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Preface to the Series
When the President of Humana Press first suggested that a series on

methods in the neurosciences might be useful, one of us (AAB) was quite
skeptical; only after discussions with GBB and some searching both
of memory and library shelves did it seem that perhaps the publisher
was right. Although some excellent methods books had recently
appeared, notably in neuroanatomy, it was a fact that there was a dearth
in this particular field, a fact attested to by the alacrity and enthusiasm
with which most of the contributors to this series accepted our invi-
tations and suggested additional topics and areas. After a somewhat
hesitant start, essentially in the neurochemistry section, the series has
grown and will encompass neurochemistry, neuropsychiatry, neurol-
ogy, neuropathology, neurogenetics, neuroethology, molecular
neurobiology, animal models of nervous disease, and no doubt many
more “neuros.” Although we have tried to include adequate methodo-
logical detail and in many cases detailed protocols, we have also tried
to include wherever possible a short introductory review of the
methods and/or related substances, comparisons with other methods,
and the relationship of the substances being analyzed to neurological
and psychiatric disorders. Recognizing our own limitations, we have
invited a guest editor to join with us on most volumes in order to
ensure complete coverage of the field. These editors will add their
specialized knowledge and competencies. We anticipate that this series
will fill a gap; we can only hope that it will be filled appropriately and
with the right amount of expertise with respect to each method,
substance or group of substances, and area treated.

Alan A. Boulton
Glen B. Baker
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Preface
Neuronal loss that occurs in the central nervous system as a

result of injury or neurodegenerative diseases is a devastating
problem because of the lack of regenerative ability of the human
body to functionally replace these neurons. Although there is
promise of eventual replacement of these lost neurons through stem
cell technology, inhibition of neuronal cell death in many instances
would also provide a chance to reestablish their function.  In many
neurodegenerative diseases, however, there is no clear under-
standing of the cell death mechanism. Considerable debate focuses
on whether these neurons undergo apoptosis, necrosis, or another
yet undefined mode of cell death. The enigma is complicated
by cell-type and by insult- and species-specific mechanisms of
neuronal cell death. It is obvious that the identification and
characterization of the mechanism of neuronal cell death can
be resolved only through extensive research of the several types
of neurons. Only when a fundamental understanding of the mecha-
nisms of neuronal demise is achieved will we be in a position to
identify the key pathways involved in human neurodegenerative
diseases.

Since publication of the first edition of the Apoptosis Techniques
and Protocols in 1997, the study of apoptotic mechanisms has
boomed, and a number of key proteins involved in neuronal
apoptosis have been identified. It has become clear that Bax and
the family of caspases that is regulated through mitochondrial
cytochrome-c release or through an extrinsic receptor-mediated
pathway are key pro-apoptotic regulators of neuronal cell death.
The first three chapters of this book present comprehensive
technical approaches to study Bax (Hsu and Smaili), cytochrome-c
(Ethell and Green), and caspases (Bounhar, Tounekti, and LeBlanc)
in neurons. The following two chapters describe two methods, viral
infections (Maguire-Zeiss, Bowers, and Federoff) and micro-
injections (Zhang and LeBlanc), to assess the importance of
apoptotic proteins in cultures of primary neurons and in brain.
Though key regulators of apoptosis have been uncovered,
undoubtedly there are additional factors involved in neuronal
apoptosis. Therefore, we must continue to search for proteins that
may be responsible for neuronal loss in neurodegenerative



diseases. DNA microarray assay is one of the current techniques
used to identify differentially expressed genes in human disease
(Eastman and Loring) and in transgenic mice models of neuro-
degeneration (Tucker and Estus) . These chapters provide helpful
insight into the design of an appropriate experimental protocol
and in the interpretation of data from these microarrays. It is
evident that as pro-apoptotic proteins are discovered, inhibitors
of their functions in neuronal apoptosis must be sought. Berry
and Ashe describe the role of differentially expressed G3PDH as
an early marker of apoptosis and how one can isolate drugs against
such pro-apoptotic molecules.

Though extensive research on apoptosis is performed
and key mechanisms provided for many cell types, these do
not necessarily apply to neurons. Indeed, we must consider the
very specialized architecture of the neuron. Neurons are
compartmentalized and polarized cell types. It is possible
that specific pathways of apoptosis may be restricted to a
specialized compartment of these cells and that activation of certain
apoptotic mechanisms could result in cellular dysfunction prior
to complete cell death. It has recently been proposed that the
apoptotic process may occur in synapses. The technical and
theoretical aspects of neuronal compartmentalization and the
study of synaptosis are explained in the next two chapters,  by
Campenot and colleagues and by Cole and Gylys.

As we define the mechanisms of apoptosis that regulate cell
death of neurons in cultures, it is essential to extend the studies to
the brain tissue of individuals who have suffered from neuro-
degenerative diseases. It is hoped that this will lead to the identi-
fication of key processes that may eventually be controlled to
prevent neuronal demise. The chapters by Roth on in situ detection
of apoptosis and Smith and colleagues on the role of oxidative
stress and apoptosis in Alzheimer’s disease describe technical
approaches associated with in situ detection of apoptosis.

The field of apoptosis research has grown exponentially in
the past few years, and it would be impossible to describe each
aspect of apoptosis as it applies to neurons. The importance of
signal transduction pathways, transgenic animal models to study
apoptosis, the other Bcl-2 family members, and the role of cell
cycle gene expression in neuronal apoptosis has not been addressed
in this book. These are equally important aspects of neuronal
apoptosis.

viii Preface



Apoptosis Techniques and Protocols, Second Edition is intended
to provide a handbook for the laboratory as well as a description of
the limitations and advantages of the techniques proposed. I hope
that it will be useful to both new and seasoned investigators who
have an interest in unraveling the molecular mechanisms of
neuronal cell death.

Andréa C. LeBlanc

Preface ix
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From: Neuromethods, Vol. 37:  Apoptosis Techniques and Protocols, 2nd Ed.
Edited by: A. C. LeBlanc @ Humana Press, Inc., Totowa, NJ

Molecular Characterization
of the Proapoptotic Protein Bax

YYYYYi-Ti-Ti-Ti-Ti-Te Hsu and Sore Hsu and Sore Hsu and Sore Hsu and Sore Hsu and Soraaaaayyyyya Smailia Smailia Smailia Smailia Smaili

1. Introduction

Bax is a proapoptotic member of the Bcl-2 family. Members of
this family can promote either cell survival, as in the case of Bcl-2
and Bcl-XL, or cell death, as in the case of Bax and Bak. Bax was
first identified as a Bcl-2 binding partner by immunoprecipitation
(1). Subsequently it was shown that overexpression of Bax can accel-
erate cell death in response to various apoptosis stimuli (2). Physio-
logically, Bax plays an important role in neuronal development and
spermatogenesis. Animals that are deficient in Bax have increased
number of neurons and the males are known to be sterile (3,4).
Under pathological conditions such as cerebral and cardiac ische-
mia, upregulation of Bax has been reported in the afflicted area of
the tissues, implicating the participation of this protein in pro-
moting neuronal and cardiomyocytic cell death (5–7). In certain
cases of human colorectal cancer, mutations were found in the
gene encoding Bax, suggesting that inactivation of Bax promotes
tumorigenesis by enabling the tumor cells to be less susceptible
to cell death (8).

Structurally, Bax, like other members of the Bcl-2 family, shares
a common feature of having three conserved regions known as the
BH (Bcl-2 homology) domains 1–3 (9,10) (see Fig. 1). These domains
have been shown to be important for the apoptosis regulatory
functions of these Bcl-2 family proteins. In addition, Bax and a
number of Bcl-2 family members also possess a hydrophobic seg-
ment at their carboxyl terminal ends. For Bcl-2, this hydrophobic
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segment is required for anchoring the protein to various organelles,
including endoplasmic reticulum, mitochondria, and nuclear outer
membranes (11,12). The three-dimensional structures of the Bax and
its pro-survival antagonist Bcl-XL have recently been deciphered
(13,14). These two proteins appear to share a significant structural
homology with the translocation domain of diphtheria toxin, espe-
cially at a helical loop domain formed by α-helices 5 and 6. This
particular domain of diphtheria toxin has been shown to insert
into lipid bilayer to form pores (15–17).

In healthy cells, Bax is predominantly a soluble monomeric pro-
tein (18–20) despite the fact that it posseses a C-terminal hydro-
phobic segment. This hydrophobic domain, unlike those of Bcl-2
and Bcl-XL, is sequestered inside a hydrophobic cleft (13). Upon
the induction of apoptosis by a variety of agents, a significant frac-
tion of Bax was observed to translocate from the cytosol to the
membrane fractions, in particular, the mitochondrial membrane
(18,20–28). This translocation process appears to involve a con-
formational change in Bax leading to the exposure of its C-termi-
nal hydrophobic domain (21,29). Deletion of the Bax C-terminal
hydrophobic domain abrogated the ability of the mutant protein
to translocate to mitochondria and greatly attenuated its ability to
promote cell death (21). On the other hand, point mutations of Bax
that target the expressed proteins to mitochondria greatly increased
Bax toxicity (29). The translocation of Bax to mitochondria is asso-
ciated with the release of cytochrome-c and the loss of mitochon-
drial membrane potential (30–32). These phenomena may be
related to the recent observations that Bax can form ion channels
or pores in mitochondrial membranes (33,34) and that it can also
modulate the activity of the mitochondrial permeability transition
pores through binding to the pore components VDAC channel
(35) or adenine nucleotide translocase (36). Cytochrome-c activates
caspase-3, leading to the proteolysis of the cell (37), while the loss
of mitochondrial membrane potential results in a decrease in cellu-
lar energy production. The proapoptotic activity of Bax, however,
can be counteracted by co-expression with pro-survival factors Bcl-2
and Bcl-XL, which can block Bax translocation to mitochondria dur-
ing apoptosis (24,38).

In this chapter, we describe the methodology we employ to study
the translocation of Bax during apoptosis. Specifically, we will detail
the techniques involved in the tracking of intracellular Bax distri-
bution and Bax immunoaffinity purification.
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2. Methods

2.1. Determination of Bax Intracellular Localization2.1. Determination of Bax Intracellular Localization2.1. Determination of Bax Intracellular Localization2.1. Determination of Bax Intracellular Localization2.1. Determination of Bax Intracellular Localization

The intracellular distribution of Bax in healthy cells and in cells
undergoing apoptosis can be determined by subcellular fraction-
ation, green fluorescent protein tagging, and immunofluorescence
microscopy using anti-Bax antibodies.

2.1.1. Localization of Bax by Subcellular Fractionation
During apoptosis, a significant fraction of Bax has been shown

to translocate from the cytosol to membranes, in particular mito-
chondrial membranes. This can be shown by subjecting healthy
or apoptotic cells to hypotonic lysis, Dounce homogenization, and
differential centrifugation. The resulting protein samples are then
analyzed by Western blotting with anti-Bax antibodies.

1. Treat the cells of choice with the desired apoptosis inducer.
Typically, we treat thymocytes with 1 µM dexamethasone and
HL 60 promyelocytic leukemia cells with 1 µM staurosporine.

2. Collect the cells, pellet them by centrifugation, and wash them
with the culture medium minus fetal bovine serum.

3. Resuspend the cells in the lysis buffer (10 mM HEPES, pH 7.4,
38 mM NaCl, 25-µg/mL phenylmethylsulfonyl fluoride, 1-µg/
mL leupeptin, and 1-µg/mL aprotinin) at a cell density of 1–5 ×
107 cells/mL. Incubate the mixture on ice for 15 min.

4. Homogenize the cells in a Dounce homogenizer until greater
than 95% of the cells are broken. Centrifuge the lysate at 900g
to pellet the nuclei in a Sorval SA-600 rotor. Save the pellet.

