at
15 mA constant current for 6 h. Following separation, polypeptides
are electrophoretically transferred to nitrocellulose (e.g., 2 h at 55V
in a Bio-Rad Trans Blot apparatus using transfer buffer that consists
of 20% [v/v] methanol, 0.1% [w/v] SDS, 25 mM Tris and 188 mM
glycine). Unoccupied protein binding sites are blocked with 5%
nonfat dry milk in PBS-T buffer (calcium/magnesium-free phos-
phate buffered saline containing 0.1% [v/v] Tween-20). Blots are
then incubated with peroxidase-coupled streptavidin for 3 h 30 min
at room temperature in PBS-T, washed once for 15 min and four
times for 5 min each with PBS-T to remove unbound peroxidase-
coupled streptavidin, and detected using Amersham ECL
enhanced chemiluminescent detection as described by the supplier.
(See notes 4-6.)

11.7.2 Notes on the Procedure

1. zEK(biotin)D-aomk is conveniently prepared as a 25 mM stock in
DMSO and stored in small aliquots at –80°C. Although these affin-
ity labeling agents are generally considered to be relatively unsta-
ble, in our experience they can be stored dissolved in DMSO for
relatively long periods of time at –80°C. For example, zEK(biotin)D-
aomk has retained its initial reactivity after storage for 2 years
under these conditions.

2. The described procedure is designed for the detection of caspases
in cytosol. As illustrated in Figure 11.2C, it is also possible to pre-
pare various subcellular fractions and then react them with
zEK(biotin)D-aomk. In this case, the affinity labeling agent is added
to the purified subcellular fraction at a concentration of 1 µM. After
a suitable incubation time, subsequent protein separation and
detection procedures are performed as described.

3. It is possible to competitively inhibit binding of the affinity label
with other caspase inhibitors. For example, preincubation of cell
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lysates with certain peptide chloromethyl ketones or fluoromethyl
ketones completely abolishes subsequent labeling with zEK(bio)
D-aomk.42 This type of competition experiment serves several pur-
poses. First, cell lysates contain many polypeptides that are intrin-
sically biotinylated. These are unaffected by preincubation of the
lysates with Ac-tyr-val-ala-asp-chloromethylketone (YVAD-cmk),
whereas labeling of caspases can be completely suppressed under
the same conditions.42 Second, the same approach can sometimes
be utilized to identify the labeled caspase responsible for a partic-
ular biological function. For example, the Sp1 serpin from rabbit-
pox virus and underivatized peptides corresponding to the lamin
A cleavage site — two different types of reversible caspase
inhibitors — were shown to inhibit lamin cleavage in vitro and
simultaneously abolish covalent modification of one particular
caspase by affinity labeling.36 In performing this latter type of
experiment, it is important to optimize the labeling conditions so
that the time of exposure to the affinity label is minimized (e.g., 1
min).42 Because reversible inhibitors are, by definition, dissociating
and reassociating with the caspase active site (thereby providing
the affinity label an opportunity to covalently label the enzyme),
longer labeling times will allow covalent modification of a caspase
in question, even in the presence of a potent reversible inhibitor.

4. As an alternative, it is possible to purify the derivatized caspases
using immobilized avidin according to procedures described by
Nicholson et al.23 or Faliero et al.66

5. Where levels of active caspases are very low, it is possible to achieve
approximately 25-fold greater sensitivity in enhanced chemilumi-
nescence (at 10-fold greater reagent cost) using SuperSigal Ultra™
from Pierce (Rockford, IL).

6. It is essential to optimize the detection conditions to achieve max-
imum signal and minimum background. High backgrounds can be
a serious problem with this assay, particularly when caspase con-
centrations in the cell lysates are low. The most common cause for
high backgrounds in our experience is the choice of blocking agent.
Although milk is traditionally discouraged when using avi-
din/biotin detection systems, we have found powdered milk to be
far superior to biotin-free blocking agents. However, we have also
found that powdered milk from different sources results in differ-
ent levels of background. Accordingly, powdered milk from several
different sources might have to be compared to arrive at an optimal
signal to noise ratio.
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11.7.3 Strengths and Limitations of the Assay

This assay is extremely sensitive. When combined with the powerful new
chemiluminescent substrates, this assay can detect pg levels of active pro-
teases. In addition, when utilized in conjunction with appropriate standards,
this assay can be utilized to identify the individual proteases that are active
during the course of PCD.42 Moreover, it is possible to purify the affinity-
labeled caspases for further study.23,66 Finally, because only two inhibitor
molecules bind to each caspase, the labeling can be used to determine the
concentration of particular labeled active caspases. 

Despite its strengths, this technique also has several potential limitations.
By far the most serious of these is the difficulty in procuring reagents that
label caspases with high affinity and do not give unacceptable background
labeling of nonapoptotic cell lysates. We have tested multiple affinity labeling
reagents from several commercial sources. Unfortunately, all of these proved
to give unacceptable background labeling. One possibility is that this non-
specific binding proceeds through derivitization of other thiol nucleophiles
present in the samples. Nonspecific reactivity is known to be a particular
problem with chloromethylketones, which react with a variety of activated
thiols68 as typified by the promiscuity of the chloromethyl ketones TLCK
and TPCK (See Section 11.6). Accordingly, we recommend using peptidyl
acyloxymethyl ketones in preference to the more readily available chlorom-
ethyl ketones. It should be noted, however, that the chemical synthesis of
acyloxymethyl ketones is very tricky, a factor that undoubtedly contributes
to their expense and to the variable quality of commercial reagents. Avail-
ability, therefore, is a key consideration in determining whether to employ
these compounds in particular study. Hopefully, the presence of a potentially
lucrative market will stimulate suppliers to improve the quality and avail-
ability of these products.

11.8 In Vitro Activation Assays

The realization that caspases play a role in PCD raises questions about how
these enzymes are activated and how the activation process is regulated.
This question became amenable to experimental investigation with the report
by Liu et al. that caspase-3 could be activated by treatment of cytosol from
nonapoptotic cells with cytochrome c and deoxyadenosine triphosphate.69

Subsequent studies have indicated that during apoptosis cytochrome c is
released from mitochondria to cytosol prior to caspase activation, suggesting
that cytochrome c might be a physiological participant in caspase activa-
tion.69-74 The role of deoxyadenosine triphosphate remains to be more fully
established. Nonetheless, these observations provide the framework for cur-
rent methods to study the activation of caspases under cell-free conditions,
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where various activators or inhibitors can be added without concern about
their ability to cross membranes and penetrate into various cellular com-
partments. A current protocol for performance of this type of assay is
described below and illustrated in Figure 11.3.

11.8.1 Protocol for In Vitro Activation Assay

1. Prepare Cytosol or other Subcellular Fractions. All steps are
performed at 4°C. Cells are released by trypsinization (if adherent),
sedimented at 200 × g for 10 min, washed twice in RPMI 1640
medium containing 10 mM HEPES (pH 7.4). Cytosol is prepared
as described above (Section 11.5.1). In brief, cells are swelled in
buffer A and disrupted by 20 to 50 strokes in a pre-chilled Dounce
homogenizer with a tight-fitting pestle; nuclei are sedimented at

FIGURE 11.3
Caspase activation in vitro upon addition of cytochrome c to cytosol from nonapoptotic cells.
A, Schematic representation of caspase activation in vitro. The constitutively expressed protease-
activating factor Apaf-1 was recently shown to share a region of limited amino acid similarity
with the C. elegans protein ced-4.76 The protease-activating factor Apaf-3 was recently identified
as procaspase-9.77 2′-Deoxyadenosine triphosphate (dATP) is required for this reaction in vit-
ro,29,77 although the involvement of this nucleotide in vivo remains to be established. B, Example
of protease activation in vitro. Cytosol prepared from K562 leukemia cells as described73 was
incubated in the absence or presence of 500 µg/ml cytochrome c and dATP for the indicated
length of time, then subjected to SDS-PAGE followed by immunoblotting with reagents that
recognize the indicated caspase. Note that caspases -3 and -7 are proteolytically activated
(arrowheads) under these conditions, whereas caspase-2 is not. Similar results have been ob-
served with cytochrome c concentrations as low as 1 to 10 µg/ml in subsequent experiments.
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800 × g for 10 min; and the postnuclear supernatant is sedimented
at 50,000 × gmax for 60 min in a Beckman TL-100 ultracentrifuge.
The resulting cytosolic extract is then frozen in 100-µl aliquots at
–70°C. (See notes 1,2.)

2. Assemble in Vitro Activation Reactions. Reaction mixtures are
assembled on ice in the wells of a pre-chilled 96-well microtiter
plate. A typical 40-µl reaction contains 50 µg of cytosolic protein,
additives (inhibitors, activators, etc.) prepared in buffer A, and
freshly prepared buffer A as diluent to adjust final volume to 40 µl.
Reactions are assembled by adding the appropriate volume of dilu-
ent to each well, followed by the addition of any additives, and
finally by the addition of freshly thawed cytosolic extract. Reactions
are initiated by placing the microtiter plate in a humidified 30°C
incubator. (See note 3.)

