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Series Foreword

Dr. Davis is to be congratulated for assembling an outstanding list of
contributors for Apoptosis Methods in Pharmacology and Toxicology:
Approaches to Measurement and Quantification. Of all the books published
yearly in the fields of pharmacology and toxicology, methods books are by
far the most difficult to compile. But, when successful, the rewards are cor-
respondingly high. This, I believe, is the case with Dr. Davis and her con-
tributors’ efforts in the present volume.

The importance of apoptosis as a biological, cellular process can be illus-
trated by the following examples. Programmed cell death occurs during: meta-
morphosis of tadpole tail, removal of interdigital material between the fingers
and toes of the developing fetus (a necessary occurrence during gestation),
the sloughing off of the endometrium at the start of the monthly menstruation
event in younger women, and the elimination of surplus cells in the brain
(necessary in order to form proper synaptic connections). With such diverse
examples as these, the potential impact of pharmacological and toxicologi-
cal factors that can perturb the apoptotic process is obvious. Central to stud-
ies relating to apoptosis in these, and other areas, is the availability of
appropriate methodological protocols.

The contributors in Dr. Davis’ book have provided state-of-the-art
descriptions of numerous relevant protocols that should contribute to
increasing our understanding of this exciting field.

    Mannfred A. Hollinger

v
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vii

The topic of apoptotic cell death has received a lion’s share of attention,
especially within the last 15 years. This heightened interest likely results
from recent recognition of the relevance of apoptosis to a variety of scien-
tific disciplines; pharmacology and toxicology are no exceptions. The major
goals for toxicologists who study apoptosis, however, often differ from the
investigative goals of other disciplines. In many cases, a toxicologist or phar-
macologist is faced with the task of quantifying an apoptotic response or
assessing, in a quantitative way, the mechanism by which a chemical or
drug interacts with apoptotic signaling factors. Frequently, the final out-
come of this task is to apply results to safety evaluation or assess relevance
to environmental exposures. Although there are several publications that
review and instruct the reader about detection of apoptosis, many of these
texts do not pair the methods used for evaluating apoptosis with the need to
evaluate safety or risk assessment. The primary aim of this book is to review
methods that can be used by toxicologists, pathologists, or pharmacologists
in the analysis of chemical-induced apoptosis. Apoptosis Methods in Phar-
macology and Toxicology: Approaches to Measurement and Quantifica-
tion provides a concise source of information on the detection, mechanisms,
and quantification of apoptosis that is useful for the design of toxicology
and pharmacology studies.

The range of methods covered may seem surprisingly narrow at first
glance, but there are few methods that have proven to have broad applica-
tion to numerous tissue and cell types or that can be applied to unknown
induction mechanisms. The number of methods for detection may also seem
small compared with the exciting and abundant activity in apoptosis research
over the past 10 years. For example, PubMed lists 19,167 publications with
apoptosis in the title between 1991 and 2001. Since research in the area of
apoptosis has yielded reports of an overwhelming number of inducing
agents, regulatory factors, and mechanisms, one might ask why the number
of biological assays for measurement of apoptosis is comparatively low.
One reason may be that despite the plethora of molecular factors and events
that have been found to participate in the apoptotic process, only a few of
these appears to have the sensitivity, specificity, and universal application
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required to merit acceptance as reliable biological assays for measurement
of apoptosis. The search for molecular and biochemical events in apoptosis
common to most cell types and induction pathways has resulted in assays
that are largely based on the biochemical mechanisms that regulate the mor-
phologic features of apoptosis. Even after years of use, several of the current
methods used to identify or quantify apoptosis are still developing because
of limited testing in different cell types, in experimental models, or in tissue
sections.

In Apoptosis Methods in Pharmacology and Toxicology, meaningful and
cutting edge chapters were contributed by authors with substantial knowl-
edge of the technical challenges and caveats of methods used for analysis of
apoptosis. Each chapter emphasizes how the method can be used in evalua-
tion of apoptosis, the limitations of the method, and how the technique may
be applied for large-scale screening applications. In the introductory chap-
ter, there is a brief overview of study design and approaches to mechanistic
studies of toxicant-induced apoptosis. The remaining chapters provide a
concise source of information on detection and quantification of apoptosis
that can be incorporated into the design of toxicological evaluations. In
Chapter 2, Martin Poot, Robert H. Pierce, and Terrance J. Kavanagh
review the flow cytometric and fluorometric methods of quantifying and
characterizing apoptosis. Measurement of several biochemical features of
apoptosis are discussed and protocols are provided for the measurement
of cell-cycle stage-specific apoptosis and the simultaneous measurement
of mitochondrial membrane potential, and reduced thiol and NAD(P)H
levels. Chapter 3, contributed by Zbigniew Darzynkiewicz, Elzbieta Bedner,
and Piotr Smolewski, is the only comprehensive review to date on the appli-
cation of laser scanning cytometry in analysis of apoptosis. This relatively
new and powerful method is discussed and detailed protocols are provided.

Chapter 4, contributed by Matthew A. Wallig, Curtis M. Chan, and Nancy
A. Gillett, emphasizes challenges to tissue-based methods and reemphasizes
the need to keep morphologic assessment of apoptosis as a “gold standard.”
Immunocytochemical approaches to the measurement of several biochemi-
cal and molecular endpoints in tissue sections are discussed. Quantification
and qualitative analysis of morphology is also emphasized, along with quan-
tification. This section will be highly useful for those carrying out studies in
whole animal models, in contrast to cell culture systems.

DNA microarray technology is reviewed in Chapters 5 and 6. Chapter 5
by Helmut Zarbl reviews microarray analysis as a general technique, and
Chapter 6 by Richard W. E. Clarkson, Catherine A. Boucher, and Christine



J. Watson focuses on the application of microarray technology in the mea-
surement of apoptosis. Finally, relatively new ELISA techniques are described
in detail in Chapter 7 by Calvin F. Roff and colleagues. This chapter is
unique in that it describes approaches that can be applied as high throughput
screens for functional quantification of protein or chemical inhibitors that
target active caspases and the Bcl-2 family of proteins.

Apoptosis Methods in Pharmacology and Toxicology is expected to serve
as a useful reference for all scientists who face the challenge of identifying
apoptosis, or elucidating mechanisms of drug-induced injury, as well as
those scientists bewildered by the abundant flow of new information on
apoptosis whose practical application is difficult to discern. This volume
should equally serve as a reference for any laboratory that has a general
interest in studying apoptosis. In such an evolving field, new developments
are continually being reported. It is recommended that everyone with a seri-
ous interest in apoptosis and cell death make use of one of the web-based
discussion groups or attend conferences or workshops on the topic to stay
informed about research that may have application to research questions in
their labs.

Myrtle A. Davis

Preface        ix
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Introduction 1

1

From: Apoptosis Methods in Pharmacology and Toxicology: Approaches to Measurement and Quantification
Edited by: M. A. Davis  © Humana Press Inc., Totowa, NJ

1

1. TERMINOLOGY AND FEATURES OF CELL DEATH

The term “apoptosis” (introduced by Kerr, Wyllie, and Currie in a semi-
nal paper in 1972; [1]) is now widely accepted as a fundamental mechanism
of cell death that contributes to the pathogenesis of disease or removal of
cells in the adult organism. Although there are still instances in which the
term apoptosis is used interchangeably with programmed cell death, it is
well-accepted that the two terms have very distinct interpretations. Pro-
grammed cell death is a term that depicts the physiological cell death that
was first described as it occurred in ovarian follicles by Walther Flemming
in 1885 (2). The impact of the process during development was subsequently
appreciated by many others including Glücksman in 1951 (3) and Lockshin
and Williams in 1965 (4). In general, programmed cell death should be used
to describe a temporally and spatially restricted cell death that follows a
distinct biological program in the developing organism and is usually lim-
ited to the field of developmental biology.  In contrast, the term “apoptosis”
was originally chosen to replace the term “shrinkage necrosis” previously
used to describe the morphologic features of dying cells observed in hepatic
lobes of adult liver after ligation of the portal vein, excised basal cell carci-
noma, and in the adrenal cortex following removal of adrenocorticotropic
hormone (ACTH) (5–7). The morphologic features of apoptosis are summa-
rized and contrasted with other pathways of cell death in Table 1.

2. MEASUREMENT OF APOPTOSIS

Although the morphologic features of apoptosis are the gold standard for
definitive identification of apoptotic cells, there are often limitations to the

Introduction

Myrtle A. Davis
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use of morphological criteria for quantification and identification of
apoptotic cells. For example, early morphologic changes are usually identi-
fiable in cell culture, but in the whole organ rapid elimination (via sloughing
into lumens or engulfment by other cells) may limit observation of late mor-
phologic changes in tissue sections. Late changes may include nuclear and
DNA fragmentation. In addition, limited numbers of tissue sections may
limit the three-dimensional profile needed to adequately quantify the num-
bers of apoptotic cells in a whole organ.

Biochemical endpoints have been used to establish markers or indicators
of apoptosis that can accompany, but not replace, morphologic criteria and
provide readily quantifiable endpoints. The biochemical or molecular events
that have been reported to accompany apoptosis are numerous, but only a
few of these events can be regarded as universal indicators of apoptosis, and
even fewer of these are accepted as regulatory events (Table 2). The strin-
gency required to characterize a universal indicator of apoptosis and subse-
quently develop an assay based on this indicator is a challenge to researchers
and commercial entities. One obvious criterion for an apoptosis-specific
indicator is that it does not occur or show similar changes during other types
of cell death, namely an oncotic or swelling form of death. This is frequently
the most critical distinction that needs to be made by a biochemical or
molecular marker used for tissue-based assays because both events may
occur simultaneously in the same tissue. An oncotic event may also be a
continuum of an apoptotic pathway in tissue-culture systems. For example,
cell death may continue from apoptosis to secondary oncotic necrosis if the
apoptotic cell is not engulfed. In this scenario, positive identification of a bio-
chemical marker of apoptosis may be made in a cell with morphologic fea-
tures consistent with oncotic-necrotic death. These possibilities make it even
more critical that the biochemical marker for apoptosis be stringently tested
for specificity. In other cases, a biochemical event may occur in both path-
ways of death, but differ by extent of the alteration. For example, a measur-
able decrease in mitochondrial transmembrane potential (MMP) or
permeability transition  (PT) may occur during oncotic-death and apoptosis,
but the magnitude of the decrease may influence the ATP-generating capacity
of the cell. ATP dissipation may then determine whether the cell undergoes
apoptosis or oncotic death (11,12). When combined with morphologic
assessment however, extent of MMP decrease or PT opening can be a useful
way to measure apoptosis in cell culture systems.

A question that commonly arises is: “why is it necessary to distinguish
the pathway of death?” The answer depends on the primary goal of the study.
If the goal is to understand the primary molecular or biochemical events that
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led to the cellular response observed, knowing the primary cellular response
is key to a mechanistic investigation. If, on the other hand, the goal of the
study is to determine evidence of organ toxicity, then documentation and
quantification of the toxic cellular response will suffice. It could be argued,
however, that even in the latter case, knowing the primary cellular response
may be critical to identification of a toxic event that may have primarily
affected cellular engulfment or recognition processes. An example of this is
acetominophen toxicosis, in which a cytotoxic effect on Kupffer cells may
influence engulfment of apoptotic hepatocytes, contributing to an eventual
picture of widespread necrosis in the liver (13).

3. APPROACHES TO MECHANISTIC
INVESTIGATIONS OF APOPTOSIS

The question of how apoptosis is regulated and controlled is one of the
most intriguing questions for an investigator. Indeed, regulation of the
apoptotic response is the focus of the vast majority of research on apoptosis.
There is no road map for those interested in pursuing answers to these mecha-
nistic questions when apoptosis is initiated by a chemical or toxicant, but
knowledge of the pathways that have contributed to elucidating several mecha-
nisms of apoptosis can provide a general scheme for mechanistic study design.
At the onset, it is probably best to keep an open mind and consider that the
biochemical and molecular events that regulate cellular responses to a toxi-
cant are unique. From that basic principal, clues can be drawn from chemical
and structural features of the toxicant or compound. Chemical and structural
features may allow identification of a list of potential intracellular targets for
the compound. We can take for example, compound X. Compound X was
found to interact with and activate a cellular receptor. Knowledge about the
expected cell-signaling pathways utilized by the receptor can provide a basis
for a logical series of experiments to elucidate the primary events that regulate
the cellular response to compound X. Several examples of this type of mecha-
nistic approach can be found including the approaches used to elucidate effects
of therapeutic concentrations of doxorubicin and cisplatinum. Both of these
anticancer compounds were reported to lead to the induction of cell death
receptor, CD95 and CD95 ligand in neuroblastoma cells and subsequent acti-
vation of the now well- recognized pro-apoptotic series of events characteris-
tic of death-inducing ligand/receptor systems (reviewed in ref. 14). To
elucidate mechanisms for new compounds, experimental evidence document-
ing a sequence of apoptotic events is the first step. Altered regulation of the
cellular response when these events are inhibited or directly activated will be
critical to determining the apoptotic signaling pathway used by the compound.
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Another possible approach is to demonstrate that the chemical interacts
with or alters the activity of a known regulator of apoptosis. This type of
approach is usually considered when there is structural evidence that the toxi-
cant may interact with an apoptotic regulatory protein. A chemical may inhibit
pathways or factors that promote cellular survival or augment cell death-
inducing pathways. Protein interactions may be identified by yeast-two hybrid,
immunoprecipitation studies, expression studies, and mutation analysis
accompanied by activity assays of events that lie downstream of the factor
studied. An intriguing example of a toxin that appears to fit this mechanism is
verotoxin II (15). Interestingly, verotoxin II was reported to bind Bcl-2 and it
is hypothesized that in complex with Bcl-2, verotoxin II gains access to the
mitochondria and induces cell death. Unfortunately, most toxicants induce
multiple intracellular effects often making it difficult to discern epiphenom-
enon from events that regulate the cellular response. The challenges for those
who study chemical-induced mechanisms of apoptosis can be daunting, but
knowledge about chemical structure, protein–toxicant interaction, and dose-
response will aid in proposing reasonable and testable hypotheses. Initial use
of protein structure databases (Protein Data Bank, Brookhaven, NY, contain-
ing over 6500 proteins) and genetic responses can also provide useful infor-
mation about molecular events.

4. APPLICATION OF MICROARRAY DATA

The use of microarray data, to assess whether expression of pro- and anti-
apoptotic genes are induced or downregulated by potential apoptotic stimuli,
is gaining popularity among toxicologists, however, the relationship between
transcriptional regulation of a protein and other events that occur during
apoptosis will need to be considered. Apart from a few notable exceptions,
it is clear from an abundance of experimental evidence that in most cell
types, apoptosis does not require de novo synthesis of protein and gene tran-
scription is seldom responsible for the death of the cell. There is also lack of
evidence for transcriptional control of several known pro- and anti-apoptotic
proteins by pro-apoptotic stimuli, but rather several proteins have been
shown to be regulated via post-translational mechanisms that include: pro-
tein phosphorylation, organelle sequestration, translocation, and protein
interactions. Microarray analyses do not measure post-translational events.
Thus microarray analyses that assess bim mRNA, the product of which is a
pro-apoptotic BH3-only protein that uses protein translocation to activate
the apoptotic program, may have limited value to primary regulation of
apoptosis. In contrast, including noxa and puma on a microarray platform  is
highly useful because they are p53-inducible genes normally subject to tran-
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scriptional regulation. Similarly, caspases appear to be regulated post-
translationally during apoptosis and thus the interpretation of cellular mRNA
expression of caspases after treatment with an apoptotic stimulus may be of
limited mechanistic value because activation of caspase protein has commit-
ted the cell to death. In contrast, gene-expression analysis of known apoptosis
regulatory proteins can have important mechanistic relevance to sublethal con-
centrations of toxicants or evaluation of cellular responses to multiple expo-
sures or exposure to chemical mixtures. For example, pre-exposure to a
nonlethal dose of a toxicant or chemical may alter the expression of pro- or
anti-apoptotic factors. If the observed change in mRNA expression  causes a
change in protein expression, the cellular response to a subsequent toxicant
exposure may be altered. Another common application of microarray tech-
niques is to obtain an expression footprint of mRNA alterations. These data
can be used to identify common transcriptional regulation among these
mRNAs and subsequently traced back to signal-transduction pathways acti-
vated by the chemical. These types of mechanistic studies and applications of
microarray data are anticipated with great enthusiasm.

5. CONCLUSION

Measurement of apoptosis has become an essential component of the
evaluation of cytotoxicity of chemicals. In some cases, the primary goal of
investigators will be to elucidate the mechanism by which a compound
induces an apoptotic response. In other instances, the primary goal will be to
identify and measure apoptosis. The discovery and development of new
drugs directed to specific cellular targets will depend on screening methods
that include measurement of functional cellular responses, including
apoptosis. In any case, the ability to accurately measure and quantify
apoptosis is critical. The following chapters review methods that can be used
to detect and quantify apoptosis in a wide variety of experimental situations.
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2
Flow Cytometric and Fluorometric Methods

of Quantifying and Characterizing
Apoptotic Cell Death

Martin Poot, Robert H. Pierce, and Terrance J. Kavanagh

1. INTRODUCTION

Cell death is a major endpoint in toxicologic assessment both in vivo and
in vitro and numerous methods have become available for the characteriza-
tion and quantitation of cell death. Recent developments in cell biology have
made great strides in articulating two generally distinct modes of cell death.
Although the Cell Death Nomenclature Committee of the Society of Toxi-
cologic Pathologists has recommended replacing the terms “apoptosis” and
“necrosis” with “apoptotic necrosis” and “oncotic necrosis,” emphasizing
that necrosis simply refers to the fact that the cells are dead (1), in this chap-
ter we will utilize the more generally used terms apoptosis and necrosis.
This chapter will focus on the relative advantages and inherent disadvan-
tages of a number of flow and image cytometry assays with an eye to help-
ing investigators to choose among the many available techniques to measure
apoptosis.

Although in some experimental systems a “hybrid” death phenotype has
been identified (2–4) in general, apoptosis and necrosis involve different
biochemical features and, possibly, kinetics (5). Necrosis appears to be a
rapid response (often to exogenous agents) involving cellular injury, cell
swelling, loss of cytoplasmic ATP, release of sequestered calcium, and
uncontrolled activation of calcium-dependent enzymes (proteases, lipases,
DNAases) leading to early loss of cytoplasmic membrane integrity (6). DNA
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single-strand breaks are formed, but the morphology of the cell nucleus usu-
ally remains intact. Apoptosis, in contrast, is a more controlled process
involving a decrease in cell size, the loss of mitochondrial membrane poten-
tial, alterations in mitochondrial structure and function, altered cellular redox
status (7,8), as well as activation of caspases, exposure of cell-surface
phosphatidylserine residues, and ordered double-strand DNA fragmentation.
Although loss of cytoplasmic membrane integrity may eventually occur in
the very late stages of apoptosis, maintenance of plasma membrane function
in the early phase is a characteristic feature of apoptotic cell death. The
exact apoptotic phenotype manifested appears to depend both on the cell
type and the nature of the apoptotic trigger.

In view of the diversity of manifestations of the apoptotic process, no
single method can encompass all stages and forms of apoptosis. Conse-
quently, numerous techniques to analyze apoptosis have been developed,
each with its advantages and limitations. In this review, the cardinal features
of apoptosis and the fluorometric assessment of these features will be dis-
cussed, including specific examples of assays useful in the assessment of
apoptosis based on nuclear appearance of DNA double-strand breaks,
nuclear fragmentation, changes in mitochondrial function, and cellular redox
status (see Table 1). The advantages and limitations of analyses using a con-
focal microscope, a flow cytometer, or a fluorescence plate reader will be
discussed and are summarized in Table 2.

1.1. Nuclear Morphology and Apoptosis

A major morphologic hallmark of apoptosis is nuclear fragmentation. This
can be detected by viewing cell and tissue samples after staining with a DNA-

Table 1
Fluorescent Dyes Used in Assays of Apoptosis

     Excitation   Emission
Parameter  Fluor maximum (nm) maximum (nm)

NAD(P)H level NAD(P)H 350 450
Mito membrane potential Rhodamine 123 505 530

DiOC6 (3) 480 500
JC-1 515 530/610
CMXRosamine 590 610

Mitochondrial mass MitoTracker Green FM 490 520
Cardiolipin Nonyl Acridine Orange 490 520
Reduced thiols (GSH) Monochlorobimane (MCB) 360 450
Cytosolic oxidants CDCFDA 490 530
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specific dye. When samples are stained with fluorescent DNA dyes (e.g.,
Hoechst 33342 and 33258 dyes; 4',6-diamidino-2-phenylindole [DAPI];
SYTOX Green, ethidium bromide, propidium iodide, 7-aminoactinomycin D)
a confocal microscope can be used to view such fragmentation (see below).
An advantage of using fluorescent dyes is that their emission covers only
part of the visible spectrum. Thus, additional parameters can be determined
simultaneously in the same sample by staining with other fluorescent dyes.
This multiparameter approach will be discussed below.

It has been reasoned that nuclear fragmentation during apoptosis is the
result of DNA degradation. This hypothesis is supported by morphologic
evaluation and by the observation that there is an increased level of DNA
containing debris in cell samples undergoing apoptosis. Thus, counting the
number of DNA-containing subcellular particles (for instance by flow
cytometry) relative to the number of intact cells could be taken as a measure
of apoptosis. However, this approach is fraught with difficulties. First, it is
not likely that each apoptotic nucleus will give rise to the same number of
debris particles. In other words, the number of apoptotic nuclei cannot be
calculated as a fixed fraction of the number of debris particles. Second,
debris particles are much smaller than intact nuclei. Thus, it may be difficult
to distinguish debris particles from the electronic noise produced at the lower
limits of resolution of flow cytometers.

To overcome these problems, various protocols based on cell fixation
with ethanol have been developed (9,10). Cell fixation keeps nuclear frag-
ments within a cell together. Thus, a cell with a fragmented nucleus will still
be counted as one unit. Since apoptosis involves the formation double-strand
breaks in the DNA, loose DNA fragments will arise. Some of these DNA
fragments can be extracted from fixed cells with low-phosphate containing
buffers (11). After this wash, apoptotic cells will be detected as cells with a
less than G1 phase DNA content. Enumerating the number of sub-G1 cells
relative to cells with G1, S, and G2 phase DNA content then allows
quantitation of the number of cells that have undergone apoptosis. Thus,
cell fixation before quantitation of apoptosis overcomes the problem that
multiple cell fragments may be counted as multiple apoptotic events. Still it
remains necessary to standardize the assay, such that electronic noise will
be avoided. These methodological issues have been discussed in depth (12).

In the assay outlined earlier, apoptotic cells are detected because of low-
ered signal intensity resulting from DNA degradation. The finding that
apoptosis involves a specific form of DNA degradation allows one to detect
these unique events with a specific labeling procedure. With the aid of ter-
minal deoxynucleotide transferase, fluorescently labeled dUTP residues are
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added to the 3' sides of these double-strand DNA breaks (13). Since the
amount of fluorescence thus generated is higher in apoptotic cells than in
cells without this specific form of DNA damage, the apoptotic cells can be
distinguished. For each new cell type, this assay needs to be optimized (14).

1.2. Mitochondrial Alterations in Apoptosis
Mitochondria have recently been shown to play an important role in

apoptosis, acting as either in the upstream initiation (15) or downstream
execution phase (7), depending on the specific experimental model.
Although no unified picture of mitochondrial alterations in apoptosis has
yet emerged, several features have been shown to be important in a variety
of disparate apoptosis models (8), including: loss of cytochrome c, opening
of the mitochondrial permeability transition pore, loss of mitochondrial
membrane potential, catabolism of cardiolipin, mitochondrial proliferation
(16), redistribution of cytoplasmic BAX to the mitochondria (17), and pH
alterations (18).

Mitochondrial respiration (reviewed in ref. 19) involves a complex series
of redox reactions beginning with reduced NAD and FAD species and end-
ing with molecular oxygen as the ultimate electron acceptor. Several impor-
tant characteristics of the process of electron transport include the generation
of free-radical intermediates through single electron transfers and the pro-
duction of an electro-chemical gradient as the transfer of electrons down the
electron-transport chain is coupled to proton pumping from the
mitochondrial matrix into the intermembrane space. Thus, the matrix and
the cytoplasm are alkaline (proton-depleted) relative to the proton-rich (low
pH) intermembrane space. The inner mitochondrial membrane is uniquely
suited to act as a proton-diffusion barrier and the F0/F1-ATPase couples
diffusion of protons down this gradient ( μ) to the generation of ATP.
Alterations in μ, (usually decreased μ, although some investigators
have identified early hyperpolarization) is a common alteration in apoptosis.
A number of lipophilic cationic dyes selectively stain mitochondria in pro-
portion to μ. Some of the more commonly used probes include:
rhodamine 123, tetramethylrosamine, MitoTrackerTM rosamine derivatives,
DiOC6 (3), and JC-1 (20). Ratiometric measurements of μ can be made
using the red-emitting μ-sensitive CMXros in conjunction with the μ

–insensitive dye Mitotracker Green as well as with JC-1, which forms μ

-dependent red-emitting j-aggregates. By normalizing μ to total mito-
chondrial mass, ratiometric approaches yield a “unit μ,” which can be
useful in resolving the apoptotic population, particularly when loss of mito-
chondrial function is offset by mitochondrial proliferation. Although these
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dyes are useful μ-sensitive probes in living cells, other factors can theo-
retically alter the fluorescent intensities of these dyes (21) and care should
used both in selecting dyes (especially in multiple dye combinations) and in
utilizing appropriate controls.

One mechanism, albeit not the only one, by which mitochondria can
undergo a loss in μ during apoptosis is via an opening of the mitochon-
drial permeability transition (MPT or PT) pore, a high-conductance chan-
nel, allowing nonselective diffusion of small molecules (<1.5 kD) across the
inner membrane (22,22a). Although the exact structure and role of this chan-
nel in normal physiology remains to be clarified (23), sustained pore open-
ing results in dissipation of the H+ gradient, uncoupling respiration,
large-amplitude swelling of mitochondria and appears to be associated with
the release of apoptogenic mitochondrial proteins like cytochrome c. Open-
ing of the pore can be inhibited by a number of compounds including
cyclosporin A and bongkrekic acid (24). Low molecular-weight hydrophilic
dyes such as calcein are normally excluded from the inner mitochondrial
space, but will pass through the opened pore (25). Redistribution of calcein
to the inner mitochondrial space, which is blocked by cyclosporin A or other
inhibitors of the MPT, appears to represent a true pore-opening event. Bcl 2
family members are thought to exert their pro- or antiapoptoic effects, in
part, by interacting with and modulating pore opening (26). In particular,
translocation of cytoplasmic BAX to the mitochondrial membrane has been
shown to be a key initiating step in apoptosis (27). BAX translocation has
been evaluated with confocal microscopy both with immunofluorescence
(28) and with expression of BAX-GFP fusion proteins (29,30).

Loss of cytochrome c from the mitochondria and redistribution to the cyto-
plasm has been shown in many settings to be a key event in initiating apoptosis
through activating cytoplasmic caspase cascades and may result from the open-
ing of the PT-pore or in the absence of any evidence of pore opening. Similar to
the case with BAX localization, immunohistochemistry/immunofluorescence
(31) and cytochrome C-GFP fusion proteins (32) have been employed to assess
cytochrome c release from mitochondria. Whereas BAX translocation results in
diffuse cytoplasmic fluorescence becoming punctate mitochondrial fluores-
cence, cytochrome c translocation shows the reverse pattern.

From the aforementioned description of mitochondrial physiology and
the MPT, it is clear that pore opening and dissipation of the proton gradient
will result in relative alkalinization of the inner mitochondrial space and
acidification of the cytoplasm. Fluorescence-based assays to detect altered
cellular pH and their use in apoptosis will be addressed below, as will alter-
ations in intracellular calcium concentrations. Similiarly, although the mito-
chondrial electron-transport chain is an important source of reactive oxygen
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species (ROS) in the cell, discussion of methods to detect apoptosis-associ-
ated oxidative stress will be deferred to the following section on cytoplas-
mic alterations in apoptosis.

Cardiolipin is an important component of the mitochondrial inner mem-
brane. It is a diacidic phospholipid synthesized in the mitochondria and
reported to be essential as an important structural component modulating
the function of numerous mitochondrial proteins, including cytochrome c
and the MPT (33). Recently, cardiolipin has been shown to mediate mito-
chondrial targeting of caspase 8-cleaved BID to mitochondria in apoptosis
(34). Nonyl acridine orange is a fluorescent dye with a high affinity for car-
diolipin. When single molecules of NAO are excited (488 nm), they emit
yellow-green fluorescence. However, Petit et al. (35) have shown that 2 mol-
ecules of NAO bind 1 molecule of cardiolipin with resultant red fluores-
cence, presumably due to eximer formation. Red NAO fluorescence, as a
consequence of the diacidic structure of cardiolipin, has proven to be more
specific for cardiolipin than its green fluorescence. NAO fluorescence has
been shown to decrease in cells treated with menadione, a mitochondrial
redox cycling compound that produces mitochondrial ROS (36). During
tumor necrosis factor (TNF)-induced apoptosis in hepatocytes, loss of red
NAO fluorescence was shown to occur and to be blocked by antioxidant
treatment, thought to reflect oxidative stress-induced catabolism of cardio-
lipin (37). In the past, NAO fluorescence has been used to measure mito-
chondrial mass because its fluorescence is μ-insensitive (a feature
recently called into question (38), but given this dye’s sensitivity as a mea-
sure of cardiolipin loss, its utility as a measure of mitochondrial mass must
be restricted.

1.3. Cytoplasmic Alterations in Apoptosis

1.3.1. Intracellular Acidification

Cytoplasmic acidification has been shown to be an important feature in
apoptotic cells and may be necessary for optimal activation of caspases and
execution of the apoptotic pathway. In some systems, concurrent
alkinalization of mitochondria is identified, suggesting PT-opening with dif-
fusion of protons into the cytoplasm (18). On the other hand, in somatosta-
tin-induced apoptosis of MCF-7 cells, a nonmitochondrial source of H+ was
implicated in the development of caspase 8-independent cytoplasmic acidi-
fication and this acidification was shown to be necessary for the induction
of mitochondrial alterations (39). SNARF-1 is the dye most commonly
employed in cells to assess alterations in pH in the near-physiologic range
(7.0–8.0). It can be excited by the 488 nm line of the argon ion laser and the
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acetoxymethyl ester of carboxy SNARF-1 is readily loaded into cells. The
emission peak of SNARF-1 shifts from yellow-orange (measured at ~580
nm) in an acidic mileu to deep red (measured at ~640 nm) in a basic one,
allowing for sensitive ratiometric analysis of intracellular pH. Tsien and
coworkers recently developed a GFP-based ratiometric method of assessing
pH that exploits differential pH sensitivity of genetically engineered spec-
trally altered GFP variants (“cyan” GFP vs “yellow” GFP) (40). Although
initially employed to assess mitochondrial pH, by alterating the leader
sequence these GFP reagents can be targeted to other organelles as well.