5. Centrifuge the postnuclear supernatant at 130,000g in a Beck-
man Ti 80 rotor to pellet the membranes.

6. Resuspend both the nuclear and crude membrane pellets with
lysis buffer equal to the volume of the supernatant.

7. Analyze the protein samples by a 12% sodium dodecyl sulfate
(SDS) polyacrylamide gel, followed by Western blotting analy-
sis with an anti-Bax antibody. Typically, we transfer the pro-
tein samples from the SDS gel onto Immobilon-P membranes
(Millipore) in Tris-glycine buffer containing 10% methanol. The
membranes are blocked in the blocking buffer (phosphate-buf-
fered saline [PBS] containing 5% fetal bovine serum and 0.05%
Tween-20) for 90 min. The blots are then incubated in the pri-
mary antibody (1/10 dilution in the blocking buffer) for 45 min,
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washed in 0.05% Tween/PBS, and further incubated with the
horseradish peroxidase-conjugated sheep anti-mouse Ig sec-
ondary antibody (Amersham Pharmacia Biotech) for 30 min.
The blots are washed with 0.05% Tween/PBS and then with
PBS and developed by the ECL chemiluminescent method (Amer-
sham Pharmacia Biotech). Figure 1 is an example of the sub-
cellular fractionation of murine thymocytes treated for 2 and
4 h with 1 µM dexamethasone.

2.1.2. Tracking Bax Movement by GFP Tagging
The tagging of green fluorescent protein (GFP) to Bax allows

us to monitor the intracellular redistribution of Bax during apop-
tosis. To carry out this study, we subcloned the gene encoding
human Bax into the 3' end of a GFP expression vector. This GFP/
Bax fusion construct can then be transfected into mammalian cells
for visualization by confocal or fluorescence microscopy. By stain-
ing the transfected cells with Mitotracker Red, tetramethylrhod-
amine ethyl ester (TMRE), or bis-benzamide, one can simultaneously
track Bax localization with respect to mitochondrial distribution,
mitochondrial membrane potential, and nuclear morphology.

Fig. 1. Bax translocates from the cytosol to membranes during apop-
tosis. Methods: Apoptosis was induced in murine thymocytes by the addi-
tion of 2 µM dexamethasone. Untreated cells and cells incubated for 2 h
and 4 h with dexamethasone were hypotonically lyzed, homogenized
with a Dounce homogenizer, and separated into soluble protein (S), high-
speed membrane pellet (M), and nuclear fractions (N) by differential cen-
trifugation. The protein samples were analyzed by Western blotting with
anti-murine Bax 5B7 and anti-murine Bcl-2 10C4 monoclonal antibodies.
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2.1.2.1. GENERATION OF GFP-BAX CONSTRUCTS

1. PCR human Bax from human Bax in BS plasmid (gift of Dr. Stanley
Korsmeyer) with flanking primers containing the appropriate
restriction sites for subcloning into the C3-EGFP vector (Clon-
tech). Typically, we insert the PCR fragment between the Hind
III and Eco RI sites in the polycloning regions of the vector. To
make Bax mutants, one can apply a two-step polymerase chain
reaction (PCR) strategy by using two internal primers contain-
ing the desired mutation sites. Digest both the PCR fragment and
the vector with restriction enzymes and then ligate them together
using the Rapid DNA Ligation Kit (Boehringer Mannheim).

2. Transform Escherichia coli with the ligated products and plate
out the cells onto LB agar plates containing 30 µg/mL kanamy-
cin. Pick 12 colonies, grow them up overnight in LB containing
30 µg/mL kanamycin, and do a miniprep on each culture using
the Wizard Plus Minipreps DNA purification system (Promega).
Digest 8 µL of the plasmid preparations with the restriction
enzymes and analyze the digested samples over a 1.5% agarose
gel.

3. For a clone that contains the correct insert (as determined by
restriction digest and DNA sequencing), prepare a 200-mL cul-
ture and carry out a large-scale plasmid DNA preparation using
the Qiafilter Maxiprep kit (Qiagen). Resuspend the final DNA
pellet in 400 µL sterile Tris ethylenediamine tetraacetic acid (TE)
buffer, take a small aliquot (10 µL diluted in 490 µL TE) and
determine DNA concentration by measuring the A260 of the sam-
ple. Typically, for the plasmid DNA, an A260 reading of 1 equals
50 µg/mL DNA. Store plasmid DNA samples at −70ºC.

2.1.2.2. TRANSFECTION AND VISUALIZATION

OF GFP-BAX CONSTRUCTS

1. Cells to be transfected are grown in 2-well chamber slides
(Nalgene) pretreated with 5-µg/mL poly-L-lysine. Typically,
we use L929 and Cos-7 green monkey kidney epithelial cells
(ATCC) for our studies and they are maintained in minimum
essential and Dulbecco’s modified Eagle media (Life Technolo-
gies), respectively. The cells are cultured at 37ºC in 5% CO2 and
split twice weekly using 0.05% trypsin/0.02% versene (Biofluids)

2. Transfect the cells with 0.5 µg C3-GFP-Bax plasmid DNA per
well with lipid reagents using the protocols described by the
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manufacturers. We have tested a number of transfection reagents,
including LipofectAmine (Invitrogen), FuGENE (Roche), and
Superfect (Qiagen) and found them to be all suitable for trans-
fecting GFP-Bax into Cos-7 and L929 cells. For co-transfection
studies to determine how expression of other proteins (i.e., Bcl-
2 and Bcl-XL) affect Bax translocation, we generally use 0.5 µg
GFP-Bax plasmid with 1.5 µg of the plasmid encoding the pro-
tein of interest. It may be necessary first to determine the opti-
mal amount of lipid reagents to use in different cell types. After
transfection, incubate the cells overnight at 37ºC in 5% CO2.

3. Prepare the cells for microscopy by washing the cells one time
with the growth medium and stain the cells with 20 ng/mL
mitochondrial-specific dye Mitotracker Red CMXRos (Molecu-
lar Probes) and/or 100 ng/mL bis-benzamide for 30 min. The
cells are then subjected to treatment with an apoptosis inducer.
We commonly use 0.5–1 µM kinase inhibitor staurosporine to
induce apoptosis in Cos-7 and L929 cells.

4. Visualize the cells over a fluorescence or confocal microscope
(Fig. 2). In our studies, we use a Zeiss LSM 410 microscope with
a 40 × 12 NA Apochromat objective. The 488- and 568-nm lines
of a krypton/argon laser are used for excitation of GFP and Mito-
tracker, respectively. The 364-nm line of an argon laser is used
for excitation of bis-benzamide.

2.1.2.3. SIMULTANEOUS TRACKING OF BAX LOCALIZATION

AND MITOCHONDRIAL MEMBRANE POTENTIAL

1. For simultaneous measurements of Bax localization and move-
ment and mitochondrial membrane potential (∆Ψm), cells are
plated on polylysine-coated cover slips. These cover slips are
removed from culture dishes right before the experiment and

Fig. 2. Mitochondria are the primary sites for Bax insertion during apop-
tosis. (A) Bax translocation from the cytosol to mitochondria is an early
event in apoptosis. Methods: Cos-7 cells transfected with GFP-Bax were
treated with 1 µM staurosporine and tracked over time by confocal micros-
copy. The two GFP-Bax expressing Cos-7 cells in the observation field
initially displayed a green diffuse pattern indicative of its cytosolic local-
ization. Upon apoptosis induction by staurosporine, GFP-Bax shifts from
a diffuse cytosolic pattern to a punctate pattern (panels a–e). The Cos-7
cells were also stained with 100 ng/mL of the nuclear stain bis-benzamide
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(shown in blue). Nuclear fragmentation associated with apoptosis was
not observed until a much later time after GFP-Bax insertion (panel f).
(B) Membrane-bound GFP-Bax co-localizes with mitochondria during
apoptosis. Methods: Cos-7 cells transfected with GFP-Bax were treated
with 1 µM staurosporine to induce apoptosis. The cells were stained with
20 ng/mL Mitotracker Red CMXRos and examined 4 h later by laser con-
focal microscopy at the appropriate wavelengths for GFP (a) and Mitotracker
(b). The two images were then overlaid (c) to show that a majority of the
punctate GFP-Bax is localized to the mitochondria.
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placed in a Leiden chamber and washed with the microscopy
buffer (130 mM NaCl, 5.36 mM KCl, 0.8 mM MgCl2, 1.5 mM
CaCl2, 1 mM Na2HPO4, 2.5 mM NaHCO3, 25 mM glucose, 20 mM
HEPES, 1 mM Na-pyruvate, 1 mM sodium ascorbate, pH 7.3)
before visualization.

2. For membrane potential change (∆Ψm) measurements, cells are
loaded with 25–50 nmol of TMRE (Molecular Probes), which
is a cationic potentiometric dye that accumulates preferentially
in energized mitochondria driven by ∆Ψm. TMRE is rapidly and
reversibly taken up by live cells, and provides a quantitative
and qualitative measure of ∆Ψm changes.

3. Acquire fluorescence images using a microchannel plate inten-
sifier with a CCD camera (Fig. 3). For simultaneous measure-
ments of GFP-Bax movement and ∆Ψm with TMRE, images are
acquired using a filter set fitted with a dual-band dichroic
mirror (520 and 575 nm) and bandpass filters (520 and 600 nm,
40 nm full width at half-maximum transmission; Chroma Tech-
nologies). Cells are excited through alternating narrow-band-
pass filters with excitation wavelengths for GFP (485 nm) and
TMRE (530 nm). Images are acquired every 120 s, with the image
intensifier gain being independently adjusted for the two fluo-
rophores by computer control.

2.1.3. Visualization of Bax
by Immuofluorescence Microscopy

With the availability of high-quality anti-Bax antibodies, it is pos-
sible to monitor Bax localization in a Bax overexpression system
and in cell lines that express relatively high levels of endogenous
Bax. We found that the N-terminal end of Bax appears to be the
most readily accessible site for antibody binding across different
species. For human Bax, two anti-Bax antibodies 1F6 (a.a. 3–16)
and 6A7 (a.a. 12–24) have been used successfully for the immu-
nohistochemical labeling of Bax (29).

1. Treat the cells grown in chamber slides with or without the
apoptosis inducer for designated time periods.

2. Wash the cells 3X with PBS and fix them in freshly prepared
3% paraformaldehyde in PBS for 10 min.

3. Wash the fixed cells again 3X with PBS and permeabilize the
cells in 0.15% Triton X-100 or 0.04% saponin in PBS for 15 min.
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Fig. 3. The loss of mitochondrial membrane potential is associated with
Bax translocation to mitochondria. Methods: Healthy Cos-7 cells express-
ing GFP-Bax were stained with TMRE for mitochondrial membrane poten-
tial visualization. These cells were treated with 1 µM staurosporine and
the fluorescence patterns of GFP-Bax (rows 1 and 2) and TMRE (rows 3
and 4) were simultaneously monitored over time (shown on the upper
right-hand corner) with a CCD camera. For this particular experiment, the
cell on the right is transfected with GFP-Bax while the two cells on the
left represent untransfected cells. The two untransfected cells are not
visible in the top two rows showing GFP-Bax fluorescence but can be
seen in the lower two rows for TMRE staining. As shown in the upper
two rows, GFP-Bax shifted from a diffuse cytosolic state to a punctate
mitochondrial-bound localization upon the induction of apoptosis by
staurosporine. In terms of mitochondrial membrane potential change
during apoptosis, the presence of GFP-Bax promoted the loss of mito-
chondrial membrane potential in the transfected cell as indicated by a
decrease in the TMRE fluorescence over time (rows 3 and 4). This loss in
mitochondrial membrane potential appeared to have occurred concomi-
tantly with GFP-Bax translocation to mitochondria. There was very little
loss of TMRE fluorescence in the two untransfected cells on the left within
the time frame examined.
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4. Block the cells for 30 min in the blocking buffer (10% fetal bovine
serum in PBS).

5. Incubate the cells with 1 mL anti-Bax antibodies 1F6 or 6A7
(1/2 dilution in 2% fetal bovine serum) for 1 h.

6. Wash the cells 3X with PBS at 10-min intervals and incubate
the cells in rhodamine-labeled goat anti-mouse IgG (1/200 dilu-
tion in PBS/5% fetal bovine serum). Wash the cells 3X at 10-min
intervals. Mount the slides with SlowFade antifade kit (Molec-
ular Probes) and visualize the stained cells by fluorescence or
confocal microscopy.