3. Analyze in vitro activation reactions. Following incubation at
30°C for the desired length of time, reactions are terminated by
placing the microtiter plate on ice. Individual reaction mixtures are
then transferred to labeled, pre-chilled microcentrifuge tubes and
assayed by one or more of the following methods:
• Immunoblotting. Samples are mixed with 1/3 volume of 4×

Laemmli sample buffer, heated to 65°C for 15 min, and subjected
to SDS-PAGE essentially as described above (Section 11.7.1). Fol-
lowing electrophoretic separation, polypeptides are transferred
to PVDF for blotting with anticaspase antibodies. Control sam-
ples containing unincubated cytosol should be included in order
to determine the extent of procaspase cleavage (i.e., activation).

• Assay for Ability to Cleave Fluorogenic or Chromogenic Sub-
strates. As an alternative, the cold-terminated reaction mixture
can be added to buffered substrate; and the fluorogenic or chro-
mogenic assay of caspase activity can be performed as described
in Section 11.5.

11.8.2 Notes on the Procedure

1. When stored at –70°C, cytosolic extracts remain stable and activat-
able by cytochrome c for at least 9 months.

2. Dounce homogenization is not sufficient to lyse some adherent cell
lines (e.g., A549 non-small cell lung cancer cells or human foreskin
fibroblasts). For these cell lines, use of a nitrogen cavitation cham-
ber or repeated passage through a 22 gauge might be required to
prepare cytosol.

3. Control experiments from our laboratory indicate that the proforms
of caspases -2, -3, and -7 are stable for up to 6 h at 30 to 37°C or
up to 72 h at 4°C in the absence of an activator.
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11.8.3 Strengths and Limitations of the Assay

As with other cell-free systems utilized to study physiological processes, the
in vitro caspase activation assay described above offers two major advantages
over intact cells. First, it allows the testing of compounds that would pene-
trate intact cells poorly because of size or charge. With its microtiter plate
format, the present assay should be amenable to relatively rapid screening
for agents that facilitate or inhibit caspase activation. Second, cell-free sys-
tems are ideally suited to biochemical fractionation/reconstitution schemes,
thus providing a powerful approach for identifying critical biochemical com-
ponents of the system.69,75

Although the cell-free activation of caspases can potentially provide
important new information regarding the control of protease activation,
information obtained from experiments utilizing this approach must be eval-
uated carefully. It appears that the ability to activate caspases in cytosol is
highly dependent on the manner in which the cytosol is prepared (P. Mesner,
unpublished observation). This observation suggests that critical variables
in the caspase activation process remain to be determined. Furthermore, a
cell-free system by its very nature involves disruption and/or removal of
organelles and cellular membranes. Compartmentalization of important
functions is a basic tenant of cell biology. The loss of compartmentalization
during preparation of cell-free extracts results in the dissipation of pH,
concentration, and electrochemical gradients, leading to the possibility of
nonphysiological molecular interactions. Accordingly, it is important that
molecular interactions identified using cell-free systems of caspase activation
be confirmed in intact cells.
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12.1 Introduction

 

Ceramide has recently emerged as an important signaling molecule in
response to cellular stress and as a mediator of apoptosis.

 

1

 

 A critical aspect
to the advancement of the role of ceramide as a signaling molecule has been
the development of sensitive methods to accurately measure changes in
ceramide levels. These methods have provided an important tool to the
repertoire of analytic techniques used by investigators interested in the bio-
logic role of ceramide. This chapter will provide a discussion of and protocols
for several methods used to measure both qualitative and quantitative
changes in ceramide levels. The methods assume some basic understanding
of procedures involved in analytic biochemistry, i.e., chromatography, quan-
titative transfers, use of internal standards, and handling of radioisotopes,
and are sufficiently detailed to provide newcomers to the field reliable and
reproducible procedures for the measurement of ceramide.

 

12.2 Qualitative and Quantitative Methods 
for Measuring Ceramide

 

Metabolic radiolabeling of ceramide is one of the easiest and most manage-
able methods for measuring ceramide levels, especially in large numbers of
samples. This procedure typically uses [

 

3

 

H]palmitate or [

 

14

 

C]serine to label
the fatty acyl chain or sphingolipid backbone, respectively, of ceramide and
its precursor sphingomyelin (Figure 12.1). This method gives no measure of
mass and therefore can only give qualitative analysis of ceramide changes.
Nonetheless, this approach is very useful in screening assays to determine
if particular experimental treatments may impact upon ceramide signaling.

A few considerations about this approach to measuring ceramide are war-
ranted. Previous studies have demonstrated that the various cellular pools
of sphingomyelin, the direct precursor of ceramide in response to many
agonists, are metabolically labeled at different rates.

 

2

 

 Therefore, it is impor-
tant to incubate the cells with the radioactive precursor for a sufficient
duration to ensure that all the cellular pools of sphingomyelin are labeled
to metabolic equilibrium. Failing to do so may abrogate the ceramide signal
in response to treatment because the signal-sensitive pool of sphingomyelin
did not sufficiently incorporate the label. This duration is directly related to
the doubling time of the cells. In general, incubating the cells with radiolabel
for three population doublings should be sufficient to bring all the cellular
pools of sphingomyelin to metabolic equilibrium with the radiolabel.
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FIGURE 12.1

 

Schematic of methods for ceramide analysis. (A) Metabolic labeling. The position of [

 

3

 

H]palm-
itate and [

 

14

 

C]serine after metabolic incorporation into ceramide is indicated by the 

 

*

 

 and • ,
respectively. Palmitate may also undergo N-acylation. (B) OPA derivatization. Acid hydrolysis
releases the fatty acid from ceramide. The free long-chain base (sphingosine) is then reacted
with 

 

o

 

-phthalaldehyde (OPA) in the presence of 

 

β

 

-mercaptoethanol, forming a fluorescent OPA
derivative of sphingosine. (C) DAG kinase assay. DAG kinase transfers 

 

32

 

PO

 

4

 

 from 

 

γ

 

-[

 

32

 

P]ATP
to ceramide-producing ceramide-1-[

 

32

 

P]phosphate. The position of the 

 

32

 

P is indicated by

 

 *

 

.
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An additional consideration when metabolically labeling ceramide is
whether or not the radiolabeled precursor is equally utilized by the different
metabolic pathways that produce ceramide. For example, some 

 

in vivo 

 

stud-
ies have erringly used a short incubation of cells with lysophosphatidylcho-
line containing [

 

14

 

C]palmitate in the 

 

sn

 

-1 position of glycerol to label
ceramide.

 

3

 

 Since the acylation of sphingomyelin and ceramide does not
directly involve donation of a fatty acyl group from lysophosphatidylcho-
line,

 

4

 

 the amount of label incorporated into these molecules would be
expected to be rather low and would undoubtedly require a very long
incubation to reach equilibrium. In the absence of more convincing evidence
on the biochemical mechanisms justifying this strategy,

 

3

 

 lysophosphatidyl-
choline is an extremely poor choice as a precursor. Further, when metabol-
ically labeling ceramide, it is important to consider the effect of availability
of the precursor in the medium. Thus, when using radiolabeled serine as a
precursor, incorporation will be greatest in serine-deficient media.

The first quantitative method to be discussed for determining ceramide
levels employs the strategy of derivatizing the sphingoid base of ceramide.
Since this method involves the isolation and degradation of ceramide to
sphingosine, an internal standard is added to a lipid extract. The internal
standard is chemically similar to natural ceramide and is expected to
undergo the same amount of loss during the analytic workup, but has a
distinct chromatographic migration enabling separation from endogenous
ceramide. By calculating the ratio of the analyte signal (ceramide) to that of
the internal standard, the amount of ceramide in a biologic sample can be
determined by extrapolation from a standard curve constructed using the
internal standard and an authentic ceramide standard.

The derivatization of the sphingoid base of ceramide is accomplished with

 

o

 

-phthalaldehyde (OPA).

 

5

 

 OPA derivatizes the primary amine of the sphin-
goid base, forming a fluorescent derivative which can be separated by high
performance liquid chromatography (HPLC) and detected fluorometrically.
This procedure has low pmol sensitivity and permits a true mass measure-
ment. The major drawback to OPA derivatization is that there is a need to
purify ceramide and perform acid hydrolysis before derivatization. This
increases the difficulty of handling a large number of samples, but is readily
accomplished with a little practice. Additionally, this procedure requires a
specialized detector which may not be readily available with many HPLC
systems.

The second quantitative procedure involves the use of the enzyme dia-
cylglycerol kinase (DAG kinase) to enzymatically convert ceramide to cera-
mide phosphate.

 

6-8

 

 Although DAG kinase preferentially phosphorylates
diacylglycerol to phosphatidic acid, under the correct conditions, the
enzyme will also quantitatively phosphorylate ceramide. In the presence of
[

 

γ

 

-

 

32

 

P]ATP the radiolabeled ceramide phosphate is easily detected and can
be quantitated by scintillation spectrometry or by densitometry using a
phosphoimager. Similar to OPA derivatization, the sensitivity of the DAG
kinase assay is in the low pmol range. Further, crude lipid extracts may be
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used for analysis, making this method reasonable for handling a large num-
ber of samples.

The ensuing sections will describe the procedures involved for metabolic
radiolabeling, formation of OPA derivatives of the long chain bases of cera-
mide, and labeling of ceramide with [

 

γ

 

-

 

32

 

P]ATP by DAG kinase. These assays
are easily adaptable for numerous cell types and in some cases for tissue
samples.