1.4. Intracellular Redox Status

Apoptosis has been correlated with a variety of changes in cellular redox
status including loss of glutathione (41), total cellular thiols, and reduced
NAD species (22,42,43). In rodent cells, monochlorobimane fluorescence
(ex = 340 nm; em = 480 nm) is a good glutathione-S-transferase substrate and
has been shown to be proportional to intracellular GSH concentrations (44).
Monobromobimane fluorescence, on the other hand, is proportional to total
intracellular thiol concentration. Oxidative stress as measured by loss of
these thiol-reactive fluorochromes have been associated with apoptosis in a
variety of experimental settings. UV-excited blue autofluorescence
(ex = 340 nm; em = 480 nm) has been shown to result from reduced NAD
(i.e., NADPH and NADH) (45) and loss of blue autofluorescence can be a
useful marker of apoptosis-induced oxidative stress (37). Because some cells
have significant levels of NAD(P)H and resultant UV-excited blue
autofluorescence, care should be taken to assess the contribution of
autofluorescence when utilizing other UV-excited blue fluorochromes such as
monochloro-and monobromobimane.

Other measures of apoptosis-induced oxidative stress include a variety of
fluorochromes that react either directly with ROS to change from a reduced
nonfluorescent or low fluorescence state to a highly fluorescent one or vice
versa. Among the most commonly used reduced, nonfluorescent probes are:
dichlorofluorescein diacetate (DCFDA), dihydrorhodamine 123, hydroethidine,
and reduced CMXRosamine. Interestingly, because of its lipophilic cationic
structure, reduced CMXrosamine selectively accumulates in mitochondrial
membranes and appears to be sensitive to the activity of electron transport. Less
commonly used are dyes that lose fluorescence upon reaction with ROS. cis-
Parinaric acid has been found to be useful, although it requires an excitation
source (ex = 325 nm), which is uncommon. Fluorescein has been shown to be
quenched upon reacting with ROS and by using a highly lipophilic fluorescein
conjugate (C11-fluor), an assay specific for lipid peroxidation was reported (46).



Apoptotic Cell Death 19

This same group has also used BODIPY-conjugated lipids and fluoresceinated
phosphoethanolamine for similar studies (47,48). As discussed earlier, loss of
NAO fluorescence can reflect oxidative stress-induced cardiolipin loss, which
is often associated with apoptosis.

1.5. Alterations in Free Intracellular Calcium Concentration [Ca2+]i

Increased [Ca2+]i has been implicated as an important regulator of cell
death both in apoptosis and necrosis. Studies using pharmacologic inhibi-
tors of specific calcium channels indicate that the source of the free calcium
varies with the specific experimental model and can include both an
increased influx from the extracellular environment or release from internal
stores, which are usually sequestered in the endoplasmic reticulum. A num-
ber of calcium-dependent fluorochromes are available that serve as useful
tools to measure [Ca2+]i including Fura-2, Indo-1, Fluo-3, Fluo-4, Fura-red,
Rhod-2, and their derivatives (20). In addition to these dyes, investigators
have utilized aequorin, a calcium-sensitive bioluminescent protein to mea-
sure alterations in Ca2+ concentrations (49). In a fashion analogous to the
GFP-based studies of mitochondrial pH, aequorin can be selectively tar-
geted to mitochondria or other organelles by utilizing the appropriate leader
sequence.

Many of these dyes and their applications have been reviewed in detail
elsewhere (50). Of note, probes are available for both UV and 488 nm exci-
tation and many of these calcium probes (Fura-1, Indo-1, Calcium Green-2)
have the advantage of utilizing a ratiometric fluorescence read-out. These
dyes have been successfully used in multiparametric analyses, using both
flow cytometry and confocal microscopy, which has led to an enhanced
understanding of the role of [Ca2+]i in apoptosis. Burchiel et al. (51) have
recently published a review of multiparametric flow cytometric Ca2+ analysis.

Because flow cytometry measures total cellular fluorescence, most flow
cytometric methods of assessing total [Ca2+]i may not be sensitive to
apoptosis-induced redistribution of [Ca2+]i. In 32D cells induced to undergo
apoptosis through interleukin-3 (IL-3) withdrawal, total [Ca2+]i remained
unaltered, although a significant subcellular redistribution of Ca2+ from the
cytoplasm to the mitochondria occurred, which could be inhibited by Bcl-2
expression (52). Some Ca2+-sensitive fluorochromes (Rhod-2 and deriva-
tives) are reported to selectively partition into mitochondria and may be
capable of detecting a local change in mitochondrial calcium. Fluorescence
microscopy can determine the specific subcellular compartment in which an
alteration of [Ca2+]i takes place through co-localization of calcium probe
fluorescence with the appropriate organelle-specific markers.
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1.6. Caspase Activation

Recognition of the importance of caspase activation in apoptosis has led
to the development of fluorescence caspase substrates that indicate caspase
activation. These substrates usually contain peptides that represent the pre-
ferred consensus amino acid sequence for a particular caspase. Two meth-
ods are generally employed. In the first, a fluorescent dye (usually
rhodamine 110) is linked to a peptide substrate; caspase cleavage results in
the release of the fluorescent dye resulting in a increase in fluorescence
intensity (53–57). The second approach assess the degree to which fluores-
cence resonance energy transfer (FRET) occurs between two dye molecules
attached to the same peptide substrate (58,59). In the intact state, one dye
molecule is excited by the incident light, but instead of emitting a photon, it
instead transfers energy to a second dye whose excitation maximum is near
that of the emission maximum of the first dye molecule. This second dye
molecule then emits a lower-energy (longer-wavelength) photon. With
caspase cleavage, the two fluorescent dye molecules are no longer within
the distance required for FRET, and instead the first dye molecule now emits
a photon. Thus, by examining the ratio of fluorescence emission of the first
and second dye molecule, one can gauge the amount of caspase cleavage of
the target substrate.

1.7. Cytoskeletal Alterations

Several assays are available that detect apoptosis-associated alterations
in cytoskeletal components. Studies have characterized actin cytoskeletal
reorganization consisting of early transient polymerization, and later depo-
lymerization in a variety of different models of apoptosis (60–62). The most
widely used technique for visualization of these changes involves fluores-
cent microscopy with FITC-labeled phalloidin, which binds F-actin with
high affinity. These changes result in punctate staining indicating
disorganizaton of the actin cytoskeleten (60), or overall decreased fluores-
cence amenable to detection by both fluorescence microscopy and flow
cytometry (63).

Intermediate filaments have been shown to be caspase cleavage targets,
including cytokeratin 18, which is cleaved principally by activated caspase 3.
M30 (Boehringer-Mannheim), an antibody that specifically recognizes the
cleaved fragment of cytokeratin 18, has been utilized in both immunofluores-
cence and flow cytometric analysis to demonstrate caspase activity (64,65).
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1.8. Cytoplasmic Membrane Alterations in Apoptosis
Annexin V has also been used to reveal apoptotic cells by both flow and

laser cytometry (66,67). This technique takes advantage of the observation
that phosphotidyl serine (PS) is transposed to the outer leaflet of the plasma
membrane in apoptotic cells (68), and that this can be visualized by staining
with Annexin V, which has an affinity for negatively charged phospholipids
such as phosphotydylserine (PS). This technique has been used mostly for
in vitro assays of apoptosis, but it can be used in settings that require dem-
onstration of apoptosis in vivo as well. For instance, van Heerde et al. (69)
have shown that injection of biotinylated Annexin V, can be useful in iden-
tifying cells in the heart that are undergoing apoptosis subsequent to
ischemia/reperfusion injury. Advantages to using annexin V are that it can
be used on live cells, and that it can be a relatively early event associated
with the execution phase of apoptosis (66). Disadvantages to using annexin
V are that some cell types (e.g., platelets, syncytiotrophoblasts) naturally
express high levels of PS on their out leaflet (reviewed in ref. 70).

Merocyanine 540 is a red-emitting fluorescent dye that appears to be a sen-
sitive measure of apoptosis-induced alterations in cytoplasmic membrane lipid
structure (68). In apoptotic cells, the fluorescence increases; in some models
increased fluorescence correlates well with increased annexin V binding
(68,71). Merocyanine 540 staining has been successfully used together with
Hoechst 33342 to identify cell-cycle specific apoptotic events (72).

Loss of cytoplasmic membrane function occurs early in necrosis and late
in apoptosis (so-called “apoptotic necrosis”). If, in a given experimental sys-
tem, the mode of death has been adequately characterized morphologically
and the assay timepoint judiciously chosen, loss of dye exclusion can serve
as a useful, easy to quantify measure of cell death in either apoptotic or
necrotic model systems. Commonly used dyes for this type of analysis
include propidium iodide, 7-AAD, Sytox green, and ethidium homodimer.

1.9. Plate Reader Assays
Since all the assays outlined previously involve an increase or a decrease

in fluorescence emission, it should be possible to perform these assays with
multiwell fluorescence plate readers. The key advantage of this format is
that it allows analysis of large numbers of samples in a short time period,
making the fluorescence plate reader platform an ideal format for high-
throughput assays. A disadvantage of fluorescence plate reader assays is
that the response measured is the average of all responding or not respond-
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ing cells in the sample. In cases where only a small subset of cells respond or
when the magnitude of the response in each cell is small, little or no response
may be detected. This severely limits the sensitivity, and thus the applicabil-
ity, of fluorescence plate reader assays in apoptosis research.

2. FUTURE DEVELOPMENTS

Advances in instrumentation, particularly the advent of multiphoton
excitation confocal microscopy, has opened up many possibilities including
better imaging of living cells and tissues, decreased photobleaching, and
increased resolution of fluorescent signals (73). New and improved dyes
will likely be manufactured, including photoactivatable fluorochromes (20)
(so called “caged probes”). The uses and limitations of currently available
dyes will be better understood. Some investigators have already employed
advanced techniques such as FRET (59), fluorescent anisotropy (74–76),
fluorescence correlation spectroscopy (77–79), and fluorescence lifetime
imaging microscopy (80,81) to investigate cell structure and function. The
utilization of these powerful methods will undoubtedly contribute to the
study of apoptosis in the future.

2.1. Examples of Flow Cytometric Detection of Apoptosis

Figure 1 shows a typical result of cells stained with Hoechst 33342 (blue
emitting DNA dye), MitoTracker Green FM (green emitting; proportional to
mitochondrial mass), and CMXRosamine (red emitting; proportional to
mitochondrial membrane potential) and analyzed by flow cytometry. By
simultaneous staining with MitoTracker Green FM and CMXRosamine, an
enhanced resolution between cells with “normal” and with “compromised”
mitochondrial membrane potential is obtained (43). This condition of com-
promised mitochondrial membrane potential generally correlates with an
early stage of apoptosis (82,83). The experiment shown in Fig. 1 allows
direct investigation of this correlation. Cells with compromised and normal
mitochondrial membrane potential are identified by electronic gating. Their
respective DNA profiles, based on Hoechst 33342 fluorescence, are dis-
played in the panels on the right hand side of the figure. Cells with normal
MitoTracker Green FM and CMXRosamine fluorescence (Panel B) show a
regular distribution among the G1, S, and G2 compartments of the cell cycle.
Cells with compromised MitoTracker Green FM and CMXRosamine fluo-
rescence, in contrast, show cells with G1, S, G2, and Sub-G1 DNA content
(Panel C). Sub-G1 DNA content is evidence of apoptosis (see above). A
protocol for this assay is detailed in Subheading 3.
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Since “normal” and “compromised” cells can be distinguished after stain-
ing with MitoTracker Green FM and CMXRosamine, the blue region of the
visible spectrum is still available for analysis of an additional biochemical
parameters. Two parameters that can be readily quantitated are NAD(P)H
and thiol content. Blue autofluorescence of cells excited with UV-light
(around 360 nm) reflects cellular NAD(P)H levels (45) and as shown in Fig. 2,
can easily be quantified by flow cytometry (43). Cellular reduced thiol lev-
els can be quantified by staining with monobromobimane (84). It should be
noted, however, that the blue fluorescence generated in proportion to
reduced thiol levels covers the same wavelength region as does NAD(P)H,
which is relatively weak compared to monobromobimane fluorescence. As
a result, the blue fluorescence corresponding to cellular NAD(P)H levels
can be a source of background fluorescence in thiol analyses. Therefore,
when assaying for cellular reduced thiol levels it is necessary to split all

Fig. 2. Cytogram of a combined assay for NAD(P)H levels (UV-excited blue
autofluorescence) and mitochondrial membrane potential (CMXRosamine/
MitoTracker Green FM fluorescence). Signals representing “normal” and
“compromomised” cells are labeled.
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samples and to use the fluorescence from an “unstained” (NADP(P)H) con-
trol for quantification (84). A protocol for measuring these parameters in con-
junction with mitochondrial membrane potential is given in Subheading 4.

2.2. Examples of Detection of Apoptosis with a Confocal
Microsocope

As with flow cytometry, multiparameter apoptosis assays may also be
performed by confocal laser scanning microscopy (CLSM). Using the
approach similar to that detailed above for flow cytometry, we have exam-
ined NADPH content, mitochondrial membrane potential (CMX Rosamine
fluorescence), and mitochondrial mass (Mitotracker Green), by CLSM.
Figure 3 shows an example of a typical multiparameter assay performed by
confocal microscopy.

One advantage to examining apoptotic cells by laser-scanning cytometry
is that subcellular structure may be examined. For instance, individual mito-
chondria may be examined for correlations among different parameters.
Similarly, nuclear structure may also be examined in apoptotic cells. An
example of the complimentarity of flow cytometry and CLSM is given in
Fig. 4. TNF- /ActD treated Hepa-1 cells were stained with CMX Rosamine

Fig. 3. Confocal laser scanning microscope images obtained on Hepa-1 cells ex-
posed to tumor necrosis factor-alpha (TNF- ) and actinomycin D to induce apoptosis.
Hepa-1 mouse hepatoma cells were treated with TNF- /ActD, 12 h later stained with
CMX Rosamine and Mitotracker Green, and then analyzed by CLSM. (A) shows
light collected with a 605 nm long pass (red) filter (showing CMX Rosamine fluores-
cence), (B) shows light collected with a 530/30 nm band pass (green) filter (showing
Mitotracker Green fluorescence), and (C) shows light collected with a 460/40 nm
band pass (blue) filter (showing NAD(P)H autofluorescence). In an apoptotic cell
(adjacent to *), both CMX rosamine and NAD(P)H fluorescence are dramatically
reduced. Conversely, MTG fluorescence is significantly enhanced in this same cell.
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and then analyzed for mitochondrial membrane potential and NAD(P)H
fluorescence (panel A). Cells in different regions of the cytogram were then
sorted, and subsequently stained with the DNA fluorochrome Hoechst
33342. These cells were then examined by CLSM. Panels B, C, and D show
three-dimensional reconstructions of nuclei from cells sorted from healthy,
early apoptotic, and late apoptotic populations. Whereas healthy cells show
normal round nuclei, early and late apoptotic cells show progressive chro-
matin condensation/margination and nuclear fragmentation.

2.3. Example Protocols for Measuring Apoptosis
by Flow Cytometry

As indicated earlier, there are many different parameters that can be used
to measure apoptosis by flow cytometry. We have chosen two assays of

Fig. 4. Combined use of flow cytometry/cell sorting and confocal laser scanning
microscopy. TNF- /ActD treated Hepa-1 cells were stained with CMX Rosamine
and then analyzed for mitochondrial membrane potential and NAD(P)H fluores-
cence (A). Cells in different regions of the cytogram were then sorted, and subse-
quently stained with the DNA fluorochrome Hoechst 33342. These cells were then
examined by CLSM. (B), (C), and (D) show three-dimensional reconstructions of
nuclei from cells sorted from healthy, early apoptotic, and late apoptotic populations.
Whereas healthy cells show normal round nuclei, early and late apoptotic cells show
progressive chromatin condensation/margination and nuclear fragmentation.
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apoptosis that are readily performed on many cell types, and detailed proto-
cols for carrying them out are given below. Researches without significant
flow cytometry experience are encouraged to contact their institutional flow
cytometry centers for specific details of laser tuning and filter sets required
for the particular instrumentation available in their centers.

3. PROTOCOL 1: ASSAY FOR CELL-CYCLE STAGE
SPECIFIC APOPTOSIS

In this protocol the UV excited blue fluorescence of Hoechst 33342 dye,
which resolves cells according to the G1, S, and G2 stage of the cell cycle, is
combined with the green and red fluorescence of MitoTracker Green FM
and CMXRosamine.

3.1. Materials
1. Cells in suspension.
2. Cell-culture medium supplemented with 10% fetal bovine serum (FBS).
3. Dimethyl sulfoxide (DMSO; Sigma).
4. Stock solutions of MitoTracker Green FMTM (200 μM in DMSO) and

CMXRosamine (200 μM in DMSO); store at –20°C in the dark.
5. Stock solution of Hoechst 33342 dye (1 mM in double distilled water; store at

4°C in the dark; do not freeze) (see Note 1).
6. 15 mL Screw-capped centrifuge tubes.
7. 2 × 75 mm Polypropylene tubes.
8. 37°C Water bath with cover (or a sheet of aluminum foil).
9. Flow cytometer with either a mercury arc lamp or two argon lasers (one tuned

to ultraviolet and the other to 488 nm) as excitation sources.
10. Computer for data collection and processing.

3.2. Procedure
1. Harvest cultured cells by standard procedures and place in 15 mL screw-

capped centrifuge tubes. Centrifuge for 5 min at 200g at room temperature.
Resuspend the cell pellet at 0.5–1.0 × 106 cells mL in prewarmed 37°C cell-
culture medium. Leave cell suspensions in the water bath at 37°C for at least 5
min (see Note 2).

2. Thaw out dye solutions at room temperature, keeping them protected from
light (e.g., in a drawer) (see Note 3).

3. Aliquot cell suspensions into 12 × 75 mm polypropylene tubes. Add 20 μL of
1 μM Hoechst 33342 and 1 μL each of 200 μM MitoTracker Green FM and
CMXRosamine dye stock solutions into 1 mL of prewarmed cell suspension.
Mix immediately by briefly vortexing at maximal speed. Incubate for 30 min.
at 37°C in the dark or at subdued light. After staining, place tubes with cell
suspensions in a melting ice bath (see Note 4).
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4. Set up and optimize the flow cytometer as in Basic Protocol 1. UV-excited
(360 nm) blue fluorescence (collected with a 450 nm centered bandpass filter)
from the Hoechst 33342 dye is proportional with cellular DNA content. To
excite MitoTracker Green FM and CMXRosamine stained samples, the argon-
ion laser should be tuned to the 488 nm line. To collect fluorescence from
MitoTracker Green FM, use a bandpass filter centered around 530 nm; for
CMXRos use a longpass filter above 630 nm (see Notes 5–8).

4. PROTOCOL 2: COMBINED ASSAY
FOR REDUCED THIOL AND NAD(P)H LEVELS
AND MITOCHONDRIAL MEMBRANE POTENTIAL

This protocol takes advantage of the fact that NAD(P)H emits blue fluo-
rescence upon excitation with UV light. NAD(P)H fluorescence can thus be
simultaneously measured with the green and red fluorescence of MitoTracker
Green FM and CMXRosamine, respectively. The combination of MitoTracker
Green FM and CMXRosamine allows one to better resolve apoptotic cells
than does staining with CMXRosamine alone.

4.1. Materials
1. Cells in suspension.
2. Cell-culture medium supplemented with 10% FBS.
3. DMSO (Sigma).
4. Stock solutions of MitoTracker Green FMTM (200 μM in DMSO) and

CMXRosamine (200 μM in DMSO); store at –20°C in the dark.
5. Stock solution of monobromobimane (10 μM in absolute ethanol).
6. 15 mL Screw-capped centrifuge tubes.
7. 12 × 75 mm Polypropylene tubes.
8. 37°C Water bath with cover (or a sheet of aluminum foil).
9. Flow cytometer with either a mercury arc lamp or two argon lasers (one tuned

to UV and the other to 488 nm) as excitation sources.
10. Computer for data collection and processing.

4.2. Procedure
1. Harvest cultured cells by standard procedures in 15 mL screw-capped centri-

fuge tubes and centrifuge for 5 min at 200g at room temperature. Resuspend
the cell pellet at 0.5–1.0 × 106 cells mL in prewarmed cell-culture medium.
Leave cell suspensions in water bath at 37°C for at least 5 min (see Note 9).

2. Thaw out dye solutions at room temperature, keeping them protected from
light (e.g., in a drawer) (see Note 10).

3. Aliquot cell suspensions into 12 × 75 mm polypropylene tubes such that for
each sample two replicate tubes are obtained. Add 1 μL of each of the 200 μM
MitoTracker Green FM and CMXRosamine dye stock solutions to each tube
with 1 mL of prewarmed cell suspension. Add 5 μL of monobromobimane stock
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solution to half of the samples. Mix immediately by briefly vortexing at maximal
speed. Incubate for 30 min. at 37°C in the dark or at subdued light. After staining,
put tubes with cell suspensions in a melting ice bath (see Note 11).

4. Set up and optimize the flow cytometer. UV-excited (360 nm) blue
autofluorescence (collected with a 450 nm centered bandpass filter) is propor-
tional with cellular NAD(P)H and to cellular reduced thiol content (in the
samples stained with monobromobimane). To excite MitoTracker Green FM
and CMXRosamine stained samples, the argon-ion laser should be tuned to the
488 nm line. To collect fluorescence from MitoTracker Green FM use a bandpass
filter centered around 530 nm; for CMXRos use a longpass filter above 630 nm.
Due to the wide variation in cellular contents of mitochondria, it is advisable to
use logarithmic signal amplification for the signal channels collecting mitochon-
dria-related fluorescence. Carefully resuspend the cell sample by gently pipetting
up and down a few times immediately before analysis (see Note 12).

5. NOTES
1. Do not use phosphate-containing buffers, since Hoechst dyes precipitate in the

presence of phosphates.
2. Because the functional state of the mitochondria is to be monitored, it is advis-

able to keep cell suspensions at their optimal temperature (37°C) and to allow
them to recover for a brief moment after harvesting.

3. Dye solutions decompose rapidly if exposed to room light.
4. MitoTracker Green FM and CMXRosamine dye concentrations in the range of

100–200 nM are recommended, because at higher concentrations
nonmitochondrial staining may occur. A Hoechst 33342 dye concentration of
20 μM to saturate cellular DNA is recommended. Some cell types may have
multidrug resistance-like membrane resident dye pumping mechanisms, which
will lower the actual dye concentration inside the cell. When using a novel cell
type, it may be useful to titrate the Hoechst 33342 dye concentration to deter-
mine optimal staining conditions.

5. Due to the wide variation in cellular contents of mitochondria, it is advisable
to use logarithmic signal amplification for the signal channels collecting mito-
chondria-related fluorescence. Carefully resuspend the cell sample by gently
pipetting up and down a few times immediately before analysis.

6. All protocols described have been performed on cultured animal cells; limited
data exist regarding the use of these methods for plant cells and in yeast.

7. Caution: DMSO and dyes solutions are potentially toxic to humans. Use
(nitrile) gloves and wear eye protection at all stages of handling. Seek medical
advice if dye or dye solutions are ingested or inhaled. The dyes mentioned are
for in vitro use only; do not administer either externally or internally.

8. Disposal: All staining solutions should be poured through a funnel with a filter
containing activated charcoal in a fume hood. When the passing solution
becomes fluorescent, the filter should be incinerated or disposed of according
to applicable rules for environmental hygiene, and a fresh filter should be
installed.



30 Poot et al.

9. Since the functional state of the mitochondria is to be monitored, it is advis-
able to keep cell suspensions at their optimal temperature (37°C) and to allow
them to recover for a brief moment after harvesting.

10. Dye solutions decompose rapidly if exposed to light.
11. Dye concentrations in the range of 100–200 nM are recommended, because at

higher concentrations nonmitochondrial staining may occur.
12. Cells stained with MitoTracker Green FM show maximal emission at 516 nm;

cells stained with CMXRosamine show maximal absorption at 594 nm and
emit maximally at 608 nm; they also exhibit significant absorption in the UV
region of the spectrum and may be excitable with a mercury arc lamp. During
the staining period cells tend to clump; to obtain meaningful data on a per cell-
basis, it is essential to resuspend cells by briefly and gently vortexing immedi-
ately before analysis.
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Analysis of Apoptosis by Laser-Scanning

Cytometry

Zbigniew Darzynkiewicz, Elzbieta Bedner,
 and Piotr Smolewski

1. INTRODUCTION

One of the major goals in applications of cytometry in analysis of
apoptosis is to identify and quantify dead cells and often to discriminate
between apoptosis and necrosis. Recognition of dead cells relies on the pres-
ence of a particular biochemical or molecular marker that is characteristic
for apoptosis, necrosis, or both. A variety of methods have been developed,
especially for the identification of apoptotic cells (see reviews in refs. 1–3).
These methods were initially designed to be used by flow cytometry. The
drawback of flow cytometric methods stems from the fact that identification
of apoptotic or necrotic cells relies on a single attribute that is assumed to
represent a characteristic feature (hallmark) of apoptosis or necrosis. How-
ever, this attribute may often be absent, particularly in the case of “atypical
apoptosis,” which is common in the case of cells of epithelial or fibroblast
lineage (e.g., refs. 4–6). The apoptotic attribute may also be absent when
apoptosis is induced by the agents that directly or indirectly suppress the
appearance of this attribute. The characteristic changes in cell morphol-
ogy (7), therefore, still remain the gold standard for recognition of
apoptotic cell death.

The laser scanning cytometer (LSC) is a microscope-based
cytofluorometer that combines advantages of flow cytometry and image
analysis and is finding wide applicability in many disciplines of biology and
medicine (see reviews in refs. 8,9). LSC measures cell fluorescence rapidly
and with similar accuracy as flow cytometer. However, since the xy coordi-
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nates of cell location on the slide are recorded in a list-mode fashion together
with other measured cell parameters, cells can be relocated after the mea-
surement. They can be then examined visually or subjected to image analy-
sis to correlate the observed change in the measured parameter with the
change in their morphology. The possibility of cell relocation and other
attributes of LSC which are presented further in this chapter, has contrib-
uted to this instrument’s usefulness in numerous applications in analysis of
apoptosis (10). The most common methods for identification of apoptotic
and necrotic cells that have been adapted to LSC as well as the specifics of
sample preparation for LSC are described below. In the Notes section, we
address for each method discussed some potential pitfalls and problems aris-
ing with data interpretation. Because LSC is a relatively new, not yet a
widely known instrument, its scheme, unique features, and principles of
fluorescence measurement are presented as well.

2. CELL MEASUREMENT BY LSC

Figure 1 presents a diagrammatic view of the LSC. The base of the
instrument is the standard research microscope (Olympus Optical Co.). The
specimen on the microscope slide is placed on the microscope stage and its
fluorescence is excited by the laser beams that rapidly scan the slide. In the
current instruments, the spatially merged beams from two lasers (argon and
He-Ne) are directed onto the oscillating (350 Hz) mirror, which in turn
directs the beams through the epi-illumination port of the microscope and
images them through the objective lens onto the slide. Depending on the
lens magnification, the beam spot size varies from 2.5 (at 40×) to 10.0 μm
(at 10× magnification). The position of the slide (xy coordinates) is located
on the computer-controlled motorized microscope stage is monitored by sen-
sors, and the slide is moved with the stage perpendicular to the scan at 0.5
μm steps per each scan. Light scattered by the cells is imaged by the con-
denser lens and recorded by scatter sensors. A portion of the fluorescence
emitted by the specimen is collected by the objective lens and directed to a
CCD camera for imaging. Another portion of emitted fluorescence is di-
rected through the scan lens to the scanning mirror. Upon reflection, it passes
through a series of dichroic mirrors and optical interference filters to reach
one of the four photomultipliers. Each photomultipler records fluorescence
at a specific wavelength range, defined by the combination of filters and
dichroic mirrors. An additional light source provides transmitted illumina-
tion that is used to visualize the specimen through an eyepiece or CCD cam-
era. The measurement of cell fluorescence (or light scatter) is
computer-controlled and triggered by setting a desired threshold contour for
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the cell above background level of emission. For each measured object, the
following parameters are recorded by LSC:

1. Integrated fluorescence intensity within the integration contour, which can be
adjusted to a desired width with respect to the threshold contour;

2. Maximal pixel intensity within this area, so called “peak-,” or “max pixel-value.”
3. The area within the integration contour.
4. The perimeter of the contour (in micrometers).
5. Integrated fluorescence intensity within the area of a torus of a desired width

defined by the peripheral contour located around (outside) the primary inte-
gration contour. Thus, if the integration contour is set for the cell nucleus based
on, e.g., red fluorescence (DNA stained by propidium), then the integrated (or
maximal pixel) green fluorescence of fluorescein isothiocyanate (FITC)-
stained cytoplasm can be measured separately, within the integration contour
(i.e., over the nucleus) and within the peripheral contour (i.e., over the rim of
cytoplasm of desired width outside the nucleus). It should be noted that all the
aforementioned values of integrated fluorescence are automatically corrected
for background, measured locally outside the cell.

6. The xy spatial coordinates of the maximal pixel.
7. The computer clock time at the moment of individual cell measurement.

The measurements by LSC are rapid and with optimal cell density on the
slide up to 5000 cells can be measured per min. The accuracy and sensitivity
of cell fluorescence measurements by LSC are similar as with advanced

Fig. 1. Scheme representing major components of the LSC. See text for
explanation.
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flow cytometers (8). Unlike flow cytometry, LSC measures individual pixel
values and records the value of the maximum intensity pixel. This param-
eter reflects homogeneity of the fluorochrome distribution within the cell
and was shown to be particularly useful in studies of translocation of Bax
from cytosol to mitochondria during induction of apoptosis (11). The possi-
bility of differential analysis of fluorescence emitted from nucleus vs cyto-
plasm is another feature provided by LSC that is not available with flow
cytometry. This feature allows one to study a change in localization of cell
constituents from nucleus to cytoplasm or vice versa and was useful to detect
activation of NF- B also during induction of apoptosis (12).

The most characteristic feature of LSC that distinguishes it from flow
cytometry is that cell analysis is performed on a slide. This allows visual
cell examination to assess morphology and correlate it with the measured
parameters. It also allows cell image capture, analysis, and/or display. Fur-
thermore, additional cytofluorometric analysis of the same cells is possible
using new sets of markers or other contouring thresholds. The results of the
sequential measurements can be then integrated in the list-mode form into a
single file, using the “file merge” capability of the instrument. This allows
one then to directly correlate, within the same cells, the results of functional
assays such as collapse of mitochondrial transmembrane potential ( m),
change in pH, or generation of reactive oxygen intermediates (ROIs) with
cell attributes that can be measured only after cell fixation and
permeabilization (e.g., the presence of DNA strand breaks, cell-cycle posi-
tion, and so on (13). The data can be used to map the sequence of both
functional and structural changes occurring during apoptosis to determine
whether a particular death-associated event is a prerequisite for the latter
steps. Applications for studies of apoptosis that descend from these unique
features of LSC are presented further in this chapter.

3. ATTACHMENT OF CELLS TO MICROSCOPE SLIDES
FOR ANALYSIS BY LSC

Many assays of apoptosis by LSC are performed on fixed cells. For these
assays the cells are attached to microscope slides by standard methods that
include smear films, tissue sections, “touch” preparations from freshly
transected tissues, or cytocentrifuging cell suspensions. Cytocentrifugation
(see below) is often preferred over “touch” or smear preparations because it
flattens cells on the slides so that their geometry is favorable, and therefore
more morphological details can be revealed.