2.2. Immunoprecipitation of Bax2.2. Immunoprecipitation of Bax2.2. Immunoprecipitation of Bax2.2. Immunoprecipitation of Bax2.2. Immunoprecipitation of Bax

Since Bax is present in relatively low quantities inside the cell,
affinity purification represents an important means for the bio-
chemical characterization of this protein. In our laboratory, we
routinely carry out the immunoaffinity purification of Bax using
monoclonal antibodies. To date, we have generated six different
anti-Bax monoclonal antibodies. These antibodies were raised
against synthetic peptides corresponding to different regions and
species of Bax (see Table 1). The use of synthetic peptides as immu-
nogens enables us to predetermine the epitopes of these antibodies.
Four of the antibodies that we have raised are directed against the
N-terminal regions of human, mouse, and rat Bax, and they are

Table 1
Generation of Anti-Bax Monoclonal Antibodies

Epitope
Antibody (amino acid) Species crossreactivity

mBax 5B7 3–16 Mouse
uBax 6A7 12–24 Mouse, human, rat, cow, and monkey
uBax 2C8 43–62 Mouse, human, rat, cow, and monkey
rBax 1D1 3–16 Rat
hBax 1F6/2D2 3–16 Human, bovine, monkey
hBax 1H2 43–62 Human, bovine, monkey

Methods. Anti-Bax monoclonal antibodies were generated by immunizing mice with
synthetic peptides corresponding to different regions and species of Bax. Spleno-
cytes taken from immunoreactive mice were then fused with NS-1 myeloma cells.
The resulting hybridomas were then screened by ELISA with glutathione S-trans-
ferase (GST)-Bax fusion proteins and the species crossreactivities of the antibodies
were determined by Western blotting.
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the primary antibodies that we use for immunoprecipitation. Their
epitopes, species specificity, and known applications are shown
in Table 1. Immunoprecipitation of Bax involves the purification
of anti-Bax antibodies from ascites fluids, conjugation of the anti-
body to Sepharose beads, incubation of the antibody beads with
the cell lysate, and elution of the bound proteins.

2.2.1. Generation of Anti-Bax Monoclonal Antibodies
1. Design appropriate peptides of 12–18 amino acids in length for

immunization. Generally we choose regions that are relative
hydrophilic. All peptides we have synthesized have a cysteine
residue at the N-terminal end to enable their conjugation to a
carrier protein, in this case, keyhole limpet hemocyanin. We
have synthesized six different peptides corresponding to dif-
ferent regions and species of Bax (see Table 1).

2. Mix 3 mg peptides (in 300 µL PBS) with 300 µL maleimide acti-
vated keyhole limpet hemocyanin (10 mg/mL; Pierce) and incu-
bate at room temperature for 2 h. Load 600 µL of the conjugated
product onto a PD-10 column that has been pre-equilibrated
with PBS. This step removes unconjugated peptides and EDTA
from the mixture. Continue to wash the column with PBS and
collect 0.6-mL fractions. Generally, we collect 10 fractions and
pool fractions 5–9. The pooled samples are aliquoted into 0.4-
mL portions and stored at −20ºC.

3. Immunize Balb/c mice intraperitoneally or subcutaneously
every 3 wk with the peptide/KLH conjugate. Mix the immu-
nogens 1/1 with Ribi’s adjuvant (Corixa). Inject approximately
100 µL of the mixture per mouse (4 mice per peptide sample).

4. After the third or fourth injection, tail-bleed the mice and col-
lect blood with heparin-coated capillary tubings. Let blood
samples sit at room temperature for 1 h. Spin down the blood
cells and collect the sera.

5. Assay the sera by Western blotting with cell lysate containing
Bax. For the immunoreactive mouse, wait 1 mo, and do a final
boost with 100 µL peptide conjugate, either intraperitoneally
or intravenously.

6. Five days after the final boost, sacrifice the mouse, remove
the spleen, and prepare splenocytes. Wash the splenocytes 3X
with Iscove’s medium to remove the serum. Count the cells.
Generally, one gets 2–3 × 108 cells per spleen. Resuspend the
splenocyte pellet in 10 mL Iscove’s medium.
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7. Collect NS-1 myeloma cells by centrifugation and count the
number of NS-1 cells required for fusion. Generally, one needs
7–10 spleen cells per NS-1 cell.

8. Wash the NS-1 cells 3X with Iscove’s medium to remove the
serum and resuspend the final pellet in 10 mL Iscove’s medium.

9. Pool the splenocytes with NS-1 cells and spin them down.
Remove most of the liquid but leave about 100 µL behind. Resus-
pend the cell pellet by gentle tapping and fuse the cells with
PEG (1500 daltons). Add 1 mL polyethylene glycol (PEG) (37ºC)
to the cell suspension over 30 s. Rotate the sample for 30 s and
let it sit for another 30 s. Add 1 mL Iscove’s medium over 60 s
and another 4 mL over 30 s. Let the mixture sit for 2–3 min.

10. Spin down the cells and resuspend the pellet in 150 mL Iscove’s
medium containing 20% fetal bovine serum and 1X hypoxan-
thine, aminopterine, and thymidine (HAT).

11. Pipet 100 µL cell suspension per well into 96-well plates (about
15 plates) using a multichannel pipetter. On the third day, add
another 100 µL of the growth medium into each well.

12. Screen for positive hybridoma cells on d 10 by ELISA. The ELISA
plates are prepared by coating the microtiter plates (Falcon)
with GST/Bax fusion proteins containing the specific peptide
sequence used to immunize the mice. ELISA is carried out by
blocking the wells with 2% fetal bovine serum in PBS for 1 h.
The plates are then incubated with 100 µL culture superna-
tant (1/3 dilution in the blocking buffer) for 1 h and washed
4X with PBS. Following a 1-h incubation with 100-µL/well
horseradish peroxidase-conjugated sheep anti-mouse Ig sec-
ondary antibody (1/1000 dilution; Amersham), the plates are
washed and developed by the addition of ABTS peroxidase
substrate solution (100 µL/well; Kirkegaard & Perry Labora-
tories). The positive wells turn dark green in color.

13. Further verify the ELISA positive clones by Western blotting
analyses of the ELISA-positive culture fluids with Immobilon
membrane strips containing Bax.

14. Subclone positive hybridoma cells in 96-well plates (0.5–2.5 cells/
well) in the presence of spleen feeder cells. After 10 d, rescreen
the clones by ELISA and Western blotting.

15. Select cells from positive wells containing single hybridoma
colonies and expand these clones gradually. Once 6-well plate
stage is reached, replace HAT with hypoxanthine and thymi-
dine (HT) and amplify the cells in 10-cm plates.
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16. Freeze down the amplified hybridoma cells in liquid nitrogen
once sufficient cells have been grown. Culture supernatant
from these cells can be used for Western blotting and immuno-
fluorescence labeling studies.

17. Generate ascites fluid by priming mice with 0.5 mL pristane and
injecting 2 × 106 hybridoma cells a week later. Collect ascites
fluids in 10–14 d.

2.2.2. Preparation of Anti-Bax Monoclonal Antibody Beads

2.2.2.1. PURIFICATION OF MONOCLONAL

ANTIBODIES FROM ASCITES FLUID

1. Remove precipitates from ascites fluid by centrifugation at 8000
rpm in a Sorvall SA 600 rotor for 10 min at 4ºC.

2. Dilute ascites fluid 1/2 with PBS and mix it with equal volume
of ice-cold saturated ammonium persulfate. Stir on ice for 10 min
and let it sit for an additional 10 min on ice.

3. Pellet the antibody by spinning the sample at 8000 rpm for
15 min in a Sorvall SA 600 rotor.

4. Resuspend the pellet in 10 mM Tris, pH 7.9 (same volume as the
PBS-diluted ascites fluid) and dialyze against 4 changes of 10 mM
Tris, pH 7.9 (2 L each, and change the buffer solution every 4 h).

5. After dialysis, spin down the precipitated material by centrifu-
gation at 8000 rpm for 10 min using a Sorvall SA 600 rotor. Load
the supernatant onto a DEAE Sephacel anion-exchange column
(Amersham Pharmacia Biotech) equilibrated with 10 mM Tris,
pH 7.9. Typically we use 2 mL DEAE beads per milliliter of ascites
fluid.

6. Wash the column extensively with the equilibration buffer and
elute the antibodies off the column with a 0–0.3 M NaCl gradi-
ent (15 column volumes per buffer chamber).

7. Collect 1–2-mL fractions and determine the A280 of the anti-
body solution. Antibodies should be eluted within the first major
A280 peak.

8. Analyze the peak fractions by a 10% SDS polyacrylamide gel.
The samples should be boiled in a loading gel buffer contain-
ing β-mercaptoethanol. Stain the gel with Coomassie blue to
visualize the antibody bands. Generally, one should see two
major bands with molecular weights of 50 and 25 kDa, corre-
sponding to the heavy and light chains of the antibody. Pool
the peak antibody fractions.
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2.2.2.2. COUPLING OF BAX ANTIBODIES TO SEPHAROSE BEADS

1. Dialyze the purified anti-Bax monoclonal antibodies against
2 L of 10 mM borate, pH 8.4, at 4ºC. Change the dialyzing solu-
tion every 6–8 h for a total of 4 times. Remove the precipitate
by centrifugation at 8000 rpm in a Sorvall SA 600 rotor. Deter-
mine the A280 of the sample. Typically, an A280 of 1.3 equals 1 mg/
mL for antibodies.

2. Weigh out appropriate amount of CNBr-activated Sepharose
4 B beads (Sigma). Generally, we couple 1–2 mg of antibody
per milliliter of beads. Soak the beads with the borate buffer
for 30 min. Wash the beads 3X with the borate buffer and then
mix the beads with the antibody solution. Gently rotate the
mixture overnight at 4ºC.

3. Spin the beads down and remove the supernatant. Check the
A280 of the supernatant. Typically, the coupling efficiency is >95%.
Block the unreacted sites on the beads by incubation with 20 mM
Tris, pH 8.4, 50 mM glycine, and 100 mM NaCl overnight. Spin
down the beads and wash them 3X with 20 mM Tris, pH 7.4.
The beads can now be used for immunoprecipitation.

2.2.3. Immunoprecipitation of Bax
from Detergent-Solubilized Membranes

1. Solubilize the cells of choice in 10 mM HEPES, pH 7.4, 150 mM
NaCl, 25 µg/mL phenylmethylsulfonyl fluoride (PMSF), and
1% detergent of choice (i.e., Triton X-100, Nonidet P-40, and
Chaps) at a concentration of 1–5 × 107 cells/mL.

2. Spin down the unsolubilized material at 12,000 rpm using a
Sorval SA 600 rotor.

3. Incubate 1–3 mL cell lysate with 150 µL antibody beads that
have been pre-equilibrated in the solubilization buffer. Allow
the incubation to proceed for 3 h at 4ºC with constant but gentle
rotations.

4. Spin the beads down, remove the supernatant, and wash the
beads extensively with 2 washes of 10 mL solubilization buffer.
Transfer the beads to a centrifugal filter unit (Millipore) and
remove the remaining solution by brief centrifugation in a
microfuge.

5. Elute Bax off the antibody beads with 180 µL of 0.1 M acetic
acid containing 0.3% detergent of choice and neutralize the
acid with 30 µL of 1 M Tris, pH 8.4.
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2.2.4. Immunoaffinity Purification of Bax from the Cytosol
1. Prepare soluble protein extracts of murine thymocytes (1 × 108/

mL in 10 mM HEPES, pH 7.4, 38 mM NaCl, 25 µg/mL phe-
nylmethylsulfonyl fluoride, 1-µg/mL leupeptin, and 1-µg/mL
aprotinin) by hypotonic lysis, Dounce homogenization, and
differential centrifugation as described under Subheading 2.1.1.
For the purification of human or bovine Bax, it is necessary to
exclude NaCl.