 

12.3 Protocols for the Qualitative and Quantitative 
Determination of Ceramide

 

12.3.1 Metabolic Labeling

 

12.3.1.1 Materials

 

[

 

3

 

H]Palmitate (30 to 60 Ci/mmol) is from American Radiolabeled Chemical.
[

 

14

 

C]Serine (50 to 62 mCi/mmol) is from Amersham. Type III ceramide for
lipid standards is from Sigma. Thin-layer chromatography Silica Gel 60
plates are from Merck.

 

12.3.1.2 Cell Culture

 

The critical consideration is the initial cell density. Cells should be seeded
so that at the required density for experimental treatment, the cells will have
incubated for 48 to 72 h or three doubling times in radiolabeled medium.
This time may need to be increased if the doubling time for the cells is
particularly long. We generally incubate fibroblast and PC12 cell lines for 72
h in the presence of the radiolabel. Freshly split cells are labeled with
[

 

3

 

H]palmitate or [

 

14

 

C]serine in complete or serine-deficient medium which
contains 0.5 to 1 µCi/ml of the radioisotope. Following the incubation, the
medium should be removed, the cells washed with fresh medium or phos-
phate-buffered saline, and then placed in fresh medium lacking the radiola-
bel for a period of 2 to 6 h. Previous studies have demonstrated that simple
medium changes dramatically increases the level of sphingolipid metabo-
lites.

 

9

 

 The levels of these metabolites typically return to baseline levels after
2 to 6 h, although this may need to be determined empirically for any given
cell type.

 

12.3.1.3 Lipid Isolation

 

Following experimental treatment, the cells may be harvested by adding 1
ml of any standard lysis buffer (detergent is not absolutely necessary) and
scraping the cells from the plate. Nonadherent cells may be pelleted by
centrifugation before this treatment. An aliquot of the lysate is reserved for
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analysis of total protein. Alternatively, cells may be scraped directly into 2
ml of ice-cold methanol. After adding one 1 ml of CHCl

 

3

 

 proceed with the
lipid extraction described below.

Lipids are extracted using a modification of the method of Bligh and Dyer.

 

10

 

Briefly, to a 13 

 

×

 

 100-mm screw-cap test tube containing 3 ml of CHCl

 

3

 

:
CH

 

3

 

OH (1:2, v/v) add 0.8 ml of the lysate and mix the solution. If the cells
were extracted directly into methanol, a little less water (about 0.6 to 0.7 ml)
is necessary, since some liquid is always recovered with the cells. At this
point the solution should be a monophase. If the solution is not forming a
monophase, add a few drops of methanol to break the emulsion and achieve
a monophase. After 5 min, phase separation is achieved by the addition of
1 ml of CHCl

 

3

 

 and 1 ml of 1% perchloric acid or water. Mix the samples well
by vigorous shaking and centrifuge for 5 to 10 min at room temperature.
Centrifugation in a table-top clinical centrifuge at 2000 to 3000 rpm is suffi-
cient. After centrifugation, the upper aqueous layer is aspirated and an
aliquot of the organic phase is transferred to a fresh tube and dried under
nitrogen gas, in a speed vac, or in an oven at 45°C .

 

12.3.1.4 Alkaline Methanolysis and Thin-Layer Chromatography

 

Using [

 

3

 

H]palmitate, it is especially advisable to base hydrolyze the samples
prior to chromatography, since many glycerophospholipids will also incor-
porate the palmitate label and interfere with the chromatography of cera-
mide. To accomplish this, resuspend the dried lipid samples in 1 ml of
CHCL

 

3

 

 and add 0.1 ml of 2

 

N

 

 KOH dissolved in CH

 

3

 

OH. Incubate the tubes
for 1 h at 37°C. During this incubation a white precipitate of glycerophos-
phate will form due to the hydrolysis of the acyl groups. Neutralize the
samples with 0.1 ml of 2

 

N

 

 HCL in CH

 

3

 

OH and add 0.3 ml of CH

 

3

 

OH.
Complete a Folch extraction by the addition of 0.2 ml of water.

 

11

 

 Vortex and
centrifuge the sample. Carefully aspirate the upper aqueous layer and quan-
titatively transfer an aliquot of the 1 ml organic phase to a fresh tube. Add
5 µg of cold ceramide standard and evaporate the solvent as described
above. The lipid residue is dissolved in 40 µl of CHCl

 

3

 

 and an aliquot of
this sample is spotted on a 20 

 

×

 

 20-cm TLC plate about 2 cm from the bottom
of the plate. The plate may be developed in a solvent system consisting of
CHCl

 

3

 

:CH

 

3

 

OH:NH

 

4

 

OH (200:25:2.5 [v/v]).

 

12

 

Here are a few cautionary notes on the practice of TLC that many new-
comers to lipidology overlook. Be sure to use a fully equilibrated TLC cham-
ber. This is accomplished by placing a sheet of Whatman paper inside the
tank to serve as a wick and allow the solvent to fully saturate the paper. This
usually takes several hours and should be prepared before the samples are
spotted on the TLC plate. Do not individually add the solvent components
directly to the TLC tank, especially in the presence of the wick. Mix all the
components of the solvent together in a flask before pouring the solvent into
the TLC chamber. Use only enough solvent so that when the TLC plate is
placed in the chamber, the solvent covers about the bottom 1 cm of the plate.
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Be sure that the solvent will not cover the area of the plate spotted with your
sample when the plate is placed in the chamber. Once the plate has been
inserted into the chamber, do not open the chamber until the solvent has
migrated about 2 to 4 cm below the top of the plate. Two TLC plates may
be developed at the same time in one chamber, but it is advisable to place
both plates in the chamber together, ensuring that they do not touch and
that they are both sufficiently in the solvent. Once the solvent front has
reached the desired position, remove the plate from the chamber, rapidly
mark the position of the solvent front with a pencil, and place the plate in
a fume hood to dry.

Following chromatography, the isolated lipids may be visualized using
iodine vapors. In a fume hood, place some crystalline iodine in a clean TLC
chamber and allow the vapors to accumulate for several hours. Be careful
when opening the tank as the iodine vapors are very toxic. Do not open the
tank with your face near the opening, even with the fume hood on. Place
the plate in the tank and after 2 to 5 min, depending upon the amount of
lipid, iodine positive spots can be visualized as yellow bands. Remove the
plate from the chamber, mark the bands with a pencil, and allow the iodine
to dissipate from the plate in the fume hood.

Alternatively, radioactive bands may be visualized by fluorography. Fol-
lowing chromatography and after the solvent has evaporated, spray the plate
evenly with En

 

3

 

Hance (New England Nuclear). It is not necessary to saturate
the silica gel with the spray. To help orient the film after development, mark
the plate with 3 drops of radioactive dye (add 1 µl of [

 

14

 

C]serine stock
solution to 200 µl of bromophenol blue or India ink). Wrap the plate in a
single layer of plastic wrap and expose it to film for 2 to 3 days at –80°C.
After developing the film, place it on top of the TLC plate and line up the
radioactive dye spots on the film with those on the plate. Firmly holding the
film in place, mark the radioactive ceramide bands with a pencil.

To determine the amount of radioactivity in each spot, spray the silica gel
with a water mister. Thoroughly saturate the gel with water without causing
an excess of water run off. This procedure minimizes the generation of
radioactive silica dust when scraping the silica from the plate. Using a sharp
razor, scrape each band outlined by pencil onto a piece of weigh paper and
transfer the moist silica to a scintillation vial containing 8 ml of scintillation
fluid. Count the radioactive content of each sample in a scintillation spec-
trometer using a channel appropriate for the radioisotope. Alternatively, a
densitometer may be used to quantitate the radioactive bands on the film.
For accurate quantitation, be sure that the intensity of the bands is in the
linear range of the densitometer.

 

12.3.1.5 Protein and Phospholipid Measurement

 

To normalize for variations in the number of cells extracted, the data from
scintillation counting or densitometry may be normalized to protein or phos-
pholipid content. Protein levels are measured using any standard protein
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assay. Using the specific activity of the starting isotope the mols of labeled
lipid can be calculated and normalized to mg of protein. Alternatively, an
aliquot of the organic extract may be saved prior to base hydrolysis and used
to determine the total phospholipid content. Although several procedures
are available, we prefer the method of Ames and Dubin.

 

13

 

Duplicate aliquots of sample from the organic layer of the initial lipid
extraction as well as standards of NaH

 

2

 

PO

 

4 

 

(0 to 80 nmols) are aliquoted into
13 

 

×

 

 100-mm test tubes. Be sure not to use aliquots of the organic extract
following base hydrolysis, as most of the phospholipids have been lost.
Following addition of 100 µl of ashing buffer (10% Mg(NO

 

3

 

)

 

2

 

 in ethanol
[w/v]), the samples are dried down at 80°C in an oven. The samples are
ashed in a strong flame just until the generation of the brown gas is complete.
Ashing too long will char the sample, producing a black residue which will
interfere with the spectrophotometery. After the tubes have cooled, add 0.3
ml of 0.5 

 

N

 

 HCl and boil for 15 min to hydrolyze pyrophosphates. To each
sample add 0.6 ml of 0.42% acid ammonium molybdate stock (4.2 g ammo-
nium molybdate in 1 l of 1 

 

N

 

 H

 

2

 

SO

 

4

 

) and 0.1 ml ascorbic acid (10% w/v,
made fresh in water). Mix the tubes thoroughly and incubate for either 30
min at 45°C or 60 min at 37°C. After incubation, the OD

 

820

 

 is read to determine
nmoles of phospholipids. A standard curve is constructed and the nmols of
phosphate in the samples are extrapolated from the curve.