Some assays of apoptosis by LSC require the cells to be alive with their
vital functions preserved. Such assays include analyses of plasma membrane
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transport function, detection of phosphatidylserine on cell surface (14), prob-
ing m (6), intracellular pH, oxidative stress, activation of caspases, or
intracellular level of ionized calcium. Suspensions of live cells in appropri-
ately prepared reaction media are generally used when such analyses are
performed by flow cytometry, and such suspensions may also be measured
by LSC. It is often desired, however, that the measured cells be attached to a
microscope slide or coverglass. Attachment is required if one intends to
relocate the measured cells for their subsequent morphologic examination
or to probe additionally by another fluorochrome(s). The relocation allows
correlation of the initial measurement with cell morphology or with the sec-
ondary analysis involving another fluorochrome.

3.1. Attachment of Cells by Cytocentrifugation

1. Prepare cell suspension in tissue-culture medium (with serum) at density
5–10 × 103 cells 1 mL.

2. Transfer 300 μL of this suspension into a cytospin chamber (e.g., Shandon
Scientific, Pittsburgh, PA).

3. Cytocentrifuge at 1000 rpm (115g) for 6 min. The speed and time of centrifu-
gation may be extended (to 1500 rpm (173g) and 10 min, respectively) to
additionally flatten the cells for their more favorable geometry that may be
useful to detect variation in local density of fluorochrome, e.g., when studying
translocation of certain some molecules.

4. Fix cells by immersing the slides in a Coplin jar containing fixative (e.g., 1%
formaldehyde in PBS or 70% ethanol). For most applications (e.g., immuno-
cytochemistry; see Subheadings 8. and 9.) the cells may be fixed in 1% form-
aldehyde at 0–4°C for 15–30 min, then rinsed in PBS and postfixed and/or
stored for up to several days in 70% ethanol at –20°C. Postfixation in ethanol
makes the cells more permeable to the immunocytochemical reagents. Avoid
complete cell drying in air following cytocentrifugation and prior to fixation if
the cells are being subsequently subjected to immunocytochemical analysis.

3.2. Attachment of Live Cells
A variety of cells grow attached to flasks in culture. Such cells can be

attached to microscope slides by culturing them on the slides or coverslips.
Culture vessels that have a microscope slide at the bottom of the chamber
are commercially available (e.g., “Chamberslide,” Nunc, Inc., Naperville,
IL). The cells growing in these chambers spread and attach to the slide sur-
face in a few hours after suspending them in full culture medium (with
serum) and incubation at 37°C. Glass rather than plastic slides are preferred
as the latter often have high autofluorescence that interferes with measure-
ments by LSC. Alternatively, the cells can be grown on coverslips, e.g.,
placed on the bottom of Petri dishes. The coverslips are then inverted over
shallow (<1 mm) wells on the microscope slides. The wells can be pre-
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pared by constructing the well walls (~2 × 1 cm square) with either a pen
that deposits a hydrophobic barrier (Isolator, Shandon Scientific), nail
polish, or melted paraffin. Alternatively the wells can be made by prepar-
ing a strip of Parafilm “M” (American National Can, Greenwich, CT) of
the size of the slide, cutting a hole ~2 × 1 cm in the middle of this strip,
placing the strip on the microscope slide, and heating the slide on a warm
plate until the Parafilm starts to melt. It should be stressed, however, that
because the cells detach during late stages of apoptosis, these cells may be
selectively lost if the analysis is limited to attached cells.

Cells that normally grow in suspension can be attached to glass slides
by electrostatic forces. This is due to the fact that sialic acid on the cell
surface has net negative charge while the glass surface is positively
charged. Incubation of cells on microscope slides in the absence of any
serum or serum proteins (which otherwise neutralize the charge), thus,
leads to their attachment. The cells taken from culture should be rinsed
in PBS in order to remove serum proteins and then resuspended in PBS
at a concentration of 2 × 105–106 cells/mL. An aliquot (50–100 μL) of
this suspension should be deposited within a shallow well (prepared as
described above) on the horizontally placed microscope slide. To pre-
vent drying, a small piece (~2 × 2 cm) of a thin polyethylene foil or
Parafilm may be placed atop of the cell suspension drop. A short (15–20
min) incubation of such cell suspension at room temperature in a closed
box containing wet tissue or filter paper that provides 100% humidity is
adequate to ensure that most cells will firmly attach to the slide surface.
Cells attached in this manner remain viable for several hours and can be
subjected to surface immmunophenotyping, viability tests, or intracellu-
lar enzyme kinetics assays (15). Such preparations can be fixed (e.g., in
formaldehyde) without a significant loss of cells from the slide. How-
ever, as in the case of cell growth on glass, late apoptotic cells have a
tendency not to attach or may even detach after the initial attachment.

It should be stressed that the microscope slide to which the cells are
going to be attached electrostatically should be extra clean; the surface
should never be hand-touched. To remove possible contamination of the glass
surface that may interfere with cell attachment it is advised to rinse the
microscope slides in a household detergent, then thoroughly in water,
finally in 100% ethanol, then completely air dry and use the same day.

4. DETECTION OF CHROMATIN CONDENSATION

One of the hallmarks of apoptosis is condensation of nuclear chromatin (7).
DNA in condensed chromatin stains with many dyes with greater intensity
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per unit of the projected area (hyperchromasia). The hyperchromasia of
DNA in apoptotic cells can be detected by the increased value of the maxi-
mal pixel of the DNA-associated fluorescence (10,16). Propidium iodide
(PI) is used as the DNA fluorochrome in the method described below and
apoptotic cells can be identified by high values of the maximal pixel of
DNA-associated PI fluorescence (Fig. 2).

4.1. Materials
1. 1% Formaldehyde in phosphate-buffered saline (PBS). Caution: Formalde-

hyde is a health hazard: wear gloves and do not inhale its vapors.
2. Stock solution of PI: Dissolve 1 mg of PI (Molecular Probes, Eugene, OR) in

1 ml of distilled water. It can be stored for several months at 4°C in the dark.
Caution: PI is a suspected carcinogen: wear gloves and observe caution.

Fig. 2. Identification of apoptotic cells by LSC based on high values of maximal
pixel detecting red fluorescence or fractional DNA content of propidium iodide
(PI) stained cells. Exponentially growing human leukemic HL-60 cells, untreated
(A) or induced to undergo apoptosis by treatment with camptothecin (B) (refs.
26,28), were stained with PI in the presence of RNase as described in the protocol.
The scatterplots represent bivariate distributions of cells with respect to their inte-
grated red fluorescence (proportional to DNA content) vs maximal red fluores-
cence pixel value. Only mitotic cells (M) have high maximal pixel value in the
untreated culture. Apoptotic cells (Ap) that are present in the CPT treated cultures,
are characterized either by the increased intensity of maximal pixel of red fluores-
cence or by a low (sub-G1) DNA content. The relocation feature of LSC allows one
to observe morphology of the cells selected from particular regions of the bivariate
distributions. Upon the relocation, the cells with high maximal pixel value or with
fractional DNA content show chromatin condensation and nuclear fragmentation,
typical of apoptosis (panels on right).
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3. Stock solution of RNase: Dissolve 2 mg of DNase-free RNase A (Sigma
Chemical Co., St Louis, MO) in 1 mL of distilled water. If DNase-free RNase
is unavailable, DNase activity is destroyed by boiling the stock RNase solu-
tion for 5 min. Aliquots can be stored at –20°C.

4. Staining solution of PI: Add 10 μL of the stock solution of PI to 1 mL of PBS
to obtain 10 μg/mL final PI concentration.

5. Working solution of RNase: Add 100 μL of RNase stock solution to 1.9 mL of
PBS to obtain 0.1 mg/mL final concentration.

6. Specimen mounting solution: Add 1 part of PI staining solution to 9 parts of
glycerol.

4.2. Cell Staining and Measurement
1. Deposit cells on the microscope slide by cytocentrifugation, electrostatically,

or by growing them on the slide, as described in Subheading 3.
2. Fix cells by immersing the slides in a Coplin jar containing 1% formaldehyde

in PBS on ice for 15 min.
3. Wash the slides briefly by immersing in PBS and transfer them into Coplin jars

containing 70% ethanol. The cells may be stored in ethanol indefinitely at 4°C.
4. Rinse slides briefly (~ 1 min) in 50%, then in 30% ethanol, and finally in

distilled water.
5. Transfer slides to a Coplin jar containing RNase working solution and incu-

bate at room temperature for 60 or at 37°C for 30 min. Alternatively, to save
the reagent, a small volume (~ 0.5 mL) of RNase staining solution may be
deposited onto the horizontally placed slide at the area containing the cells,
covered with a ~2 × 4 cm strip of Parafilm and the slide kept in the box con-
taining wet tissue of filter paper to ensure 100% humidity for 60 min at room
temperature or for 30 min at 37°C.

6. Immerse slides in a Coplin jar containing the PI staining solution. Keep slides
immersed in PI solution for 10 min at room temperature in the dark.

7. Mount the stained cells under a coverslip in a drop of the mounting medium
and seal the preparation with melted paraffin or nail polish. The slides should
be kept in the dark until measurement on LSC.

8. Measure cell fluorescence by LSC using argon ion laser (488 nm) to excite the
emission. Use red fluorescence signal for contouring. Record integrated and
maximal pixel values of red fluorescence (>600 nm).

4.3. Notes
1. This staining procedure is simple and can be combined with analysis of other

constituents of the cell when they are probed with fluorochromes of another color.
2. Apoptotic cells are identified either as the cells with high maximal pixel val-

ues of the PI fluorescence or as the cells with fractional (sub-G1) DNA content
as shown in Fig. 2.

3. Because cellular DNA content also is measured cell ploidy and/or cell cycle
position of nonapoptotic cells can be determined at the same time.

4. DNA in late apoptotic cells is fragmented and low MW may be extracted dur-
ing the staining procedure. Some DNA may also be lost as a result of shedding
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of apoptotic bodies that contain fragments of nuclear chromatin. Thus, DNA
content of apoptotic cells may not be a reliable marker of their cell-cycle posi-
tion or ploidy. The loss of DNA may also be reflected by the decreased DNA-
associated fluorescence including maximal pixel. Therefore, such cells or nuclear
fragments can be detected only based on their fractional DNA content (sub-G1”
cell subpopulation) but not based on the increase of maximal pixel.

5. The drawback of this approach is that it cannot discriminate between mitotic
and apoptotic cells. Early G1 (postmitotic) cells also have high fluorescence
intensity of the maximal pixel (17). The distinction between apoptotic and
mitotic cells is critical after treatment with agents such as taxol or other mitotic
blockers, i.e., when mitotic cells undergo apoptosis. The visual examination
of the cells, or analysis of other morphometric features such as nucleus to
cytoplasm ratio, nuclear or cellular area or circumference, forward light scat-
ter, and so on, as offered by LSC, however, can be helpful in these instances.

6. Although individual nuclear fragments of the late apoptotic cells are within
the same cell they may be completely separated from each other. Therefore,
they may be separately contoured and each fragment identified as a whole
individual nucleus of an apoptotic cell with a fractional (sub-G1) DNA con-
tent. This may lead to an overestimate of a frequency of apoptotic cells
(apoptotic index).

5. COLLAPSE OF MITOCHONDRIAL TRANSMEMBRANE
POTENTIAL ( m)

Dissipation (collapse) of mitochondrial transmembrane potential ( m)
occurs early in most models of  apoptosis and is often considered as a marker
of apoptosis (6,18). Permeable lipophilic cationic fluorochromes such as
rhodamine 123 (Rh 123) or 3,3'-dihexiloxa-dicarbocyanine [DiOC6 (3)] can
serve as probes of ( m) (19). When live cells are incubated with Rh 123
the probe accumulates in mitochondria and the extent of its uptake as mea-
sured by intensity of cellular fluorescence, reflects ( m) . A combination
of either Rh 123 or DiOC6 (3) with PI can be used as a viability assay that
discriminates between live cells that only stain with them (green fluores-
cence) vs dead or dying cells whose plasma membrane integrity is compro-
mised (cells with damaged plasma membrane, late apoptotic, and necrotic
cells) that stain only with PI (red fluorescence), vs early apoptotic cells that
show somewhat increased staining with PI but still take up Rh 123 or DiOC6
(3) (19). The protocol below presents a combination of DiOC6 (3) and PI.

5.1. Materials
1. Stock solution of PI: Described in Subheading 4.1.2.
2. Stock solution of DiOC6 (3): Prepare 0.1 mM solution of DiOC6 (3) (Molecu-

lar Probes) by dissolving 5.7 mg of the dye in 10 mL of dimethyl sulfoxide
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(DMSO). Store in small aliquots at –20°C in the dark. Prior to use dilute
10-fold with PBS to obtain 10 μM concentration.

3. Staining solution of DiOC6 (3): Add 5 μL of the diluted DiOC6 (3) solution to
1 mL of PBS to obtain the final concentration of 50 nM.

4. Staining solution of PI: To 10 mL of the culture medium that is normally used
to grow the studied cells add 100 μL of the PI stock solution.

5.2. Cell Staining and Fluorescence Measurement
1. Attach live cells to microscope slides as described in Subheading 3.2.
2. With Pasteur pipet gently remove the culture medium in which the cells were

growing (or PBS is they were attached electrostatically) and immediately
(without allowing cells to dry) replace it with the staining solution of DiOC6
(3). Cover with a ~2 × 4 cm strip of Parafilm and place the slide in the box
containing wet tissue or filter paper to ensure 100% humidity.

3. Incubate at room temperature for 20 min.
4. With Pasteur pipet gently remove the staining solution of DiOC6 (3) and

immediately mount the cells under a coverslip in a drop of the staining solu-
tion of PI.

5. Measure cell fluorescence by LSC within the next 10 min. Excite fluorescence
of PI and DiOC6 (3) with the argon ion laser (488 nm) and measure intensity of
red (>400 nm) and green (530±20 nm) fluorescence. Contour the cells on light-
scatter signal.

5.3. Notes

1. Cells that were growing attached to microscope slides may be incubated with
50 nM DiOC6 (3) in the same culture medium in which they are normally main-
tained, with full serum content. Thus, the staining solution of DiOC6 (3) (Sub-
heading 5.3.) may contain serum. The electrostatically attached cells however,
have a tendency to detach if maintained for longer time in the presence of
serum. Therefore, it is preferred to incubate them with DiOC6 (3) in a serum-
free medium.

2. Live nonapoptotic cells have only green fluorescence, the cells with collapsed
m at early stage of apoptosis have very dim green and still no red fluores-

cence and late apoptotic (necrotic stage of apoptosis) and necrotic cells have
only red fluorescence.

3. Because collapse of m not always is a prerequisite for a release of cyto-
chrome c from mitochondria and activation of caspases (20), in these instances
apoptotic cells may still have strong DiOC6 (3) fluorescence (Fig. 3).

4. DiOC6 (3) is rapidly removed from the cells that have active efflux pump (P
glycoprotein), such as stem cells or multi-drug resistant tumor cells, which
may simulate collapse of m .

5. DiOC6 (3) may be substituted by Rh 123 in this protocol, at a final concentra-
tion 100–200 nM.

6. m is sensitive to any change in cell environment. The samples to be com-
pared, therefore, should be incubated and measured under identical conditions,
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taking into an account temperature, pH, time elapsed between the onset of
incubation and actual fluorescence measurement, and other potential variables.
If possible (e.g., the microscope stage of LSC is thermostatically controlled),
the measurements should be performed at 37°C. Otherwise, the samples should
be equilibrated to ambient temperature.

6. ANNEXIN V BINDING

Phosphatidylserine, which normally is on the inner leaflet of the plasma
membrane, early during apoptosis becomes exposed on the outside cell sur-
face (13). Because the anticoagulant protein annexin V binds with high
affinity to phosphatidylserine, fluorochrome-conjugated annexin V can
serve as a marker of apoptotic cells (21). During progression of apoptosis,
the ability to bind annexin V precedes the loss of the plasma membrane’s
ability to exclude cationic dyes such as PI.

Therefore, by staining cells with a combination of annexin V-FITC and
PI, it is possible to distinguish cells at different stages of apoptosis.

6.1. Materials
1. Annexin V-FITC solution: Dissolve annexin V-FITC conjugate (1:1 stoichio-

metric complex, available from BRAND Applications, The Netherlands) in

Fig. 3. Detection of the collapse of mitochondrial electrochemical potential
( m) by LSC after cell staining with DiOC6 (3) and PI. Human histiomonocytic
lymphoma U937 cells untreated (A) or to induce apoptosis by treatment treated
with tumor necrosis factor- (TNF- ) and cycloheximide (B; refs. 26,28), were
stained according to the protocol. The bivariate green vs red fluorescence distribu-
tion (scatterplot) represents m vs uptake of PI, respectively. Nonapoptotic cells
fluoresce only green, early apoptotic cells show decreased green fluorescence but
no red fluorescence while late apoptotic cells stain cannot exclude PI and thus have
red fluorescence. After relocation their stainability with DiOC6 (3) and PI can be
correlated with morphology.
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binding buffer (10 mM HEPES (N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid) -NaOH, pH. 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a con-
centration of 1.0 μg/mL. This solution has to be prepared fresh prior to use.

2. Stock solution of PI: described in Subheading 4.1.2.
3. Staining solution of PI: described in Subheading 5.1.4.

6.2. Cell Staining and Fluorescence Measurement
1. Attach live cells to microscope slides as described in Subheading 3.2.
2. With a Pasteur pipet, gently remove the culture medium in which the cells

were growing (or PBS is they were attached electrostatically) and immedi-
ately (without allowing cells to dry) replace it with the Annexin V-FITC solu-
tion. Cover with a ~2 × 4 cm strip of Parafilm and place in the box containing
wet tissue or filter paper to ensure 100% humidity.

3. Incubate at room temperature for 10 min.
4. With a Pasteur pipet, gently remove the Annexin V-FITC solution and immedi-

ately mount the cells under a coverslip in a drop of the staining solution of PI.
5. Measure cell fluorescence by LSC within the next 10 min. Excite fluorescence

of FITC and PI with the argon ion laser (488 nm) and measure intensity of red
(>400 nm) and green (530±20 nm) fluorescence. Contour the cells on light
scatter signal.

6.3. Notes
1. Live nonapoptotic cells have minimal green fluorescence and also minimal or

undetectable red fluorescence (annexin V negative/PI negative) (Fig. 4). At
early stages of apoptosis, cells stain green but still exclude PI and therefore
continue to have no significant red fluorescence (annexin V positive/PI nega-
tive). Late apoptotic cells show intense green and red fluorescence (both
annexin V and PI positive).

2. Isolated nuclei, cells with severely damaged membranes, and very late
apoptotic cells stain rapidly and intensely with PI and may not bind annexin V.
Stainability of DNA with PI in isolated nuclei is stoichiometric and therefore
their frequency histograms of DNA content may have pattern characteristic of
the cell-cycle distribution.

3. Interpretation of the data is complicated by the presence of nonapoptotic cells
with damaged membranes. Such cells may have phosphatidylserine exposed on
plasma membrane and, therefore, similar to apoptotic cells, bind annexin V.
Mechanical disaggregation of tissues; to isolate individual cells; extensive use
of proteolytic enzymes to disrupt cell aggregates, remove adherent cells from
cultures, or to isolate cells from tissue; mechanical removal of the cells from
tissue culture flasks (e.g., by a rubber policeman); and  cell electroporation, may
affect the binding of annexin V. Such treatments, therefore, may introduce
experimental bias in subsequent analysis of apoptosis by this method.

4. Because even intact and live cells may take up PI after prolonged incubation
fluorescence measurement should be performed rather shortly following addi-
tion of the dye.
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7. DETECTION OF DNA STRAND BREAKS
(TUNEL ASSAY)

Apoptosis-associated DNA fragmentation (22) generates a multitude of
DNA strand breaks. The 3' OH ends of the breaks can be detected by attach-
ing to them fluorochrome-labeled deoxynucleotides in a reaction catalyzed
by exogenous terminal deoxynucleotidyltransferase (23,24). The assay is
commonly known as TUNEL from TDT-mediated dUTP-biotin nick-end
labeling. Of all the markers used to label DNA breaks, BrdUTP appears to
be the most advantageous with respect to sensitivity, low cost and simplicity
of the reaction (24). When attached to DNA strand breaks in the form of
poly-BrdU, this deoxynucleotide can be detected with an FITC-conjugated
anti-BrdU Ab; the same Ab that is commonly used to detect BrdU incorpo-
rated during DNA replication. Poly-BrdU attached to DNA strand breaks by
TdT, however, is accessible to the Ab without the need for DNA denatur-
ation, which otherwise is required to detect the precursor incorporated dur-
ing DNA replication.

The detection of DNA strand breaks requires cell prefixation with a
crosslinking agent such as formaldehyde to prevent the extraction of low
MW DNA during the procedure. Labeling DNA strand breaks with FITC is

Fig. 4. Detection of early and late apoptotic cells by LSC after staining with
annexin V-FITC conjugate and PI. HL-60 cells untreated (A), or to induce apoptosis
treated with camptothecin (B; refs. 26,28), were stained with annexin V-FITC and
PI as described in the protocol. The bivariate distributions (contour maps) of their
green vs red fluorescence represent annexin V-FITC binding vs PI uptake, respec-
tively. Nonapoptotic cells (region 1) show low green no red fluorescence, early
apoptotic cells have green but have no red fluorescence (region 2) while late
apoptotic cells fluoresce in both red and green wavelength (region 3). Relocation allows
one to examine morphology of cells in each region.
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combined with staining of DNA with PI. Bivariate analysis of DNA strand
breaks vs DNA content allows one to distinguish apoptotic from
nonapoptotic cell subpopulations and reveal the cell-cycle distribution in
these subpopulations (23).

7.1. Materials

1. Fixatives: primary fixative: 1% methanol-free formaldehyde (available from
Polysciences Inc., Warrington, PA) in PBS, pH 7.4. Secondary fixative: 70%
ethanol.

2. The TdT reaction buffer (5X concentrated) contains: potassium (or sodium)
cacodylate, 1 M 125 mM, Tris-HCl, pH 6.6, 1.25 mg/mL bovine serum albu-
min (BSA).

3. 10 mM Cobalt chloride (CoCl2).
4. TdT in storage buffer, 25 U in 1 μL. The buffer, TdT, and CoCl2 are available

from Boehringer Mannheim (Indianapolis, IN).
5. BrdUTP stock solution: BrdUTP (Sigma) 2 mM (100 nmol in 50 μL) in 50

mM Tris-HCl, pH 7.5.
6. FITC-conjugated anti-BrdU MAb solution: dissolve 0.3 μg of anti-BrdU FITC

conjugated MAb (available from Phoenix Flow Systems, San Diego, CA) in
100 μL of PBS that contains 0.3% Triton X-100 and 1% (w/v) BSA.

7. Reaction solution: Prepare a solution that in 100 μL contains: 20 μL of the
reaction buffer, 4.0 μL of BrdUTP stock solution, 1.0 μL (25 U) of TdT in
storage buffer, 10 μL of CoCl2 solution, 65 μL distilled H2O.  This solution is
prepared just prior to use.

8. Rinsing solution. Dissolve in PBS: Triton X-100, 0.1% (v/v), 5 mg/mL BSA.
9. PI Staining solution: Dissolve in PBS: 5 μg/mL PI, 200 μg/mL DNase-free

RNase A.

7.2. Cell Fixation
1. Deposit cells on the microscope slide by cytocentrifugation, electrostatically,

or by growing them on the slide, as described in the Subheading 3.
2. Fix cells by immersing the slides in a Coplin jar containing 1% formaldehyde

in PBS, on ice for 15 min.
3. Wash the slides briefly by immersing in PBS and transfer them into Coplin jars

containing 70% ethanol. The cells may be stored in ethanol indefinitely at 4°C.

7.3. DNA Strand Break Labeling
1. Remove slides from 70% ethanol and rinse them briefly (~1 min) in 50%, then

in 30% ethanol, and finally in distilled water.
2. Place the slide horizontally and deposit 50 or 100 μL (depending on the area

size) of the reaction solution atop of the area of the slide where the cells are
attached. Cover with ~2 × 4 cm strip of Parafilm and place the slide in the box
containing wet tissue or filter paper to ensure 100% humidity. Incubate for 40
min at 37°C or overnight at room temperature.
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3. With Pasteur pipet (or vacuum suction pipet) remove from the slide the reac-
tion solution and replace it 0.5 mL of the rinsing solution. Repeat the rinsing.

4. Remove from the slide the rinsing solution and replace it with 100 μL of the
FITC-conjugated anti-BrdU MAb solution. Cover with a strip of Parafilm as
described above, place in 100% humidity box and incubate at room tempera-
ture for 1 h or at 4°C overnight.

5. Remove the anti-BrdU solution and rinse the slide with PBS.
6. Apply a drop or two of the PI staining solution containing RNase A over the

area with cells. Cover with a strip of Parafilm and incubate for 30 min in the
100% humidity box at room temperature in the dark.

7. Replace the PI staining solution with a drop of a mixture of glycerol and PI
staining solution (9:1) and mount under the coverslips. To preserve the speci-
men for longer period of time or transport, seal the coverslip with nail polish
or melted paraffin.

8. Measure cell fluorescence by LSC using 488 nm argon ion laser for excitation.
Contour on red fluorescence signal and measure intensity (integrated values)
of green fluorescence of FITC-anti BrdU MAb at 530±20 nm and red fluores-
cence of PI at >600 nm.

7.4. Notes

1. A plethora of kits designed to label DNA strand breaks are available from
different vendors. For example, Phoenix Flow Systems, PharMingen Inc., and
ALEXIS (all from San Diego, CA) all provide kits to identify apoptotic cells
based either on a single-step procedure utilizing TdT and FITC-conjugated
dUTP (APO-DIRECT) or TdT and BrdUTP, as described earlier (APO-
BRDUTM). A description of the method, which is nearly identical to the one
presented in this chapter, is included with the kit. Another kit (ApopTag),
based on two-step DNA strand break labeling with digoxygenin-16-dUTP by
TdT, is provided by Intergen (Purchase, NY).

2. Apoptotic cells are strongly labeled with fluoresceinated anti-BrdU Ab which
distinguishes them from the nonapoptotic cells (Fig. 5). Because of the high
intensity of their green fluorescence, an exponential scale often must be used
for data acquisition and display.

3. Analysis of the bivariate DNA content vs DNA strand break-labeling distribu-
tions makes it possible to identify the cell-cycle position of cells in apoptotic
and nonapoptotic populations.

4. When apoptosis is more advanced late apoptotic cells may have diminished DNA
content because of prior shedding of apoptotic bodies (which may contain nuclear
fragments), or due to such massive DNA fragmentation that small DNA fragments
cannot be retained in the cell even after fixation with formaldehyde. Such late
apoptotic cells, thus may have sub-G1 DNA content (not shown in Fig. 5).

5. In some instances of apoptosis, DNA fragmentation stops after the initial DNA
cleavage to 50–300 kb fragments (4,5). The frequency of DNA strand breaks
in nuclei of these cells is low, and therefore they may not be easily detected by
the TUNEL method.
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8. THE FLUOROCHROME LABELED INHIBITORS
OF CASPASES (FLICA) ASSAY

Activation of caspases is the critical event initiating the irreversible steps
of apoptosis (25). One assay of their activation relies on the use of fluoro-
chrome-labeled inhibitors (FLICA) that covalently bind to their active cen-
ters (26). Each FLICA consists of three functionally distinct parts: (a) the
fluorochrome, (b) the recognition peptide, and (c) the halo- (generally
fluoro-) methyl ketone moiety. For example, one such ligand, the
carboxyfluorescein-(FAM)-valylalanylaspartic acid- (VAD)-fluoromethyl
ketone (FMK) has only three amino acid (VAD) recognition sequence,
which makes it nonspecific, generic ligand that can detect activation of every
caspase. Other inhibitors, such as FAM-DEVD-FMK or FAM-VEID-FMK,
are designed to target caspase-3 or caspase-6, respectively, more specifi-
cally. These ketone reagents penetrate through the plasma membrane of live
cells and are relatively nontoxic to the cell (26). Their irreversible binding
to active centers of the caspases ensures that only the cells with the activated
enzymes become labeled. The protocol below is given for FAM-VAD-FMK,
which is a substrate for  all active caspases, but the same protocol can be
applied to any other FLICA, such as with DEVD, VEID, YVAD, LETD, or
LEHD recognition peptides.

Fig. 5. Detection of apoptotic cells based on the presence of DNA strand breaks.
U937 cells were untreated (A) or treated TNF- in the presence of cycloheximide
(B) (refs. 26,28). The cells were then subjected to DNA strand break labeling and
DNA staining as described in the protocol. The bivariate distributions (scatterplots)
allow one to identify apoptotic cells as the cells with DNA strand breaks, and reveal
the cell-cycle position of cells in either apoptotic or nonapoptotic population.
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8.1. Materials

1. Dissolve lyophilized FAM-VAD-FMK (available as a component of the
CaspaTagTM Fluorescein Caspase Activity kit from Intergen, Cat no. S7300)
in DMSO as specified in the kit to obtain 150X concentrated (stock) solution
of this inhibitor. Aliquots of this solution may be stored at –20°C in the dark
for several months.

2. Just prior to use prepare a 30X concentrated solution of FAM-VAD-FMK by
diluting the stock solution 1:5 in PBS. Mix the vial until becomes transparent
and homogenous. This solution should be made fresh. Protect all FAM-VAD-
FMK solutions from light.

3. FLICA staining solution: just prior to the use add 3 μL of 30X concentrated
FAM-VAD-FMK solution into 100 μL of culture medium.

4. Stock solution of PI: Dissolve 1 mg of PI (Molecular Probes) in 1 mL of dis-
tilled water.

5. Rinsing solution: 1% (w/v) BSA in PBS.
6. Staining solution of PI: Add 10 μL of stock solution of PI to 1 mL of the

rinsing solution.

8.2. Cell Staining and Analysis by LSC

1. Attach the cells to the microscope slide electrostatically (within the shallow
wells), or by growing them on the slide or coverslip, as described in the Sub-
heading 3.2. Keep the cells immersed in the culture medium by adding 100 μL
of the medium (with 10% serum) into the well on the microscope slide to
cover the area with the cells.

2. Remove the medium and replace it with 100 μL of FLICA (FAM-VAD-FMK)
staining solution.

3. Place a ~ 2 x 4 cm strip of Parafilm atop the staining solution to prevent dry-
ing. Incubate the slides horizontally for 1 h at 37°C in a closed box with wet
tissue or filter paper to ensure 100% humidity, in the dark.

4. Remove the staining solution with Pasteur pipet. Rinse three times with the
rinsing solution each time by adding new aliquot, gently mixing, and after 2
min replacing with the next rinse.

5. Apply one or two drops of the PI staining solution atop of the cells deposited
on the slide. Cover with a coverslip and seal the edges to prevent drying.

6. Measure cell fluorescence on LSC. Use the argon ion laser (488 nm) to excite
fluorescence, contour on light scatter and measure green fluorescence of FAM-
VAD-FMK at 530±20 nm and red fluorescence of PI at >600 nm.