2. Load the lysate (180 mL) onto a 20-mL AF-heparin-650M column
equilibrated in the lysis buffer and collect the flow-through that
contains Bax. This step removes a significant amount of soluble
proteins from the extract.

3. Load the flow-through onto a 15-mL Fractogel EMD TMAE-
650M anion exchange column equilibrated in the lysis buffer.
Wash the column with 3 column volumes of the equilibration
buffer. This step concentrates Bax for immunoaffinity chroma-
tography while removing additional non–Bax soluble proteins
from the extract.

4. Elute the bound protein sample which contains Bax with 3 column
volumes of the elution buffer (lysis buffer with 125 mM NaCl).

5. Incubate the TMAE column eluant with 0.5 mL of anti-murine
Bax 5B7 monoclonal antibody beads for 3 h at 4ºC.

6. Remove the unbound proteins from the beads and wash the
beads extensively with 50 column volumes of the wash buffer
containing 150 mM NaCl.

7. Elute the bound Bax off the beads with 0.1 M acetic acid contain-
ing 0.1% Triton X-100. Collect 0.3-mL fractions and neutralize
with 40 µL of 1 M Tris, pH 8.4. Triton X-100 is needed for elution
because without the presence of a small quantity of detergent,
the acid-exposed Bax tends to stick to Sepharose beads. An alter-
native elution method is to incubate the beads with 0.1 mg/mL
synthetic peptides corresponding to the Bax antibody epitope.
This elution method will likely yield native Bax, but is more
expensive. The Bax purification procedure described here can pro-
duce relatively pure Bax preparations as shown in Fig. 4.

3. Discussion

In this chapter, we have described some commonly used pro-
tocols that we employ in our laboratory to characterize the pro-
apoptotic protein Bax using biochemical, immunological, and cell
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biological approaches. Our goal is to understand the molecular
mechanism by which Bax promotes cell death. The translocation
of Bax from the cytosol to mitochondria represents an important
mechanism by which Bax promotes cell death. Under Subhead-
ing 2.1., we described three different methodologies to examine
Bax translocation during apoptosis. Each of these methods has its
own advantages and disadvantages. The subcellular fractionation
approach is a simple method to detect Bax translocation. How-
ever, it cannot determine the percentage of cells in which Bax
translocation has occurred. In some cases, it may be difficult to
detect minor Bax translocation if the Western blotting techniques
are not performed optimally. Tagging GFP to Bax also represents
an extremely simple technique to examine Bax translocation. This
method has the advantage of allowing simultaneous monitoring
of mitochondrial and nuclear morphologies and mitochondrial
membrane potential. This approach, however, represents an over-
expression system. Depending on cell types, overexpression of GFP/
Bax may cause cell death. Thus, it is necessary first to optimize the
transfection condition to minimize cell toxicity. Finally, immuno-
fluorescence labeling with specific anti-Bax monoclonal antibodies
appears to be an excellent method to examine Bax translocation.
However, in certain cell types that express low levels of endogen-
ous Bax, it may be difficult to detect Bax since immunofluorescence
labeling is a less sensitive method compared to Western blotting.

The finding that Bax localization to mitochondria is essential
for its function suggests that it may mediate apoptosis through
specific mitochondrial receptors. Because Bax is present in low
quantities inside the cell, the challenge lies in the isolation of its
binding partner. To carry out this study correctly, it would be neces-
sary to perform a large-scale immunoprecipitation with anti-Bax
antibodies and analyze the immunoprecipitated products by Coo-
massie blue staining of the SDS polyacrylamide gels. Subsequently,
one would need to carry out a reverse immunoprecipitation with
antibodies against the Bax-binding protein and examine the asso-
ciation of these two proteins by Coomassie blue staining of the SDS
polyacrylamide gel and Western blotting. The detection of Bax
and its associated proteins following immunoprecipitation should
always involve Coomassie blue staining. If the detection of Bax-
binding protein is carried out by Western blotting only, one may
easily miss other Bax-binding protein. Also, another major diffi-
culty associated with identifying Bax-binding proteins is the fact
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that Bax, in the presence of nonionic detergents, can undergo a con-
formational change (19). This can lead to the exposure of its 6A7
antibody epitope and Bax homodimerization and heterodimer-
ization with Bcl-2 and Bcl-XL (Table 2). This nonionic detergent-
induced Bax dimerization could significantly decrease Bax interaction
with its actual binding partners if inappropriate detergents are used
during membrane solubilization. Due to these factors, identification
of Bax-binding partners by immunoprecipitation should be carried

Fig. 4. Purification of Bax from murine thymocytes. Methods: Bax was
purified from murine thymocyte soluble protein fraction by heparin affin-
ity, TMAE anion exchange, and immunoaffinity chromatography (with
anti-murine Bax 5B7 monoclonal antibody). The protein samples were
analyzed by SDS-polyacrylamide gel electrophoresis (top) and Western
blotting (bottom) analysis with anti-Bax monoclonal antibody 2C8. Lane
a, soluble murine thymocyte extract; lane b, flow-through from heparin
column; lane c, flow-through from TMAE anion-exchange column; lane d,
eluant from TMAE column; lane e, antibody column eluant.
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out with due diligence, and subsequent interpretation must be
examined with great care. Finally, one would need to supplement
the immunoprecipitation results with functional studies to prove
that this protein interaction modulates Bax function in apoptosis.

Taken together, the above-described techniques could prove
useful in studying the role of Bax in mediating cell death in differ-
ent cell types undergoing apoptosis.
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1. Introduction

In recent years substantial evidence has accumulated demon-
strating a central regulatory role for mitochondria in cell death
(1). More recently, mechanisms of cell death, through apoptosis,
have been elucidated and increasingly point toward mitochon-
dria as the gatekeepers of apoptosis. The morphological changes
that define apoptosis can be attributed to the actions of a family of
cysteinyl-dependent aspartate specific proteinases, called caspases
(2). Members of this highly conserved protein family are expressed
by all metazoan cells as zymogen proforms, which become acti-
vated by specific cleavage events that are usually mediated by
other caspases. That is, activated caspases can cleave and activate
other caspases, creating a cascade. The first caspases to become acti-
vated in this enzymatic cascade are called apical, or initiator caspases,
and contain large prodomains that facilitate their recruitment to
specialized macromolecular complexes. Once recruited to these
complexes, apical caspases become activated and this can quickly
lead to death of the cell through apoptosis. Therefore, the forma-
tion and regulation of these complexes are carefully regulated.
Of the two apical caspase cascades identified thus far, mitochon-
dria play a central role in one pathway and an amplification role
in the other.

One source of apical caspase activation is a cytoplasmic macro-
molecular complex called the apoptosome. Formation and activa-
tion of the apoptosome requires procaspase-9, Apaf-1, dATP/ATP
from the cytoplasm, and cytochrome-c from the intermembrane
space of mitochondria (3,4). Release of cytochrome-c and other
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proapoptotic components from mitochondria is a carefully regu-
lated step in apoptosis (5). The involvement of cytochrome-c in cas-
pase activation sparked the initial interest in this area, although it
has since been shown that release of SMAC/DIABLO from mitochon-
dria can affect caspase activity by inhibition of apoptosis proteins
(IAPs), causing a disinhibition of caspases (6,7). More recently, it
has been suggested that apoptosis-inducing factor (AIF) is released
from mitochondria and may regulate a new cell death pathway (8).

Cytochrome-c plays a key role in oxidative phosphorylation by
shuttling electrons between complexes III and IV of the electron-
transport chain. Although mitochondrial in location, it is encoded
on the cellular genome and translated in the cytoplasm as apocy-
tochrome-c. This immature form of cytochrome-c is not capable
of playing a role in the electron transport chain or initiating apop-
tosome formation. Apocytochrome-c is imported to the intermem-
brane space through the outer mitochondrial membrane (OMM).
Once inside the OMM, apocytochrome-c is covalently attached to
a heme group to form mature holocytochrome-c. Holocytochrome-
c is more globular and is trapped between the mitochondrial mem-
branes. However, proapoptotic stimuli can cause the release of cyto-
chrome-c and other proteins of the intermembrane space into the
cytoplasm by an as yet unknown mechanism. Once released from
mitochondria, cytochrome-c can interact with Apaf-1, which makes
Apaf-1 capable of recruiting procaspase-9, forming an apoptosome.
Association with Apaf-1 is required for caspase-9 activity, which
can then cleave caspase-3 (9). Once activated, caspase-3 can cleave
more caspases and other substrates throughout the cell.

Studies involving the regulation and activation of the mitochon-
dria–cytochrome-c pathway need to assess several key steps to estab-
lish activation. These steps can include, but are not limited to,

1. Subcellular localization of cytochrome-c—mitochondrial vs cyto-
plasmic

2. Caspase activation—caspase-3 cleavage and/or activity
3. Determination of apoptosis—morphological and biochemical

The subcellular localization of cytochrome-c can be accomplished
using immunocytochemistry or biochemistry. Each approach offers
many advantages and can be used to address the three points above.
Ideally, both approaches can be employed; however, due to the tech-
nical difficulties, it may be preferable to concentrate on doing one
well.
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2. Immunostaining
for Cytochrome-c and Bcl-2 Family Proteins

Many neuronal cultures are mixed populations of neurons and
glia, so cytochrome-c release in neurons may be more easily assessed
with immunostaining. Further, the same techniques can be used to
study whether there are changes in the subcellular localization of
proapoptotic Bcl-2 family members or other proteins of interest in
cell death research, such as SMAC and AIF. In addition, there are
no limitations on the selection of neurons for use in immunostain-
ing studies, as the cells remain on their culture substrate.

2.1. Advantages2.1. Advantages2.1. Advantages2.1. Advantages2.1. Advantages

The variety of antibodies specific for apoptotic machinery allows
for a thorough analysis of apoptosis, including nuclear morphol-
ogy and caspase-3 cleavage. 4'6-diamine-2 phenylindol (DAPI)-
stained nuclei fluoresce (blue) with UV excitation, allowing triple
staining with FITC (green) and Texas Red (red) conjugated secon-
dary antibodies. Further, phase contrast can be used to assess mor-
phological changes. Finally, terminal deoxynucleotidyl transferase-
mediated UTP nick and labeling (TUNEL) can be used to assess
DNA fragmentation, indicative of apoptosis.

2.2. Disadvantages2.2. Disadvantages2.2. Disadvantages2.2. Disadvantages2.2. Disadvantages

1. Requires access to a confocal microscope or a good fluores-
cence microscope.

2. Fluorescence will fade.

2.3. Reagents and Solutions2.3. Reagents and Solutions2.3. Reagents and Solutions2.3. Reagents and Solutions2.3. Reagents and Solutions

See Table 1.

2.4. Antibodies for Immunostaining2.4. Antibodies for Immunostaining2.4. Antibodies for Immunostaining2.4. Antibodies for Immunostaining2.4. Antibodies for Immunostaining

See Table 2.

2.5. Paraformaldehyde Fixative2.5. Paraformaldehyde Fixative2.5. Paraformaldehyde Fixative2.5. Paraformaldehyde Fixative2.5. Paraformaldehyde Fixative

1. Mix 4.0 g paraformaldehyde in ~60 mL H2O with one drop of
10 N NaOH.

2. Warm to no more than 60ºC, on a heating stir plate.
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Table 1
Reagents and Solutions for Immunostaining

Reagent   Catalog number Vendor

Bovine serum albumin (BSA) BP1605-100 Fisher
Chambered cover glass 155409 Nalge-NUNC
Cover slips 12-545-82 Fisher
CytosealXYL 8312-4 Stephens Scientific

(Kalamazoo, MI)
DAPI D8417 Sigma
Dimethyl sulfoxide (DMSO) D2650 Sigma
Normal goat serum (NGS) G9023 Sigma (St. Louis, MO)
Paraformaldehyde T353-500 Fisher (Fair Lawn, NJ)
10X phosphate-buffered saline 70011-044 Gibco-BRL
   (PBS) (Gaithersburg, MD)
Tween-20 BP337-500 Fisher
Vectashield mounting medium H-1000 Vector labs

(Burlingame, MA)
Vectashield + DAPI H-1200 Vector labs

Table 2
Antibodies for Immunostaining

Antigen Dilution Catalog number Vendor

Cytochrome-c 1/1000 556432 BD-Pharmingen
(San Diego, CA)

Bax 1/1000 6A7 BD-Pharmingen
Cleaved caspase-3 1/100 9661S Cell Signaling Tech.