 

12.3.2 OPA Derivatization of Long-Chain Sphingoid Bases

 

12.3.2.1 Ceramide Isolation and Acid Hydrolysis

 

The cells are recovered as described above, aliquots are saved for protein
determination and the lipids are extracted using the method of Bligh and
Dyer.

 

10

 

 Transfer an aliquot of the crude extract to a fresh tube and evaporate
the solvent. Resuspend the residue in 40 µl of CHCL

 

3

 

 and quantitatively
apply the samples to a TLC plate. The lipids are resolved by developing the
plate in CHCL

 

3

 

:CH

 

3

 

OH:triethylamine:2-propyl alcohol:0.25% potassium
chloride (30:9:25:18:6).

 

14

 

 The location of ceramide is determined by compar-
ison to a ceramide standard using the iodine vapors to detect the lipid and
5 nmol of 

 

N

 

-acetyl-C20-sphinganine are applied directly to the ceramide spot
of each sample. The TLC plate is misted with water and the ceramide spots
are scraped off and transferred to a fresh 13 

 

×

 

 100-mm screw-cap tube.
Ceramide is eluted from the silica gel using 2 

 

×

 

 1 ml of CHCL

 

3

 

:CH

 

3

 

OH (2:1)
followed by 1 ml of methanol. Add the solvent to the silica gel, vortex the
samples vigorously, and sediment the silica by brief centrifugation. These
eluates are combined in a fresh tube and evaporated.

Since the OPA derivatization requires a free amine group, the ceramide
sample must be acid hydrolyzed prior to derivatization. This is accomplished
by adding 1 ml of 0.5 

 

M

 

 HCl in methanol and incubating the sample at 65°C
for 15 h

 

14

 

 in a 13 

 

×

 

 100-mm screw-cap test tube. Be sure to tightly cap the
tube with a Teflon-lined screw cap. Do not use a rubber-lined screw cap.
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After cooling, the sample is then neutralized with 1 ml of 1

 

M

 

 KOH in
methanol, and 1 ml of CHCL

 

3 

 

is added. Phase separation is achieved by the
addition of 1 ml of 1 

 

M

 

 NaCl and 1 ml of CHCL

 

3

 

; the mixture is vortexed
and centrifuged in a bench top centrifuge for 5 min. The aqueous layer is
aspirated and the organic phase is washed several times with water contain-
ing 50 µl of 1 

 

N

 

 NH

 

4

 

OH per 15 ml of water. The free long chain bases in the
organic layer are then dried under nitrogen.

 

12.3.2.2 Formation of the o-Phthalaldehyde Derivative 
of Long-Chain Bases

 

The ceramide mass is determined using the 

 

o

 

-phthalaldehyde derivatization
of the long-chain base.

 

5

 

 The long-chain base is dissolved in methanol (50 µl)
and mixed with 50 µl of freshly prepared OPA reagent. To prepare the OPA
reagent mix 99 ml 3% (w/v) boric acid in water, adjusted to pH 10.5 with
KOH, 1 ml of ethanol containing 50 mg of 

 

o

 

-phthalaldehyde and 50 µl of 

 

β

 

-
mercaptoethanol. Allow the solution to sit in the dark for 10 min before use.
The OPA reagent is incubated with the sample for 5 min at 25°C and 500 µl
of methanol:5 m

 

M

 

 potassium phosphate (pH 7.0) (90:10, v/v) is added. The
samples are then cleared by centrifuging for 1 minute in a microcentrifuge.

 

12.3.2.3 HPLC Analysis

 

The OPA derivatives are injected onto a C18 (5 mm) column and eluted with
CH

 

3

 

OH:5 m

 

M

 

 potassium phosphate, pH 7.0 (90:10, v/v). An excitation wave-
length of 340 nm and emission wavelength of 455 nm are used for detection
of the 

 

o

 

-phthalaldehyde derivatives. Under these conditions, the internal
standard C-20 sphinganine will have a longer retention time than sphin-
gosine. The amount of ceramide recovered is calculated by integrating the
peak areas for the sphingosine-OPA and C-20 sphingosine OPA derivative
and taking the ratio of sample to the internal standard. Optimally, quantita-
tion of the sphingosine bases is accomplished by the construction of a stan-
dard curve using known amounts of ceramide and the internal standard,
which have been subjected to the same analytic workup as the samples. The
standards should be spiked into lipid extracts prepared from untreated cells
so that the standards and samples are recovered from the same biologic
matrix. The standard curve is linear in the region from 20 to 250 pmol. The
amount of ceramide per sample should be normalized to mg of protein
extracted.

 

12.3.3 Diacylglycerol Kinase Assay

 

12.3.3.1 Materials

 

Type III ceramide standard is purchased from Sigma. [

 

γ

 

-

 

32

 

P] ATP is purchased
from New England Nuclear. 

 

n

 

-Octyl-

 

β

 

-

 

D

 

-gluco-pyranoside (

 

β

 

-octylglucoside)
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is purchased from Calbiochem (catalog #494459). 

 

L

 

-

 

α

 

-Dioleoylphosphati-
dylglycerol is obtained from Avanti Polar Lipids. 

 

E. coli

 

 DAG kinase may be
purchased from Boehringer Mannheim.

 

12.3.3.2 Lipid Extraction

 

Lipids are extracted from cell samples by the modified method of Bligh and
Dyer as described above. Since the DAG kinase assay is very sensitive,

 

6-8

 

 we
typically use 0.5 ml or less of the 2 ml organic layer for determination of
ceramide from lipid extracts prepared from whole cell lysates. Aliquots of
the remaining organic phase can be used for the determination of total
phospholipid phosphate.

 

12.3.3.3 Diacylglycerol Kinase Assay Reagents

 

2

  

××××

 

 Buffer

 

100 mM imidazole (pH 6.6), 100 mM LiCl, 25 mM MgCl2, 2 mM EGTA (pH 6.6)

Dilution Buffer
10 mM imidazole (pH 6.6), 1 mM diethylenetriaminepentaacetic acid (DTPA)

Mixed Micelles
Mixed micelles are made by drying 0.97 ml of 20 mg/ml L-α-dioleoyl-phos-
phatidylglycerol (DOPG) under nitrogen. To the dried DOPG, add 1 ml of
7.5% β -octylglucoside. Vortex and sonicate the mixture until the DOPG is
completely dissolved. Alternatively, store the samples at 4°C overnight to
hydrate the lipid and vortex vigorously the next day. The lipid will easily
go into solution with minimal or no sonication. We typically prepare a 10
ml batch of mixed micelles and store the solution in 1 ml aliquots at –20°C.

The indicated grade of β-octylglucoside can be used without further puri-
fication. Less pure grades of detergent may give spurious results and will
require recrystallization from acetone at –20°C.6 Recover the crystals by
filtration through a chilled fine sintered glass funnel, wash the crystals with
200 to 500 ml of ice-cold ethyl ether, and dry in a vacuum dessicator.

12.3.3.4 DAG Kinase Assay Method

Transfer an aliquot of the organic layer of the lipid extracts from the samples
to new 13 × 100-mm screw cap-test tubes. Similarly, aliquot ceramide type
III standards (0 to 640 pmol) in duplicate to prepare the external standard
curve. Evaporate the solvent by one of the methods described above. The
lipid residue is then resuspended in 20 µl of the mixed micelles by vortexing,
and 70 µl of the reaction mixture is added to each sample. The appropriate
amount of reaction mixture may be easily prepared by following Table 12.1.
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An ATP mixture is made (2 mM ATP (in dilution buffer) containing 4 µCi
[γ-32P] ATP per assay) and 10 µl is added to each sample to initiate the
reaction. The reaction is allowed to proceed for 30 min at room temperature
and is stopped by the addition of 3 ml of CHCL3:CH3OH (1:2). Next, 0.7 ml
of water is added and the tubes are mixed and allowed to sit for at least 5
min. Phase partitioning is achieved by the addition of 1 ml of CHCl3 and 1
ml of 1% perchloric acid. The samples are centrifuged for 5 min at 2000 × g
and the upper phase is discarded as radioactive waste. The lower phase may
be washed again if desired. If an emulsion forms upon washing, add a few
drops of methanol. Transfer 1.5 ml of the lower phase to a fresh tube and
evaporate the solvent. When dry, the samples are resuspended in 40 µl CHCl3
and 20 µl is immediately spotted on a TLC plate. The lipids are resolved by
development in chloroform:acetone:methanol:acetic:acid:water (10:4:3:2:1).
Mark the plate with radioactive ink and expose to film overnight at –80°C.
No En3Hance spraying is necessary. The film is developed and the ceramide
phosphate spots are located by comparison to the standards. The radioactive
products are scraped from the plate and the radioactivity quantitated as
detailed in Section 12.3.1.4 Alternatively, the ceramide may be quantitated
using a phosphoimager. The amount of ceramide per sample is extrapolated
from the standard curve and normalized to either total phosphate or protein.
Alternatively, the mass of ceramide can be calculated from the specific activ-
ity of the ATP after correcting for the purity of the cold ATP stock solution.7
The mM extinction coefficient for ATP at 259 nm is 15.4.