8.3. Notes
1. Protect cells from light throughout the procedure.
2. Staining with PI is optional (e.g., Fig. 6). It allows to distinguish the cells that

have integrity of plasma membrane compromised to the extent that they can-
not exclude PI (necrotic and late apoptotic cells, cells with mechanically dam-
aged membranes, isolated cell nuclei).
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3. After step 4 the cells may be fixed in 1% formaldehyde followed by 70%
ethanol and then subjected to staining with PI in the presence of RNase, e.g.,
as described in Subheading 7.3., steps 6–8. Analysis of the FLICA vs PI fluo-
rescence by LSC would allow then to correlate activation of caspases with
cellular DNA content, i.e., the cell-cycle position or DNA ploidy.

9. CLEAVAGE OF POLY(ADP-RIBOSE)
POLYMERASE (PARP)

PARP is a nuclear enzyme involved in DNA repair that is activated in
response to DNA damage (27). Early during apoptosis, PARP is cleaved by
caspases, primarily by caspase-3 (25). The specific cleavage of this protein
that results in distinct 89-kDa and 24-kDa fragments (usually detected
electrophoretically) is considered one of the hallmarks of apoptosis. Antibod-
ies that recognize the cleaved PARP products were recently developed and
they can be used as immunocytochemical markers of apoptotic cells. The
antibody to p89 PARP has been adapted to label apoptotic cells for detec-
tion by cytometry (28). The protocol below combines the detection of PARP
cleavage and cellular DNA content measurement, which allows one not only
to identify and score apoptotic cell populations, but also to correlate
apoptosis with the cell cycle position or DNA ploidy.

Fig. 6. Activation of caspases detected by the fluorochrome-labeled caspase
(FLICA) inhibitors assay. HL-60 cells were untreated (A), treated in culture with
camptothecin to induce apoptosis (B) (ref. 26). The cells were then electrostatically
attached to microscope slides, incubated with staining solution of FAM-VAD-FMK
as described in the protocol, and their green fluorescence (integrated value and
pixel of maximal intensity) measured by LSC. Note the appearance of apoptotic
cell subpopulation characterized by the increased green fluorescence (above the
marked threshold level of the maximal pixel) reflecting activation of caspases that
bind FAM-VAD-FMK.
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9.1. Materials

1. Fixatives: primary fixative: 1% methanol-free formaldehyde (available from
Polysciences Inc., Warrington, PA) in PBS, pH 7.4. Secondary fixative: 70%
ethanol.

2. Anti-PARP p89 antibody (Promega Corp., MI; defined by the vendor as anti-
PARP-85 fragment, rabbit polyclonal, cat. no. G7341).

3. Fluorescein-conjugated anti-rabbit immunoglobulin Ab (DAKO Corporation,
Carpintiera, CA).

4. 0.25% Solution of Triton X-100 (Sigma) in PBS.
5. PBS/BSA solution: 1% (w/v) solution of BSA (Sigma) in PBS.
6. Stock solution of PI: Dissolve 1 mg of PI (Molecular Probes) in 1 mL of dis-

tilled water.
7. Stock solution of RNase: Dissolve 2 mg of DNase-free RNase A (Sigma) in

1 mL of distilled water. If RNase is not DNase-free, boil this solution for 3 min.
Solutions 4–7 may be stored at 4 0C for several weeks.

8. Staining solution of PI: Add 10 μL of stock solution of PI and 100 μL of stock
solution of RNase to 1 mL of PBS. This solution is made freshly.

9. Mounting solution: Add 100 μL of the staining solution of PI to 0.9 mL of
glycerol.

9.2. Cell Attachment and Fixation

1. Attach cells to the microscope slide by cytocentrifugation, electrostatically, or
by growing them on the slide, as described in the Subheading 3.

2. Fix cells by immersing the slides in a Coplin jar containing 1% formaldehyde
in PBS, on ice for 15 min.

3. Wash the slides briefly by immersing in PBS and transfer them into Coplin
jars containing 70% ethanol. The cells may be stored in ethanol at –20°C for
several days.

9.3. Cell Staining and Analysis by LSC
1. Remove the slide from 70% ethanol, rinse it sequentially in 50 and 30% etha-

nol, then in 0.25% Triton X-100/PBS solution for 10 min
2. Place the slide horizontally and deposit atop of the cells on the slide 100 μL of

anti-PARP p89 pAb diluted 1:200 in PBS/BSA. Cover with ~2 × 4 cm strip of
Parafilm and place the slide in the box containing wet tissue or filter paper to
ensure 100% humidity. Incubate for 2 h at room temperature, or at 4°C overnight.

3. With Pasteur pipet (or vacuum suction pipet) remove anti-PARP p89 Ab and
rinse the cells twice with BSA/PBS.

4. Deposit atop of the cells on the slide 100 μL of fluorescein-conjugated sec-
ondary Ab (swine anti-rabbit immunoglobulin) diluted 1:30 in PBS/BSA.
Incubate 1 h in the dark at room temperature.

5. Remove the secondary Ab and rinse the cells twice with PBS/BSA. Deposit
~200 μL of the PI staining solution, cover with a strip of Parafilm, and incu-
bate at 100% humidity at room temperature for 30 min.
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6. Remove the PI staining solution and mount the cells under a coverslip in a drop
of the mounting solution. To preserve the specimen for longer period of time
seal the coverslip with nail polish or melted paraffin and store at 4°C in the dark.

7. Measure cell fluorescence by LSC using argon ion laser (488 nm) to excite the
emission. Use red fluorescence signal for contouring. Record green fluorescence
of FITC-anti PARP p89 Ab at 530±20 nm and red fluorescence of PI at >600 nm.

9.4. Notes
1. Bivariate scatterplots of PARP p89 vs DNA content allow one to distinguish

subpopulations of apoptotic from nonapoptotic cells (based on the PARP
p89 fluorescence) and assess the cell cycle distributions of these subpopula-
tions (Fig. 7).

2. Late apoptotic cells that have lost DNA by fragmentation and/or via shedding
of apoptotic bodies are characterized by a fractional (sub-G1) DNA content.
Compared with early apoptotic cells, they also have diminished PARP p89
immunofluorescence.
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Fig. 7. Identification of apoptotic cells based on the immunocytochemical detec-
tion of the 89-kDa PARP cleavage fragment. HL-60 cells untreated (A) or treated
with camptothecin (B) (refs. 26,28) were immunostained with FITC-anti-PARP
p98 and PI according to the protocol. Note that in the treated culture, S phase cells
preferentially were undergoing apoptosis. Some cells have diminished (“sub-G1”)
DNA content, likely due to shedding of apoptotic bodies and/or extensive DNA
fragmentation.
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4
Specific Methods for Detection and Quantification

of Apoptosis in Tissue Sections

Matthew A. Wallig, Curtis M. Chan, and Nancy A. Gillett

1. INTRODUCTION
Apoptosis as a distinct pathologic process has been recognized for

decades. Its importance in many disease processes has become increasingly
appreciated as new techniques for detecting and quantifying it have been
developed with almost exponential rapidity. While all these techniques have
their advantages and disadvantages, it is surprising how often simple mor-
phologic assessment is overlooked in the rush to develop ever more sophis-
ticated and “glitzy” techniques. With the appropriate training, apoptosis can
be evaluated and even semi-quantified by simply examining a standard
hematoxylin-and eosin-stained section closely and carefully. Admittedly,
apoptosis (also termed apoptotic necrosis) can be harder to detect morpho-
logically than necrosis (also termed oncotic necrosis). Its rapid progression
once triggered (usually minutes), the rapid disposition of the apoptotic cells
via ingestion by adjacent cells or resident macrophages (often just several
hours), and the participation of only small numbers of cells at any one time
during the process can make detecting apoptosis challenging. However,
there are unique morphologic features associated with the process that an
experienced morphologist can easily and rapidly detect to obtain a “global,”
if not truly quantitative assessment of the degree of apoptosis occurring in a
particular tissue. Simple morphologic assessment offers the advantages of
giving the investigator an idea of the distribution of apoptosis within a tissue
in the context of “real life” as well as the specific cell types involved within
that tissue. It also allows one the advantage of observing the reaction on the
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part of surrounding tissue, for example, whether the cells are being ingested
by endogenous tissue macrophages, phagocytosed by adjacent tissue cells,
or sloughing into the lumen of a hollow organ. Oftentimes simple morpho-
logic assessment is a necessary prelude to other more sophisticated bio-
chemical techniques in order to insure that there is not overinterpretation or
misinterpretation of results obtained with the more elaborate, nonspecific
(and often more expensive) methodology (1).

When actually observed histologically on slides prepared from tissues
fixed and processed in standard fashion (i.e., fixed in 10% neutral buffered
formalin, dehydrated in graded alcohols, embedded in paraffin, and sec-
tioned at 3 μm thickness, and stained with hematoxylin and eosin), apoptotic
cells have characteristic and readily discernible features (2). One of the most
prominent is shrinkage and sometimes fragmentation of individual cells
within the affected tissue. Whole fields of cells are rarely, if ever, affected.
The apoptotic cells or their fragments are shrunken and condensed and round
in profile, with well-defined cell borders. Depending on the cell type
involved, apoptotic cells can be either hyperbasophilic or hypereosinophilic
compared to neighboring unaffected cells. They may also have a “waxy” or
hyalin staining quality. The characteristic clearly defined boundaries of the
apoptotic bodies may break after ingestion and degradation by a tissue mac-
rophage or a neighboring cell.

Another consistent feature of apoptotic bodies is that a large proportion
of them are surrounded by a clear space or “halo,” which usually represents
the phagocytic vacuole of an adjacent parenchymal cell or tissue macroph-
age. Due to the rapidity of ingestion of the apoptotic body once it is formed,
it is rare to see an uningested apoptotic body in a tissue section; therefore the
halo around the apoptotic body is a consistent feature of the process. Per-
haps the most noteworthy morphologic feature of apoptosis, if the affected
organelle is in the plane of section, is the dense, homogeneous condensation
of chromatin along the periphery of the nuclear membrane, often forming a
“cap” or “crescent” of uniformly staining, intensely basophilic material at
one pole of the nucleus (see Fig. 1). The nuclear envelope of apoptotic cells,
unlike with necrosis, remains intact (3,4).

Another morphologic feature that aids in the identification of apoptosis
in tissue sections is the reaction of surrounding tissues to the dying cells. In
tissues in which apoptosis has occurred, there is a distinct lack of inflamma-
tory reaction to the dying cells. Since in apoptosis no biologically active
substances to activate neutrophils are generated or released by the dying
cells, neutrophils are not present, even when widespread apoptosis is
observed. However, the biochemical changes in the membranes of the
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apoptotic cells are stimulatory to neighboring tissue cells and macrophages,
prompting rapid ingestion. Furthermore, release of intracellular enzymes
does not occur and hence there is no activation of endothelium to activate
inflammation.

The proportion of apoptotic cells present in a particular tissue section is
usually quite low, oftentimes only 1–2% of the total cell population even in
a tissue in which widespread and massive apoptotic necrosis is known to be
occurring. In normal tissues, for example liver, the “background” of
apoptotic cells is as low as 0.1%, which may be a problem if semi-quantifi-
cation via counting is desired (see below). The rapidity of formation and the
rapid degradation of the bodies by adjacent cells or phagocytes are major
factors behind the low number of identifiable apoptotic bodies in a histo-
logic sections and hence may lead the observer to underestimate the actual
proportion of cells that are or have undergone the process. If the peak of the
apoptotic response has passed, it may be almost impossible to determine if

Fig. 1. Exocrine pancreas from a rat treated with 1-cyano-2-hydroxy-3-butene, a
naturally occurring phyochemical that induces widespread pancreatic apoptosis
within 12 h of a 200 mg/kg oral dose. Arrows point to pancreatic acinar cells with
the typical apoptotic nuclear morphology (i.e., homogeneous chromatin crescents
or caps with intact nuclear membrane). The arrowhead indicates an apoptotic body in
which the nucleus is not in the plane of section. Hematoxylin and eosin, bar = 25 μm.
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apoptosis has even occurred. However, atrophy without scarring may be a
primary change that could lead an investigator to deduce that apoptosis
has occurred. Since true activation of the inflammatory reaction has not
occurred, there may be collapse of stroma but no scarring in the usual sense
of the word. Macrophages containing dark basophilic, or occasionally
hypereosinophilic, round “tingible bodies” may be present, providing a fur-
ther clue that apoptosis has indeed occurred. These bodies represent the
partially degraded remnants of apoptotic cells within the phagolysosomes
of the macrophage. Care must be taken to distinguish these digested bodies
from secretory droplets that can also accumulate in these cells.

Although fairly stereotypical histomorphologically, some investigators
have observed enough variation to subclassify apoptosis into at least two
categories, Type I and Type II (5). While this is by no means standard across
laboratories, the classification system has some merit in attempting to link
specific morphologic manifestations with some of the functional differences
in tissue or cellular apoptotic responses. The classification is not based on
the “end stage” apoptotic body, which is basically the same in both types,
but rather on differences in the sequence of cytosolic and nuclear changes that
occur among various cell types. “Type I” (heterophagic) apoptosis is most
consistent with “classic” apoptosis, and is most common in cell types with
high mitotic activity or the potential for high mitotic activity. In Type I
apoptosis, nuclear condensation of chromatin is an early event and participa-
tion by resident tissue macrophages in disposal of the apoptotic bodies is the
typical response. The lysosomal content of cells involved in Type I apoptosis
is generally low, and hence the apoptotic bodies are more stable. Thymocyte
apoptosis after corticosteroid exposure is the classic example of this type.

With “Type II” (autophagic) apoptosis, by contrast, chromatin condensa-
tion often does not occur until after the cell has fragmented. Vacuolation of
the apoptotic body may be prominent, coincident with internal lysosomal
degranulation, which may even begin before fragmentation has been com-
pleted. Phagocytosis of the apoptotic bodies by adjacent cells in the tissue is
often observed in this type. Apoptosis in renal tubular epithelium after
exposure to okadaic acid could be considered the prototype for Type II
apoptosis.

Although this type of classification has not been used by many investiga-
tors, it can provide insights at a qualitative level into mechanistic differ-
ences between various cell types in the genesis of apoptosis. However, the
classification scheme has severe limitations, in part because a mixture of the
two morphologic typess can be readily observed, for example, in prostatic
epithelium after castration.



Apoptosis in Tissue Sections 63

Another means of dealing with the limitations of standard histopathology
is to combine standard histologic examination with evaluation utilizing a
molecular pathology technique such as immunohistochemistry or one of the
molecular end-labeling techniques. These techniques can provide another
layer of information with regard to the apoptotic status of a particular cell or
cells.  Each technique is able to examine one particular aspect of the
apoptotic pathway from detection of pre-apoptotic associated proteins such
as initiator caspases to detection of DNA fragmentation events. Since no
single molecular event is a hallmark of apoptosis, information from mul-
tiple techniques should be utilized or at a minimum, an investigator should
be aware of the limitations of each assay.

The morphologic features typically associated with apoptosis such as cel-
lular shrinkage and membrane blebbing are the culmination of a complex
biochemical cascade of molecular events. There are a number of fairly
unique proteins associated with this apoptotic cascade and many of them
can be detected immunohistochemically using specific antibodies. Though
provide a brief overview of many of the immunohistochemical apoptosis
assays is provided here, investigators who are interested in using immuno-
histochemistry to evaluate apoptosis should also read the very thorough
review by Huppertz et al (6).

Those interested in using immunohistochemistry to study apoptosis need
to consider the method of tissue preparation and fixation. Since many anti-
body epitopes do not survive formalin/glutaraldehyde fixation or paraffin
embedding, investigators should determine under what conditions the anti-
body of interest will work prior to sample collection. There are antibodies
that will successfully bind to formalin-fixed, paraffin-embedded material,
but if the investigator is unsure, fresh snap-frozen samples can be used to
optimize conditions for success since freezing generally will not alter
epitopes.

2. USE OF CASPASE IMMUNOCYTOCHEMISTRY
TO DETECT APOPTOSIS

The caspases are a family of intracellular proteases responsible for the
disassembly of the cell into apoptotic bodies. They are a popular target for
immunohistochemical evaluation of apoptosis since these proteins are major
components of the apoptotic cascade. Caspases are typically present in nor-
mal cells as inactive pro-enzymes that are activated in apoptotic cells by pro-
teolytic cleavage into the active form. Active caspases contain a cysteine at
their catalytic site and cleave target proteins adjacent to aspartate residues,
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hence their name (cysteine aspartases). To date, 14 different caspases have
been identified and are generally differentiated into two basic types, initiator
(initiates cell death cascade) or effector (effects cell death disassembly).

The initiator caspases such as caspase-8, caspase-9, and caspase-10 are
activated by external apoptosis inducers (Fas ligand, tumor necrpsos [TNF- ],
Granzyme B) or internal apoptosis inducers (release of cytochrome c in
response to cellular damage) and initiate the apoptotic cascade. Caspase-8
has been shown by immunohistochemistry to have differential expression
after apoptotic stimuli in rat cortical neurons following focal stroke (7) and in
human lymphomas (8,9). Using immunohistochemistry, immunoelectron
microscopy, and confocal immunofluorescence microscopy, caspase-9 (a
member of the cytochrome-c apoptosis pathway) has been demonstrated
to migrate in response to apoptotic stimuli (causing release of cytochrome-c)
from inside of the mitochondria to the nucleus in several cell types (10).
There are a number of commercially available antibodies that are capable of
detecting specific initiator caspases in tissue sections, but it should be noted
that although the detection of the initiator caspases in cells may be indica-
tive of their expression, only the active forms of these caspases are associ-
ated with apoptosis. Many of the antibodies available against the caspases
(both initiator and effector types) recognize an epitope that is present on
both the inactive and active forms of the enzymes and cannot differentiate
between the two forms. There are a few antibodies available that are directed
against epitopes either in the pro-domain (capable of detecting the inactive
pro-enzyme) or  directed specifically against an epitope generated by the
cleavage activation of the enzyme (detects only the active form). In general,
use of anti-cleavage site specific antibodies is a more relevant marker of
apoptosis than use of antibodies against epitopes present on both the active
and inactive forms of the enzyme, especially in cell types where high levels
of procaspases are normally present.

The effector caspases (caspase-3, caspase-6, caspase-7) are responsible
for the morphological and biochemical changes that mark apoptosis. Acti-
vation of the effector caspases occurs via cleavage of the proform by acti-
vated initiator caspases and often marks the “point of no return” for cell
death. Substrates for effector caspases include the caspases themselves
(autoactivation), cytoskeletal components (i.e., actin, fodrin, and
cytokeratins), poly (ADP-ribose) polymerase (PARP), and nuclear matrix
proteins like Lamin B. Detection of caspase-3 expression by immunohis-
tochemistry has been studied extensively due to its apical position in the
effector caspase cascade (7–9,11–16). As with the initiator caspases, it is
important to determine which form of the enzyme is recognized by the spe-
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cific caspase antibody since antibodies against the cleaved (activated) form
of caspase-3 are now available.

3. USE OF OTHER APOPTOSIS-REGULATED PROTEINS
AND EVENTS IN DETECTION OF APOPTOSIS

There are a number of other apoptosis-related proteins such as the
apoptosis-inducing ligands such as Fas ligand (FasL) and TNF-related
apoptosis-inducing ligand (TRAIL) and their receptors, which have been
used as targets for immunohistochemistry. FasL has been shown by immu-
nohistochemistry to be expressed in normal kidney in tubular epithelium
and in glomeruli following glomerular injury suggesting that FasL plays a
role in normal kidney cell homeostasis and in glomerular cell apoptosis fol-
lowing injury (17). Antibodies against the apoptosis-inducer FasL and its
receptor, Fas, have been examined in a number of studies of human cancers,
but expression of these proteins has been used more to attempt to predict
tumor aggressiveness rather than as markers of apoptosis (18–21).

The bcl-2 family of proteins represent both repressors (bcl-2, bcl-xl) and
inducers (bax, bak) of apoptosis. The ratio of bcl-2/bax expression as deter-
mined by immunohistochemical evaluation in pediatric acute lymphoblastic
leukemia (22) and in nonlactating human mammary gland epithelium (23)
may determine whether or not a cell becomes apoptotic. Levels of bcl-2 and
bcl-xl expression detected by immunohistochemistry appear to increase with
the progression of malignant melanoma consistent with the idea that there is
an increased malignant potential caused by inhibition of apoptosis by an
increase in expression of apoptosis repressors (24). However, bcl-2 over-
expression has been correlated with a lower risk of metastases and death in
patients with infiltrating breast carcinoma (25) and has also been shown to
have no prognostic significance with human colon carcinoma (26) so the
relationship between bcl-2 and cancer progression is not clear.

One of the early apoptotic events is exposure of phosphatidylserine nor-
mally present in the inner leaflet of the plasma membrane to the outer leaflet
otherwise known as the phosphatidylserine flip (PS-flip) (27,28). Detection
of the PS-flip is possible using annexin V, a 35 kDa protein with a high
affinity for phosphatidylserine. Because of the nature of the PS-flip, annexin
V is most useful in studying intact cells such as in flow cytometry or confo-
cal microscopy. Cells in fixed tissue sections are not intact and use of labeled
annexin V would not be able to differentiate between internal and external
phosphatidylserine, though at least one investigator has attempted to cir-
cumvent this problem (29).
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The cleavage substrates for the execution caspases have also been targets
for immunohistochemical detection of apoptosis. The intermediate filament
cytokeratin 18 is cleaved by caspases 3, 6, and 7 following activation and
can be detected by immunohistochemistry (30,31). PARP is a nuclear pro-
tein that is activated in response to DNA damage to repair DNA strand
breaks and is a prominent caspase cleavage target during apoptosis. Lamin
B is a nuclear envelope structural protein whose cleavage by activated
effector caspases causes structural changes in the nucleus and ultimately
leads to fragmentation and collapse of the nucleus associated with apoptosis.
Both PARP and lamin B can be used as targets for immunohistochemistry
and are indicative of effector caspase activity in tissue sections (32–34).

4. MEASUREMENT OF DNA FRAGMENTATION
IN DETECTION OF APOPTOSIS

Extensive DNA fragmentation is a characteristic event that often occurs
early in cells undergoing apoptosis. Fragmentation of the DNA can result in
double-stranded low molecular weight DNA fragments or in single-strand
breaks or “nicks” in high molecular-weight DNA. The DNA strand breaks
can be detected in tissue sections by labeling the 31-OH ends with modified
nucleotides such as X-dUTP (X =  biotin, digoxigenin, or fluorescein). There
are essentially two different approaches to labeling/staining fragmented
DNA in tissue sections with modified nucleotides, in situ nick translation
(ISNT) and in situ end labeling (ISEL). ISNT utilizes the repair mechanism
of DNA polymerase I to catalyze the template-dependent addition of labeled
nucleotides when one strand of a double-stranded DNA molecule is nicked
(35). The ISEL techniques utilize a DNA polymerase to label the blunt ends
of double-stranded DNA breaks independent of a template (36–38). Termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL, Fig. 2) is the most popular of the ISEL techniques and has been
the most widely used histochemical marker for apoptosis (39). In either
method, incorporation of the labeled nucleotides can be detected through a
number of standard techniques on both formalin-fixed and frozen samples, a
common approach being the use of an antibody directed against the nucle-
otide label.

Of the two techniques, it is commonly accepted that the ISEL techniques
are more sensitive than the ISNT techniques since the ISNT technique theo-
retically labels not only apoptotic DNA, but also the random nicking of DNA
occurring in cellular necrosis. Thus, in early stages of apoptosis, the ISEL
techniques should preferentially label apoptotic cells while ISNT identifies
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both apoptotic and necrotic cells. Though the TUNEL technique was ini-
tially heralded as the “definitive” technique for detecting apoptosis in tissue
sections, subsequent studies have shown that the TUNEL techniques may
also identify necrotic cells (but at a lower sensitivity or frequency than
ISNT), and that with both the ISNT and ISEL techniques, false-positives
may occur due to mechanical damage of the DNA during sampling. Also, it
must be remembered that the use of ISNT or ISEL assays eliminates identi-
fication of those apoptotic cells in which the nucleus is absent or not in the
plane of section and hence will “undercount” the number of apoptotic cells
by as much as two-thirds (40), although there is a consistent correlation
between the incidence of apoptotic bodies visualized histologically and the
incidence of TUNEL positive cells. That being said, however, the ISEL tech-
niques can still be one of the most valuable weapons in the arsenal of a
trained morphologist studying apoptosis in tissue sections.

Antibodies directed against single-stranded DNA have been reported to
be more specific than the TUNEL assay in differentiating apoptotic cells

Fig. 2. Rat mammary gland, 3–4 d postweaning, stained by terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay.
The nuclei of the apoptotic cells are stained dark. Nonapoptotic cell nuclei are coun-
terstained with hematoxylin (pale).
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from necrotic cells. DNA from apoptotic cells is less stable than DNA in
nonapoptotic cells (including necrotic cells) due to action of activated pro-
teases on DNA-stabilizing histones in the apoptotic cascade. Using a selec-
tive in situ thermal denaturation technique, it is possible to cause DNA
denaturation in apoptotic cells but leave the DNA in nonapoptotic cells
intact. Detection of the denatured single-stranded conformation DNA in
apoptotic cells is then achieved by immunohistochemistry with a single-
stranded DNA specific monoclonal antibody (MAb) (41–43).

Another possible adjunct to standard histologic examination is fluores-
cence microscopy, for example examining very thin (1–2 μm thick) sections
in which the highly condensed eosin- stained cytoplasm of the apoptotic
cells will fluoresce intensely under UV light (44). This methodology has the
advantage of counting those apoptotic cells in which the nucleus may be absent
or out of the plane of section but it has the drawback of staining hyalin drop-
lets, condensed microfilaments and other nonapoptotic structures.

5. QUANTIFICATION AND CLASSIFICATION
OF APOPTOSIS IN TISSUE SECTIONS

Many investigators have attempted to semi-quantify or quantify apoptosis
observed in histologic sections using a variety of counting methods. At the
simplest level, one can grade histologic sections on a number scale, for
example, 0–4+, with each degree indicating a percentage range of apoptotic
cells per 400× fields (0 = no lesions, 1+/= a mean of 1–5 apoptotic cells per
400× field, 2+ = a mean of 5–10 apoptotic cells per 400× field, etc.), with
anywhere from 10–50 400× fields examined. One can then list the findings
in a table and allow the reader to draw his own conclusions or perform the
appropriate statistical analysis (e.g., Student’s t-test, analysis of variance) to
compare the mean values of the rankings between treatment groups. Rank-
ing is another semi-quantitative method that can be utilized when viewing
histologic sections. In this case, the slides are evaluated subjectively in blind
or double-blind fashion for the degree of apoptosis and ranked numerically
in order from least severe to most severe, each slide receiving a number.
Nonparametric statistical assessments, such as the Wilcoxon-Mann-Whitney
or Wilcoxon rank sum tests can then be used to determine differences of
significance between treatment groups.

Alternatively, one can count a set number of cells (e.g., 100) in a set
number of 400× fields (e.g., 10, 20, or 50), identifying and recording both
normal and apoptotic cells to obtain a mean value, either a percentage or a
ratio (e.g., 15 apoptotic cells per 1000–3000 total cells). This is probably the
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more common method of quantifying apoptosis in tissue section. Counts
can be performed either manually or through automated image analysis to
determine apoptotic index, defined as the number of apoptotic bodies
divided by the total number of nuclei counted (45,46). In order to estimate
the rate of cell loss due to apoptosis, one can calculate the overall incidence
of apoptosis for the duration of the study, multiply this figure by a factor to
correct for the formation of more than one body by an apoptotic cell, (calcu-
lated as 0.5 for liver [3]) and divide the product by the duration of the vis-
ible manifestations of an apoptotic event (47). This, of course, necessitates
evaluation of apoptosis at several time points in order to make the appropri-
ate calculations. More complicated, precise, and predictive models for esti-
mating the incidence of apoptosis using exponential equations have been
developed for use (48).

In attempting to quantify apoptosis in tissue sections, an investigator
should be cognizant of several factors. First of all quantification of micro-
scopic samples represents a “snapshot” in time, which records the number
of apoptotic cells at any one time; however, it is much less useful in deter-
mining rates of apoptosis over time. Sampling bias is always a concern,
more so if the apoptotic lesions are not uniformly distributed within the par-
ticular tissue of interest. For example, does the gastric lobe of the exocrine
pancreas have a higher incidence of apoptosis than the duodenal lobe, or are
apoptotic bodies more frequent in the centrilobular portions of the hepatic
lobule and virtually absent in periportal regions? Situations such as these
might require separate counts for each lobe, lobule, or portion of lobule in
order to get an unbiased estimate of the number of apoptotic cells present.
Another consideration related to this is whether the apoptosis is confined to
a particular lesion within the tissue yet absent from the unaffected portion of
the tissue, such as enhanced apoptosis in a preneoplastic hepatic nodule. In
this case, an investigator might consider counting all the cells in the nodule,
both apoptotic and nonapoptotic, as well as the number of apoptotic and
nonapoptotic cells in the surrounding “normal” tissue.

6. CONSIDERATION OF “CELL VOLUME”
IN QUANTIFICATION OF APOPTOSIS

Perhaps the biggest difficulty with microscopic quantification is the issue
of bias associated with quantifying a three-dimensional structure in a
two-dimensional section. In essence, investigators are quantifying nuclear
profiles, rather than nuclei, and this terminology should be reflected in the
published reports. Because the process of apoptosis leads to condensation of
the nucleus, the size of the apoptotic nucleus is smaller than that of normal
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nuclei. In tissue sections, the counts are based on nuclear profiles, and the
condensation of the nuclei then results in an under-representation of the
number of apoptotic cells as compared to normal nuclei. Ideally, unbiased
counts would utilize proper sterologic techniques that count objects in a three
dimensional volume, rather than a two-dimensional area. Within stereology,
optical- or physical-dissector methods have been developed to count in an
unbiased manner, different sized structures within a defined volume (49).
However, for quantification of apoptotic nuclei, we are limited by the tech-
niques available to identify apoptosis. Optical dissector methods are
employed on sections much thicker than those normally used to identify
apoptosis. New methodologies are available that have simplified physical
dissector techniques, however, they are not yet widely used. The individual
using morphologic sections for quantification of apoptosis should be aware
of the limitations and mathematical bias in counting nuclear profiles in two-
dimensional sections. If there is a dramatic difference between the groups,
this probably appropriately reflects a change in numbers of apoptotic cells.
However, if the numbers are quite close, a true three-dimensional quantifi-
cation, or nonmorphologic quantification should be done.

A further consideration that is very important in whole animal studies is
the inter-individual variation in response to treatment. This variation can be
quite high between animals and it has been recommended that at least 10
animals per treatment be used if one wishes to quantify apoptosis in a tissue (4).
A final item that can become a concern is those situations where the basal
apoptotic index is very low (<0.1%), in which case counting sufficient apoptotic
bodies to obtain an index of sufficient confidence may warrant the counting of
far more cells than originally intended, perhaps as many as 6000 (3,44).