(Beverly, MA)
SMAC/DIABLO 1/100 804333C100 Alexis (San Diego, CA)
FITC-conj., F9887 Sigma

anti-rabbit IgG
Texas Red-conj., 715-076150 Jackson Immuno

anti-mouse IgG

3. Add 10 mL 10X PBS.
4. Cool on ice for 5 min.
5. Adjust pH to 7.4 with HCl.
6. Add water to a final volume of 100 mL.
7. Run through a bottle-top filter with vacuum.
8. Fixative should be made fresh and stored on ice, or aliquots

kept at −20ºC.
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Caution: Paraformaldehyde is very toxic and carcinogenic. Weigh
powder and work with solutions in a fume hood.

2.6. PBS-Tween (PBST)2.6. PBS-Tween (PBST)2.6. PBS-Tween (PBST)2.6. PBS-Tween (PBST)2.6. PBS-Tween (PBST)

PBST: 1X PBS + 1/1000 vol of Tween-20.

2.7. Blocking Buffer2.7. Blocking Buffer2.7. Blocking Buffer2.7. Blocking Buffer2.7. Blocking Buffer

1. Completely dissolve 3.0 g of bovine serum albumin into 60 mL
of dH2O with stirring. Add a little more every few minutes
until it is completely dissolved.

2. Add 3 mL of normal goat serum (NGS).
3. Add 10 mL of 10X PBS (pH 7.4).
4. Bring to 100 mL final volume.
5. Aliquot and store at −20ºC.

2.8. Primary and Secondary Antibody Incubation Buffer2.8. Primary and Secondary Antibody Incubation Buffer2.8. Primary and Secondary Antibody Incubation Buffer2.8. Primary and Secondary Antibody Incubation Buffer2.8. Primary and Secondary Antibody Incubation Buffer

1. 4 mL blocking buffer (see Subheading 2.7.).
2. 8 mL 1X PBS.
3. 12 µL Tween-20.
4. Make fresh every time.

2.9. Fixation and Immunostaining of Neuronal Cultures2.9. Fixation and Immunostaining of Neuronal Cultures2.9. Fixation and Immunostaining of Neuronal Cultures2.9. Fixation and Immunostaining of Neuronal Cultures2.9. Fixation and Immunostaining of Neuronal Cultures

Once the cultures are ready for analysis:

1. Gently remove the medium (always use a pipetman, not aspi-
ration).

2. Gently rinse 3X with PBS.
3. Overlay with fresh paraformaldehyde fixative (see Subhead-

ing 2.5.).
4. Leave 15–20 min at room temperature.
5. Rinse 3X with PBS.
6. Permeabilize the cells for 5 min with 0.2% Triton X-100/0.25%

sarcosine (w/v) in PBS.
7. Rinse 3X with PBS.
8. Block nonspecific binding with 3% NGS/3% BSA/PBST for

30–60 min at room temperature.
9. Dilute primary antibodies in 1% NGS/1% BSA in PBS + 0.1%

Tween-20.
10. Incubate primary for 1–2 h at room temperature, or overnight

at 4ºC.
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11. Remove primary antibody and rinse 3X for 10 min each time
with PBST.

12. Dilute fluorescently labeled secondary antibody in 1% NGS/
1% BSA/PBST, 1 h at room temperature.

13. Rinse 3X 10 min each time with PBST.
14. Rinse with PBS (no Tween-20).

We recommend using chambered cover glasses, which make
immunostaining very easy because of the wells. At this point in the
protocol, leave the chambers on the cover glasses and simply cover
the cells with PBS or mounting medium; trying to remove the wells
from a chambered cover glass is unnecessary, and they break easily.
If the high cost of these chambers is prohibitive, then treated cover
slips cultured in 24-well plates will work just as well, but will
require mounting before microscopy. Alternatively, chambered
slides can be used and mounted onto large cover slips when done.
Thin cover glass is required to take full advantage of the fluorescence.

2.10. Mounting Cover Slips2.10. Mounting Cover Slips2.10. Mounting Cover Slips2.10. Mounting Cover Slips2.10. Mounting Cover Slips

Prepare everything first!

1. Remove cover slips from PBS using blunt tweezers. Hold ver-
tically and touch the edge to a Kimwipe to remove most of the
solution. Lay on a Kimwipe, cell side up, for 1–2 min. The cover
slips should be dry, but not bone-dry.

2. Place a drop of mounting medium onto a clean glass slide.
3. Invert the cover slip and touch the edge of the cover slip to the

drop.
4. Gently lower the cover slip on to the drop so that no air bubbles

are trapped. If you get air, then try to remove them by gently
pushing on the cover slip with blunt tweezers. It is often best
to use a little extra mounting medium and remove the excess
at the edge of the cover glass with a 10-µL pipet.

5. Seal the cover glass in place with CytosealXYL.
6. Mounting chambered slides is similar: remove the chambers,

and mount 0.17-mm cover glass onto the slide.
7. Store fluorescently labeled samples in the dark at 4ºC.

2.11. Mitochondrial Co-localization2.11. Mitochondrial Co-localization2.11. Mitochondrial Co-localization2.11. Mitochondrial Co-localization2.11. Mitochondrial Co-localization

Co-localization of cytochrome-c, Bcl-2, Bax, or other Bcl-2 family
members with mitochondria can be done in fixed cells using Mito-
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tracker Green (Molecular Probes, Eugene, OR), which does not
depend on inner mitochondrial membrane (IMM) potential (∆Ψm)
for mitochondrial localization. Incubation of fixed cultures with
150 nM Mitotracker Green for 30 min at room temperature is suffi-
cient to label mitochondria. Alternatively, Mitotracker Red (150 nM)
can be added to culture media 10–15 min prior to fixation. How-
ever, Mitotracker Red will only label mitochondria with ∆Ψm across
the IMM, and it is toxic to cells when used for longer times. That
is, Mitotracker Red will not label the mitochondria in late apoptotic
cells or those that have died by necrosis. Alternatively, one can
use double immunostaining for antigens that are retained by mito-
chondria in apoptotic cells, such as COX IV.

2.12. Staining for Nuclear Morphology2.12. Staining for Nuclear Morphology2.12. Staining for Nuclear Morphology2.12. Staining for Nuclear Morphology2.12. Staining for Nuclear Morphology

The nuclear morphology of fixed, permeabilized, and immuno-
stained cultures can be visualized by staining DNA with DAPI
using either of two methods. First, mounting medium that con-
tains DAPI can be used. Second, DAPI that has been solubilized
to 2.5 mg/mL in DMSO can be diluted 1/1000 in PBS and overlaid
on the cells for 20–30 min at room temperature. Cells should be
rinsed 3X with PBS afterward.

3. Biochemical Localization of Cytochrome-c

In biochemical localization of cytochrome-c in cytosolic and mito-
chondrial fractions, cells are isolated and disrupted, without damag-
ing mitochondria (modified from [10]). Centrifugation is used to
separate cytosolic and mitochondria fractions. Western blotting of
those fractions reveals relative concentrations of cytochrome-c in
each.

In selecting neurons for use in cytochrome-c studies, one must
consider the subsequent biochemical steps for the purification of
intact mitochondria. Sympathetic and cortical neurons can be grown
on polyornithine and laminin. These neurons can be easily dis-
lodged from the dish and pelleted. Also, cortical and sympathetic
neurons have good-sized cytoplasms, which is desirable for homog-
enization. Optimally, the plasma membranes should be disrupted
while keeping as many nuclei and mitochondria intact as possible.
Conversely, cerebellar neuron cultures are usually grown on poly-
D-lysine or poly-L-lysine, both of which grip the cells so tightly as
to make their removal difficult. Scraping neurons from a poly-D-
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lysine coated dish shears the cells and makes for difficult biochemis-
try. Further, granular neurons have a large nucleus and relatively
small cytoplasm, which also makes for difficult homogenization.

3.1. Advantages3.1. Advantages3.1. Advantages3.1. Advantages3.1. Advantages

When done correctly, the findings are definitive and highly repro-
ducible. Also, the mitochondrial translocation of proapoptotic
Bcl-2 family proteins, such as Bax, can be assessed with the same
fractions. These fractions can also be probed for many proteins that
are cleaved in apoptosis. In addition, the cytoplasmic extracts can
be assayed directly for caspase activity using fluorescent substrates.

3.2. Disadvantages3.2. Disadvantages3.2. Disadvantages3.2. Disadvantages3.2. Disadvantages

Consistency and attention to detail make this process technically
demanding.

3.3. Reagents and Solutions3.3. Reagents and Solutions3.3. Reagents and Solutions3.3. Reagents and Solutions3.3. Reagents and Solutions

Reagent Catalog number Vendor

BCA protein assay 23225 Pierce (Rockford, IL)
Complete protease 1697498 Roche (Indianapolis, IN)

inhibitor cocktail
2-mL Dounce homogenizer with

tight-fitting glass pestle (B) Wheaton
HybondECL RPN 2020D Amersham

(Piscataway, NJ)
Precast minigels 161-1158 Biorad (Hercules, CA)

(4–15% gradient)
Supersignal chemiluminescent 34075 Pierce

reagent

3.4. Antibodies for 3.4. Antibodies for 3.4. Antibodies for 3.4. Antibodies for 3.4. Antibodies for WWWWWestern Blottingestern Blottingestern Blottingestern Blottingestern Blotting

Antigen Dilution Catalog number Vendor

Cytochrome-c 1/1000 556433 BD-Pharmingen
COX IV 1/1000 A-3431 Molecular Probes (Eugene, OR)

3.5. Homogenization Buffer3.5. Homogenization Buffer3.5. Homogenization Buffer3.5. Homogenization Buffer3.5. Homogenization Buffer

1. Dissolve 8.6 g of sucrose in 50 mL dH2O.
2. Dissolve 2 tablets of complete protease inhibitor cocktail.
3. Add 2 mL of 1 M HEPES (pH 7.4).
4. Add 1 mL of 1 M KCl.



Cytochrome-c Release 29

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

5. Add 400 µL of 0.5 M EDTA.
6. Add 100 µL of 1 M MgCl2.
7. Add 100 µL of 1 M dithiothreitol (DTT).
8. Bring to 100 mL final volume with dH2O.
9. Filter-sterilize and keep at 4ºC for up to 1 mo.

3.6. Mitochondria Buffer3.6. Mitochondria Buffer3.6. Mitochondria Buffer3.6. Mitochondria Buffer3.6. Mitochondria Buffer

1. Dissolve 2 tablets of complete protease inhibitor cocktail in
50 mL dH2O.

2. Add 5 mL of 1 M HEPES (pH 7.4).
3. Slowly add 1 mL of NP-40.
4. Add 10 mL glycerol.
5. Add 100 µL of 1 M EDTA.
6. Add 20 µL of 1 M DTT.
7. Bring to 100 mL final volume with dH2O.
8. Filter-sterilize and keep at 4ºC for up to 1 mo.

3.7. 5X Protein Sample Buffer3.7. 5X Protein Sample Buffer3.7. 5X Protein Sample Buffer3.7. 5X Protein Sample Buffer3.7. 5X Protein Sample Buffer

1. Place 50 mL dH2O in a 100-mL beaker, with stir bar.
2. Add 25 mL of 1 M Tris-HCl (pH 6.8).
3. Add 10 g SDS.
4. Slowly add 10 mL glycerol.
5. Add 0.1 g bromophenol blue.
6. Bring to 100 mL final volume with dH2O.
7. Store at room temperature with stir bar.
8. Prior to use, mix again with stirring.
9. Place 950 µL in an Eppendorf tube.