12.4 Conclusions

The three assays which have been described are all useful analytical methods
for determining ceramide levels. No one assay is best for all circumstances.
It may be that none of these methods are appropriate for the investigation
proposed or that a combination of methods is most appropriate. For studies

TABLE 12.1

Preparation of DAG Kinase Reaction Mixture

Solution Volume/Assay Number of Assays Total Volume

2× Buffer 50 µl
0.1M DTT 2 µl
0.5 mg/ml DGK membrane 10 µl
Dilution buffer 8 µl

*  The indicated volume of reagent for each assay is indicated in column two. Enter the number
of assays to be performed in column 3 and multiply column 2 by column 3 to get the total
volume of reagent needed. Mix all the reagents thoroughly and add 70 µl per assay.



© 1999 by CRC Press LLC

of the metabolic movement of ceramide, it is likely that incorporation of a
radiolabeled or fluorescent precursor would be the most appropriate
method. For information about the structure of the long-chain base of cera-
mide, OPA derivatization would be the most valuable of the methods dis-
cussed. To rapidly obtain the mass of both ceramide and diacylglycerol
present, the DAG kinase assay would be the most helpful. For more detailed
information about ceramide structure, techniques such as gas chromatogra-
phy/mass spectrometry analysis may be best. We have described some of
the more easily applied methods for measuring ceramide, but other methods
are available and may be more suited to the aims of your research.
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13.1 Introduction

 

The editors of this book have set out to compile “state of art” literature
concerning aspects of the neurobiology of apoptosis. This coincides with the
rapid knowledge currently being generated regarding the underlying genetic
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causes of multiple neurogenetic conditions. Many of these neurogenetic
disease processes can be broadly classified as either dominant or recessive
conditions. Recessive conditions are usually due to the lack of expression of
specific genetic information, while dominant conditions may be caused by
abnormal production of a normal (or abnormal) protein product

 

.

 

Understanding the neurobiological role of apoptosis in each of these types of
conditions will have direct impact upon potential therapeutic modalities. The
impact of apoptosis on these conditions can be explored by the in vivo neuronal
targeting of genes active in the apoptotic pathways of neuronal cells.

 

 

 

This simple statement belies an enormous complexity of technologic issues
that must be addressed. To overcome each of these obstacles will require the
most sophisticated and exotic applications of molecular biology currently
available. Therefore, this chapter has been organized in a manner that
addresses some of the parameters that must be considered by any 

 

in vivo

 

,
neuronal cell-targeting strategy. Specifically, we will review some of the more
successful methods that can be utilized to facilitate delivery and expression
of genes active in the apoptotic pathways of neuronal cells

 

 in vivo. 

 

It is hoped
that this summary will allow an investigator to intelligently decide whether
a particular method of exploration will be relevant to the specific hypothesis
he or she is attempting to prove or disprove.

 

 

 

Before discussion of some of
these methods, a brief consideration of caveats regarding gene expression
in general is presented below.

 

13.2 Efficient Expression of Neuron-Targeted Transgenes

 

13.2.1 Polyadenylation and Splicing Elements

 

While a number of genes active in apoptosis can be hypothesized to be useful
in the potential investigation and/or treatment of neurogenetic diseases (see
Chapter 3), the potential of each respective gene will only be realized after
full evaluation 

 

in vivo

 

. This will require that the specific gene sequence (via
utilization of a transgene cassette) be expressed in a suitable manner within
the neuronal cells being investigated (targeted). Expression of the gene
requires not only the specific cDNA sequence, but also specific RNA tran-
scription enhancing signals necessary for correct and high level transcription.
For example, a polyadenylation signal should be present downstream of the
gene to permit correct processing and stabilization of the resultant transgene-
derived RNA transcript. Usually, well defined polyadenylation sequences
derived from DNA viruses such as simian virus 40 (SV-40) are incorporated
into the 3

 

′

 

 end of the transgene construct. The SV–40 derived polyadenyla-
tion signal is functionally encompassed within a 200-base pair fragment of
DNA. The processing and stability of the RNA transcript can be further
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enhanced by the inclusion of intronic elements flanking the specific gene-
coding region. Intronic elements allow splicing of the primary RNA tran-
script and further enhance the stability of a given primary RNA transcript,
resulting in increased expression within a targeted cell. Several intronic
elements have been characterized and utilized, including a small intronic
sequence derived from the major late promoter transcript of the human
adenovirus.

 

1

 

 If size constraints are not an issue, inclusion of the native introns
and polyadenylation signals originally present in the genomic location of
the normal gene will in many instances provide for optimal RNA processing
and stability.

 

13.2.2 Enhancer/Promoter Elements

 

13.2.2.1 Virus-Derived Enhancer/Promoter Elements

 

While each of the elements presented above serve to augment transgene
transcription, high level expression of the transgene is critically dependent
upon the transcriptional enhancer/promoter element utilized to initiate
RNA transcription from the respective transgene cassette. High level trans-
gene expression is the key to maximally impacting upon the neurobiologic
process being investigated. Transcriptional enhancer/promoter elements
derived from human cytomegalovirus (CMV) or Rous sarcoma virus (RSV)
are routinely utilized to facilitate high level transcription of transgenes in
multiple cell and tissue types, including cells of a neuronal lineage.

 

13.2.2.2 Neuronal Cell-Specific Enhancer/Promoter Elements

 

Enhancer/promoter elements that are known to direct gene expression in a
neuronal cell type specific fashion have also been utilized, though the levels
of RNA expression derived from these elements is (in general) quantitatively
less than that obtained with the use of viral enhancer/promoter elements.
In many instances, however, it may be desirable to restrict expression of a
transgene (i.e; potentially toxic transgenes such as those that induce apop-
tosis) to a specific desired cell type, even if decreased levels of overall gene
expression will be the result. This level of control can be facilitated by the
use of neuronal tissue-specific enhancer/promoter elements. A number of
these elements have been defined and utilized for 

 

in vivo

 

 studies. For exam-
ple, neuron-specific enhancer/promoter elements include those derived
from the tyrosine hydroxylase gene, the dopamine 

 

β

 

-hydroxylase gene, the
synapsin I and II genes, the transferrin gene, the HGPRT gene, the dystrophin
gene, and many others.

 

2-13

 

 Each of these elements has tissue-specific limita-
tions and/or benefits that can only be adequately assessed in the context of
the specific question being investigated; therefore the reader is referred to
the original sources to explore these important issues in the necessary
detail.

 

2-13
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13.2.2.3 Inducible Enhancer/Promoter Elements

 

Expression of a transgene during a critical period of time is another level of
expressional control that should be considered in any neuronal targeting
strategy. The temporal regulation of transcription during defined periods of
time can be achieved via the use of inducible (and potentially tissue-specific)
enhancer/promoter elements. Utilization of these types of systems can allow
the investigator not to only restrict expression of a transgene to a specific
cell type (such as neuronal cells) 

 

in vivo,

 

 but also to exogenously control the
temporal expression of the transgene cassette during any point of neuronal
development. Several systems have been recently described that allow for
both tissue specific 

 

and

 

 temporal control of transgene expression 

 

in vivo

 

.

 

14-18

 

 By
far, the most successfully utilized system for use in living animal systems has
been the tetracycline-responsive transactivating system established by Dr. H.
Bujard and colleagues.

 

19-21

 

 These investigators have devised a unique 

 

“

 

on-off
switch

 

”

 

 that allows for the temporal control of any gene, both 

 

in vitro

 

 and 

 

in vivo

 

.
This binary gene expression system is composed of two parts, the target

gene of interest, and a tetracycline-responsive transactivator protein. Briefly,

 

E. coli

 

 has evolved an extremely sensitive method for restricting expression
of the tetracycline-resistance genes (

 

TetR

 

) encoded by the TN10-encoded
transposable element. The 

 

TetR

 

 genes are flanked on their 5

 

′

 

 end by a bac-
terial promoter known as the tetracycline-operator sequence (tet-op). Tet-op
is physically bound by the tet-repressor protein, effectively preventing tran-
scription of the 

 

TetR

 

 genes. In the presence of extremely low levels of tetra-
cycline, the tet-repressor protein is prevented from binding the tet-op
sequence, and transcription of the 

 

TetR

 

 gene ensues. This exquisitely sensi-
tive gene operon has evolved to specifically allow the bacteria to express the
tetracycline resistance genes only when exposed to tetracycline compounds
in their growth medium.

As depicted in Figure 13.1, this system has been modified to enable tem-
poral (tetracycline-responsive) control of gene expression in mammalian
cells. The gene of interest is now placed under the transcriptional control of
the tet-op sequence (transcriptionally silent in mammalian cells, since the
tet-op sequence is a bacterial promoter). The tet-repressor protein has been
molecularly fused to the highly acidic domain of the herpes-derived VP-16
protein (a potent mammalian transactivating protein) to form the tetracyline-
responsive transactivator, tTA. If tTA is present, a tet-op–linked gene will be
expressed in mammalian cells, but if tetracycline is also present, the tTA will
be prohibited from binding the tet-op sequence, preventing transcription
initiation. Therefore, by merely adding or removing tetracycline from the
medium (or from the drinking water of transgenic animals; see below) one
can exogenously control the expression of any tet-op–linked gene that is
transcriptionally dependent upon the tTA. The level of transcription control
afforded by these types of systems could potentially be utilized to explore
the impact of genes active in the apoptotic pathways of neuronal cells, 

 

in
vivo

 

, as described below.
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13.3 Specific, 

 

In Vivo

 

 Targeting Strategies

 

In this section we will review methods of introducing genetic material 

 

in
vivo,

 

 to allow expression of relevant gene products in neuronal cells. While
there are a number of potential ways of achieving this goal, we have chosen
to focus attention on two very successful methods, those that utilize the
benefits of transgenic mouse technology, and those utilizing vectors for
somatic cell gene transfer.