While histopathologic examination may be a relatively quick, inexpen-
sive way to screen for apoptosis, in some cases the morphologic changes
may be rare or subtle enough that distinguishing apoptotic cells from degen-
erate cells undergoing autophagy or from individual cells actually undergo-
ing necrosis may be difficult. Discerning chromatin crescents or caps within
an intact nuclear membrane may be difficult if the tissue is poorly fixed,
autolytic, or sectioned too thickly, but methyl green pyronin may be used to aid
in discernment of chromatin crescents (3). However, ultrastructural exami-
nation of the tissue may be necessary at some point to confirm histologic
findings. Furthermore, it is virtually impossible to determine organellar
morphology in standard formalin-fixed, paraffin-embedded tissues and usu-
ally difficult even in glutaraldehyde fixed, plastic embedded tissues sec-
tioned at 1 μm and stained with toluidine blue. Therefore, when initially
defining a lesion as “apoptotic,” it is often worthwhile to do at least one
ultrastructural evaluation of the tissue being studied.
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7. ULTRASTRUCTURAL EVALUATION
OF APOPTOSIS

Ultrastructural examination of tissues is, in many minds, the “gold stan-
dard” for confirming that a suspected tissue change is indeed apoptosis. With
minor changes, the criteria outlined by Kerr et al. (50) still stand as the
essential features of apoptosis. While the methodology for standard ultra-
structural examination is fairly routine, care should be taken in selecting a
fixative (e.g., if one wants to perform immunohistochemistry one must
determine if the antigen is glutaraldehyde sensitive), fixative buffer (e.g.,
dextran instead of sucrose to minimize shrinkage or swelling), method of
fixation (immersion vs perfusion), and embedding medium (epoxides for
morphology, acrylates for immunohistochemistry).

Among the earliest and most apparent change in tissue sections is the
detachment of the dying cell from its neighbors and its rapid transformation
into a “round” (i.e., spherical) morphology with a smooth plasma membrane
and loss of specialized surface structures (Fig. 3). If the cell is a secretory
cell, there is usually an initial degranulation that occurs prior to its assuming
a rounded configuration. Initial dilation of the endoplasmic reticulum may
also be present but careful examination will reveal that ribosomes are intact
and that little membrane degradation has occurred. As the cells round up,
the cytosol becomes denser and organelles cluster closer together. “Zeiosis,”
a rapid process in which the cell “pinches off” into numerous round (i.e.,
spherical) membrane bound fragments is frequently observed in many cell
types, being a very prominent feature in cells of lymphoid or hematopoietic
origin. Despite the rounding and fragmentation, the plasma membrane is
preserved until after the apoptotic body is ingested and a phagolysosome is
formed around it.

Organellar morphology is generally well-preserved in apoptosis, even
though substantial biochemical changes are happening. In recent ultrastruc-
tural studies, however, subtle changes within mitochondria have been
detected. These consist of minute “herniations” of the inner mitochondrial
membrane through the outer mitochondrial membrane, with focal swelling
of the matrix, and loss of cristae in the vicinity of the breach in the outer
membrane. In the remaining portions of the mitochondria, the ultrastruc-
tural arrangement of inner and outer membrane, cristae, and matrix remain
intact. Furthermore, this change is not uniform among all mitochondria, with
usually only a few mitochondria in an apoptotic cell having visible evidence
of this localized microherniation and swelling. This is in marked contrast to
cells undergoing necrosis, where mitochondrial swelling, loss of cristae, and
rarefaction of matrix is a prominent and consistent feature affecting almost
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all mitochondria in the dying cell. Interestingly, in the affected mitochon-
dria, free cytochrome oxidase within the swollen portion of the organelle
can be identified by immunochemical methods (51).

The nuclear changes that are unique to apoptosis may occur prior to, dur-
ing, or even some time after the cytoplasmic changes, depending on cell
type. Characteristically, there is preservation of the nuclear envelope, segre-
gation of the nucleolus from chromatin, and the uniform condensation of
chromatin into crescents or smooth-edged clusters along the inner margins
of the intact nuclear envelope. Zeiosis may also occur in the nucleus, but,
as with the cytoplasm, the nuclear membranes surrounding the fragments
remain intact. The formation and condensation of uniformly dense compact
chromatin masses allows for unequivocal determination of apoptosis since

Fig. 3. An apoptotic pancreatic acinar cell from a rat treated with 1-cyano-
2-hydroxy-3-butene. The cell has a rounded morphology and has lost all but a few
of its zymogen granules (*). There is early condensation of nuclear chromatin (small
arrows) around the margins of the nuclear envelope and the nucleolus (nu) is par-
tially segregated from the chromatin. Most mitochondria (M) are normal in mor-
phology, although one swollen one (large arrow) with microherniation is present.
Bar = 5 μm.
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in necrosis, chromatin clumping will not be uniformly electron-dense, regu-
lar, or compact (52). Nucleolar segregation away from the chromatin into the
relatively clear, electron-lucent nucleoplasm is often easily discerned by elec-
tron microscopy even though this is usually hard to detect histologically.

Although ultrastructural examination of dying cells provides unequivocal
evidence of apoptosis, this methodology is time-consuming and can be expen-
sive. In addition, quantification is difficult if not impossible to the vast num-
ber of thin sections that would have to be examined, the large amount of time
it would take to examine these sections, and obvious sampling bias in select-
ing sections for examination. Nevertheless, ultrastructural examination
remains the ultimate qualitative methodology for confirming the presence of
apoptosis in tissues with dying cells.
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DNA Microarrays

An Overview of Technologies and Applications

Helmut Zarbl

1. INTRODUCTION
The Genome Project and the technological innovations that it spawned have

dramatically altered the future course of all biological research. The Genbank
database already harbors billions of base pairs of DNA sequences derived
from millions of individual sequence entries (http://www.ncbi.nlm.nih.gov/
WEB/Genbank/index.html). The first complete genomic sequence to be com-
pleted was that of Haemophilus influenzae (1). Since then, the genomes of
more than 30 additional organisms have been completed and made available
to the research community (http://www.ncbi.nlm.nih.gov/Entrez/Genome/
org.html). Continued improvements in high-throughput DNA sequence tech-
nology made it possible to complete 90% of the reference human genome
sequence in 2000, several years ahead of schedule. To utilize the enormous
potential of genome-wide sequence information will require the development
of a battery of new tools for high-throughput and highly parallel molecular
analyses and commensurate bioinformatics tools to analyze data sets of
unprecedented depth and complexity.

An increasing number of molecular techniques for high-throughput analy-
ses of gene expression and genetic polymorphisms continue to be developed
in both academic and commercial settings. Examples of high-throughput ana-
lytical methodologies include automated DNA sequencing, serial analysis of
gene expression (2), denaturing high-performance liquid chromatography
(HPLC) (3), differential display (4), high density filter hybridization (5), and
highly sensitive mutation assays coupled with iterative sample re-pooling
strategies (6). While each of these approaches has advantages and limita-
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tions, none possess the versatility or potential of DNA microarrays, also
known as DNA “chips.” The unprecedented capacity of DNA chips for highly
parallel detection of RNA expression and/or DNA variation at the genomic
level ensure a major role for microarrays in functional genomics, the study of
how genome-wide genetic variation and patterns of gene expression interact
to produce complex biological responses, including apoptosis.

The response of cells or organisms to morphogens, toxic stimuli, DNA
damage, or inappropriate expression of oncogenes can range from the
induction of a specific xenobiotic-metabolizing enzyme to the induction of
a program of cellular suicide or apoptosis. Except in the case where a toxin
induces immediate cellular destruction, toxins invariably induce an altered
pattern of gene expression in exposed cells. Moreover, it is now well-under-
stood that polymorphisms in genes comprising the toxic-response pathways
can have a major effect on toxicity, while also effecting the pattern of gene
expression in cells with variant genotypes. The availability of DNA
sequence data and DNA microarray technologies affords the unique opportu-
nity to study complex cellular responses to biological or environmental
stimuli on a genomic scale, simultaneously observing effects on all cellular
components and the effect of genetic polymorphisms. The purpose of this
article is to provide an overview the currently available, state-of-the-art DNA
microarray technology for analysis of gene expression. More detailed discus-
sions can be found in previous reviews (7–17). In this chapter, we will discuss
potential applications to the study of apoptosis, with emphasis on present limi-
tations and potential pitfalls associated with use of these technologies, and
whenever suggest possible mitigating experimental approaches.

2. OLIGONUCLEOTIDE ARRAYS

Allele-specific oligonucleotide (ASO) hybridization for detection of specific
DNA sequence was developed in the early 1980s (18,19). Subsequently, several
groups of investigators independently proposed the use of ASO hybridization
on a large scale as a method for sequencing DNA. The first strategy proposed
involved arraying individual sequences of interest (targets) onto membrane fil-
ters, which would then be sequentially hybridized with a large number of indi-
vidual oligonucleotide probes (20). Since each target molecule will hybridize
specifically to its complementary oligonucleotide probe, this approach could in
theory allow for highly parallel extraction of sequence information from a single
hybridization. Nonetheless, this strategy requires the synthesis of a large num-
ber of oligonucleotides for use as probes, each of which would then be individu-
ally labeled and sequentially hybridized the array.
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The alternative approach was to arrange a large number of oligonucle-
otide probes on a solid support, and then hybridize the array with labeled
genomic DNA (target) from cells of interest (21–23). Some of the
approaches developed to array probes on a solid matrix included micro-
injection of synthesized oligomers into patches of activated polyacrylamide
(22) and the coupling of synthesized oligomers to surface modified glass,
gold, or polypropylene (24,25). However, arraying a large number of indi-
vidual oligonucleotide sequences to a solid support represents a formidable
technical challenge as the number of oligonucleotides increases. The limita-
tions imposed by arraying individual probes mitigated by the in situ synthe-
sis of the individual oligonucleotides at spatially addressable sites on the
solid support. In situ synthesis of oligonucleotides benefited from the avail-
ability of established methods for solid phase chemical synthesis. The in
situ approach requires the precise and sequential delivery of chemical
reagents to individual positions on the solid support. These prerequisites are
satisfied by using “masks,” which allow the sequential protection and
de-protection of specific areas of the surface from reaction synthetic
reagents (21,23,26). By sequential masking of the reactive surface, it is pos-
sible to synthesize large numbers of oligonucleotide sequences using a lim-
ited number of nucleotide coupling reactions. Using the four possible
nucleotides at any position in an oligonucleotide, the number of sequences
that can be generated increases as a function of 4n, where n is the number of
nucleotides the sequence. It is theoretically possible to synthesize 4n

sequences using n coupling reactions.
One method for in situ synthesis of oligonucleotides makes use of chan-

nels formed by sealing the surface with a chemical mask, guiding the pre-
cursor molecules to the appropriate areas on the surface (23). An alternative
approach being developed is the use of modified inkjet printer heads to, in
effect, spray the reagents onto a designated address on the surface (27). In
this approach, the “masks” are defined by the two-dimensional displace-
ment of the printer head. Using the inkjet technology, reagents can be applied
with high spatial precision, making it possible to synthesize thousands of
oligonucleotides per cm2. By utilizing the chemistry of solid-phase organic
synthesis, the inkjet technology permits efficient synthesis of oligonucle-
otides over 25 base pairs in length. The longer probe lengths allow for more
complete hybridization with target sequences, with a commensurate increase
in sensitivity and specificity. The inkjet technology has the further advan-
tage of flexibility, in that the pattern of reagents applied to the surface can
be easily adapted to generate probes for different genes or applications.
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Photolithography methods developed by the semiconductor industry to
produce computer chips have been adapted for the synthesis of high-density
oligonucleotide arrays (21,28). A comprehensive description of the technol-
ogy for production of these arrays can be viewed on the World Wide Web at
the Affymetrix (Santa Clara) URL (http://www.Affymetrix.com/technology/
index.html). The feasibility of the photolithography approach was contin-
gent upon the availability of nucleotide precursors with chemical protecting
groups that can be cleaved by exposure to light of a specific wavelength. By
shining high-intensity light through openings in a light impermeable, chro-
mium mask, it is possible to de-protect and chemically activate specific
regions of the chip. Only the deprotected precursors on on the surface of the
array are available react with the next nucleotide precursor washed across
the entire surface of the chip. Sequential application of several masks per-
mits the synthesis of any nucleotide sequence at a given site or feature on
the surface of the chip. Microarrays produced by photolithography are typi-
cally comprised of tiles or features that are 20–50 μm2 in size, each with a
specific oligonucleotide sequence of 25 nucleotides in length. It is therefore
possible to synthesize ~65,000 separate probes using 50 μm tiles, or as many
as ~400,000 different probes using 20 μm tiles, on a single 1.28-cm ship,
with a probe density of 107–108 molecules per feature.

High-density oligonucleotide arrays represented a momentous leap for-
ward in our capacity to analyze DNA sequences present in biological speci-
mens. Allele-specific hybridization of the individual oliginucleotide probes
to target sequences allows for the application of these arrays to a variety
of sequence-based assays including detection of single nucleotide poly-
morphisms (SNPs) (29), loss of heterozygosity (LOH) analysis, constitu-
tive and somatic allelotyping, genetic linkage analysis, mRNA
expression analysis, gene mapping, and so on.

3. ANALYSIS OF GENE EXPRESSION PATTERNS
USING NUCLEIC ACID ARRAYS

The fundamental determinant of cell phenotype, growth, and differentia-
tion is the pattern of gene expression. The amounts of each gene expressed
in a cell at any given time are a function of the genetic and epigenetic consti-
tution of the cell, and how the cells integrate response to environmental
stimuli. The pattern of gene expression thus provides a snapshot of the cell’s
physiological state. By hybridizing arrays (the probe) with labeled cDNA or
in vitro transcribed cRNA from cells (the target), one can simultaneously
compare the levels of thousands of mRNAs between any two cell types or
physiological states. The ability to detect and decipher the meaning of these
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altered patterns of gene expression will lead to a better understanding of the
biochemical mechanisms and hence predictions of cellular responses asso-
ciated with complex biological processes including, apoptosis.

4. OLIGONUCLEOTIDE ARRAYS

Analysis of gene-expression patterns can be performed using either oli-
gonucleotide arrays or printed cDNA arrays (Fig. 1). Oligonucleotide arrays
produced by in situ chemical synthesis of probes directly on a matrix (30,31)
have several advantages over printed arrays. The amount of each probe
synthesized on the chip surface using in situ synthesis techniques is highly
reproducible (21,32). This reproducibility allows for direct comparison of
expression data obtained among chips. In practice, this means the target
nucleic acid from each cell studied is hybridized to a separate chip. The
latter is an important consideration when multiple comparisons are to be
made using samples with limited cell numbers.

Another advantage of the oligonucleotide array is the higher probe den-
sity makes it possible to include multiple probes representing different
regions of each transcript. The GeneChipTM Expression analysis system pro-
duced by Affymetrix (Santa Clara) is comprised of a set of chips that collec-
tively can compare the levels of up to ~40,000 separate human transcripts.
The design of the arrays is such that the level of each transcript is interro-
gated by at least 10 separate perfectly matched probes (PM). In addition, a
probe with a mismatched base (MM) relative to each PM probe is included
on the chip. By comparing the amount of hybridization between the PM and
the MM probes, it is possible to differentiate signal from noise and to distin-
guish among signals from hybridization with transcripts from gene family
members. Moreover, the fluorescent signal generated by hybridization with
the fluorescent target yields linear data over three to four orders of magni-
tude and the arrays can reproducibly detect changes in mRNA levels that are
as low as  two- to threefold. Transcripts that are present at a frequency as
low as 1:300,000 in the target cells.

To monitor gene expression using the GeneChip Expression™ arrays,
mRNA extracted from cells is reverse-transcribed using a primer comprised
of a T7 Polymerase start site at its 5' end and an oligo dT sequence at its 3'
end. Following second-strand synthesis, the purified double stranded cDNA
is used as a template for in vitro transcription using T7 Polymerase.
Biotinylated ribonucleotides are incorporated into the cRNA during the in
vitro transcription reaction. After purification and fragmentation to an opti-
mal size, the labeled target cRNA is hybridized to the array. Hybridization
requires ~10 μg of labeled, in vitro transcribed cRNA that can be generated
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Fig. 1. Expression analysis using cDNA microarrays. To produce cDNA
microarrays, individual cDNA clones are amplified by PCR and arrayed in a
multiwell format with or without purification. The upper left panel shows samples
being arrayed with a piezo-ceramic fluid-dispensing system (Engineering Arts,
Seattle, WA). The multiwell plates with cDNA clones are then placed on a robotic
printer such as the Gene Machines (Redwood City, CA) system shown in the sec-
ond panel. The software that drives the robot is used to assign each clone to a spe-
cific address on the surface of a polylysine coated or chemically derivatized
microscope slide. Spotting of individual clones is accomplished using a series of
pins or quills that are dipped into each well to take up a sufficient volume of the
cDNA solution to spot or print each clone onto all of the slides. Printing is accom-
plished by rapid displacement of the robot head and the microscope stage using
precision micro-manipulation technologies. After each round of printing, the pins
are washed and the process repeated until all clones have been printed on each slide
to produce a microarray. Microarrays can then be used to compare expression lev-
els of the each represented gene under two sets of experimental conditions, such
as before and after exposure to an inducer of apoptosis. Messenger RNA is
extracted from the cell types and cDNA is produced by reverse transcription in
the presence of a different fluorescence-labeled dNTP precursors for each mRNA,
in this case Cy3-dUTP for the reference sample and Cy5-dUTP for the test sample.
The labeled cDNAs are then co-hybridized to the microarray such that each target
molecule will form a stable duplex with its corresponding probe on the array. The
amount of each labeled target molecule hybridized to the probe spot is a function
of how much of each target was present in each cell type. Each spot on the array
is then scanned for fluorescence at the optimal wavelength for the Cy3 and Cy5
fluors using lasers, or high-intensity light and monochromatic filters. Expression
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from as little as 0.1 μg of poly A+ mRNA, or ~5 × 105 cells. Following
hybridization, the target molecules are stained with strepavidin-phycoeryth-
rin or fluorescently labeled antibodies using proprietary protocols
(Affymetrix). Fluorescence associated with each tile is then analyzed using
a Hewlett-Packard Gene Array™ Scanner. The amount of each target cRNA
molecule synthesized depends on the original number of mRNA molecules
present in the poly A+ mRNA preparation, and the signal emitted by each
tile should reflect the relative amounts of each target mRNA. Following the
image acquisition, the software algorithms compute the average fluorescence
intensity for each PM and MM probe. Statistical analyses are then used to
estimate fold changes in the expression of each gene in a test sample relative
to the levels in the reference sample.

5. cDNA MICROARRAYS

The simplest expression arrays consist of individual cDNA clones manu-
ally or robotically spotted onto nitrocellulose or nylon filters. Replicates of
the clone arrays are then hybridized sequentially or in parallel with different
radioactively labeled target cDNAs, and hybridization to each clone mea-
sured by Phosphor Imager or similar technologies (33–36). Our own labora-
tory used this simple approach to assess the efficacy of protocols to generate
subtracted cDNA libraries (37). Filters with thousands of arrayed human or
murine genes and the requisite analysis software have been commercially
available for the past several years.

Fig. 1. (continued from opposite page) data for each gene represented on the array
is expressed as a ratio of fluorescence intensities normalized to the reference sample
(i.e., Cy3/Cy5). Shown in the figure is an array with the entire set of yeast genes
printed and hybridized in our facility at the Fred Hutchinson Cancer Research Cen-
ter. If the expression of a gene is unchanged, the ratio will remain close to unity
(yellow color on computer generated false image). Any significant deviation from
unity indicates either an increase (>1, image becomes more red) or a decrease (<1,
image becomes more green) in the level of expression between the test and the
reference sample, and the magnitude of the change is indicative of the fold differ-
ence in the expression levels. Fluorescence intensity data are collected in the form
of a spread sheet, which is merged with a database that contains the identity of the
gene at each position on the array. The complete set of specific alterations defines
the expression signature for the given experimental condition relative to the refer-
ence condition. Expression signatures can be compared using a variety of statistical
and visual tools such as gene eclustering algorythms, which group genes showing
similar responses as function of time, dose, genotype, etc. Data from multiple
experiments can also be compared using appropriate “data mining” software.
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One of the most significant limitation of these spotted arrays is the vari-
ability in the amount of probe that is applied to each spot or feature, which
increases the variance in the data and limits the sensitivity when comparing
gene-expression levels results among samples or experiments. The variance
is particularly problematic for low copy-number mRNAs that give a weak
signal-to-noise ratio. A second limitation derives from the use of radioac-
tively labeled target cDNA. Although the scattering of the signal resulting
from radioactive decay can be mitigated by using 33P-labeled hybridization
probes, the tendency of filters to warp during experimental manipulation,
and high background noise limit the density at which probes can be arrayed
and still retain the ability to resolve individual signals.

A major advance in cDNA microarray technology was the introduction of
fluorescently labeled nucleotide precursors into the target nucleic acid
(38–40). As for oligonucleotides, target mRNA purified from cells of interest
is reverse-transcribed into cDNA. Fluorescently labeled nucleotides that can
be efficiently incorporated into the cDNA by reverse transcriptase, typically
Cy3-dUTP and Cy5-dUTP, are used to label target RNA from two cell types
being compared for expression profiles. A more efficient labeling protocol
involves the incorporation of amino-allyl derivatives of dNTPs, followed by
chemical coupling of amino allyl groups with reaction with NHS-esters of
Cy3 or Cy5 (complete protocol can be found at the following URL:http://
cmgm.stanford.edu/pbrown/protocols/aadUTPCouplingProcedure.htm). In
either labeling protocol, the amount of label associated with each target mRNA
is a function of the amount of each in the cell from which the mRNA was
extracted. The differentially labeled targets are then co-hybridized to the array
under conditions that allow each target mRNA to hybridize to its correspond-
ing probe. Hence, the ratio Cy3 to Cy5 of fluorescence associated with each
probe is a measure of the fold change in the level of expression of each gene
represented on the probe array (Fig. 1).

The use of fluorescently labeled probes required the development of
alternative solid supports, as such glass, with a low inherent fluorescence.
Techniques for automated transfer of cDNAs by spotting onto coated glass
supports were pioneered by Pat Brown and his colleagues and the complete
plans for the inexpensive assembly of the robotic arrayer are available at the
following URL: http://www.cmgm.stanford.edu/pbrown/array.html.
Robotic arrayers are also commercially available from numerous suppliers
for a range of prices. Confocal imaging of the fluorescence signal emitted
from each feature following hybridization with labeled target provided a
significant increase in the performance of parallel gene-expression assays.
Detection by fluorescence does not suffer from the spatial restraints encoun-
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tered using radioactive probes and generally yield a higher signal-to-noise
ratio. More importantly, the ability to label target sequences from different
sources (e.g., treated or untreated cells) with fluors with different light-emis-
sion spectra makes it possible to co-hybridize different targets to the same
array. The latter approach not allows for direct comparison of gene-expres-
sion levels on one chip, but by expressing the data as the ration of fluores-
cence intensities, also permits the comparison of data among arrays or
experiments (40).

The lower cost of hardware and chip production make cDNA microarrays
more attractive and accessible to academic researchers than the commer-
cially fabricated oligonucleotide arrays. Nonetheless, it is important to
remember that cDNA arrays still require the production, purification, and
handling of a large number individual cDNAs that are to be spotted onto the
matrix. Printing of chips with more than a few hundred probes will therefore
require a substantial investment of effort, hardware, and software to pro-
duce and amplify the individual cDNAs. Typically the cDNA clones or
genomic DNAs of interest are obtained and amplified using the polymerase
chain reaction (PCR). The amplified probes, which should ideally be
between 500 and 2500 nucleotides in length, are then arrayed onto the matrix
with or without further purification. The advantage of using clones from
cDNA libraries is that one pair of vector primers can be used to amplify
coding sequences from all of the clones, whereas multiple primer pairs are
required for each exon to be amplified from genomic DNA. In either case,
preparation cDNAs for printing requires thousands to tens of thousands of
the plasmid preparations, PCR amplifications, and probe-purification steps.
If more than a few array types are required, then the probe-preparation steps
are best performed in a multiwell, high-throughput format that can be auto-
mated (Fig. 1).

cDNA or oligonucleotide arrays are printed using finely machined pins
that mechanically spot the probes onto chemically derivatized or microscope
polylysine-coated slides. The tip of each pin, which is typically split much
like a fountain pen, is dipped into a single well of multiwell plates. A suffi-
cient volume of probe is retained to spot the individual clones at the same
relative position on multiple slides. Another pin format includes a small ring
that holds the solution of probe as a thin film. A pin is then pushed through
the film to punch out a small area of the film and deposit it on the surface of the
matrix. The pins are then washed and dried before repeating the printing of
the next cDNA probe onto all of the slides. Most high-speed robots use a
mutiple-pin format (up to 32 pins) and can print 100 or more slides with
thousands of probes each, in a single day. The density of probe spot is
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defined by the size and quality of the pins, by the arrangements of the pins
within the robotic head, and by the software used to drive the robotics. Cur-
rently is possible to print up to 20,000 cDNA clones onto a single 1 inch × 3
inch microscope slide.

Although mechanical spotting using pins can yield high-quality arrays, it
also suffers from several limitations. A significant limitation of chips pro-
duced by mechanical spotting is the variability in the volume of probe solu-
tion and hence the amount of probe deposited in each spot. The volume
deposited is affected by surface characteristics, speed of the robot, time, and
pressure of the pin on the slide surface, viscosity, and so on. Even when
comparable volumes are deposited, evaporation from the pins or the sample
wells during the printing process can change the concentration of the probes
on the pin or in the wells. Although evaporation of the probe solution can be
minimized by increased humidity in the printing area, the amount of probe
deposited can still vary several-fold among spots. The density of spots on
the array is limited by the diameter to which the pin tips can be machined
and by the tolerance in the displacement of the pin holder by the robot. The
rate limiting in printing arrays is the time it takes for the pin to touch the
surface of the matrix. Shorter printing times are preferable not only for pro-
duction capacity, but also because the probe solution retained by the pins is
subject to evaporation, thereby changing the concentration of the probe
solution to different arrays. Thus, a variety of alternative technologies such
as piezoelectric dispensers and inkjet or thermal ejection printer heads to
spray droplets of probe solution onto the matrix surface are being evaluated
in a number of labs including our own.

Variability of printed arrays can to be overcome by simultaneously
hybridizing a given array with the target cDNA from the two cell types or
states being compared, each of which is labeled with a different fluorescent
molecule (Fig. 1). The relative amount of a specific mRNA expressed in the
two cells can then be determined by measuring the amount of fluores-
cence from each fluor. A variety of array scanners with different capabili-
ties are commercially available and usually include software for spot
detection and identification, data capture, and quantitative analysis. Once
fluorescence data are collected, they can be expressed as a ratio, such that
the relative signals from each spot are internally controlled for variance in
probe density on the array. By expressing the data as ratios, it is also pos-
sible to compare relative changes in expression among arrays despite a high
level of inter-array variability. To further reduce variance within the data,
the same probe is often replicated on a single array or the same hybridiza-
tion is performed multiple times. Replicates usually include hybridizations
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in which the dyes used to label the reference and test target are reversed to
control for dye- specific differences. Nonetheless, variance remains signifi-
cant consideration when comparing the expression of low-abundance genes.
As fluorescence signals approach background levels, the variance increase
such that even the ratios of intensities are subject to large fluctuations.

Another limitation of cDNA arrays is that it may not be possible to dis-
cern signals that are generated by the cross-hybridization of a labeled target
sequence derived from one member of a gene family with the probe for
another family member. The latter limitation could in theory be addressed
using shorter oligonucleotide probes for each transcript and by selecting
probes from regions of the cDNA where gene family members show little
sequence identity. Despite these limitations, printed arrays have the advantage
of the lower cost and the flexibility to readily alter the probe configuration.

6. POTENTIAL USES FOR MICROARRAYS
IN THE STUDY OF APOPTOSIS

6.1. Apoptotic Signatures
A central tenet of toxicology is that with the possible exception of rapid

cell death, every toxic exposure leads to an alteration in the pattern of gene
expression. This altered pattern of gene expression reflects the cell’s attempt
to cope with the toxic insult, and can range from induction of xenobiotic
metabolism to the extreme of cell suicide or apoptosis. Likewise, the cell’s
response to normal biological signals (e.g., morphogens) or abnormal sig-
nals (e.g., inappropriate oncogene activation) may induce patterns of gene
expression that initiate the apoptotic process. While numerous studies have
looked at changes in the expression of a limited number of genes thought to
play a role in these adaptive responses, the power of array technology is the
ability to simultaneously compare the levels of thousands of genes. This
global analysis of gene expression affords to opportunity discern specific
patterns or signatures of expression that are associated with particular classes
of toxicants or biological signals. These signatures are likely to include
classes of genes not previously implicated in response to specific toxic
insults (41). As such the applications of array technologies will undoubtedly
enhance our understanding of the cellular response to toxins and other sig-
nals. In the case of toxins, these types of studies should also provide insight
into the mechanism of cell damage that may affect susceptibility to
apoptosis. For example, agents that induce the expression of genes involved



88 Zarbl et al.

in DNA repair almost certainly must be directly or indirectly genotoxic to
the cell.

There is significant evidence to suggest that specific toxic exposures will
produce discernable expression signatures. Studies in yeast and mammalian
cells have demonstrated that a reproducible subset of genes will show altered
expression in response to specific conditions such as anoxia, nutrient depri-
vation, exposure to alkylating agents, chemotherapeutic agents, and so on
(41–43). It is therefore reasonable to hypothesize that toxicant signatures
will exist for individual classes of toxins such as polycyclic aromatic hydro-
carbons (PAH), alkylating agents, ionizing radiation, neurotoxins, and so
forth. Moreover, the individual signatures will almost certainly reflect
underlying mechanisms of toxicity such as oxidative stress, DNA damage,
inhibition of oxidative phosphorylation, disruption of cell membrane poten-
tials, and so on (44,45). Since many toxicants will have multiple mecha-
nisms of action, a gene-expression signature will also reflect this complexity
of mechanisms. As an example, the signature of PAHs will almost certainly
include genes involved in their xenobiotic metabolism and genes that are
involved in the response to oxidative stress. The ability of gene-expression
signatures to provide insight into the underlying mechanisms would make it
possible to predict the mechanism of toxicity unknown compounds. For
example, if the expression signature of unknown compound includes a set
of genes that are common by other inhibitors of apoptosis, then the unknown
can be tentatively assigned to this class of agents.

Another exciting application of array technology is the possibility of
defining thresholds of exposure below which there is no biological effect.
Arguably, altered gene expression is the earliest measurable biological end-
point in response to a given exposure. Moreover, the signatures for doses of
toxicant or signaling molecule that do not have any biological effect are
likely to be distinct from the signatures of doses that induce cellular stress
and adaptation, whereas signatures at even higher doses will reflect more
acute cellular responses. The classical NOEL (no observable effect levels)
is established by tests whose endpoints (mutation, transformation, DNA syn-
thesis, apoptosis, etc.) rely on the integration of complex responses at the
level of the cell, and in some cases at the level of the organism (teratology).
By contrast, gene-expression signatures measure the earliest cellular
responses and provide information on the nature of the cellular response. In
addition, gene-expression signatures should reveal if the effects of multiple
nontoxic doses are cumulative at the level of gene expression. The ability to
obtain and compare signatures of many different inducers of apoptosis, at
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different doses, and as complex mixtures will also make it possible to pre-
dict the lowest biologically relevant doses or dose regimens.

Another application of array technology is to dissect the biochemistry of
apoptosis. For example, investigators might generate a set of mutants that
inhibit apoptosis of a particular cell type during differentiation. Mutants that
affect the same biochemical pathways should affect similar sets of genes.
Thus mutants could be clustered on the basis of the patterns of gene expres-
sion they induce in the affected cell population. An example of such a cluster
analysis of mutants affecting cell death and differentiation during
haematopoieses in the chicken is shown in the lower right corner of Fig. 1 (46).