10. Add 50 µL of 1 M DTT.
11. Close lid and vortex to mix.

3.8. Transfer Buffer3.8. Transfer Buffer3.8. Transfer Buffer3.8. Transfer Buffer3.8. Transfer Buffer

1. Dissolve 5 g of Tris-HCl into 1400 mL dH2O.
2. Add 23 g glycine.
3. Bring to final volume with 1600 mL dH2O.
4. Add 400 mL methanol.
5. Cool before using, keep at 4ºC.

3.9. Blotto (Blocking Buffer)3.9. Blotto (Blocking Buffer)3.9. Blotto (Blocking Buffer)3.9. Blotto (Blocking Buffer)3.9. Blotto (Blocking Buffer)

1. Dissolve 3 g of bovine serum albumin (BSA) into 60 mL of dH2O,
add slowly with high-speed mixing.
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2. Add 3 g dried nonfat milk.
3. Add 10 mL 10X PBS.
4. Add 100 µL Tween-20.
5. Add dH2O to 100-mL final volume.

3.10. Antibody (Ab) Buffer3.10. Antibody (Ab) Buffer3.10. Antibody (Ab) Buffer3.10. Antibody (Ab) Buffer3.10. Antibody (Ab) Buffer

1. Dilute 1 part blotto with 2 parts PBST.

3.11. Stripping Buffer3.11. Stripping Buffer3.11. Stripping Buffer3.11. Stripping Buffer3.11. Stripping Buffer

1. Place 50 mL dH2O into a 100-mL flask, with stir bar.
2. Add 7 mL of 1 M Tris-HCl (pH 6.8).
3. Add 2 g SDS.
4. Add 1 mL of 2-mercaptoethanol.
5. Bring to 100-mL final volume with dH2O.
6. Store at room temperature.

3.12. Preparation of Cytosolic and Mitochondria Fractions3.12. Preparation of Cytosolic and Mitochondria Fractions3.12. Preparation of Cytosolic and Mitochondria Fractions3.12. Preparation of Cytosolic and Mitochondria Fractions3.12. Preparation of Cytosolic and Mitochondria Fractions

These procedures should be done with ice-cold buffers and kept
on ice throughout.

1. Start with 107 neurons/sample and scale down as appropri-
ate. Cultures should be rinsed gently 3X with cold PBS. Neu-
rons cultured on polylysine + laminin can be easily dislodged
with a pipetman, which is best as it helps maintain cell integ-
rity. Alternatively, if the cells do not come off easily, they can
be gently dislodged by scraping with a rubber policeman. In
either case the dish should be subsequently washed with cold
PBS and that pooled to get all of the cells.

2. Pellet neurons at 500g for 5 min.
3. Rinse with 10 mL cold 1X PBS; carefully remove all PBS.
4. Resuspend pellet in 500 µL homogenization buffer, leave on

ice for 20–25 min, flick tube every 2 min.
5. Prerinse a cooled 2.0-mL Dounce homogenizer with ice-cold

homogenization buffer to prevent adsorption of protein to the
sides. Do not rinse with just dH2O, as the residue will change
the osmolarity of the homogenization buffer and give spurious
results.

6. Homogenize sample with 30–50 strokes, continuous motion,
keeping the pestle inside the buffer to reduce bubbling. The
number of strokes should be worked out in pilot studies with
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that particular homogenizer and the specific cells used. Too
much homogenization will rupture nuclei and mitochondria,
whereas too little will not break up all of the cells.

7. Transfer homogenate to a precooled Eppendorf tube, close,
and keep on ice.

8. Rinse the homogenizer with 2 mL of cold homogenization
buffer.

9. Proceed with next sample, be as quick as possible, but don’t
let a homogenized sample sit on ice for more than 15–20 min.

10. When all samples are done, spin down large debris at 800g for
10 min at 4ºC.

11. Carefully remove and keep supernatant, leaving some at the
bottom so as not to contaminate with debris from the pellet.

12. Centrifuge supernatant in a 4ºC Eppendorf centrifuge at top
speed (~22,000g) for 15 min.

13. Carefully remove the supernatant (this is the “cytosolic frac-
tion”), making sure not to contaminate it with any of the pel-
let. Leave the last few microliters of supernatant. Store the
cytosolic fractions at −80ºC until ready.

14. Remove the remaining few microliters of supernatant and dis-
card; keep the pellet.

15. Resuspend the pellet in 100 µL of cold mitochondria buffer
and incubate on ice for 20 min, flick tube every 2 min.

16. Centrifuge in a 4ºC Eppendorf centrifuge at top speed (~22,000g)
for 15 min.

17. Carefully remove the supernatant, being careful not to con-
taminate with the pellet.

18. This supernatant is the “mitochondria fraction” and should
be stored at −80ºC.

3.13. Electrophoresis and Blotting3.13. Electrophoresis and Blotting3.13. Electrophoresis and Blotting3.13. Electrophoresis and Blotting3.13. Electrophoresis and Blotting

1. Quantitate protein concentrations with BCA protein assay,
using homogenization and mitochondria buffers to baseline
respective samples.

2. Mix 10–50 µg of protein with 10 mL of 5X sample buffer.
3. Boil 5–10 min.
4. Cool on ice, quick spin to get all solution to the bottom.
5. Load samples onto 4–15% gradient gels, use prestained markers.
6. Electrophorese until bromophenol blue dye nears the bottom

of the gel.
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7. Remove gel from glass plates and quickly rinse with transfer
buffer.

8. Electroblot gel onto HybondECL membrane (160 mA, over-
night).

9. Remove membrane from cassette, confirm transfer of prestained
markers.

3.14.3.14.3.14.3.14.3.14. WWWWWestern Blottingestern Blottingestern Blottingestern Blottingestern Blotting

1. Rinse membrane 3X for 10 min each time in 100 mL PBST.
2. Block nonspecific binding in 100 mL blotto for 2 h at room

temperature.
3. Mix primary antibody in Ab buffer; for cytochrome-c add 6 µL

to 6 mL.
4. Seal membrane in a freezer bag with the primary Ab solution,

remove all air bubbles.
5. Incubate on an orbital rotator at 4ºC overnight.
6. Remove membrane from bag.
7. Rinse membrane 3X for 10 min each time in 100 mL PBST.
8. Dilute secondary antibody with Ab buffer.
9. Seal membrane and secondary Ab solution in a new freezer

bag.
10. Place on an orbital rotator for 2 h at room temperature.
11. Remove membrane from bag.
12. Rinse membrane 3X for 10 min each time in 100 mL PBST.
13. Rinse for 5 min in 100 mL PBS (no Tween-20).
14. While in final rinse, prepare chemiluminescent reagents (West

Pico).
15. Place membrane on an overhead transparency.
16. Cover the entire membrane with chemiluminescent reagent,

let sit for 60 s.
17. Place the membrane on a piece of transparent sheet protector.
18. Use blot to expose film as required.
19. If the signal is not strong enough even after a 15–20 min expo-

sure, rinse membrane with PBS and try again with the stron-
ger chemiluminescent reagent (West Dura).

3.15. Stripping3.15. Stripping3.15. Stripping3.15. Stripping3.15. Stripping

The same membrane should be reprobed for actin (cytosolic
fraction) or cytochrome oxidase subunit IV (COX IV) (mitochon-
dria fraction) to confirm consistent loading of samples. Seal the
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membrane in a freezer bag with 10 mL of stripping buffer and
immerse in a 55ºC water bath for 5 min. Remove membrane and
rinse for 2 h in dH2O, with constant changes of water.

4. Questions That Can Be
Answered With These Techniques

1. Has cytochrome-c been released from mitochondria? Immunostain-
ing for cytochrome-c should be punctate if it is in the mitochon-
dria, but diffuse if it has been released. Blots of mitochondria
fractions from control and treated samples will be the same if
there has not been release, but different if there has been release.
Conversely, cytosolic fractions of viable cells will not contain
cytochrome-c, whereas cytosolic fractions from apoptotic cells
will. It is important to note that “cytochrome-c release” is most
likely indicative of a general permeabilization of the mitochon-
drial outer membrane.

2. Has Bax translocated to mitochondria? Immunostaining will show
diffuse staining for Bax prior to mitochondrial insertion, and
punctate staining thereafter. Using the biochemical approach,
Bax should be found in the cytosolic fraction of nonapoptotic
cells, and the mitochondria fraction of apoptotic cells.

3. Have caspases been activated? Immunostaining with antibody to
active caspase-3 will reveal which cells have undergone apop-
tosis. Blotting cytosolic fractions with caspase-3-specific anti-
bodies will show how much full-length vs cleaved caspase-3
is present. Also, the cytosolic fractions can be used for DEVDase
assays to measure caspase activity.

4. Have substrates characteristic of apoptosis been cleaved? Nuclear
morphology can be seen with DAPI staining. Blotting for clas-
sic caspase substrates such as PARP will establish if cleaved
caspase-3 is fully active, and not been inhibited by IAPs of other
antiapoptotic mechanisms.
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1. Introduction

Apoptosis is a physiological process that contributes to the estab-
lishment and homeostasis of the nervous system. For example,
neurons that fail to make the proper connections with their post-
synaptic targets die naturally during development due to the lack
of sufficient trophic support (1). Cell demise is operated in a well-
ordered fashion and culminates in the activation of a network of
specific proteases, the caspases that execute the death program.
Once activated by the apoptotic signal, caspases cleave a myriad
of cellular target proteins in a highly specific fashion. As a conse-
quence, the death signal is amplified, and the committed cell sys-
tematically dismantled (2). We describe here a practical guide to
investigate the involvement of caspases in neuronal cell death.

2. Caspases

Caspases are a unique family of cysteinyl aspartate proteases
that display an absolute requirement for aspartate for proteolytic
activity (3). To date, 14 mammalian caspases have been identi-
fied, 11 of which are found in humans (Table 1). Recently, caspase
homologs lacking caspase protease activity have been identified
in humans, Caenorhabditis elegans and Dictyostelium discoideum (the
paracaspases), and in Arabidopsis thaliana (the metacaspases) (4).
Caspases share homology at the amino acid and at the structural
level. Caspases are synthesized as inactive zymogens. They possess



36 Bounhar, Tounekti, and LeBlanc

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

an N-terminal prodomain, which varies from 20 to over 200 resi-
dues in length, a large subunit (~20 kDa) comprising the QACXG
consensus catalytic site, and a C-terminal small subunit (~10 kDa)
(Table 1). The active caspase is a tetramer formed by two heterod-
imers composed of a large and a small subunit (5–8).

Despite their common requirement for Asp at P1 and a high
degree of homology in the substrate-binding sites, caspases dis-
play two major differences. First, several large studies conducted
on 10 caspases (3,9,10) have shown that caspases have discrete
substrate preferences (Table 1). The two residues to the amino
side of the P1 aspartate (termed P2 and P3) have a limited effect
on the substrate cleavage. In contrast, the P4 residue (three amino
acid residues upstream from the P1 aspartate) appears to account
for three distinct groups of substrate specificity (Table 1; ref. 9).

Second, further classification was prompted by the functional dif-
ferences between the caspases and is largely inherent to the nature
of the N-terminal prodomain (reviewed ref. in 11). Large pro-
domains contain various protein recruitment motifs such as DED

Table 1
General Characteristics of Mammalian Caspases

Zymogen Large Small Preferred
Caspase Group Function (kDa) subunit subunit substrate

Caspase-1 I Cytokine 45 20 10 (W/Y/F)EHD
Caspase-2 II Initiator 51 20 12 VDVAD a/

DXXD b

Caspase-3 II Effector 32 17 12 DEXD
Caspase-4 I Cytokine 43 20 10 (W/L/F)EHD
Caspase-5 I Cytokine 48 20 10 (W/L/F)EHD
Caspase-6 III Effector 34 18 11 (V/T/I)EXD
Caspase-7 II Effector 35 20 12 DEXD
Caspase-8 III Initiator 55 18 11 (L/V/D)EXD
Caspase-9 III Initiator 45 17 10 (I/V/L)EHD
Caspase-10 III Initiator 55 17 12 DEVD
mCaspase-11c ND Cytokine 42 20 10 ND
mCaspase-12c ND Cytokine 50 20 10 ND
Caspase-13 ND Cytokine 43 20 10 ND
mCaspase-14c ND Cytokine 30 20 10 ND

aFrom ref. 10.
bFrom ref. 3.
cmCaspase: murine caspase.
Adapted from ref. 11.
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and CARD (12,13); therefore, caspases bearing such prodomains,
2, 8, 9, and 10, are believed to be recruited upon apoptosis signal-
ing, and to act as initiators. Other caspases, 3, 6, and 7, have shorter
prodomains, are downstream targets of initiator caspases, and are
considered as executioner or effector caspases. A last class of cas-
pases, 1, 4, 5, 11, 12, 13, and 14, are labeled as “cytokine-processing”
caspases. Only caspases 1 and 11 have been directly involved in cyto-
kine activation (e.g., interleukin-1β) (14,15). In contrast, the remain-
ing caspases are not as well characterized and are included in this
category solely based on their homology to caspase-1 (Table 1).
Despite its involvement in cytokine processing, it is important to
remember that caspase-1 was first identified as a ced-3 homolog
capable of inducing apoptosis (16).