 

13.3.1 Transgenic Animals (Mice)

 

Cell culture systems allow the investigator a convenient system for assessing
gene activities in a controlled setting. Specific questions regarding the role
and interactions of a specific gene in the biology of various tissue culture
cell lines can be explored via these systems. Eventually, however, evaluation
of the gene activity in the context of the living animal is an outgrowth of
initial tissue culture evaluations. One of the most successful methods of
achieving high level expression of a gene in the living animal is via the use
of transgenic mouse technology. Transgenic technology has been refined to
such a level of technical expertise that it is now routinely being made gen-
erally available to researchers either via 

 

“

 

transgenic core labs

 

”

 

 in academic
institutions, or 

 

via

 

 commercial vendors. The production of a transgenic animal

 

FIGURE 13.1

 

Schematic representation of the tetracycline-responsive mammalian transactivation system.
Note that in the presence of tetracycline, tet operator-linked gene expression is 

 

prevented

 

.
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however, needs to be carefully assessed before dedicating ones time and
resources to such explorations.

In general, a transgene cassette is constructed via the ligation, subcloning,
and eventual release of a transgene that is potentially capable of allowing
adequate expression of the gene of interest, in the appropriate tissues. Usu-
ally, the transgene encompasses an enhancer/promoter element, the coding
region of the respective gene, and other RNA processing signals such as
polyadenylation signals, and/or splicing signals. Once correctly assembled,
transient transfection of the plasmid into appropriate tissue culture cells to
functionally assess the resultant protein product is recommended when pos-
sible. Because of the multiple subcloning steps required to generate a typical
transgene cassette and the possibility of a point mutation inadvertently being
introduced into the cassette (prohibiting adequate expression of a functional
protein), functional analyses are highly recommended. If one cannot ade-
quately assess function in tissue culture systems, actual DNA sequence anal-
ysis of the transgene may reassure the investigator that the transgene can
express a potentially functional protein. The transgene portion of the bacte-
rial plasmid is then released (bacterial plasmid sequences are toxic to devel-
oping embryos if included), purified, and prepared for microinjection into
fertilized one-cell embryos. The quality of the DNA is of utmost importance,
and requires meticulous purification, since any contamination with impuri-
ties will result in a significantly diminished capability to eventually isolate
the desired transgenic animal.

Prior to microinjection of the transgene, female mice are superovulated
via hormonal treatment, and then mated with the appropriate male mouse
(choice of mouse strain varies from lab to lab) and fertilized eggs are har-
vested the next day. Via micromanipulatory technology, each individual
embryo nucleus is microinjected with ~1 picoliter of an appropriate buffer
containing the transgene DNA at a concentration of 1 to 5 µg/ml. The
injected eggs are then pooled and surgically implanted into the uterus of a
pseudopregnant female mouse. Delivery of pups derived from the transfer
should occur approximately 3 weeks after surgical implantation. We have
superficially described this extremely labor-intensive, technically challeng-
ing technique, but it should be clear that those individuals/groups who
repeatedly and successfully do this type of work have invested great efforts
to allow for favorable outcomes to be routinely achieved. Timing of egg
harvesting, the process of storing, identifying and confirming injection of
the eggs, pooling of the viable eggs after microinjection, surgical adeptness,
successful egg transfer, and final implantation and delivery of the eggs in
appropriately preconditioned pseudopregnant female mice are just some of
the hurdles that are always faced in this procedure. However, because of the
incredible usefulness of transgenic animals for progress in biomedical
research, dedicated transgenic core labs at universities and biotechnology
companies have increased in number, all to improve the likelihood that an
individual researcher can isolate an appropriate transgenic animal to explore
previously unexplorable biological questions.
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Once the pups are born, one must identify those individuals that actually
contain the transgene sequences integrated into their genomes. This can be
done by isolating a small tail snip from each individual animal (after appro-
priate tagging), extracting DNA from the tail tissue, and analyzing via the
polymerase chain reaction or Southern blot analysis for the presence of the
transgene sequences. Rapid processing of multiple, crude tail derived DNA
preparations for these analyses has been described.

 

22

 

 The individuals found
to contain the transgene sequences in their tail DNAs are typically referred
to as the F

 

0

 

 generation. Since each F

 

0

 

 represents an individual derived from
a single microinjected embryo, an F

 

0

 

 offspring also represents a unique
integration site for the transgene. Once all other potential problems have
been overcome, the site of integration of the transgene will be the single
most important factor regarding the level of transgene expression achieved
in a given strain of transgenic animals. If the transgene integrates into a
portion of the mouse genome that is transcriptionally silent, significant tran-
scription from the transgene may be unachievable. Additionally, the achieve-
ment of tissue-specific expression via the use of various promoter/enhancer
elements will also be significantly impacted upon by where in the genome
the transgene has integrated. Finally, though less significant, the actual copy
number of the transgene at the integration site may also affect overall trans-
gene expression levels.

Once identified, each F

 

0

 

 that has the transgene present is mated, and
positively transgenic offspring derived from this mating are referred to as
the F

 

1

 

 generation of animals. Animals that are transgene-positive in the F1
generation must by default have the transgene DNA present in every cell
throughout their body, since they are all derived from a single cell gamete
from the F

 

0

 

 parent. Note that this is very likely not the situation in the Fo
generation, because integration of the transgene DNA may have not occurred
until the embryo had undergone several rounds of cell division. Therefore,
each Fo must be considered a potentially mosaic/chimeric animal. Indeed,
because the gonads of F

 

0

 

 individuals may not contain the transgene DNA,
1/3 to 1/2 of all F

 

0

 

 transgenic animals will never transmit the transgene to
their progeny, a further stumbling block on the road to isolating a transgenic
line of animals.

Once F1 individuals are isolated, a large colony of transgenic animals
heterozygous for the transgene can be generated from a single male trans-
genic F1 mouse. Once expanded, the colony can be maintained, while indi-
vidual animals are removed and analyzed. Usually the first investigations
are directed to determine which of the various F1 transgenic strains actually
express the transgene of interest. Some strains may not express the transgene
at all (due to the integration site and/or copy number of the transgene) or
the expression may not be at a level that can be detected, or biologically
relevant. Furthermore, expression may be present, but not in the desired
tissue-specific spectrum. Finally, after much work and effort (6 months to a
year) the investigator may eventually end up with a line or two of transgenic
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animals expressing significant levels of the transgene in a manner that
impacts upon a particular cellular process or biological phenotype.

 

13.3.1.1 Examples of Neuronal Cell-Targeted Transgenic Animals

 

Once a strain of transgenic animals is isolated that is expressing the desired
protein product, the transgene can be bred into various mouse backgrounds,
to ascertain what impact the expression of the transgene has on the pheno-
type of the resultant animal. For example, Bcl-2 is an apoptosis regulatory
protein, and transgenic mice that specifically expressed Bcl-2 in their neurons

 

via

 

 neuron-specific promoters have been described.

 

23-26

 

 Bcl-2 overexpression
in the transgenic animals provided protection of their neurons from neu-
rotrophic factor deprivation and/or axotomy, while underexpression of Bcl-
2 in 

 

“

 

knockout

 

”

 

 animals predisposed their cerebellar neurons to be more
susceptible to hypokalemic or nerve growth factor deprivation cell death.

 

23-27

 

There are quite a number of

 

 

 

genetic

 

 

 

animal models of neurological disease
(such as for Parkinson’s disease, spinal cerebellar atrophy-type I, Machado-
Joseph disease, spinal-bulbar muscular atrophy, Huntington chorea, Alzhe-
imer diseases, familial amyotrophic lateral sclerosis, and others) whose
pathologic processes could also be explored by neuron-targeted transgenic
expression of neuro-active apoptotic genes.

 

28-40

 

13.3.1.2 Limitations of Transgenic Animals

 

With the ever-expanding variety of mouse models of neuropathology becom-
ing available (either via isolation of spontaneous mutants, or by deliberate
elimination of gene activities via gene knockout technologies), the expression
of proteins active in the apoptosis pathways of abnormal neuronal cells
becomes an interesting target for investigation. Obviously, the respective
transgene must be expressed to high enough levels in the correct tissues to
allow such investigation to be productive, but another caveat must also be
considered, namely, the temporal expression of the transgene relative to a
specific disease process. For example, it may be desirable to allow expression
of a transgene only during critical periods of CNS development, either
because expression of the transgene may be toxic to the developing trans-
genic animal, or in order to mimic human aspects of temporally progressive
neurodegenerative processes.

 

39,40

 

 In order to overcome these difficulties, one
might want to consider a 

 

“

 

genetic on–off switch

 

”

 

 for use in transgenic ani-
mals. The tetracycline-responsive transactivating system previously
described is a method that has been utilized in such a manner.