 6.2. Factors Affecting Gene-Expression Signatures
Although the application of microarray technology will have an enor-

mous impact on understanding mechanisms of apoptosis, it is important to
realize that the gene-expression signatures obtained will be highly sensitive
to the assays conditions and methodologies. The data obtained will be
affected by numerous factors ranging from the composition of the array to
the source of the target nucleic acid.

Microarrays used to define expression profiles can include probes from
all available genes or can be designed using the subset of genes suspected or
already shown to be involved in the apoptotic response (some housekeeping
genes are included as controls). An example of the latter type of array is by
the Tox-Chip being designed by researchers at the National Institute for
Environmental Health Sciences (N.I.E.H.S.) (47). While these arrays will
be very informative, there is a good probability that they will detect only
partial signatures for any given exposure. Ideally, the chips used to define
signatures should include all possible genes. The importance of a compre-
hensive screen is illustrated by a recent study that examined the response of
yeast cells to an alkylating agent using arrays harboring probes for the entire
yeast gene set (41). The results yielded the expected result in that virtually
all genes previously known to be induced by alkylating agents were detected
as such by the microarray. However, the array detected 325 transcripts that
were elevated and 76 that were decreased after exposure. Eighteen of the
novel inducible additional genes were elevated to higher levels than the pre-
viously studied genes. Significantly, the data also allowed these researchers
to conclude that alkylating agents induced activated a previously unsus-
pected program of gene expression to eliminate and replace adducted pro-
teins. Neither the novel genes nor the protein-replacement pathways would
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have been detected if the chip contained a subset of all yeast genes, and this
underscores the need to develop comprehensive signatures for toxicants. Of
course comprehensive screens are not yet possible for human cells. At present,
the GeneChip Expression array from Affymetrix can simultaneously examine
~40,000 transcripts (http://www.affymetrix.com), with printed arrays are
quickly approaching that number. While cost of comprehensive screens remains
a major hindrance, it would seem prudent to make screens as comprehensive as
possible. Lower-cost arrays with subsets of genes could then be designed and
used for routine screening of compounds for functionally relevant signatures.

Other important considerations when using microarrays to study responses to
inducers or inhibitors of apoptosis are the experimental parameters. The expres-
sion pattern detected by a single array represents a snapshot of the cellular re-
sponse in time and physiological state. As already discussed earlier, the response
of a cell to a given exposure will be a function of the dose. However, the re-
sponse at the mRNA level will also vary as a function of time after exposure.
Experience in yeast experiments clearly demonstrates that the induction or re-
pression of genes follow predictable temporal patterns, which may fall into clus-
ters for sets of genes that define an affected biochemical pathways (42).
Moreover, the kinetics of the response could depend on dose. It is therefore
important to examine toxicant signatures under a variety of experimental set-
tings. Even when all experiments are carefully controlled, there will always be
minor variations in conditions due to operator handling, small differences in cell
density, temperature, and anoxia, all of which will contribute to the observed
expression pattern in a given experiment. The impact of the inter-experiment
variation can be minimized by performing replicate assays or by pooling mRNA
from multiple experiments before analysis on arrays. In the former, outlyers
could be eliminated statistically, while in the latter, the spuriously elevated or
decreased mRNAs would be averaged with levels in other experiments. Finally
the choice of cell type will affect the observed signatures. It is likely that the
response at the level of gene expression will vary among cell types, since many
inducers or apoptosis are known to be highly tissue-specific.

Finally, if the cells are present in limited numbers, the amount of mRNA
available may be insufficient to perform assay on the microarrays. In this case,
the cells from numerous animals may need to be pooled for each assay. Alter-
natively, the mRNA from individual animals would have to be amplified prior
to labeling of the target. In this case, care must be taken to ensure that the
method of amplification does not distort the pattern of expression by preferen-
tial amplification of some targets. Exponential amplification such as occurs
during PCR is thus inappropriate. Alternatives such as the production of cDNA
libraries from single cells (48) are being evaluated for this purpose.
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A major issue in toxicology testing is the difficulty in understanding and
predicting individual variation in toxicant sensitivity. Toxicogenetics seeks
to establish the genetic basis for these variations. A great deal of research
has already identified numerous genetic polymorphisms in genes compris-
ing biochemical pathways important for resistance to toxins (e.g. xenobiotic
metabolism, DNA repair, etc.). In some cases a specific polymorphism has
been linked to a specific phenotypes of chemical susceptibility. However,
sensitivity to more complex effects of toxic exposure such as apoptosis, birth
defects, and so on, may depend on the integrated effects of numerous poly-
morphisms. As a result, most attempts to find association between genetic
polymorphisms in xenobiotic metabolizing genes and cancer risk have found
only minimal and often conflicting effects, and even meta-analyses of the
data can yield inconclusive results (49).

7. COMPUTATIONAL BIOLOGY

The previous section outlined available microarray technologies, some
potential application to the study of apoptosis, as well as their limitations.
Implicit in the previous discussion was the assumption that adequate com-
putational and bioinformatics tools would be available for analysis of the
unprecedented size and complexity of the data these studies would generate.
The development of these tools remains a formidable challenge and may
prove to be the rate-limiting step in the implementation of these exciting
new methodologies. A number of programs for statistical evaluation of data
have already been developed in both academic (16,50) and commercial set-
tings. Computer software required falls into several categories. The first type
deals with capture (spot identification, correction for background, data nor-
malization, etc.), statistical analysis of the data, and may include the ability
to compare expression levels between two cell types or conditions. This
type of software is usually incorporated into the software provided with array
scanners or can be obtained from academic investigators. Continued devel-
opment in this statistical analysis software remains an area of active research.
The second area for software development is for analysis of data across
experimental conditions. For example, an investigator may want to find sets
of genes that show common temporal profiles of altered expression after an
exposure. Similarly, genes could be clustered on the basis of function cat-
egories, dose response, biochemical pathways,and so on. This type of analy-
sis typically makes use of clustering algorithms. A discussion of these
methods is beyond the scope of this chapter, and the reader is referred to the
Reference Section for additional information.
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The third and vastly more complex area for software development is for
analysis of data across all experiments. For example, an investigator may
wish to find patterns of gene expression common to all individuals that are
sensitive to a complex mixture. Such a pattern might be used to predict the
risk of individuals to that exposure. This example exemplifies the complex-
ity and issues associated with the use of array technology in any setting,
including toxicology. In addition to having adequate computing power and
appropriate software for the required comparisons, one also needs to have
publicly accessible databases containing the information gathered by many
labs. The databases must also be annotated with experimental parameters to
facilitate comparisons. The software used must allow for exchange of infor-
mation among different laboratories and different computer platforms.
Moreover, the software must be compatible with data generated by different
microarray platforms. It might also be important to combine expression data
with genotype data.

The successful application of array technology to will require continued
technology development, the establishment of public databases with
accepted standards for data annotation, and the development of powerful
new statistical and bioinformatics tools. Clearly many challenges and prom-
ises lie ahead.
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Microarray Analysis of Apoptosis
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 and Christine J. Watson

1. INTRODUCTION

Apoptotic cell death is a genetically regulated process and the balance
between death and survival signals determines the fate of a cell. Apoptosis
is important in development and in a number of pathological conditions
including cancer and autoimmune diseases. Many transcription factors have
been shown to regulate apoptosis in a range of biological systems. However,
the downstream target genes and the mechanism of their action have not
been clearly defined. The recent advent of gene microarray technology will
allow the expression patterns of a large number of genes to be analyzed.
Changes in transcription in response to an apoptotic stimulus can be identi-
fied and novel pathways defined.

Microarray is a rapidly developing field, with the capacity to revolution-
ize many fields of biomolecular research. This technology promises to
deliver an explosion of information on the genetic basis of normal physi-
ological processes and disease states by providing the opportunity to simul-
taneously compare the relative amounts of thousands of individual sequences
from complex mixtures of nucleic acids. Based on traditional nucleic acid
hybridization chemistry, it offers flexibility in choice of target/probe combi-
nations and provides quantifiable data on relative expression levels.

The power of microarray based methods of expression analysis lies in the
ease with which multiple expression profiles can be directly compared to
provide increasingly stringent analysis of a complex biological system. In
this review we provide an overview of the processes involved in microarray,
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highlight potential problems and pitfalls, and discuss its application to
apoptosis research.

2. WHAT IS MICROARRAY?

The technique can be subdivided into four processes:

1. Immobilization of nucleotides onto a solid substrate,
2. Fluorescence labeling of independent cDNA populations,
3. Hybridization of labeled probe to immobilized nucleotides, and
4. Scanning and analysis of comparative fluorescence.

This is illustrated schematically in Fig. 1.
The majority of effort has gone into optimizing the first process. This

also requires complex and expensive equipment. In contrast, process 4 has
received comparatively less attention and only recently has begun its own
revolution. It is clear now that analysis is critical to eventual output.

There are two formats of microarray: oligonucleotide chips contain short
(less than 60) nucleotides synthesized in situ on the solid support (1,2) and
spotted DNA arrays where nucleic acids are robotically spotted onto a glass
substrate (3). PCR product or plasmid DNA in 96/384-well format is trans-
ferred by specially engineered tips to multiple glass slides then dried and
fixed to the glass substrate.

Oligo chips are expensive to make and technically more demanding at
this stage than the alternative “spotting” methods. However oligo arrays are
available commercially and retain the distinct advantage that each target
gene is represented by four or more sequences on the array, which also
includes mismatch sequences. These features provide improved hybridiza-
tion controls.

In contrast, the ability to choose target DNAs, and the relative ease of
spotting these onto solid substrates, has resulted in spotting methods
becoming the popular choice of noncommercial research laboratories. For
this reason we will focus on methods of arraying and hybridizing to spotting
cDNA arrays.

3. HISTORICAL PERSPECTIVE

Methods of expression profiling are not new. Original techniques were
based on semi-specific polymerase chain reaction (PCR), selectively ampli-
fying subsets of RNA populations, and providing quantitative data on the
relative abundancies of these transcripts between two given samples. These
methods have proven successful in many areas of biomedical research,
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Fig. 1. A standard approach to microarray analysis using spotted cDNA arrays.
Target DNA may alternatively consist of synthetic oliogonucleotides. In some
applications a single probe population is hybridized per slide.
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however, there are inherent difficulties associated with these PCR-based
procedures.

Recent advances in micro-manipulation and hybridization, fluorescence
labeling, and large-scale sequencing projects have led to new methods of
expression profiling and genome analysis, loosely termed microarray analy-
sis. This is an oblique description for a number of methods that utilize
hybridization of labeled complex RNA probes to immobilized nucleotides
arrayed at high density on a solid substrate to provide quantifiable data on
relative expression levels.

Originally described in analysis of plant gene expression, microarray was
rapidly adopted for analysis of mammalian and lower eukaryotic
transcriptosomes. Until very recently, analyses were restricted to small
(approx 1000 gene) subsets or complete genomes of lower eukaryotes such
as yeast. The original application in humans, used to demonstrate applica-
tion of the technique, was an analysis of heat-shock proteins in T cells (4).

4. INITIAL CONSIDERATIONS IN EXPERIMENTAL
DESIGN: PROBE VS TARGET

Terminology relating to probe and target in the hybridization are inter-
changeable and for the purposes of this review we will refer to DNA
immobilized on glass substrate as target and fluorescently labeled nucleic
acids as probe.

The choice of targets in large-scale expression studies is largely dictated
by the resources available. Ideally every gene in the genome would be rep-
resented on the array. This is only possible of course if the genome has been
completely sequenced and every possible open reading frame could be PCR-
amplified. This has been performed for yeast and Aribidopsis (the smallest
higher eukaryotic genome known), but is no mean feat in mammalian spe-
cies, which possess more complex genomes. An alternative approach is to
utilize the increasingly comprehensive cDNA and expressed sequence tags
(ESTs) collections, resources compiled from cDNA libraries from a variety
of tissues and a number of different species. Unique cDNA clones may be
chosen from these collections and used as gene-specific targets in arrays. In
this way only relevant targets may be selected to be represented on the array,
thus simplifying the spotting procedure. However this introduces potential
clone-selection bias often evident when cDNA arrays are constructed from
known gene sets. For example, small-scale apoptosis related gene arrays
currently available from commercial sources are, by definition, limited to
known apoptosis genes and therefore obviate the possibility of identifying
unknown apoptosis genes.
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For poorly characterized genomes or in circumstances where a particular
tissue or developmental stage is not well-represented in the available
resource of cDNA libraries, one may wish to array cDNA clones directly
from libraries constructed in-house. Ideally, it would be preferable to have a
limited duplication of cDNA clones on a microarray. If random clones are
chosen from a cDNA library then the more abundantly expressed sequences
will dominate the microarray. Therefore a sequence verified nonredundant
set of clones is a better option. Dependant on the species of interest, such a
set of clones may be available commercially or from academic establish-
ments (such as a sequence verified set of human IMAGE consortium clones
available from Research Genetics and soon to be available from the HGMP
resource centre in the UK). However it must be noted that all sources of
sequence verified clones will have some error in clone identification. Fur-
thermore, novel and previously ill-defined genes will be unrepresented on
the array.

Another option is the preparation of subtracted libraries to reduce redun-
dancy. This method of library production enables one to enrich starting
material for genes of interest, in essence providing a preliminary screen for
cognate genes prior to the more specific screens ascribed by the subsequent
hybridizations. These clones may not necessarily be sequenced prior to
arraying, which takes advantage of the fact that rare transcripts represented
only once in the microarray will be as equally informative as those genes
multiply represented. This adaptation of the standard approach of arraying
unique, sequence-verified, cDNA clones avoids the technically demanding,
costly, and laborious requirements of sequencing all clones from the nor-
malized library prior to arraying.

Alternatively, an enriched or normalized cDNA library may be an appro-
priate source of cDNA clones. Provided that the redundancy of the library is
not too high, such a library will provide a good source of clones, which are
specific to the tissue, cell type, and conditions of interest.

5. METHODOLOGY

It is not the scope of this chapter to provide a detailed protocol for potential
users to follow. Indeed this is impossible as the technology at this early stage
is still in development and there are as many working protocols as there are
research groups performing the technique. Rather, we aim to provide an insight
into some of the important considerations. We refer the reader wishing to
acquire a more comprehensive explanation of the protocol to an excellent
review by Eisen and Brown (3) and to detailed methods available on the
internet (http://cmgm.stanford.edu/pbrown, http://www.biorobotics.co.uk).
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As mentioned earlier, the microarray process can be subdivided into four
steps. Each of these will be discussed in turn.

5.1. Immobilization of Nucleotides onto a Solid Substrate:
Preparation of Gene Set and Arraying Nucleic Acids

5.1.1. Preparation of Gene Set

The target DNA can be plasmid preparations of cDNA clones, PCR-
amplified inserts of cDNA clones, or PCR-amplified open reading frames
(ORFs). The most suitable will depend on availability and ease of use.

The PCR template can either be prepared plasmid DNA or bacterial cell
lysates. The primers can be standard oligonucleotides or 5-amine modified,
depending on what slide binding chemistry is adopted (see Subheading 5.1.2.).

If plasmid DNA is used then a high proportion of the DNA on the microarray
will be vector-derived. As the DNA forms a monolayer on the slide the quan-
tity of DNA binding to the slide is restricted and the presence of vector
DNA will limit the number of cDNA molecules available for hybridization.
This in turn will affect the intensity of signal achieved.

PCR amplification requires large quantities of PCR reagents in order to
produce a sufficient quantity of DNA. Although this can be expensive, it
does maximize the number of molecules available for hybridization. If
cDNA clones are available then amplification of the inserts using vector
specific primers may be more efficient than amplifying ORFs with gene-
specific primers. However, for some systems, amplification of ORFs direct
from genomic DNA might be the only option. An example of this is bacte-
rial gene sets derived from sequencing of bacterial genomes.

It is desirable to purify the PCR products prior to arraying in order to
remove PCR-reaction components and cellular debris from the amplified
target DNA, which would otherwise increase the printed spot size and inter-
fere with the binding of the DNA to the slide surface. Several alternative
methods could be used including: (1) ethanol or isopropanol precipitation,
or (2) 96-well PCR purification kits from TeleChem, Qiagen and Millipore.

Generally 4 μg of each PCR product from a 100 μL reaction is needed for
spotting and a small aliquot of the PCR reaction should be run on an agarose
gel to verify amplification of a pure PCR product and to estimate the quan-
tity of product.

Due to the large scales involved, gene sets are optimally stored in 384-well
format, and most robotics accommodate this system. Archival material, in
the form of glycerol stocks of the bacterial cultures, bacterial lysate plates,
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purified PCR products, or 384-well printing source plates, can be stored at
–70°C. Fresh printing run 384-well source plates can be prepared from
archived purified stocks as required.

5.1.2.  Arraying Nucleic Acids

While control elements are important, other microarray structural features
such as landmark elements will prove useful. A landmark element is labeled
DNA printed at defined locations throughout the array, such as the four corners
of the array or subarrays. These elements make it easier for the analysis software
to locate an array for data acquisition.

When making arrays, it is advisable to print all clones in duplicate or tripli-
cate, thereby providing multiple measurements, for averaging purposes, of
mRNA expression level for each clone.

A minimum concentration of target DNA should be 200 ng/μL. This is
sufficient to produce a spot with a saturated DNA monolayer. The maximum
source DNA concentration is about 1 μg/μL. Higher concentrations can
increase the risk of comet-tails and other artifacts caused by localized reat-
tachment of excess spot material to the slide surface during the post-array
processing. Spot centers are routinely 200 μm apart, resulting in a capacity of
around 80,000 spots on a standard microscope slide.

Various different spotting solutions have been described including 1X
Array-IT micro-spotting solution (TeleChem International, cat. no. MSS-1),
5X SSC, 3X SSC, 150 mM sodium phosphate buffer, pH 8.5, and 1X PCR
buffer. We find the spotting buffers providing optimal spot size shape and
effective binding of the target DNA to the slide are either 1X Array-IT or
150 mM sodium phosphate/0.01% SDS.

There are several different approaches to binding DNA onto microscope
slides, but they can be essentially divided into two groups; those that involve
hydrogen bonding or those that involve covalent linkage. Hydrogen bonding
can occur between amine groups coated on the slide and phosphate groups in
the DNA backbone. Microscope slides can be coated with either poly-L-lysine
or aminosilane to give an amine group coated slide. Once the DNA is spotted
onto the slide, ultraviolet (UV) crosslinking or oven baking allows some cova-
lent bonds to be formed between the amine groups and the DNA. The remaining
free amine groups on the slide should be blocked. This is achieved by treatment
with succinic anhydride (a molecule with two active carboxyl groups). A con-
densation reaction takes place and for every succinic anhydride molecule two
peptide bonds are formed with the poly-L-lysine/amino silane. Poly-L-lysine or
amino silane slides can be prepared in-house (5,6) or purchased (poly-L-lysine:
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P 0425, Sigma; amino silane: CMT-GAPS slides 2549, Corning; Silanated
slides, CSA-25, TeleChem).

For poly-L-lysine slides, homemade slides can be cleaner, with a more even
surface-coating and lower background fluorescence, than commercially pre-
pared slides that are currently available. However, commercially available
CMT-GAPS slides (cat. no. 2549, Corning) are exceptionally clean and of
very high quality.

While there are no significant differences between the spot size, morphol-
ogy, and surface-binding properties of the two coatings, aminosilane may be
more physically robust than poly-L-lysine and less prone to surface damage.

Covalent bonding can occur between active groups (such as aldehyde,
epoxy, or isothiocyanate) coating the slide and amine-modified DNA. The
amine groups can be synthetically attached to the PCR primers during the
synthesis of the oligonucleotides. The PCR primers can then be used to
amplify the cDNAs giving the amine modified DNA. In-house slides can be
prepared by treating aminosilane slides with phenyleridiisothiocyanate (5).
Alternatively, activated slides can be purchased (3D-Link activated slides,
Surmodics; Silylated slides, CSS-25, TeleChem). These active slides are
moisture sensitive and only once the target DNA has been spotted onto them
can they be exposed to moisture. This then deactives the groups to prevent
unwanted probe binding to the slide.

5.1.2.1. PREPARATION OF POLY-L-LYSINE COATED GLASS SLIDES

This method is based on a protocol that is provided in ref. 6.  It has been
suggested by some researchers that, following coating, slides should be left
to season for at least a week before use. The surface of the seasoned slides is
likely to be more arid than that of the freshly coated slides and this feature
may contribute to smaller spot sizes. However, some workers report no
discernable improvement in the surface-binding properties of slides used
immediately after coating and those that have been left to season. Recom-
mended slides are Gold Star, single frosted-end, washed, 76 × 26 mm glass
microscope slides (cat. no. KTH 002). Of those slides tested, these displayed
the lowest levels of background fluorescence.

5.1.2.2. POSTARRAY PROCESSING OF PRINTED SLIDES

In general, the postarray processing allows the binding reaction to take
place, the deactivation of active groups on the slide surface, the removal of
unbound DNA, and the denaturation of the target DNA ready for hybridiza-
tion. The processes will be chemistry/slide-specific and manufacturer’s pro-
tocols should be followed.
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5.1.2.3. POSTARRAY PROCESSING OF POLY-L-LYSINE SLIDES

As mentioned, this process is based on the method detailed in ref. 6.
Once in solution, the blocking agents do not remain active for long, so it is
important to prepare fresh solutions and to use immediately. In particular, the
time between the point at which the succinic anhydride is completely dis-
solved and when the slides are plunged into the blocking solution is to be kept
to the absolute minimum. Furthermore, 1-methyl-2-pyrrolidinone oxidizes
upon exposure to air, a feature denoted by a yellow discoloration of the fluid.

It is essential that, with the exception of the ethanol wash, the solutions used
in the protocol are agitated vigorously during use. Failure to do so will increase
the risk of generating “comet-tails” and other undesirable patterns of background
caused by localized reattenuation of excess cDNA material from the spots.

The salt deposits, which make the printed array visible, are washed off
during slide processing. It is essential that the microarray position is clearly
marked on the slide surface in order to accurately position the slide cover-
slip during subsequent hybridizations.

Some protocols recommend the inclusion of a rehydration step prior to
slide processing, the purpose of which is presumably to redistribute more
evenly the material within a spot. This step may be unnecessary.

5.2. Fluorescence Labeling of Two Independent cDNA
Populations: Probe Preparation

5.2.1. Probe Preparation

To compare the levels of gene expression between two cell types, RNA is
extracted and reverse-transcribed to produce cDNA probes, incorporating
fluorescently labeled nucleotides in the process. These two differently
labeled probes are pooled and hybridized to the microarray. Once the slide
has been washed to remove unhybridized probe from the microarray, it is
scanned and two image files are collected (one for each fluor detected). The
intensity of signal detected, for any one spot, will be proportional to the
quantity of mRNA present in the cell type from which the probe was gener-
ated. As the amount of DNA bound to the surface of the slide cannot be fully
controlled, the exact amount of mRNA present in the cell type cannot be
quantified. However, using software to analyze the two image files, relative
levels of expression between the two cell types can be calculated by com-
paring the intensity of signal between the two laser channels. Several varia-
tions of this procedure are possible, e.g., a vector probe could replace the
control complex probe, total, or mRNA-derived probes can be used and if
only small amounts of RNA are available, then perhaps an additional probe
amplification step may be required.
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At least two probes are required, the test probe and the control probe. The
test probe can be derived from either mRNA or total RNA. The control probe
can either be a complex probe derived from RNA of a control cell type or a
probe that will hybridize to all target DNA such as a vector probe. If a complex
control probe is used, then levels of expression can be directly compared
between two complex probes and small differences between samples can be
detected. The quantity of complex probe needed will be governed by the
complexity of the RNA, and in general, the larger the quantity of RNA used
the better the probe. For human RNA 50–100 μg total RNA or 1–2 μg
polyA+ mRNA can be used.

A probe that can detect all target DNA (such as a vector probe) will allow
the relative quantification of DNA in each spot to be determined. Expres-
sion levels can then be compared across several slides after the inevitable
differences in quantity of target DNA binding to the slide have been taken
into account. This approach can only be taken if all target DNA samples are
tagged with the same DNA element.

There is a complex relationship between the concentration of input RNA
for a given gene and the intensity of probe signal, depending on sequence,
length, and purity. Thus, microarray is best at determining the relative
hybridization signals across an array of targets, especially when two alter-
nately labeled hybridizations are performed on the same target, which elimi-
nates target variability.

Probe selection is dependent on the experimental design, and in the clas-
sic examples of differential expression profiling may include comparisons
of nucleic acids based on pre- and postreatment of cells, animals, or tissues;
different disease states; different tissues or cell types; and subcellular local-
ization. The number and type of comparison determine the complexity of
data produced. The simplest experiment would involve the direct compari-
son of two nucleic acid samples which, depending on the complexity of the
samples compared, may provide a few or many hundreds of differences.
This highlights an important aspect of experimental design. Heterogeneous
tissues provide a source of variability that is difficult to control for, and use
of such tissues should be carefully considered.

When comparing hybridization results between two cell types, the same
type and quantity of RNA should be used to generate both probes. If suffi-
cient material is available, probes can be directly generated by incorporat-
ing fluorescent nucleotides during a reverse-transcription reaction.
Otherwise an additional RNA amplification step will be needed. This is not
desirable because it could cause problems with transcript representation.
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5.2.1.1. RNA ISOLATION

Successful hybridizations depend critically on the quality and purity of
both the starting RNA and of the labeled end-product. As with all RNA
work, RNase-free reagents should be used throughout. Purified ddH2O used
to prepare solutions should be treated with 0.1% diethylpyrocarbonoate
(DEPC) overnight and then autoclaved.

If only small quantities of RNA are available, then RNA amplification
using T7 RNA polymerase to produce transcripts from double-stranded
cDNA may be necessary (3).

5.2.1.2. PROBE LABELING

It is important that the chosen fluorescent dyes are compatible with the
scanner excitation wavelengths. Most scanners excite at 532 nm and 635
nm, making Cy3 and Cy5 (Amersham or NEN) compatible. Either dUTP- or
dCTP-labeled nucleotides can be used, with the corresponding unlabeled
nucleotide concentration reduced. Fluorescent dyes are photosensitive, so
measures should be taken to minimize their exposure to light. Probe-label-
ing reactions, hybridizations, and so forth should be foil-wrapped or per-
formed in light-proof containers wherever possible.

5.2.1.3. VECTOR PROBE PRODUCTION

Fluorescent-labeled PCR product can be produced by adapting a standard
PCR reaction by including fluorescent dCTP but keeping the total dCTP
concentration the same as standard, with the ratio of fluorescent to
unfluorescent dCTP being 1:4. Using the same vector primers as used to
amplify the target DNA, amplify the multiple cloning site of the appropriate
pure vector DNA.

5.2.1.4. PROBE PURIFICATION

Before setting up a microarray hybridization, the labeled probes must be
purified, concentrated, and resuspended in the hybridization buffer contain-
ing the appropriate salts, blocking agents, and detergents.

5.3. Hybridization of Labeled Probe to Immobilized
Nucleotides

Hybridizations should be carried out under a sealed coverslip in a humid
chamber. Geneframes or coverslips sealed with Cowgum can be used to
hybridize in a humid box in an oven. However, this method is not recom-
mended as problems can occur if sealant is deposited on the slide after
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hybridization. Alternatively, Corning (cat. no. 2551) or TeleChem International
(cat. no. AHC-1) hybridization chambers can be used in a waterbath. These
chambers are preferable as humidification can be ensured and the seal does not
touch the coverslip or slide. The coverslip used should just cover the area of the
microarray, and the volume of hybridization adjusted accordingly. It is essential
that no air bubbles are introduced under the coverslip when setting up hybrid-
izations and care must be taken to avoid this. However, if bubbles do appear
under the coverslip, these should not be tapped out since this could result in
damage to the slide surface coating and, therefore, to the array.

5.3.1. Prehybridization Set-Up

The active groups on the slide surface should be deactivated during the
post array processing. However, a prehybridization of bulk DNA to the slide
can ensure a clean background (use general blocking reagents as mentioned
below for the hybridization step). This prehybridization should take place
immediately prior to hybridization and is based on standard hybridization
protocols.

5.3.2. Hybridization Set-Up

Hybridizations can either occur at 65°C or 42°C (if 50% formamide is
included). General and species specific blocking elements should be
included in the hybridization. For human RNA-derived probes in a 25 μL
hybridization, use of 10 μL of 1 mg/mL CoT-1 DNA helps to block repeti-
tive human DNA, 1 μL of 4 mg/μL yeast tRNA acts as a nonspecific
hybridization blocker and 1 μL of 8 mg/mL poly dA blocks the oligo dT.
The CoT-1 DNA and the tRNA can be added to the probe just prior to
purification.

5.3.3. Slide Washing

Hybridization components such as SDS and SSC fluoresce and, unless
washed from the slide surface prior to scanning, will cause diffuse low-level
background. This background can be minimized by immediately spin-dry-
ing slides by low-velocity centrifugation after washing. Washing is based
on standard hybridization protocols.

5.4. Scanning and Analysis of Comparative Fluorescence

5.4.1. Slide Scanning and Signal Quantification

The expression levels of different genes on the microarray are visualized
by confocal laser scanning of the hybridized slide. There are a number of
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different scanners on the market which detect Cy3 and Cy5 (or their spectral
homolog) and at least one manufacturer produces instruments that can detect
additional fluors.

It is useful to scan slides at every stage of the process, to check on the
background level of fluorescence on the slides, and to check that the
DNA has been bound effectively (by analyzing the intensity of the land-
mark spots).

Slides can be scanned at several different laser intensities in order to
ensure that all levels of expression are detected and that the spot intensity is
not saturated.

5.4.2. Data Analysis

Image analysis software packages extract data from TIFF files generated
from scanning the slide. In general, a circle is drawn around each spot and
the integrated or mean intensity of signal within the spot is calculated. Back-
ground signal-intensity data is also extracted together with standard devia-
tion errors. This data can be exported in a tab-delineated format and imported
into a spread-sheet packages (such as Excel) or into the data mining pack-
ages. Also composite images can be generated where two images from the
same slide are shown as one. Both the image analysis software and spread-
sheet packages are capable of giving a graphical presentation of the data.
The data-mining packages look for trends and patterns in the data from a set
of several slides.

6. TECHNICAL CONSIDERATIONS

The following issues and more are discussed and reviewed elsewhere in
detail (3,7,8).

6.1. Cost

To prepare microarrays requires costly robotics equipment and large-scale
sequencing analysis. This is prohibitively expensive for all but the larger
research and clinical laboratories and biotech industry; for small-scale
expression studies or in cases where small numbers of arrays are required, it
is not cost-effective. For this reason many researchers opt to acquire pre-
made arrays or amplified cDNA sets from commercial sources. A growing
number of specific cDNA subsets are now commercially available as arrays.
These include cell-cycle and apoptosis gene arrays.
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6.2. Reproducibility
Spot integrity and reproducibility in arrays is one of the paramount con-

cerns. While relative binding of labeled probe is intrinsic to each spot on the
array, large variation in DNA concentration or impurities may significantly
interfere with uniform hybridization signals. Similarly amounts of DNA
loaded per spot can dramatically affect performance of the final array. Too
much DNA may result in comet formation, high background, and an
inconsistent loss of bound DNA from the slide; too little may result in poor
binding and low fluorescent signals. Each commercial arrayer will recom-
mend optimal conditions, which should be heeded.