3. Substrates of Caspases

Apoptosis is an orderly process that involves the specific cleav-
age of a definite set of physiological substrates by caspases. Over
40 substrates have been identified so far (reviewed in refs. 17–19).
Caspases do not merely degrade their targets, they also activate
proteins that play an active role in the process of apoptosis. Cas-
pases inactivate homeostatic proteins, turn antiapoptotic proteins
into proapoptotic amplifiers of cell death, cleave structural pro-
teins, and activate signaling pathways and effectors of the apop-
totic phenotype (18,19). Exhaustive lists of caspase substrates have
been presented elsewhere (19); Table 2 describes a functional classi-
fication of substrate cleavage. The involvement of caspases in apop-
tosis is a three-step process. Caspases first cleave substrates that
further amplify the apoptotic signal. Caspases then dismantle pro-
teins that ensure cell function and survival. Finally, they activate
the effectors of the apoptotic phenotype, that is, enzymes that will
package the dead cell for phagocytosis (Table 2 and references there-
in). Since the goal of this chapter is to focus on caspase involve-
ment in neuronal cell death, examples of caspase substrates related
to neurodegenerative diseases are included in Table 2.

Although the primary function of caspases is to hydrolyze pep-
tide bonds in natural substrates, most assays designed to discover,
characterize, and study regulation of these proteases rely on synthe-
tic peptide substrates. The observation that caspases are active
against tetrapeptides blocked at their N and C termini (20) per-
mitted the development of synthetic substrates and inhibitors. The
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Table 2
Caspase Cleavage of Cellular Substrates During Apoptosis is a Well-Planned and Orderly Process

Substrate class                       Example Caspase       References

Amplification of the apoptotic loop:
Caspases (zymogens) Auto- or caspase activation Reviewed in (17)
Pro- and antiapoptotic proteins Bcl-2 3, 9 (52,53)

Bid 8 (54)
Homeostatic proteins

Cellular repair mechanisms DNA-protein kinase catalytic subunit 3 (55)
PARP 3, 6, 7, 9 (56-59)
p21 3, 7 (60,61)

Disruption of macromolecular synthesis HnRNP proteins 3 (62)
U1-70 kDa 3 (63)

Survival and cell cycle signals Ras GTPase activating protein 3 (64)
Rb 3 (65)
CDC27 3 (66)

Induction of the apoptotic phenotype
Cell structure demolition Actin 1, 3 (67,68)

NuMa 3, 6 (41)
Lamins 6, 3 (37,38)
ICAD/DFF 3 (69,70)

Cell structure remodeling Fodrin/α2-spectrin 3 (71)
       (membrane blebbing) Gelsolin 3 (72)

PAK2 3 (73)
ROCK I 3 (74,75)

Neurodegenerative diseases proteins APP 3, 6, 7, 8 (30,45–48)
Presenilins 1, 3, 6, 7, 8 (76)
Tau 3, 6 (30,77)
Huntingtin 3, 7 (78)

38
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design of efficiently recognized peptidic substrates was based on
known natural substrate sequences and combinatorial approaches
with positional scanning of synthetic tetrapeptides (Table 3) (3,10).
Artificial substrates consist in an appropriate four amino acid rec-
ognition sequence linked via carboxy-terminal aspartate to a chro-
mogenic or fluorogenic amine (Fig. 1) (3). N-Blocking groups are
either acetyl- (Ac-) or benzocarbonyl (Z-). The most commonly
used reporter groups are p-nitroanilide (pNa, colorimetric detec-
tion by absorbance at 405–410 nm), 7-amino-4-trifluoromethyl-
coumarin (AFC, fluorometric detection by excitation at 400 nm and

Table 3
Synthetic Caspase Substrates

Substrate Caspase

VAD All caspases
YVAD 1; 4; 5
LEHD 1; 2; 4; 5; 8; 9; 10
WEHD 1; 4; 5
VDVAD 2
DEVD 3; 6; 7; 8
VEID 6; 8
IETD 8; 9; 10

Adapted from refs. 3, 10, and 50.

Fig. 1. General schematic model of caspases tetrapeptide substrate.
The peptide chain of a substrate is numbered sequentially with the “P”
designation from the aspartic residue P1. The reporter is a colorimetric
or fluorescent compound linked by the scissile bond to the C terminus
of the substrate. The peptide side chains (P1–P4) are responsible for
the specificity degree of each caspase. The N-blocking group is added to
increase the substrate stability by preventing aminopeptidase digestion
and to increase caspase catalysis, since many endopeptidase do not cata-
lyze as readily when a free α-amine is present.
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emission at 480–520 nm; or colorimetric detection by absorbance
at 380 nm), 7-amino-4-methylcoumarin (AMC, fluorometric detec-
tion by excitation at 365–380 nm and emission at 420–460 nm). The
colorimetric assays are approximately 100-fold less sensitive than
the fluorometric assays. Therefore, fluorometric assays are par-
ticularly useful in assaying low caspase concentrations and when
investigating natural caspase inhibitors (see Subheadings 6. and 8.).

4. Inhibitors of Caspases

Anomalous activation of caspases can be detrimental; therefore
protection mechanisms were evolved to avoid this problem. Inhib-
itors of caspases were first described in viruses. CrmA and p35
are two viral proteins that directly inhibit some caspases. CrmA,
a cowpox virus serpin, inhibits most caspases but not group II
caspases and caspase-6 (reviewed in ref. 21). The baculoviral p35 is
less specific and inhibits most caspases. The discovery of the bacu-
loviral inhibitor of apoptosis (IAP) has prompted many researchers
to investigate the existence of mammalian homologues. To date,
more than half a dozen mammalian IAPs have been identified.
Members of the IAP family include, X-linked IAP (X-IAP), c-IAP-1,
c-IAP-2, and neuronal apoptosis inhibitory protein (NAIP) (22).
Other members are Livin, Survivin, and BRUCE (23–25). Chau and
colleagues (26) have recently identified Aven, a novel protein that
prevents caspase activation by binding to Bcl-XL and Apaf-1. Cas-
pase inhibitors are of tremendous therapeutic value and have spurred
an enormous amount of research toward the development of new
therapeutic approaches.

A wide variety of synthetic peptide inhibitors of caspases have
been developed to evaluate the implication of caspases in apoptotic
processes. In contrast to fluorogenic substrates, caspase inhibitors
allow studies to be performed in vitro, and in live animals and
cells. These inhibitors are designed on the same principles used
to generate caspase substrates as they rely on “caspase-specific”
peptide recognition sequences (3,10). These peptides act there-
fore as competitive inhibitors of caspases. They range from very
broad-spectrum inhibitors consisting of one aspartate residue (e.g.,
Boc-D-fmk) to more sophisticated tetramers or even pentamers
(e.g., Ac-VDVAD-CHO).

The mechanism of inhibition by synthetic peptides depends on
the chemical groups conjugated to the peptides. Aldehyde-con-
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jugated (–CHO) inhibitors do not form covalent bonds with the
enzymes and are therefore reversible inhibitors. On the other hand,
methylketone-based (-chloromethylketone, -cmk; or -fluorometh-
ylketone, -fmk) peptides are irreversible inactivators of caspases
since a thyomethylketone bond forms with the cysteine on the
active site of the enzymes (27). The methylketone groups are very
reactive and consequently, these inhibitors exhibit decreased selec-
tivity for caspases (28), and are not exclusively specific for cas-
pases. Schotte et al. (29) have demonstrated that z-DEVD-fmk can
efficiently inhibit cathepsins at concentrations used to demonstrate
the involvement of caspases. However, -fmk and -cmk conjugated
peptides are much more permeable to the cells and are therefore
more useful than their poorly permeable –CHO counterparts when
studies are conducted in live cells.

The use of synthetic inhibitors specific to a given group of cas-
pases can help pinpoint the caspase(s) involved in a given apop-
totic model (described under Subheading 5.). However, although
YVAD- and DEVD-based inhibitors are generally considered to
be caspase-1- and caspase-3-specific, respectively, there are mul-
tiple caveats surrounding this issue. For example, Ac-DEVD-CHO
is a very potent inhibitor of caspase-3, with a Ki = 0.23 nM; it is
nevertheless quite potent against caspases-8 (0.92 nM) and -1 (15–
18 nM) (9,28). In one study, z-DEVD-fmk potently inhibited neu-
ronal loss and apoptosis-mediated amyloid β-peptide production,
which would theoretically indicate the involvement of caspase
3-like caspases. However, further analysis demonstrated that cas-
pase-6 was in fact the culprit (30). With this in mind, any experi-
mental design involving caspase inhibitors should use multiple
inhibitors as well as confirmation of caspase activation by other
methods to avoid erroneous identification of the caspases involved
in apoptosis (see Table 1 and Subheading 7.).

5. Detection of Caspase
Involvement in Neuronal Apoptosis

The first approach to study the involvement of caspases in neu-
ronal apoptosis involves the use of synthetic caspase inhibitors.
This is a rather inexpensive, straightforward, and efficient method.
It also does not require any sophisticated materials such as a fluo-
rometer. In addition, caspase inhibitors can be used in intact liv-
ing cells, avoiding artifacts that can be generated in lysed cells.
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5.1. Materials and Solutions5.1. Materials and Solutions5.1. Materials and Solutions5.1. Materials and Solutions5.1. Materials and Solutions
Prepare stock solutions of the inhibitors at 10 mM in dry DMSO

and store in small 10-µL aliquots at −20ºC. The inhibitor is stable
for over 3 mo at −20ºC and at least 3 d at room temperature. To
avoid contamination with moisture, bring frozen stock solutions
to room temperature before opening. Aliquots can be thawed out
without a significant loss of activity. The staurosporine stock (Sigma)
is prepared in water at 10mM and stored at −20ºC. Phosphate–
buffered saline (PBS) pH 7.4 is prepared as follows: 0.058 M
Na2HPO4; 0.017 M NaH2PO4

.H2O; 0.068 M NaCl, and autoclaved
15 min at 121ºC.

5.2. Methodology5.2. Methodology5.2. Methodology5.2. Methodology5.2. Methodology
To ensure optimal specificity, caspase inhibitors should not be

used at concentrations higher than 1–5 µM.

5.2.1. Determination of the Involvement
of Caspases in Neuronal Cell Death

First, an experiment should be carried out with a broad-spectrum
caspase inhibitor to test whether caspases are involved in the cell
death pathway under study. Here, we will use staurosporine-induced
cell death as an example.

1. Plate neurons in a 24-well plate on cover slips. We plate 50 µL
per cover slip at 3 × 106 cells/mL as described by LeBlanc (31).
This may vary depending on the type of culture.

2. Allow neurons to attach and extend neurites. We perform all
our experiments starting at 10 d in culture.

3. Pretreat neurons with 0.5 mL medium containing serum and
5 µM z-VAD-fmk or Boc-D-fmk. Three wells are pretreated with
the inhibitors, while four are pretreated with medium con-
taining serum and dimethylsulfoxide (DMSO) instead of the
caspase inhibitors.