For example, it has been demonstrated that tTA-dependent transgene
expression in animals can be exogenously regulated by the addition or removal
of tetracycline from the drinking water of the animals.

 

41

 

 We have utilized this
method to study aspects of the the X-linked recessive condition Duchenne
muscular dystrophy, in the 

 

mdx

 

 mouse, the murine equivalent of the human
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condition, by demonstrating that muscle-specific expression of transgenes via
the tetracycline responsive transactivating system is achievable.

 

42

 

 Recently, a
group of investigators has demonstrated that the tetracycline-responsive trans-
activation system can be utilized to express calcium–calmodulin-dependent
kinase (CaMKII) specifically in the forebrains of transgenic animals.

 

43

 

 The
temporal expression of CaMKII was regulated by the addition or removal of
tetracycline derivatives from the drinking water of the animals. As a result,
the ability of the animals to store memory patterns was made dependent on
the temporally regulated expression of the CaMKII transgene.

 

43

 

In summary, the tools of molecular biology and transgenic technology are
now available for an investigator to scientifically explore the role of genes
active in neuoroapoptosis, 

 

in vivo

 

, in a manner that could not have been
approached only 10 years ago.

 

13.4 Gene-Transfer Vectors

 

13.4.1

 

Ex Vivo

 

 vs. 

 

In Vivo

 

 Gene Transfer

 

Ex vivo

 

 approaches to gene therapy are based on the following paradigm.
Cells (i.e., neuronal cell precursors or fetal cells) have a specific gene inserted
into them, and then the cells themselves serve as the vector by physically
being introduced into the targeted region of the nervous system. While this
form of gene transfer has shown promise in some settings, (i.e., for the
potential treatment of Parkinson’s disease), we will limit our discussion to
the transfer of genetic material directly to cells already residing in the central
nervous system, or, in other words, an 

 

in vivo

 

 gene transfer approach. Though
each is unique, both approaches face the same initial dilemma, that is the
stable, long-term introduction of genetic information into a neuronal cell 

 

via

 

the utilization of a variety of potential vectors.

 

13.4.2 Vectors for Somatic Gene Transfer

 

13.4.2.1 Nonviral-Mediated Gene Transfer

 

Nonviral methods of gene transfer are a common method of gene transfer,
and in the appropriate settings can allow the investigator to ask very sophis-
ticated questions regarding gene functions/interactions at the cellular level.
In many instances, this simply involves the physical mixing of naked DNA
molecules with chemical substances to facilitate DNA transport from the
extracellular to the intracellular (nuclear) compartments of cells. Many times
this involves a polycationic chemical compound that 

 

via

 

 physical interaction
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sequesters the negative charges of the naked DNA, resulting in a complex
that can facilitate transit of the DNA through the cellular milieu. There are
several examples of successful gene transfer into neuronal cells utilizing
these types of techniques, including a biolistics approach of hurling DNA
(bound to gold beads) into cells after a controlled explosive force.

 

44-46

 

Although these methods work satisfactorily in tissue culture systems, the
results are less compelling 

 

in vivo

 

. It is clear that as the technology moves
forward, nonviral methods of gene transfer into the CNS will become more
efficient. However, for purposes of this discussion, we will move forward
to those virally mediated vectoring systems that are presently widely avail-
able and which have been repeatedly demonstrated to allow for highly
efficient gene transfer into the CNS.

 

13.4.2.2 Viral-Mediated Gene Transfer

 

Viruses have evolved to become extremely efficient vehicles for the transfer
of their genomes into a host cell. Transduction efficiencies of tissues exposed
to viruses can approach 100%, if the appropriate amount of virus is utilized.
Therefore, a great deal of experimentation has been underway to modify
viruses for transfer of transgenes into cells 

 

in vitro

 

 and 

 

in vivo

 

. However, the
benefit of extremely efficient transgene delivery must always be weighed
against the many shortcomings of viral-mediated gene transfer technologies.
These shortcomings are multiple, and their significance must be measured
in the context of the question that is being addressed by the use of the vector.
In this portion of our discussion, we will concentrate on some of the viral
vectoring systems that have demonstrated great promise in their potential
to transfer genetic information into the neuronal tissues of living animals.
We hope that this discussion will allow an investigator to begin to under-
stand the benefits and limitations of each system, in order to determine which
may be the most appropriate for the specific hypothesis to be tested.

 

13.4.2.3 Herpes Simplex Virus Vectors

 

The herpes simplex virus is a neurotropic DNA virus that is composed of
150 kb of DNA organized into right- and left-hand ends. As a consequence
of the normal neurotropism of the wild-type virus, HSV vectors are being
intensively studied as vectors for transfer of genes into the nervous system,

 

in vivo

 

. Upon infection of neurons, the virus can either replicate and produce
infectious virions, or it can enter a latent cycle in which most of the HSV
genes are transcriptionally silent, allowing the virus to remain in neurons
for extended periods of time. Although the HSV genome contains the genetic
information to express well over 70 unique proteins, nearly half of these
proteins could potentially be deleted without harming the viruses’ ability to
be grown to relatively high titers in tissue culture cells. Therefore, the com-
bined attributes of natural neural tropism, large carrying capacity, and long-
term persistence 

 

in vivo

 

 make the potential utilization of HSV vectors for 

 

in
vivo

 

 neural cell specific gene delivery very attractive.
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Two types of HSV-based systems have been demonstrated to allow for at
least transient expression of transgenes after HSV-mediated delivery 

 

in vivo

 

.
The first utilizes an approach that is very similar to other viral-based systems
(Figure 13.2). The genomic DNA derived from a wild-type HSV is cointro-
duced into a VERO cell line along with a shuttling plasmid. The shuttling
plasmid usually contains two critical elements: a specific transgene expres-
sion cassette that is flanked by regions of homology with the HSV genome.
Recombination between the homologous regions of the two DNA molecules
results in the generation of a recombinant HSV genome that contains a
transgene cassette that has simultaneously replaced portions of the HSV
genome.

 

47

 

 Usually the transgene inserts in a manner such that HSV genes
not required for growth in tissue culture are simultaneously deleted. The
recombinant HSV vector, however, retains its neurotropic capabilities. Many
regions of the HSV genome have been deleted in this manner, and each of
the resultant vectors can be shown to direct transient (3 to 4 days) expression
of transgenes in neurons 

 

in vivo

 

. For example, neurons previously infected
with a recombinant HSV vector expressing Bcl-2 were found to be protected
from ischemic cell death.

 

48

 

 Unfortunately, transient expression from HSV
vectors limits their usefulness, a characteristic that is independent of the type
of promoter utilized.

 

49,50

 

FIGURE 13.2

 

Schematic representation of HSV vector production in human cells. Note that nonrecombinant
HSV viruses will also be produced at some frequency; therefore plaque purification of recom-
binant HSV vectors is required. Once the recombinant HSV vector is isolated, it can be propa-
gated by simple reinfection of the human cell line.
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Another form of HSV vecto rare referred to as HSV amplicons. These
vectors are devoid of any HSV genes, except for important packaging ele-
ments required for HSV genome encapsidation into the mature viral particle.
HSV amplicons are therefore 

 

dependent

 

 on contamination with a helper HSV
virus (usually a mutant or recombinant HSV vector) for propagation in tissue
culture. These types of HSV vector have also been demonstrated to allow
for transgene delivery and expression in the nervous system of living ani-
mals, and in some reports for extended periods of time.

 

51,52

 

13.4.2.3.1 Limitations of HSV-Based Vectors

 

Transient durations of transgene expression either by HSV mutant or ampl-
icon based vectors has been a key limitation of HSV vectors 

 

in vivo

 

. While
there are some reports suggesting that HSV amplicon-based vectors may be
capable of sustained transgene expression 

 

in vivo

 

, these results are obscured
by the presence of HSV helper virus contamination, possibly resulting in
low level replication of the amplicon 

 

in vivo.

 

51,52

 

 It is also clear that in many
instances the HSV genome persists in neuronal cells that have been trans-
duced with a respective transgene, suggesting that promoter shut-down is
the cause of the transient nature of trangene expression in many experimen-
tal protocols.

 

50

 

 The utilization of various enhancer/promoter elements
(including viral derived or neuronal cell-specific) has not improved the
situation.

 

49,50

 

 Longer term expression from HSV vectors is being explored
via the use of the HSV derived “latency-activated promoter (LAP),” a pro-
moter that is persistently active during the chronic latent phase of HSV
infection.

 

53

 

 Recently, the deletion of multiple genes (ICP4, ICP0, ICP27, and
ICP22 via the utilization of packaging cell lines supplying some of these
gene activities 

 

in trans

 

) in a mutant HSV vector has been reported to reduce
cytopathic effects of the vector after 

 

in vivo

 

 use, along with sustained expres-
sion of transgenes.

 

49,54

 

 These new generations of vector suggest that HSV-
mediated gene transfer is an important technological tool that can potentially
be utilized by investigators studying the 

 

in vivo

 

 impact of genes active in
the apoptotic pathways of neurons.