6.3. Controls
An important aspect of any microarray experiment is the design of sev-

eral controls. This has been an area of intense debate and, where possible,
more than one internal control should be included that will meet at least one
of the following variables:

1. The quantity of target DNA binding to the slide,
2. The quality of the spotting and binding processes of the target DNA onto the

slide,
3. The quality of the RNA samples,
4. The efficiency of the reverse transcription and fluorescent labeling of the

probes,
5. The efficiency of blocking repetitive elements in the target DNA, and
6. Variation in background fluorescence on the slide.

The ideal internal control clone for microarray expression normalization
would be derived from a gene whose expression level is invariant between
the different states under investigation. This has been a problem for quanti-
tative PCR studies for many years and is just as challenging for microarray.
Unfortunately, such a clone is unlikely to be identified before carrying out
an experiment. A pool of some 30–50 candidate normalization clones should
therefore be contained within the array.

Following data acquisition it becomes possible to select a sub-set of
clones for expression normalization.

External controls are generally synthetic mRNAs or clones of mRNA
derived from an organism unrelated to—and therefore unlikely to cross-
hybridize with—the organism under investigation. These RNAs can be spiked
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into the labeling reaction at different concentrations and used to assess the
efficiency of the reaction. It might be possible to use such RNAs for expres-
sion normalization. However care will need to be taken, as the overall level of
RNA expression may vary between the different states under investigation.

A single PCR can produce up to 1000 dots. These reactions should be
devoid of glycerol, peg, or gelatin, which may interfere with the spotting
process. Dehydration is one of the most important issues to be addressed in
the arraying and hybridization steps. In an uncontrolled environment PCR
samples will dehydrate, reducing the number of potential slides and increas-
ing the amount of DNA loaded per slide during a run. If large-scale arrays
are constructed or several hundred slides are arrayed, simultaneously, the
effect of dehydration can be significant.

With most high-throughput, automated processes, batch testing of
reagents and equipment is also a vital component of successful reproduc-
ibility. In particular, commercially available slides should be tested for their
consistency between batches and all solutions should be monitored care-
fully not to exceed shelf lives, which may often be determined empirically.

7. TO ARRAY OR NOT TO ARRAY?

Many research projects that aim to establish the identity of differentially
expressed genes from two or more samples would not necessarily benefit
from the microarray approach compared to more conventional methods such
as subtractive library screening or differential display. Initial considerations
as to the suitability of this technique to a particular application include:
whether more than two samples are being compared, how many differences
might be expected, and what proportion of the total number of transcripts
from the target tissue are known or have been cloned. In addition, the prac-
tical issues of availability of array robotics and analysis hardware and tech-
nical expertise must all be considered.

The prime consideration of array analysis is the genes that are represented
on the immobilized array. Obviously no data can be obtained on a gene that
is not represented on the array. This is a significant disadvantage of pre-
made arrays using known genes when one is interested in identifying poten-
tially novel or previously uncharacterized genes.

Other considerations are heterogeneity of tissue and sensitivity problems
with respect to low-abundancy transcripts.
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8. RESEARCH APPLICATIONS

8.1. Expression Profiling

A consequence of the flexibility of microarrays is the wide range of pos-
sible applications. The microarray technique has been applied to genetic
mapping (8–10), mutation analyses (11), and genetic screening (12). How-
ever it is in the field of comparative-expression profiling that this technol-
ogy has gained most attention and is likely to yield the greatest amount of
information.

Already, many microarray studies have been published and validate the
use of this expensive technology. Perhaps the best examples include human
cancer (13–16) encompassing the monitoring of tumor progression (17,18)
and leading to the reclassification of tumors (17,19). Other diseases have
also been subject to array analysis such as rheumatoid arthritis (20) and Bat-
tens disease (21).

Basic biological questions have been addressed using microarray.
Examples include cell cycle (22) and targets of transcriptional regulators
such as BRCA1 (23), PAX3-FKHR (24), and WT1 (25).

Total expression of brain has been investigated using microarrays
(26) and physiological responses have also been examined in the stud-
ies of receptor tyrosine kinase pathways and serum growth factors (27,28).

8.2. Other Microarray Applications

In addition to expression profiling, microarray approaches are used in
comparative genome hybridization (CGH) studies, and single nucleotide
polymorphism (SNP) analysis. For CGH studies, cDNA or genomic clones
are microarrayed and probes of labeled whole genomic DNA from tumor
and control are compared (29,30). For any spot, the ratio of signal intensity
from the two probes is proportional to the copy number of the correspond-
ing DNA sequence in the tumor. This allows detection of deletions and
amplifications of segments in the tumor DNA.

Two alternative methods can be used for SNP analysis using microarrays.
The first is based on differential hybridization (31) and the other on
minisequencing (32). For differential hybridization, a set of oligonucleotides
(containing the SNP of interest) is arrayed onto a glass slide. The set com-
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prises of overlapping oligonucleotides with both sequence alternatives
included. PCR products of sample DNA (containing the SNP) are then
hybridized to the microarray at varying stringencies in order to distinguish
which sequence is present in the sample. Multiplex PCR followed by
hybridization to an array of several sets of oligo nucleotides allows many
SNPs to be typed at the same time.

Alternatively, oligonucleotides are arrayed onto the glass slide and a one-
base minisequencing reaction is carried out on the slide with the arrayed
oligonuleotides as the primer and sample PCR products as the template.
SNP is typed by scanning the array to determine which fluorescent
dideoxynucleotide has been incorporated. Again many SNPs can be typed at
once by minisequencing from a multiplex of PCR products.

8.3.  Apoptosis Research Applications
Microarray technology has already been used in a number of apoptosis-

related studies. In our laboratory, we have carried out a preliminary
microarray analysis of genes, which are induced following the initiation of
involution in the mouse mammary gland. Involution is characterized by
extensive apoptosis of the epithelial cells. We have previously shown that at
least three transcription factors, Stat3, IRF-1, and NF- B, have either pro-
apoptotic or survival functions in mammary epithelia (33–36). The down-
stream targets of these transcription factors during mammary epithelial-cell
apoptosis have been identified using microarrays. An example of our pre-
liminary data is presented in Fig. 2.

A variety of microarray approaches have been adopted in other laborato-
ries, including the use of apoptosis chips containing only gene sequences
currently implicated in apoptosis regulation. An example of this is the study
of Jones et al (37) who hybridized 205 apoptosis-related genes with RNA
from retinitis pigmentosa (apoptotic) and normal retinas. Wang and col-
leagues (38) used a 6591 gene oligo array to look at apoptosis induced by
etoposide, identifying previously undescribed candidates downstream of
p53. A much larger array (11,000 genes) was utilized by Voehringer to
investigate the effects of ionizing irradiation-induced gene expression in
apoptosis sensitive and resistant B cell lymphoma cell lines (39). A number
of redox and mitochondrial elements were identified that control the sensi-
tivity/resistance to apoptosis. Their data suggest that a multigenic program
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Fig. 2. Resultant scan from a cDNA microarray analysis of Stat3-specific gene
targets in mammary epithelial cells. (A) Portion of a 15,000 mouse cDNA array,
hybridized with Cy3 (inactive Stat3) and Cy5 (active Stat3)-labeled cDNA probes
from a mouse mammary epithelial cell line. Note the range of hybridization inten-
sities between cDNAs “spots” on the array, representing relative differences in the
expression of these transcripts in the complex probe populations. (B) and (C) Dif-
ferential hybridization to individual cDNAs on the same part of the array is evident
in separate scans of Cy-3 (B) and Cy-5 (C) labeled probes. These cDNA clones
therefore represent likely gene targets of the Stat3 transcription factor.
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is involved in controlling sensitivity to apoptosis and that genes involved in
uncoupling mitochondrial electron transport and loss of membrane-poten-
tial control the sensitivity to apoptosis.

One of the major advantages of microarray technology is that it allows
the simultaneous characterization of sets of genes that may be involved in a
complex cellular process. Thus, it is eminently suitable for apoptosis studies
and lends itself particularly well to studies on the effects of pharmacological
agents on apoptosis induction.
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Enzyme-linked immunosorbent assays (ELISAs) have long been used to
quantify cytokines and other proteins that are secreted from cells. ELISAs
enable the user to assay multiple samples, to obtain reproducible quantita-
tive results, and to design studies with quantifiable endpoints. Intracellular
activities intimately involved in apoptosis, such as control of mitochondrial
permeability to holocytochrome c and activation of a specific caspase, are
quantified by the ELISAs described in this chapter. The cytochrome c
ELISA is generally used to quantify the activities of the proteins belonging
to the Bcl-2 family. The active caspase ELISA quantifies a specific active
caspase among a background of latent caspase and other active caspases.

A schematic representing proposed positions in the apoptotic pathway
occupied by the Bcl-2 family and caspase family of proteins is shown in Fig. 1.
In this scheme, the effect of an apoptosis-inducing signal, most often gener-
ated in response to stress (e.g., loss of a cytokine binding to its cell surface
receptor, free radicals, or DNA damage), can be mediated by the Bcl-2 fam-
ily proteins (1–4). One mechanism by which the Bcl-2 family of proteins
regulate apoptosis is by controlling the release of proteins from mitochon-
dria. Pro-apoptotic Bcl-2 family members (e.g., Bid, Bax, Bad, Bim, Blk,

1. INTRODUCTION
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Bak, Bok, Hrk, Bik, and Bcl-xS) appear to facilitate release of integral mito-
chondrial factors and anti-apoptotic members (e.g., Bcl-2, Bcl-xL, Mcl-1,
A1/Bfl-1, Bcl-w, Boo/Diva, Brag-1) appear to prevent release of these fac-
tors from the mitochondria. Protein interaction, namely oligomerization, of
the Bcl-2 family proteins, appears to be part of the molecular mechanisms
that govern the release of other proteins from the mitochondria. The pro-
teins cytochrome c (5,6), apoptosis- inducing factor-1 (7), and Smac/
DIABLO (8,9) have been shown to be released from mitochondria of dying
cells and to have roles in the apoptotic process. Release of cytochrome c
into the cytosol initiates formation of a pro-apoptotic protein complex or
“apoptosome” through oligomerization of Apaf-1 and caspase-9 (10–14). In
most cell types studied, formation of the apoptosome activates the caspase
protease cascade by activating caspase-9, which then activates caspase-3
and caspase-7 by cleaving at the junctions of the large and small subunits
(15). The active caspase proteases then act as executioners by cleaving vital
intracellular proteins (16).

Fig. 1. Schematic showing the position of mitochondria relative to the Bcl-2
family of proteins and caspases. Cells receive an incoming apoptosis signal that
causes pro-apoptotic Bcl-2 family proteins to alter the integrity of the outer mito-
chondrial membrane. Anti-apoptotic Bcl-2 family members can prevent the actions
of the pro-apoptotic members. Cytochrome c is released from the mitochondria.
Released cytochrome c causes activation of caspases. Active caspases cleave intra-
cellular proteins and cause cell death.
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Bcl-2 family proteins are attractive targets for drug development. Con-
ceivably, inhibitors of the pro-apoptotic members would block apoptosis
prior to cytochrome c release and caspase activation and may have thera-
peutic value for conditions that appear to involve excess apoptosis (e.g.,
neurodegenerative disorders and ischemia associated with stroke and heart
attack). Activators of the pro-apoptotic members or inhibitors of the anti-
apoptotic members would have value in treating disorders that appear to
progress as a result of too little apoptosis (e.g., cancer and autoimmunity).

Inhibitors of caspases are being developed to prevent cell death in medi-
cal situations involving acute insults. Some caspase inhibitors increase in
vivo cell survival in model systems involving ischemia (17,18). Targeted
inhibition of caspases may also increase the chances of cell survival. Inhib-
iting caspase-9 that starts the caspase cascade in response to cytochrome c
release would limit proteolytic damage, but would not prevent release of
cytochrome c from mitochondria. Inhibiting caspase-8 or caspase-10 that
start the cascade in response to death-inducing ligands (20) would block
caspase-mediated proteolysis. Compounds that activate caspases also have
potential applications for inducing cell death.

The cytochrome c release assay described in this section can be used as
an index of the biological activity of Bcl-2 family proteins or biologicals
that are designed to act as Bcl-2 family proteins. Cytochrome c released
from mitochondria in response to the pro-apoptotic Bcl-2 family members
and inhibition of release when an anti-apoptotic Bcl-2 family member is
added with the pro-apoptotic member is quantified by a cytochrome c
ELISA. The assay is also capable of detecting inhibitors of Bcl-2 protein
interactions and can be used to screen for agonists or antagonists to the Bcl-
2 proteins through mechanisms other than oligomerization (e.g., inhibition
of protein transport through the mitochondrial membrane). Thus, the cyto-
chrome c release assay expands the mechanistic basis for screening large
libraries for compounds capable of inhibiting the Bcl-2 family members. A
modification of the cytochrome c release assay for application to automated
screening of large libraries is described.

The active caspase ELISAs quantify the events closely following the
release of cytochrome c from mitochondria. The active caspase ELISA quan-
tifies a single active caspase family member (19). The procedure uses the
covalent modification of the active site cysteine with a biotinylated inhibitor
to label active caspases and selected capture on a plate coated with a caspase-
specific monoclonal antibody (MAb). In this chapter, a typical characteriza-
tion of an active caspase ELISA is included as a demonstration of proof that
the ELISA quantifies a specific active caspase. The ability of the assay to
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simultaneously quantitate two active caspases, namely active caspase-3 and
active caspase-7, in apoptotic cells is also demonstrated.

2. QUANTIFICATION OF THE BCL-2 FAMILY
ACTIVITIES USING THE CYTOCHOME C
RELEASE LONG-FORMAT ASSAY

2.1. Method Overview
A cytochrome c ELISA is used to quantify the amount of cytochrome c

released from mitochondria in response to added Bcl-2 family members.
Mouse liver mitochondria are isolated by differential centrifugation or
mitochondria can be further enriched on a gradient of Percoll. In the long-
format cytochrome c release assay described in Fig. 2A, incubation of mito-
chondria with the Bcl-2 family protein(s) is performed in a microcentrifuge
tube. Assay buffer and Bcl-2 family protein(s) are added to the tube and the
assay is started by addition of mitochondria. The mixture is incubated at
30°C for 0.5–1 h and mitochondria are then pelleted by centifugation.  The
cytochrome c released from the mitochondria remains in the supernatant.
The supernatant is diluted and aliquots are incubated in wells of the ELISA
plate in the presence of horseradish peroxidase (HRP)-conjugated detection
antibody for 2 h. The plate is washed and hydrogen peroxide and 3, 3', 5, 5'-
tetramethylbenzidine (TMB) are added to the wells for HRP-catalyzed color
development. Acid is added after 0.5 h to stop the reaction and the absor-
bance at 450 nm is determined. A standard curve is generated with purified
rat cytochrome c. The ELISA, excluding sample preparation, takes 2.5 h to
perform.

2.2. Quantification of Bcl-2 Family Protein
Members’ Activities

Bid was added to mitochondria to demonstrate the assay’s ability to quan-
tify a pro-apoptoic Bcl-2 family member’s activity. As shown in Fig. 3A,
addition of recombinant human Bid caused cytochrome c release from mito-
chondria in a dose-dependent manner. Bid is cleaved by caspase-8 to gener-
ate a carboxyl terminal 15 kDa fragment and an amino-terminal 7 kDa
fragment, which remain associated (21,22). Cleaved Bid has been shown to
be more potent than uncleaved Bid in releasing cytochrome c from mito-
chondria (21–23). Cleavage significantly (p < 0.05, paired t-test, n = 6)
increased the potency of Bid, decreasing the EC50 (concentration to obtain
50% maximal effect) from 90+/–24 nM to 30+/–4 nM in an assay involving
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Fig. 2. Schematic showing the long-format (A) and short-format (B) cytochrome
c release assays.
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Fig. 3. Quantification of Bcl-2 family activities with the long-format cytochrome c
release assay. Results are the average of duplicate measurements in (A) and are aver-
ages of triplicate measurements +/–SEM in (B–D) (many error bars in panels [B–D] are
obscured by the symbols). In panels (A–D) open circles indicate cytochrome c detected
when Triton X-100 was added to mitochondria and open diamonds indicate cytochrome
c detected when no Bcl-2 family proteins were added to mitochondria. All incubations
of mitochondria except those in (B) were for 30 min. (A) Recombinant human Bid
(solid circles) and caspase-8-cleaved human Bid (squares) induce release of cytochrome
c from isolated mouse liver mitochondria in a dose- dependent manner. (B) Kinetics of
52 nM (solid squares) and 5.2 nM (solid circles) human cleaved Bid-induced cyto-
chrome c release from isolated mouse liver mitochondria. (C) Bcl-xL inhibition of
caspase-8-cleaved human Bid and cleaved mouse Bid induced cytochrome c release.
Mitochondria were incubated with 52 nM cleaved human Bid without (solid dia-
mond) or with ( solid squares) the indicated concentrations of mouse Bcl-xL. Mito-
chondria were also incubated with 17 nM cleaved mouse Bid without (open square)
or with (solid circles) the indicated concentrations of mouse Bcl-xL. (D) A synthetic
peptide (GQVGRQLAIIGDDINR) corresponding to the amino acid 72-87 BH3
region of Bak prevents Bcl-xL from inhibiting caspase-8-cleaved mouse Bid induc-
tion of cytochrome c release. Mitochondria were incubated with 17 nM caspase-8-
cleaved mouse Bid without (triangle) or with (open square) 155 nM mouse Bcl-xL
and the indicated concentrations of Bak-BH3 (solid circle) or the corresponding Bak
peptide (GQVGRQAAIIGDDINR) with a L to A substitution (solid squares).
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a 30 min incubation at 30°C (Fig. 3A). Others have used the ELISA to dem-
onstrate that N-myristoylated cleaved Bid is a more potent inducer of cyto-
chrome c release than non-N-myristoylated cleaved Bid (23). The rate of
cytochrome c release from mitochondria was also measured (Fig. 3B). When
5.2 nM caspase-8 cleaved Bid was included with mitochondria, release
started after a 20-min lag and then increased linearly at 0.4 ng cytochrome c/
min. When 52 nM cleaved Bid was included, release was prompt and at a
rate of 1.2 ng cytochrome c/min until 90% of total cytochrome c was
released. The results indicate that the assay is capable of quantifying activi-
ties of proteins that target the mitochondria and induce cytochrome c release,
effects of post-translational modifications on the activities of these proteins,
and the kinetics at which these proteins exert their activity.

The ability of the assay to quantify interactions between pro-apoptotic
and anti-apoptotic Bcl-2 family proteins was examined by adding anti-
apoptotic recombinant mouse Bcl-xL with pro-apoptotic-cleaved Bid. Addi-
tion of Bcl-xL with human- or mouse-cleaved Bid inhibited the cytochrome
c releasing activity of Bid in a dose-dependent fashion (Fig. 3C). The EC50
for Bcl-xL inhibition of 52 nM human caspase-8-cleaved Bid was 108 +/– 8
nM (n = 4) and the EC50 for inhibition of 17 nM mouse caspase-8-cleaved
Bid was 83 +/– 8 nM (n = 4). The results indicate that mouse Bcl-xL is
capable of inhibiting the activities of cleaved bid from both human and
mouse and the assay is capable of quantifying this inhibition.

The assay was also tested to determine if it could detect perturbations of
interactions between pro-apoptotic and anti-apoptotic Bcl-2 family mem-
bers. Interactions between the pro-apoptotic members and the anti-apoptotic
members appear to involve interaction of the BH3 region of the pro-
apoptotic member with an anti-apoptotic member (24–26). A synthetic pep-
tide corresponding to the BH3 region (amino acids 72–87) of human Bak
was tested for the ability to interfere with the interaction between Bid and
Bcl-xL. If the Bak BH3 peptide interferes with the interaction between Bid
and Bcl-xL, Bid would be free to release cytochrome c from mitochondria in
the presence of Bcl-xL. Increasing amounts of the Bak BH3 peptide were
added to assays containing 155 nM mouse Bcl-xL and 17 nM mouse-cleaved
Bid (Fig. 3D). Inhibition of Bid by Bcl-xL was prevented by the Bak BH3
peptide in a dose-dependent manner, thereby enabling Bid to release cyto-
chrome c from the mitochondria (Fig. 3D). The EC50 for the Bak BH3 pep-
tide reversal of 155 nM Bcl-xL inhibition of 17 nM cleaved Bid was 2.9 +/–
0.5 μM (n = 4). A peptide with a single leucine to alanine substitution
(L78A) was used as a control to ensure that the structural BH3 motif was
responsible for preventing Bcl-xL from inhibiting Bid. The L78A substitu-
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tion has been shown to neutralize activities of the Bak BH3 peptide (27).
This L78A Bak BH3 peptide did not prevent Bcl-xL from inhibiting Bid
(Fig. 3D). The results demonstrate that the assay is capable of quantifying
the effects of antagonists or agonist of the Bcl-2 family that act to inhibit
protein interactions. A synthetic peptide was used in this study as a model
for demonstration purposes. However, the same assay format has the poten-
tial to quantify effects of nonpeptide molecules on interactions between the
pro-apoptotic and anti-apoptotic members. The assay also has the potential
to quantify antagonisitic effects of small molecules on the pro-apoptotic Bcl-2
family members.

3. CYTOCHROME C RELEASE SHORT-FORMAT
ASSAY FOR HIGH-THROUGHPUT SCREENING

3.1. Method Overview
We have developed a short-format method that considerably shortens the

time required to perform the cytochrome c release assay. Using the long-
format assay described on the previous pages, incubation of the Bcl-2 mem-
bers with mitochondria requires 30 min and the ELISA requires an additional
150 min, resulting in a total assay time of 3 h. The long-format assay also
requires extensive sample handling (e.g., centrifugation and dilutions). Re-
sults can be obtained from the short-format assay in as little as 15 min and
most of the sample handling is eliminated.

The entire short format assay (described in Fig. 2B) is performed in the
well of the ELISA plate coated with antibodies that capture cytochrome c.
Cytochrome c release assay buffer containing HRP-conjugated detection
antibody is added to the well. Bcl-2 family protein(s) is/are then added. The
assay is initiated by adding mitochondria. The dish is incubated at 30°C for
10–30 min. Only released cytochrome c is available for binding to capture
and detection antibodies. Unreleased cytochrome c remains in the mitochon-
dria and is removed during washing of the well. After the desired time the
plate is washed and HRP substrates are added. The 15-min short format
assay is composed of a 10-min incubation of the mitochondria with the Bcl-2
proteins, 2 min for washing, and 3 min for color development. The 35-min
short-format assay includes a 30-min incubation followed by 2 min for wash-
ing and 3 min for color development. The short-format assay takes a frac-
tion of the time required to perform the long-format assay and fewer
handling steps are required. The simplicity and speed of the assay are well-
suited for automated high throughput screening for compounds that modu-
late cytochrome c release.
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3.2. Detection of Bcl-2 Protein Family Member Activities
with the Short-Format Assay

Results typical of those obtained when mitochondria, HRP-conjugated
detection antibody, and Bcl-2 family members were incubated in assay
buffer in wells of the ELISA plate for 30 min at 30°C are shown in Fig. 4A.
Caspase-8 cleaved human Bid was used to demonstrate that the short format
detects protein-induced cytochrome c release (Fig. 4A). Bcl-xL was added
with cleaved Bid to demonstrate that the short format detects inhibition of a
pro-apoptotic Bcl-2 family member by an anti-apoptotic member (Fig. 4A).
In the 35-min assay, Bid-induced release of cytochrome c was concentra-
tion-dependent with an EC50 of 38 nM (Fig. 4B). The difference between the
EC50 of 38 nM determined in the 35-min short-format assay was not statisti-
cally different (z test, p < 0.05) from the EC50 of 30 +/– 4 nM determined in
the 3-h long format assay (Fig. 3A). Appreciable release caused by cleaved
Bid can also be detected in a 15-min short-format assay conducted in the
well of the ELISA plate (Fig. 4C) and inhibition of Bid was apparent when
Bcl-xL was included in the 15-min short-format assay (Fig. 4C).

3.3. Advantages of the Long-Format and Short-Format Assays
Many of the parameters (e.g., rate of cytochrome c release in response to

various concentrations of Bcl-2 family members and rates at which capture
and HRP-detection antibodies bind released cytochrome c) have been
examined in the short and long format assays. The 15-min assay represents
the least time in which the short-format assay can be performed to detect cyto-
chrome c release. As shown in Fig. 3B, the amount of cytochrome c released
after 10 min with 52 nM human cleaved Bid is a fraction of that released after
30 min. Thus, a 30-min incubation of mitochondria with Bcl-2 family mem-
bers is preferred over the 10-min incubation in the short-format assay. Bind-
ing of added cytochrome c by the ELISA capture and detection antibodies is
biphasic with a rapid initial phase where >70% of the added cytochrome c is
detected in less than 5 min followed by a slow phase required to obtain equi-
librium between the capture and detection antibodies. The 35-min short-for-
mat assay takes advantage of the fact that maximal or near maximal release of
cytochrome c from the mitochondria is within 30 min and that >70% of the
released cytochrome c is detected in the ELISA. The long format ensures that
binding of the capture and detection antibodies is at equilibrium, thereby mak-
ing the assay quantitative. Therefore, the short format is the method of choice
when seeking qualitative yes or no answers when screening for compounds
that are agonists or antagonists to the Bcl-2 family proteins, and the long-
format assay is preferred when quantitative results are desired.
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4. QUANTIFICATION OF ACTIVE CASPASES
WITH THE ACTIVE CASPASE ELISAS

4.1. Method Overview
The active caspase ELISAs are used to quantify events that occur down-

stream of cytochrome c release from mitochondria or that are intitiated by
death-inducing ligands. The active caspase ELISAs described here are spe-
cific for a single active caspase family member and do not detect latent
caspases. A biotinylated peptide containing a reactive fluoromethyl ketone group
is used to tag the active site cysteine of active caspases. The caspase active
site cyteine displaces the fluoride on the inhibitor to generate a stable
thioether bond between the active caspase and the biotinylated inhibitor.
The cysteines of latent caspases do not displace the fluoride. Thus, only
active caspases in the cells are tagged with biotin through the covalent

Fig. 4. Detection of cytochrome c release from mitochondria in the short format
cytochrome c release assay. (A) Assay buffer, HRP-detection antibody, and 52 nM
caspase-8-cleaved human Bid (solid bars), 52 nM human cleaved Bid and 156 nM
mouse Bcl-xL (open bars), no additions (light gray bars), or Triton X-100 (stippled
bars), were added to a 96-well ELISA plate coated with cytochrome c capture anti-
body. Mitochondria were added and the plate was incubated at 30°C for 30 min (A)
or 10 min (C). The wells were washed for 2 min and color developing reagent was
added for 3 min. (B) shows a 35-min assay in which the concentration of human
cleaved Bid was varied. Open triangle indicates cytochrome c detected when Triton
X-100 was added to mitochondria and open diamond indicates cytochrome c
detected when no Bcl-2 family proteins were added to mitochondria.
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attachment of the biotinylated inhibitor. The biotinylated inhibitor is added
directly to the cells via addition to culture medium. After 1 h, cells are lysed
and the caspase is then captured on a plate coated with a caspase-specific
MAb. Protein containing the biotinylated-inhibitor adduct and subsequently
captured on the antibody-coated dish is detected with HRP-streptavidin
and color generation is with substrate for HRP. Biotinylated-inhibitor-modi-
fied caspase or chemically biotinylated large subunit is used to generate a
standard curve. As demonstrated by use of the ELISAs described in this
chapter to measure active caspase-3 and active caspase-7, the caspase
specificity of the assay can be modified by changing the caspase specific-
ity of the capture antibody coated on the plates. Methods to verify that the
active caspase ELISA is specific for a single caspase and that the active
caspase ELISA detects active caspase without detecting caspase zymogen
are also demonstrated. We also used cleavage of natural substrates, cleav-
age of peptide substrates, and proteolytic processing of caspase-7 to demon-
strate their use for assessing the active state of caspases. Similar results for
caspase-3 have been reported previously (28).

4.2. Cleavage of Poly(ADP-Ribose) Polymerase (PARP)
in Apoptotic Jurkat Cells

Jurkat cells treated with staurosporine (STS) were used as a model sys-
tem for the simultaneous quantification of active caspase-7 and active
caspase-3. PARP, a natural substrate for caspase-3 (29,30), is cleaved in
apoptotic cells to generate a 23 kDa fragment. PARP was cleaved in the first
hour with staurosporine (STS) and full-length PARP was nearly depleted by
3 h (Fig. 5A). The results show that Jurkat cells initiate an immediate and
rapid apoptosis response to STS.

4.3. Caspase-7 Processing in Apoptotic Jurkat Cells
Caspase-7 polypeptide can be proteolytically processed into the forms

shown in Fig. 6A. Precursor caspase 7 is a 303 amino acid (aa) polypeptide
containing 3 regions: aa 1–23 pro-region (Pro), aa 24–198 large subunit
(LSU), and aa 199–303 small subunit (SSU). Cleavage at Asp23 generates
Pro and LSU-SSU. Cleavage at Asp198 generates Pro-LSU and SSU. Cleav-
age at both Asp23 and Asp198 generates Pro, LSU, and SSU. Anti-caspase-7
LSU detects forms containing the LSU (i.e., precursor, Pro-LSU, LSU-SSU,
and LSU). Anti-caspase-7 SSU detects forms containing SSU (i.e., precur-
sor, LSU-SSU, and SSU).

Proteolytic processing of caspase-7 (31,32) was examined by Western
blotting extracts from Jurkat cells treated with STS. Extracts were Western-
blotted with anti-caspase-7 LSU and anti-caspase-7 SSU (Fig. 6B). All pre-
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cursor caspase-7 was proteolytically processed in cells treated with STS for
3 h. Most caspase-7 was cleaved at Asp23 and Asp198 to generate LSU and SSU,
consistent with the findings that many active caspases are composed of 2

Fig. 5. (A) Cleavage of PARP in Jurkat cells treated with STS. Extracts from
Jurkat cells treated with STS for the indicated times were subjected to Western
blotting with anti-PARP. (B) DEVD-afc cleavage activity in extracts of Jurkat cells
treated with STS. Jurkat cells were cultured with STS for the indicated times,
extracted, and the amount of DEVD-afc cleavage activity in the extracts was deter-
mined (solid bars). Parallel cultures of Jurkat cells were incubated with bzVKD-
fmk during the final hour of a 4 h incubation with STS, extracted, and the amount of
DEVD-afc cleavage activity was determined (open bar). Results are averages +/–
SEM, n = 6.
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LSUs and 2 SSUs (33,34). Some LSU-SSU was detected in cells treated
with STS for 1 hour, and less was detected in cells treated with STS for
longer times. Trace amounts of Pro-LSU were detected in cells treated with
STS for 1–4 h. The results show that caspase-7 is proteolytically processed
in Jurkat cells induced to undergo apoptosis by treatment with STS.

4.4. Proteins Covalently Modified by Biotinylated Inhibitor

Covalent bond formation between the caspase active site cysteine and
the biotinylated inhibitor, carbobenzoxy-Val-Lys(N -biotinyl)-Asp(O-
methyl)fluormethylketone (bzVKD-fmk), is used to distinguish active from
latent caspases (28,35). The ability of bzVKD-fmk to enter apoptotic cells
and form covalent bonds with proteins was confirmed by treating cells with
STS for the indicated times and then for 1 hour with bzVKD-fmk. Extracts
were solubilized in SDS sample buffer and then Western-blotted with HRP-
streptavidin to detect proteins containing the biotinylated inhibitor adduct
(Fig. 6B, HRP-SA blot). Bands of 18–22 kDa were prominently labeled after
1 h with STS. A prominent 25 kDa band and other higher molecular- weight
polypeptides were also labeled after 2 h with STS. There was an increase in
labeling of the 25 kDa and higher molecular weight bands at 3 h with STS.
Although the polypeptides containing covalent bzVKD-fmk adducts cannot
be identified by this method, it is clear that bzVKD-fmk covalently modifies
a subset of cellular proteins.

Inhibition of cellular DEVD-afc cleavage activity by bzVKD-fmk was
confirmed by adding bzVKD-fmk to the culture medium during the final
hour of a 4 h incubation with STS. DEVD-x (where x is a chromophore or
fluorophore) is a preferred substrate for both caspase-3 and caspase-7 (36,37).
Cleavage of DEVD-afc reflects activities of caspase-3, caspase-7, and any
other caspase with significant amounts of DEVD-afc cleavage activity (37).
The cleavage of DEVD-afc in cell extracts can, therefore, only be used as an
indicator that caspases are active. Jurkat cell DEVD-afc cleavage activity
was high after 1 h treatment with STS and continued to increase at 2 h.
Maximal activity was maintained between 2 and 4 h with STS. bzVKD-fmk
inhibited cellular DEVD-afc cleavage by greater than 90% in Jurkat cells
treated with STS for 4 h (Fig. 5B). The results suggest that bzVKD-fmk
formed covalent bonds with the active site cysteine of active caspase-3,
active caspase-7, and other active caspases that are responsible for DEVD-
afc cleavage activity.

The aforementioned results demonstrate that in Jurkat cells treated with
STS, the natural caspase substrate PARP is cleaved, DEVD-afc cleavage
activity is activated, caspase-7 is proteolytically processed, and bzVKD-
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Fig. 6. (A) Caspase-7 forms generated by caspase cleavage; Pro, pro-region;
LSU, large subunit; and SSU, small subunit. (B) Western blot of cell extracts.
Extracts from Jurkat cells incubated with STS for the indicated times and then for 1
h with bzVKD-fmk and STS were subjected to Western blotting with anti-caspase-
7 LSU (Anti-LSU), anti-caspase-7 SSU (Anti-SSU), or HRP-streptavidin (HRP-
SA). (C) Western blots of captured polypeptides. After incubation with STS for the
indicated times and then 1 h with bzVKD-fmk and STS cells were extracted as
described in Methods for capture on 6-well dishes coated with caspase-7 capture
antibody. Captured material was solubilized in SDS sample buffer and subjected to
Western blotting with anti-caspase-7 LSU (Anti-casp-7 LSU), anti-caspase-7 SSU
(Anti-casp-7 SSU), or HRP-streptavidin (HRP-SA).
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fmk enters apoptotic cells where it forms covalent bonds with proteins
including the caspases responsible for DEVD-afc cleavage.

4.5. Specificity of the Active Caspase-7 ELISA

Specificity of the active caspase-7 ELISA was determined by analyzing
captured polypeptides. Capture antibody is the caspase-7-specific antibody
coated in the ELISA 96-well plates and is different from the anti-caspase-7
antibodies used for western blotting. Polypeptides that are bound by the cap-
ture antibody are referred to as “captured.” Jurkat cells were incubated with
STS for 0–4 h and then with bzVKD-fmk for an additional 1 h. Cell extracts
were incubated in 6-well plates coated with caspase-7 capture antibody.
After washing, polypeptides captured on the plate were solubilized in SDS
sample buffer and Western-blotted. Captured polypeptides were blotted with
anti-caspase-7 LSU and anti-caspase-7 SSU to detect polypeptides derived
from caspase-7. Captured polypeptides were blotted with HRP-streptavidin
to detect the polypeptides covalently modified with the bzVKD-fmk inhibi-
tor. Captured polypeptides covalently modified with bzVKD-fmk is the
material that the ELISA quantifies.

It is important to clarify that active caspase is selectively modified by
bzVKD-fmk and that precursor caspase is not and therefore does not con-
tribute to the ELISA signal. Caspase-7 precursor was captured but was not
modified by bzVKD-fmk. Precursor was detected in polypeptides captured
from untreated cells and cells treated with STS for 1 h by blotting with anti-
LSU and anti-SSU but was not detected by HRP-streptavidin (Fig. 6C).
Therefore, precursor does not contribute to signal in the ELISA because it is
not covalently modified by the bzVKD-fmk inhibitor that is required for
binding of HRP-streptavidin.

Caspase-7 LSU was the major captured bzVKD-fmk modified polypep-
tide detected by HRP-streptavidin (Fig. 6C). The amount of LSU detected at
1 h in shorter exposures (results not shown) of the anti-LSU blot was less
than the amount detected at 2–4 h. Minor amounts of LSU-SSU and Pro-
LSU covalently modified with bzVKD-fmk were present in captured mate-
rial. Signal generated in the active caspase-7 ELISA is, therefore, primarily
due to bzVKD-fmk modified LSU with minor contribution by bzVKD-fmk-
modified LSU-SSU and Pro-LSU. All bzVKD-fmk containing bands had
corresponding bands when blotted with anti-caspase-7 LSU except for one.
Pro-LSU was detected in cell extracts (Anti-LSU blot, Fig. 6B) but was not
readily detected by anti-LSU in captured material (Anti-LSU blot, Fig. 6C)
whereas a band with the appropriate mobility was detected by HRP-
streptavidin (HRP-SA blot, Fig. 6C). Although the basis for this discrep-
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ancy is not known, the amount of this material detected by HRP-streptavidin
is trivial when compared to the amount of LSU. The results suggest that all
captured polypeptides modified with bzVKD-fmk were forms of caspase-7.

Additional experiments can  be carried out to support the possibility that
the LSU-SSU is a transient intermediate in the processing of precursor to
LSU and SSU. In this model, the intermediate consists of an intact LSU-
SSU polypeptide chain and a LSU and a SSU derived from another precur-
sor to form a (LSU-SSU)1(LSU)1(SSU)1 intermediate. Alternatively, the
LSU-SSU modified by bzVKD-fmk is unique in that it becomes active and
is not cleaved at Asp198.

Specificity of the anti-caspase-7 LSU capture antibody can also be deter-
mined by quantifying the signal generated with other recombinant active
caspases that were covalently modified at the active site cysteine with biotin-
Asp-fmk. Detection of biotin-Asp-fmk modified caspases-2, -3, -8, or -10 in
the active caspase-7 ELISA was minimal or nonexistent. Nor did caspase-2,
-3, -8, or -10 interfere with detection of caspase-7 standard (results not
shown).

4.6. Simultaneous Quantification of Active Caspase-3
and Active Caspase-7 in Apoptotic Cells

The active caspase ELISAs enable the user to quantify two distinct pro-
teases with very similar substrate specificities in the same cell extract. Active
caspase-3 and active caspase-7 were quantified in the same extracts from
Jurkat cells treated for various durations with STS. bzVKD-fmk was added
to the culture medium and cells were extracted 1 h later. Active caspase-3
and active caspase-7 were quantified with the active caspase-3 and the active
caspase-7 ELISAs, respectively. The levels of both active caspases increased
dramatically at 1 h with STS and continued to increase in the following hour
(Fig. 7A). The levels plateaued at 3 h and were decreased slightly at 4 h.
Using purified caspases to generate a standard curve for assigning mass
amounts, 4.1 ng of active caspase-3 per 106 cells and 2.2 ng of active caspase-
7 per 106 cells were quantified in extracts from Jurkat cells treated with STS
for 3 h. Jurkat cells were also induced to undergo apoptosis by treatment
with anti-Fas. Anti-Fas aggregates cell-surface death receptors and initiates
the caspase cascade through activation of caspase-8. The amount of active
caspase-3 and active caspase-7 increased rapidly in response to anti-Fas
(Fig. 7B). In Jurkat cells treated with anti-Fas for 4 h, 3.23 ng active
caspase-3 per 106 cells and 2.73 ng active caspase-7 per 106 cells were
detected.
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We confirmed that this assay could be used to quantify active caspase-3
and active caspase-7 in other cell types. Active caspase-3 and active caspase-7
were quantified in the extracts from STS-treated human neuroblastoma
(CHP-100 and SH-SY5Y) and promyelocytic leukemia (HL60) cells (Table 1).
The amount of active caspase-3 was found to be much higher than the
amount of active caspase-7 in these cell types. Very low or no amounts of
active caspases were detected in control cells (cells not treated with STS).
Active caspase-3 and active caspase-7 were also quantified in human breast
adenocarcinoma (MCF-7) cells that do not express caspase-3 (28,38). No

Fig. 7. Quantification of active caspase-3 and active caspase-7 in apoptotic Jurkat
cells. Jurkat cells were incubated with 1 μM STS (A) or 100 ng/mL anti-Fas (B) for
the indicated times and then for 1 h with 10 μM bzVKD-fmk. Active caspase-3
(squares) and active caspase-7 (circles) were quantified using the active caspase-3
and active caspase-7 ELISAs. Results are averages +/–SEM for triplicate measure-
ments. Some error bars are obscured by the symbols.
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active caspase-3 was detected whereas 0.45 ng active caspase-7 per 106

MCF-7 cells was detected (Table 1).

5. DISCUSSION OF ASSAY LIMITATIONS

We have demonstrated quantitative assays for measuring two intracellular
events associated with apoptosis. The cytochrome c ELISA quantifies cyto-
chrome c or an event involved in releasing cytochrome c from mitochondria.
The active caspase ELISA quantifies the activation of specific caspases.
Both ELISAs enable the user to assay multiple samples, obtain reproducible
quantitative results, and to design studies with well-defined endpoints.

We have characterized the activities of several recombinant human and
mouse Bcl-2 family proteins (Bcl-2, Bcl-xL, Bcl-w, Bax, Bid, and caspase-8
cleaved Bid) with the cytochrome c ELISA. Dose responses, kinetics, inhi-
bition, and the effects of protein-protein interactions have been quantified.
Conducting the cytochrome c release assay in the well of the ELISA plate
decreases the time required to perform the assay from 3 h to 35 min. Similar
dose responses for induction of cytochrome c release caused by cleaved Bid
were obtained with the 35 min and 3 h release assays, indicating that the
short format can detect intermediate levels of cytochrome c release. The
short format is applicable to automation for screening million-member librar-
ies. Mitochondria obtained from one mouse liver is sufficient to perform
4000 assays in the 96-well plates and scale-up is performed simply by
increasing the amount of starting tissue.

Chimeric green fluorescent protein (GFP)-Bcl-2 family member proteins
have also been used to monitor activities of the Bcl-2 family members. A
chimeric GFP-Bax relocates from the cystosol to the mitochondria in
response to the appropriate apoptosis-inducing signal (39). Thus, subcellu-
lar localization could be used to monitor response to compounds targeted at

Table 1
Active Caspase-3 and Active Caspase-7 in STS-Treated Cellsa

STS Active caspase-3 Active caspase-7
Cell line (h)   ng/106 cells   ng/106 cells

CHP100   7   5.78   0.64
HL60   6   1.52   0.26
MCF-7   4   0.00   0.45
SHSY5Y   7   2.43   0.63

aResults are averages of duplicate measurements.
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inhibiting this movement. GFP-cytochrome c chimeras have been expressed
in human cells. GFP-cytochrome c is sequestered in the mitochondria in
healthy cells and is released from mitochondria when apoptosis is induced
by the appropriate signal (40). Optical analysis of GFP-cytochrome c distri-
bution could be used to detect inhibition or induction of cytochrome c
release. These methods require penetration of the test compounds into the
cell thereby eliminating candidate compounds that are cell-impermeable.
These assays would also detect inhibitors that act far upstream of Bax relo-
cation or cytochrome c release.

Other methods have been employed to monitor Bcl-2 family protein
activities or interactions. Physical measurements can be used to monitor the
effects of the Bcl-2 family members on lipid micelles. Bcl-2 (41,42), Bcl-xL
(43), Bax (42,44–46), and Bid (47) form pores in lipid membranes/micelles
that are quantifiable by electrophysical methods or by monitoring release of
small molecules (e.g., fluorescein). In many instances the formation of pores
is greatest under rather acidic conditions, making the biological significance
of these measurements uncertain. Monitoring dimerization of members of
the Bcl-2 family has been proposed as a screening tool for examining small
molecules that interfere with dimerization. Dimerization between Bcl-2 fam-
ily members has been examined by surface plasmon resonance (48) and in
ELISA formats that detect both partners of the dimer (46,49). However, great
care must be exercised in interpreting the results of dimerization assays.
Detergents have been found to cause conformational changes that lead to
heterodimerization of Bax with Bcl-xL in the test tube whereas there is strong
evidence that this heterodimerization does not occur in vivo (50–52).

Each of these assays has drawbacks associated with them. The major
obstacle for developing rapid screens for inhibitors of cytochrome c release
from mitochondria is that enriched mitochondria have a finite time in which
they can be used. We are in the process of testing mitochondria preparations
to determine the stability of the mitochondria with respect to use in the cyto-
chrome c release assay. Mitochondria stored on ice for 4 h (the longest time
we have tested at the time of this writing) can be used in the cytochrome c
release assay. Therefore, it is  possible to run multiple assay cycles with one
preparation of mitochondria. The short format cytochrome c release assay is
not affected by cell permeability, makes no assumptions about the mechanism
of action, does not use cultured cells, is targeted at the process to be inhibited
(i.e., cytochrome c release from mitochondria), and is a colormetric assay eas-
ily monitored by spectrophotometric plate readers. This assay would, there-
fore, increase the chances of detecting lead compounds to be subsequently
modified to increase potency, cell permeability, and pharmacological efficacy.
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Caspase activation can occur downstream of cytochrome c release from
mitochondria or after cell-surface death receptors are engaged. Apoptosis-
inducing ligands can directly activate caspases by recruiting caspase-8 or
caspase-10 to protein complexes formed on the cytoplasmic portions of the
receptors (20). ELISAs for quantification of specific active caspases in cul-
tured cells are used to quantify these events. By using the capture of the
large subunit that contains the active site cysteine modified with the
biotinylated inhibitor as an indicator of the active caspase state, it is now
possible to specifically quantify active caspase-3 or caspase-7 without inter-
ference by other active caspases.

The active caspase ELISA quantifies a specific caspase that contained an
active site intracellularly. The mass amounts detected by the ELISA is
dependent on the percentage of cellular active caspase that was modified by
bzVKD-fmk and the standard used to generate a standard curve. It is impor-
tant to note that not all of the active caspase may be modified in cells. The
standard is made with biotin-Asp-fmk (or normalized to active caspase
modified with biotin-Asp-fmk) and intracellular active caspases are modi-
fied with bzVKD-fmk. Therefore, we believe that the most appropriate pre-
sentation of data is “the amount of active caspase-3 or active caspase-7
detected relative to the standard.” Others have used caspase-specific anti-
bodies coated on plates to capture a specific caspase. After capturing, the
activity of the caspase is determined with a fluorogenic substrate. The
ELISA described in this section avoids problems that could generate errone-
ous results. Labeling of the active caspases by bzVKD-fmk in situ avoids
loss or gain of activity during extraction. A thioether bond is extremely
stable and the thioether bond formed between the biotinylated inhibitor and
the active site cysteine is stable to repetitive heating to 98°C for 5 min in
SDS sample buffer. The possibility that the thioether bond can be hydro-
lyzed by cellular enzymes has not been explored. However, this hypotheti-
cal hydrolysis would have to occur in the presence of high amounts (10 μM
in the medium) of bzVKD-fmk that gives maximal labeling of active
caspase-3 (28) or in 6 M urea that is included in the extraction buffer. The
use of denaturing extraction buffer in the active caspase-ELISA also aids in
dissociating complexes thereby preventing masking of sites required for
binding by the capture antibody.

We have used four different endpoints to assess caspase activation; PARP
cleavage, DEVD-afc cleavage, proteolytic processing of caspase-7, and
quantification of active caspase-3 and active caspase-7 with the ELISAs. Of
these methods, only the active caspase-3 and active caspase-7 ELISAs are
capable of quantifying active caspase-3 and active caspase-7 with any cer-
tainty. DEVD-afc cleavage is often reported as caspase-3 activity. Clearly
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caspase-7 and other caspases are able to cleave this substrate. The same is
true of peptide inhibitors. Use of bzVKD-fmk to covalently modify caspase-3
and caspase-7 is an example of how broad the inhibitor specificity can be.
bzVKD-fmk has a biotin on the epsilon amino of the lysine chain and modi-
fies the active site cysteine of caspase-3 and caspase-7 and inhibits cellular
DEVD-afc cleavage activity by greater than 90%. We have found that
bzVKD-fmk also covalently modifies active caspase-2 in situ (results not
shown). Cleavage of caspases has often been used to indicate caspase acti-
vation. However, cleaved caspases may be catalytically inactive. Caspase
subunits detected by western blots could be from holoenzyme with activity,
subunits not a part of a holoenzyme, or from holoenzyme that is inhibited by
an inhibitor of apoptosis protein (IAP) (53). The presence of IAPs in cells
complicates interpretations of Western blots where proteolytic processing is
detected.

The active caspase ELISAs distinguish subunits that form an active enzyme
from subunits not a part of an active enzyme by requiring an active site for
modification by the biotinylated inhibitor. The ability of the active caspase-3
and active caspase-7 ELISAs to distinguish between an active holoenzyme
and a holoenzyme inhibited by an IAP or by noncovalent inhibitory drug
candidates has not been tested. The IAP, XIAP, inhibits small peptide sub-
strate cleavage activity of caspase-3 and caspase-7 by binding to the caspases
(54–56). Thus, XIAP may prevent bzVKD-fmk from covalently modifying
the active site cysteine and XIAP inhibition would be reflected by a decrease
in signal in the ELISA. The IAP, survivin, may not prevent bzVKD-fmk
from covalently modifying the active site cysteine. Survivin has been re-
ported to inhibit caspase cleavage of protein substrates, but not peptide sub-
strates (57).

6. MATERIALS

The Jurkat (human acute T-cell leukemia, clone E6-1) cell line was from
ATCC. Cytochrome c ELISA (#MCTC0), active caspase-3 ELISA
(#KM300), active caspase-7 ELISA (#KM700), bzVKD-fmk (#FMK011 or
included with kits), human Bid (#846-BD), mouse Bid (#860-MM), caspase-
8-cleaved human Bid (#882-B8), caspase-8 cleaved mouse Bid (#883-M8),
mouse Bcl-xL (#878-BC) missing the carboxyl terminal mitochondria tar-
geting sequence, Bak-BH3 synthetic peptide (#881-BA), Bak L to A syn-
thetic peptide (#879-BK), and HRP conjugated to streptavidin, recombinant
human caspase 2 (#702-C2), caspase 3 (#707-C3), caspase 7 (#823-C7),
caspase 8 (#705-C8), and caspase 10 (#834-CP) were from R&D Systems.
Biotinylated standards for the ELISAs were made and assayed as previously
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described. Standards were stored at –20°C. Boc-D-fmk and DEVD-afc were
from Enzyme Systems Products. Staurosporine was obtained from Sigma
and was used at a concentration of 1.0 μM. Triton X-100, Tween-20,
leupeptin, pepstatin A, aprotinin, phenylmethylsulfonylfluoride (PMSF),
and Percoll were from Sigma. Stock solutions for leupeptin and pepstatin A
at 25 mg/mL in dimethylsulfoxide (DMSO) were stored at –20°C. When
used, these inhibitors were diluted 1:1000 into the indicated buffer. Stock
PMSF was made fresh at 100 mM in isopropanol and diluted 1:1000 into the
indicated buffer. Phosphate-buffered saline (PBS) was 8.1 mM Na2HPO4,
1.5 mM KH2PO4, pH 7.5, 0.137 M NaCl, and 2.7 mM KCl. Protein determi-
nation was with the Coomassie Protein Assay Reagent (Pierce) using bovine
serum albumin (BSA) as standard.

7. DETAILED METHODS

7.1. Isolation of Mouse Liver Mitochondria
Mitochondria were isolated from mouse liver by a modified version of

the previously described procedure (58). All steps were at 4°C unless noted
otherwise. Mouse liver was rinsed twice with PBS and then homogenized in
5 mL/0.5 g tissue of Buffer A (225 mM mannitol, 75 mM sucrose, 0.1 mM
EGTA, 1 mg/mL of fatty acid-free BSA (Sigma), 10 mM HEPES-KOH, pH
7.4) with 10 strokes using a Tenbroeck ground-glass homogenizer. The
resulting slurry was homogenized with 30 strokes of a tight-fitting pestle in
a Dounce homogenizer. Homogenate was diluted with 5 mL of Buffer A and
centrifuged for 10 min at 600g. The resulting supernatant was centrifuged
for 10 min at 15,000g. Supernatant was discarded and the pellet containing
mitochondria was resuspended by repeated pipetting in 10 mL of Buffer B
(225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA, 10 mM HEPES-KOH,
pH 7.4) and then centrifuged at 15,000g. The resulting pellet was resus-
pended by repeated pipetting in 8 mL of Buffer C (395 mM sucrose, 0.1 mM
EGTA, 10 mM HEPES-KOH, pH 7.4). Results obtained with this crude
preparation of mitochondria are similar to results obtained with mitochon-
dria prepared by further fractionation on gradients of Percoll as described
below. When using the crude mitochondria preparation, the pellet is resus-
pended in 1.7 mL of buffer C. Results with the short format cytochrome c
ELISA (Fig. 3) were obtained with the crude mitochondria preparation.
Results shown in Fig. 2 were obtained with mitochondria prepared by addi-
tional fractionation on gradients of Percoll.

Mitochondria were further enriched on a gradient of Percoll by centrifu-
gation in polyallomer tubes in a Beckman SW28.1 rotor. Percoll-containing
solutions were prepared by mixing Percoll (100%) with Buffer D (1.28 M
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sucrose, 0.4 mM EGTA, 40 mM HEPES-KOH, pH 7.4). To obtain 10 mL of
60% Percoll, 6.0 mL of Percoll, 1.5 mL of Buffer D, and 2.5 mL deionized
water were mixed. To obtain 20 mL of 26% Percoll, 5.2 mL of Percoll, 3.7 mL
of Buffer D and 11.1 mL of water were mixed. All Percoll-containing solu-
tions were adjusted to pH 7.4 with HCl. Five milliliters of the 60% Percoll
added to the bottom of the centrifuge tube was carefully overlaid with 9 mL
of 26% Percoll. Three milliliters of the fraction from the 15,000g pellet con-
taining resuspended mitochondria were overlaid on the 26% Percoll. Mate-
rial was centrifuged at 41,000g for 30 min. Mitochondria at the interface
formed between the 26% and 60% Percoll were collected in a volume of
approx 0.5 mL. The protein concentration of the 0.5 mL of mitochondria
isolated in a single centrifuge tube was approx 2.3 mg/mL.

7.2. Cytochrome c Release Assay
Aliquots of 4 μL of mitochondria were used in each 25 μL assay. This is

equivalent to 9 μg of mitochondrial protein containing approx 35–40 ng of
cytochrome c. The integrity of the enriched mitochondria was routinely
assessed by determining the amount of cytochrome c released when mito-
chondria were incubated under assay conditions without any inducers of
cytochrome c release. Typically, the amount of cytochrome c spontaneously
released from enriched mitochondria during a 30-min incubation at 30°C
was less than 15% of the total cytochrome c.

Proteins to be tested were diluted in buffer E (10 mM HEPES-KOH, pH
7.4, 100 mM KCl), at five times their final concentration in the assay. Assay
volume was 25 μL and assays were performed in 0.5 mL microcentrifuge
tubes. Assays used Buffer F (125 mM KCl, 0.5 mM MgCl2, 3.0 mM succinic
acid, 3.0 mM glutamic acid, 10 mM HEPES-KOH, pH 7.4, containing 25
μg/mL leupeptin, 25 μg/mL pepstatin, 3 μg/mL aprotinin, 100 mM PMSF,
and 10 μM of the caspase inhibitor Boc-Asp-FMK). Protease inhibitors were
added immediately to Buffer F prior to its use.

An aliquot of 5 μL of the test protein(s) was added to 16 μL of Buffer F.
To initiate the assay, 4 μL of mitochondria were added and the tube was
capped. The assay mixture was gently mixed by gentle vortexing for 5–10 s
and incubated in a 30°C water bath for 30 min. Samples were then centri-
fuged in a microcentrifuge at 16,000g for 5 min at 4°C. A 15 μL aliquot of
the supernatant was removed and stored at –20°C. One set of samples was
not centrifuged and was used to determine total cytochrome c.

Samples were thawed immediately prior to quantifying cytochrome c with
the mouse/rat cytochrome c ELISA. Triton X-100 was added to all samples
to obtain a final concentration of 0.5%. Samples were vortexed, diluted 100-
fold with cytochrome c ELISA diluent, and then vortexed again. Aliquots of
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100 μL of the 100-fold diluted sample were assayed in triplicate in the rat/
mouse cytochrome c ELISA.

7.3. Short Format for Cytochrome C Release Measurements
The cytochrome c ELISA kit 96-well plate was incubated three times

with PBS for 10 min per incubation. To each well was added 32 μL of buffer
F containing 20 μg of BSA. HRP-conjugated detection antibody in conju-
gate diluent free of detergents was added to obtain the desired concentra-
tion. Then Bcl-2 family proteins diluted in buffer E were added. The volume
of each well was adjusted to 42 μL with buffer E. Mitochondria were diluted
into buffer C, and 8 μL (approx 1.8 μg of protein) was added to each well.
The plate was floated in a 30oC water bath for the desired time. Then 200 μL
of buffer E were added and the wells were washed 5 times with 300 μL per
wash of buffer E and 100 μL of color development reagents was added.
After 3 min, stop solution was added and absorbance was measured at 450
nm using 540 nm as a reference wavelength. To determine total detectable
cytochrome c, Triton X-100 was added to mitochondria to a final concentra-
tion of 0.1%.

7.4. Immunoblotting
Samples for western immunoblotting and for blotting with HRP-streptavidin

were prepared by adding a two- to fivefold concentrate of sodium dodecyl sul-
fate (SDS)-reducing sample buffer to obtain a 1X SDS sample buffer concentra-
tion (1X SDS sample buffer is 0.0625 M Tris(hydroxymethyl)aminomethane,
pH 6.8, 10 mM dithiothreitol (DTT), 3% SDS, 5% glycerol, and
bromophenylblue) and then heating sample at 90–100°C for 1–3 min. Electro-
phoresis was on 15% polyacrylamide gels and transfer to Immobilon-P
(Millipore) was for 40 min at 250 mAmps, constant current, using a Trans-Blot
SD Semi-Dry Transfer Cell (Bio-Rad). Blocking, incubation with antibodies,
and washing membranes were as described in the package inserts provided by
the antibody suppliers. Western blotting anti-caspase 7 SSU (AF823) and anti
PARP (AF600) were from R&D Systems. (Monoclonal anti-caspase-7 LSU
antibody used for Western blotting was a gracious gift from Dr. Yuri Lazebnik
at Cold Spring Harbor Laboratory). Secondary reagents were HRP-protein A
(Amersham), HRP-sheep anti-mouse IgG (Amersham) and HRP-rabbit anti-
goat IgG (Zymed). HRP was detected with the enhanced chemiluminescence-
detection reagent (Amersham). To detect biotinylated inhibitor-modified protein
membranes containing the transferred proteins were incubated with 25 mM
Tris(hydroxymethyl)aminomethane, pH 7.5, 0.15 M NaCl, 0.05% Tween-20
containing 3% BSA at room temperature for 1 h to block and then with 40 mL
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of the buffer containing 1% BSA and 100 ng HRP-streptavidin/ml at room
temperature for 1 h. Membranes were washed 5–10 times with the buffer
and then developed with enhanced chemiluminescence reagent.

7.5. DEVD-afc Cleavage Activity
Cells were pelleted by centrifugation at 1000g, resuspended in PBS, and

recentrifuged. Cells were solubilized in ice-cold active caspase-3 ELISA
extraction buffer without urea and protease inhibitors at 1 × 107p mL.
Extracts were kept on ice for approx 30 min prior to starting the assay.
Immediately before starting the assay, 1 M DTT was added to each sample
to a final concentration of 10 μM. Aliquots of 90 μL of cell extract were
pipetted into a 96-well plate and the assay was started by addition of 10 μL
of 1 mM DEVD-afc in DMSO. Fluorescence was monitored every 40 s for
15 min using a fluorescent plate reader (SpectraMAX GeminiXS, Molecu-
lar Devices) using wavelengths of 400 nm for excitation, 505 nm for emis-
sion, and 495 nm for emission cutoff. Results are expressed as the rate of
fluorescence generation. Fluorescence increased linearly with all samples.

7.6. Preparation of Cell Extracts and Conditions
for Active Caspase ELISA

Preparation of cell extracts and ELISA conditions were as described in
the package insert provided with the active-caspase-3 and active caspase-7
ELISAs. Briefly, after inducing apoptosis and culture with 10 μM bzVKD-
fmk, cells and culture medium were transferred to a tube and centrifuged at
room temperature at 1000g for 5 min. The cell pellet was rinsed with 1 mL
PBS per 107 cells, centrifuged, and then cells were solubilized in extraction
buffer (extraction buffer and diluents were made as described in or provided
with the active caspase kits) containing 6 M urea, 25 μg/mL leupeptin, 25
μg/mL pepstatin, 3 μg/mL aprotinin, and 100 μM PMSF at 107 cells/mL by
vortexing for 1 min at room temperature. Extracts were stored overnight at
4°C before placing at –20°C for longer storage. Samples were diluted with
calibrator diluent and 100 μL of sample were incubated in wells of anti-
body-coated microtiter plates for 2 h at room temperature. Wells were
washed 5 times with wash buffer and 100 μL of HRP-streptavidin were then
added to each well. After 1 h wells were washed 5 times with wash buffer
and 100 μL of color reagent were added to each well. After 30 min, color
development was terminated by addition of 100 μL of stop solution to
each well. Plates were read on a Molecular Devices Thermomax Microplate
reader. Optical density at 450 nm was determined using 540 nm as a refer-
ence wavelength.
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7.7. Recovery of Captured Polypeptides
To identify the biotinylated proteins that were captured by the caspase-7

capture antibody coated on the plates, 3 × 107 Jurkat cells were incubated
for the indicated times with 1 μM STS. bzVKD-fmk was then added to the
medium to give a final concentration of 10 μM. After 1 h, cells were washed
with PBS, solubilized in 1 mL of extraction buffer (extraction buffer and
diluents were made as described in or provided with the active caspase kits)
containing 6 M urea and protease inhibitors and stored overnight at 4°C.
Extracts were diluted with 4 mL ELISA calibrator diluent and incubated for
2 h at room temperature in a 6-well dish coated with caspase-7 capture antibody.
Captured material was washed 4 times with ELISA wash buffer and then 1 time
with PBS. Captured proteins were solubilized directly into 200 μL SDS sample
buffer. Captured proteins were separated by SDS-PAGE, and transferred to
immobilon membranes (Millipore) that were subsequently incubated with HRP-
streptavidin or anti-caspases-7 LSU or anti-caspase-7 SSU.
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