 

13.4.2.4 Adenovirus Vectors

The human adenovirus (Ad) is a double-stranded DNA virus composed of
35,995 bp of DNA. Ads can infect a great variety of tissues, including muscle,
liver, kidney, and brain. One extremely beneficial aspect of Ad biology is its
ability to infect, deliver, and express transgenes into cells that are terminally
differentiated and nondividing, a critical aspect when considering gene
transfer into neuronal tissues in vivo. First generation Ad vectors are pro-
duced as demonstrated in Figure 13.3. Briefly, a shuttle plasmid containing
the transgene of interest is cotransfected into an appropriate packaging cell
line along with restriction enzyme-digested full-length Ad DNA. A recom-
bination event between the shuttle plasmid and the full length virion DNA
will result in the production and isolation of a recombinant Ad vector capable
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of delivering the respective transgene to the various cell types described
earlier, including postmitotic neurons. Once identified and clonally purified,
the Ad vector can be serially propagated by ever repeated infection of
increasing numbers of the packaging cells. Stocks of vector can approach
concentrations of 1013 particles/ml after cesium chloride purification and
concentration. The relative ease of production of Ad vectors is a critical
benefit, since efficient, in vivo tissue transduction with any vector requires
delivery of large amounts of the vector. The utilization of other virally based
vectoring systems can be limited by this critically important characteristic,
i.e., AAV-based vectors.

In vivo studies have repeatedly demonstrated the efficacy of Ad vectors to
deliver and sustain expression of transgenes in neuronal tissues, in vivo. A
number of early studies first demonstrated that neuronal cells could be
transduced by Ad vectors carrying indicator (nontherapeutic) transgenes
efficiently in vivo.55-57 Subsequently, transduction of potentially therapeutic
transgenes into animal models of neurogenetic disease have also recently
shown evidence of significant impact upon the neuropathological disease
process being investigated.58,59 For example, an Ad vector transducing a glial
cell line-derived neurotrophic growth factor (GDNF)-encoding transgene
was stereotactically injected into the striatum of rats. Subsequently, the rats

FIGURE 13.3
Schematic representation of E1 deleted Ad vector production. The 293 cell line supplies (trans-
complements) the critical E1 gene activities deleted in the recombinant vector. Note that non-
recombinant Ad viruses will also be produced at some frequency, but the restriction enzyme
digestion of the cotransfected Ad vector genome decreases this possibility. Once the recombinant
vector is isolated, it can be propagated by simple reinfection of the 293 cells.
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were lesioned to simulate the deficit of Parkinson’s disease. This study
demonstrated that Ad vector-derived GDNF significantly protected the neu-
rons in the lesioned rats.58 The administration of Ad vectors encoding genes
active in the apoptotic pathways of neuronal cells could also be investigated
in such a manner, in the previously described animal models of neuronal
disease.

13.4.2.4.1 Limitations of Ad Vectors

Despite the relative ease of generating high titer stocks of recombinant Ad
vectors, there are many short comings to the use of first generation Ad
vectors that must also be considered. The most critical of these shortcomings
is the fact that first generation Ad vectors are not completely replication
defective. Therefore, Ad genes still resident in the vector genome have the
potential for both expression and allowing vector genome replication,
despite the presence of an E1 deletion.60 This results in a number of problems,
including interference with normal cellular processes as well as induction
of a potent immune response in vivo.61 The immunogenic potential in vivo
appears to be lessened (but still significant) when Ad vectors are delivered
to the CNS, due to the relatively “immune-privileged” status of this tissue.
Expression of multiple Ad genes resident in the vector potentially could also
obscure the impact of neuroapoptotic gene activity in the targeted cells.62,63

These shortcomings can potentially be overcome by the utilization of
newer generation Ad vectors, with a significantly decreased potential to
replicate, and/or express multiple Ad genes resident in the vector genome.
Our laboratory has designed a new Ad vectoring system, as diagrammed in
Figure 13.4. This system is based on our isolation of new Ad packaging cell
lines that can transcomplement multiple Ad gene functions in trans, includ-
ing the E1, E3, polymerase, and preterminal protein genes normally encoded
by the Ad genome.64,65 With these cell lines we have isolated second-gener-
ation Ad vectors that not only have a diminished ability to replicate, but that
also have a significantly diminished ability to express multiple Ad genes still
resident in the vectors.60 In addition, the modified vectors have a significantly
increased carrying capacity that can theoretically accommodate 11 to 12 kb
of transgene sequences.60 Thus the utilization of these “stealthy” second-
generation Ad vectors will be very useful for transgene delivery, both in
tissue culture and in in vivo investigations of apoptotic gene activities. The
full extent of their usefulness will only be realized after extensive investiga-
tions in a variety of in vivo paradigms.

13.4.2.5 Adeno-Associated Virus Vectors

The adeno-associated virus (AAV) is a small human parvovirus that is depen-
dent on concomitant adenovirus infection for its propagation, hence the
name. Wild-type AAV is a single-stranded DNA virus that has a broad tissue
tropism (including primary neuronal cell populations) that is not dependent
per se on cellular replication. AAV infection is not associated with any human
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disease, and its genome is known to integrate specifically into a region of
human chromosome 19. Each of these attributes has driven research explor-
ing the full potential of AAV-mediated gene transfer. Figure 13.5 demon-
strates the currently utilized method for production of AAV-based vectors.
Multiple elements are required to generate an AAV vector, including coin-
troduction into human 293 cells of: (1) a plasmid containing the transgene
of interest flanked by the AAV-derived 145-bp inverted terminal repeat ele-
ments (required for packaging of the genome), (2) a plasmid expressing the
AAV-derived cap and rep genes, and (3) coinfection with an Ad virus that
supplies several transcomplementing gene activities.

The Ad virus and the rep-cap plasmid DNA construct supply all the
necessary functions required to package the ITR-flanked transgene DNA into
AAV capsids. Directly after cell lysis, however, both AAV and Ad viruses
are present in the cellular lysate; therefore heat inactivation and a purification
step are required to ensure that the AAV vector preparation is not contam-
inated by the Ad helper virus. In order to amplify the AAV vector, the triple-
transfection/infection step must be sequentially repeated in increasing num-
bers of cells, due to the dependence of the AAV vector genome on transcom-
plementing functions provided by the rep-cap plasmid and the Ad helper virus.
This feature sometimes limits the ease of production of these vectors. Further-

FIGURE 13.4
Schematic representation of multiple-deleted E1, polymerase, and preterminal protein Ad vec-
tor. This highly modified Ad vector can only be grown in cell lines capable of expressing (trans-
complementing) each of the respective gene activities. Once the recombinant vector is isolated,
it can be propagated by simple reinfection of the transcomplementing cell lines.
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more, the repeated infection/transfection strategy can result in the rapid gen-
eration of wild-type AAV, another limitation to this vectoring system.66

AAV vectors have in several instances demonstrated the ability to trans-
duce a number of transgenes into a variety of tissues in vivo, including
muscle-, liver-, and nervous system-derived tissues.67-69 In addition, after
transgene delivery, expression of the transgene is in many instances not
accompanied by a host immune response, unlike Ad vector mediated trans-
fer of identical transgenes.67

Though technically challenging, the utilization of AAV vectors for trans-
gene expression in neuronal cells in vivo has been repeatedly demonstrated.
For example, an AAV vector expressing human tyrosine hydroxylase (TH)
was injected into the denervated striatum of rats with substantia nigra
lesions. Prolonged expression of TH was observed, and this expression was
correlated with improved behavioral recovery in the treated rats.68

13.4.2.5.1 Limitations of AAV Vectors

There are several limitations of AAV vectors that must also be considered.
The carrying capacity of these vectors is physically limited to 4.7 kb of
transgene DNA; therefore some transgenes may not be physically accom-
modated (i.e., those utilizing larger-tissue specific enhancer/promoter ele-
ments). A more pressing issue is that many AAV preparations are
contaminated by both Ad and wild-type AAV (via recombination between

FIGURE 13.5
Schematic representation of AAV vector production. Two plasmid DNA molecules, one encod-
ing the AAV-derived cap and rep genes, the second containing the AAV-derived ITR elements
flanking the transgene, are cotransfected into 293 cells simultaneously infected with an aden-
ovirus helper virus. Note that both Ad helper virus and recombinant AAV vector are produced;
therefore purification of the AAV preparation is mandatory. Also, these steps must be repeated
for each round of amplification of the AAV vector.
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the transgene containing plasmid and the rep-cap plasmid) requiring careful
purification steps to ensure purity of the final preparation.70 However,
improved methods of AAV purification have recently been described that
include the utilization of a third plasmid encoding only the most important
of Ad functions required for AAV production, eliminating the need for an
Ad helper virus.71 In addition, the utilization of plasmids that individually
express either the rep or the cap genes may further reduce the risk of pro-
ducing wild-type AAV during AAV vector production.66,71 Clearly, the
repeated demonstration of long-term persistence of AAV vector derived
transgene expression in brain, liver, and muscle tissues will drive forward
the refinement of this vectoring system for in vivo use.

13.5 Summary

The rapid accumulation of knowledge concerning the role of apoptosis in
the normal and abnormal biology of the human nervous system will have
great impact upon the understanding of a multitude of human neuropatho-
logical processes. Multiple animal models of these disease states, combined
with the utilization of transgenic technology, and/or vectoring systems capa-
ble of somatic gene transfer, will contribute greatly to our understanding of,
and potential successful intervention into many of these processes.
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