4. Incubate 1 h at 37ºC/5% CO2.
5. Add staurosporine to a final concentration of 10 µM to all

but one well. This well will contain neither staurosporine nor
z-VAD-fmk and is used as a negative control.

6. Incubate for the desired amount of time. Perform a time study
using several time points. We generally incubate our primary
human neurons for 24, 48, and 96 h, given their slow cell death.
Shorter incubation times may be required for more vulnerable
cells.
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7. For long incubation times (>48 h), change medium and inhib-
itors every 2 d.

8. Fix cells in freshly prepared 4% paraformaldehyde/4% sucrose
for 20 min at room temperature and permeabilize (32).

9. Wash the cover slips 3 times for 5 min in PBS.
10. Stain for DNA fragmentation using TUNEL or Hoechst 33342

dye. Hoechst 33342 is less labor intensive and less expensive
than TUNEL. However, TUNEL allows easier detection of apop-
tosis, since only dead cells stain, whereas Hoechst 33342 stains
both live and dead cells. For Hoechst 33342 staining, proceed
as follows.

11. Incubate cells in PBS containing 0.4 µg/mL Hoechst 33342 for
20 min at room temperature.

12. Rinse the cover slips twice in PBS.
13. Mount on glass slides using a photobleaching-resistant mount-

ing media (e.g., Geltol, Shandon, PA).
14. Assess the extent of cell death by measuring the number of frag-

mented and shrunken nuclei under a fluorescence microscope.
Count 400–500 cells per condition. If caspases are involved,
the samples incubated in the presence of the caspase inhibitor
should display a significant reduction in the extent of cell death.

15. Apoptosis (and inhibition of apoptosis) can be confirmed using
various methods. Cells can be collected prior to fixing and the
DNA extracted. The DNA is separated on 1% agarose gels and
stained with ethidium bromide. Apoptosis is characterized by
a typical DNA ladder pattern (for a detailed method, see ref.
33). Alternatively, Annexin V staining can be used to monitor
early plasma membrane changes during apoptosis (34).

5.2.2. Identification of the Specific Groups
of Caspases Involved in Apoptosis

Once the involvement of caspases is ascertained, a more detailed
study can be performed using specific inhibitors. Table 4 provides
a guide for the selection of the appropriate inhibitors. Following
is a typical experiment.

1. Plate cells on coverslips as indicated above. Prepare one plate
per time point.

2. z-WEHD-fmk, z-DEVD-fmk, and z-VEID-fmk will be used as
inhibitors at 0, 0.5, 1, and a concentration of 5 µM. Staurospo-
rine (STS) is used at a final concentration of 10 µM to induce
apoptotis.
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3. Table 5 represents the organization of the plates.
4. Based on your first experiment, choose a time where the insult

induces significant cell death.
5. Pretreat the cells for 1 h with the appropriate inhibitor at the

start of each experiment prior to the induction of apoptosis.
6. Fix the cells at each timepoint in 4% paraformaldehyde/4%

sucrose for 20 min at room temperature (32).
7. Wash cells 3 times for 5 min in PBS.
8. Incubate cells in PBS containing 0.4-µg/mL Hoechst 33342 for

20 min at room temperature.
9. Rinse the cover slips twice in PBS.

10. Mount on glass slides using a photobleaching-resistant mount-
ing media (e.g., Geltol, Shandon, PA).

11. Count cell death.

The various caspase inhibitors will display different inhibition
profiles indicative of the group of caspases involved in cell death.

5.3. Points to Remember5.3. Points to Remember5.3. Points to Remember5.3. Points to Remember5.3. Points to Remember

1. Caspase inhibitors will only help you pinpoint a group of cas-
pases, not one particular caspase.

2. To determine the exact caspase(s) involved, see Subheadings 6.
and 7.

Table 4
Inhibition Efficiency of Commonly Used Inhibitors Against Caspases

             Inhibited by

Enzyme YVAD WEHD DEVD VDVAD VEID IETD LEHD

Caspase 1 ++ +++ + ND ++ ++ ND
Caspase 4 + ++ ++ ND ND + ND
Caspase 5 + ++ + ND ND + ND
Caspase 3 − − ++ ND + + ND
Caspase 7 − − ++ ND − − ND
Caspase 2 − − − ++ − − −
Caspase 6 − − ++ ND +++ ++ −
Caspase 8 +/− ++ ++ ND ++ ++ ND
Caspase 9 − +/− + ND ND + ++
Caspase 10 +/− +/− ++ ND ++ ++ ND

−, no inhibition; +, slight inhibition; ++, strong inhibition; +++,  very strong inhibition;
ND, not determined.

Compiled from refs. 9, 10, and 28.
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6. Fluorimetric Assays for the Quantitative
In Vitro Determination of Caspase Activity

The second approach to study the involvement of caspases in
neuronal apoptosis involves the use of synthetic caspase substrates.
This assay is highly sensitive, nonradioactive, convenient, and very
rapid, as the entire protocol can be performed in less than 2 h. It
is useful to analyze caspase activation and to determine a certain
specific stage of the apoptotic process. Alternative methods to deter-
mine caspase activity, based on the cleavage of natural substrates,
require purified proteins or radiolabeled, in vitro-transcribed/trans-
lated proteins and are therefore more labor intensive.

A two-step strategy using fluorogenic assays can be used to dem-
onstrate caspase activation during neuronal cell death. First, an
increase in specific activity for each synthetic substrate (DEVD, VEID,
YVAD, etc.) can be used to demonstrate caspase activation and
the group of caspases involved. Second, kinetic studies of enzyme
cleavage activity (e.g., DEVDase activity) using different aldehyde-
conjugated caspase inhibitors can be performed to determine the
sensitivity to these inhibitors and subsequently the specific cas-
pase(s) activated. We describe here a method we use in our labora-
tory to assess endogenous caspase-6 activation during neuronal cell
death. Caspase-6 (Mch2α) is a key executioner of apoptosis in
human neurons (35), responsible either partially or totally for the
proteolytic cleavage of many cellular substrates. Many of these sub-
strates are nuclear proteins: topoisomerase I (36), lamin A and B (37,
38), lamin B receptor (39), PARP (40), and Numa (41). Caspase-6

Table 5
Schematic Representation of a Typical

24-Well Plate Experimental Design Using Caspase Inhibitors a

[Caspase inhibitor]
(µM) − + − + − +

0 WEHD WEHD DEVD DEVD VEID VEID
0.5 WEHD WEHD DEVD DEVD VEID VEID
1 WEHD WEHD DEVD DEVD VEID VEID
5 WEHD WEHD DEVD DEVD VEID VEID

aOne 24-well plate per time point.

     10 µM staurosporine
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also cleaves cytoskeletal proteins such as keratin and β-catenin (42,
43), cytoplasmic caspase-3 (44), and plasma membrane proteins,
amyloid precursor protein (APP) (30,45–48), and focal adhesion
kinase (FAK) (46). Caspase-6 protease activity can be used to moni-
tor neuronal apoptosis. One way to measure caspase-6 activity is
based on a fluorescent substrate, Ac-VEID-AFC (acetyl-Val-Glu-
Asp-7-amino-4-trifluoromethyl coumarin), which mimics the known
cleavage site of lamin A, for which caspase-6 shows the highest
affinity relative to other caspases (3,49). The AFC conjugate nor-
mally emits blue light (max = 400 nm), but upon proteolytic cleav-
age by caspase-6 or closely related caspases, the free AFC emits a
yellow-green fluorescence at 505 nm. Comparison of the fluores-
cence emission of an apoptotic sample with an uninduced con-
trol allows one to determine the fold-increase in protease activity.

6.1. Materials and Solutions6.1. Materials and Solutions6.1. Materials and Solutions6.1. Materials and Solutions6.1. Materials and Solutions

1. The fluorescent products can typically be quantitated using a
fluorometer or a fluorescence microplate reader, which facili-
tates high-throughput analysis and requires relatively small
assay volumes. We use in our laboratory a Fluoromark™ micro-
plate fluorometer (Bio-Rad). As mentioned above, each fluoro-
genic reporter group has different excitation and emission
wavelength, so the fluorometer must be equipped with spe-
cific filters (i.e., 390-nm excitation filter and a 535-nm emis-
sion filter) for experiments using AFC.

2. 96-well flat-bottom polystyrene plates with opaque walls to pre-
vent well-to-well crosstalk and optically clear bottoms should
be used. Bottoms should be thinner than conventional poly-
styrene plates, resulting in lower background fluorescence and
enabling readings down to 340 nm. We currently use the Falcon
Microtest 96-well assay plate (Optilux) from Becton Dickinson.

3. Prepare stock solution of caspase-6-like enzyme substrate Ac-
VEID-AFC in dimethyl sulfoxide (DMSO) at 5 mg/mL. The
stock solution is stable for at least 1 yr at −20ºC. Hydrolysis of
the substrate is revealed by the appearance of a yellow color.
Table 3 shows selective substrates for each caspase. A number
of these different synthetic tetrapeptide substrates are com-
mercially available from various suppliers. We routinely use
Ac-DEVD-AFC to assay caspase-3- and -7-like activity and Ac-
IETD-AFC to assay caspase-8-like activity (Table 3). All sub-
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strates used in our laboratory are purchased from Biomol Research
Laboratories.

4. Prepare stock solution of AFC 200 µM in dry DMSO. The stock
solution is also stable for at least 1 yr at −20ºC.

5. Cell lysis buffer without protease inhibitors: 50 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4, 0.1%
(w/v) 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propane-
sulfonate (CHAPS), 1 mM dithiothreitol (DTT), 0.1 mM EDTA
(Biomol Research Laboratories).

6. 2.5X Caspase reaction buffer: 50 mM (piperazine-N-N'-bis
(2-ethanesulfonic acid (PIPES), 75 mM NaCl, 25 mM DTT,
2.5 mM EDTA, 0.25% (w/v) CHAPS, 25% (w/v) sucrose, pH:
7.2 (50). Do not add DTT to the 2.5X caspase reaction buffer
stock, add 25 mM DTT immediately before use to the aliquotted
2.5X caspase buffer and caspase reaction buffer.

7. Phosphate-buffered saline (PBS), pH 7.4: 0.058 M Na2HPO4;
0.017 M NaH2PO4

.H2O; 0.068 M NaCl.
8. Recombinant caspase-6 (R-Csp-6) (BD Pharmingen). The enzyme

should be stored in small aliquots at −80ºC, and kept on ice
throughout the experiment. This enzyme loses activity after a
few cycles of freezing/thawing. Dilute the R-Csp-6 in cell lysis
buffer to a final concentration of 1 ng/µL just before use.

6.2. Methodology6.2. Methodology6.2. Methodology6.2. Methodology6.2. Methodology

1. 6 × 106 neurons are treated with the apoptotic insult in 6-well
culture plates at 37ºC/5% CO2. For comparative analysis, include
nontreated cells. Use at least 2 × 106 neurons/well. Using too
few cells may be below the detection limit for caspase activity.

2. All subsequent work should be done at 4ºC or on ice.
3. For time-course studies, collect the cells at specific times by

washing once with cold PBS.
4. Add 100 µL of chilled cell lysis buffer, tilt the plate gently,

and scrape the cells into the buffer using a plastic scraper or
rubber policeman. Transfer the cells and buffer to labeled,
prechilled 1.5-mL microcentrifuge tubes. The amount of cell
lysis buffer to be added to the cells is determined by the num-
ber of cells present (this can be estimated from the number
of cells initially cultured). We add 100 µL of cold cell lysis buf-
fer per 6 × 106 cells cultured in a 6-well plate and 600 µL for
36 × 106 cells in a 75-cm2 culture flask.
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5. Incubate on ice for 10 min. Pellet insoluble material by cen-
trifugation for 10 min at 16,000g at 4ºC. The clear supernatant
can be used immediately or stored at −80ºC.

6. This should yield a cell lysate with an approximate protein con-
centration of 1 mg/mL. The protein content of the cell lysate
can be measured using a protein determination assay that is
compatible with detergents present in the cell lysis buffer, e.g.,
BCA Protein Assay (Pierce Chemicals) or Bradford protein assay
(Bio-Rad).

7. Using the fluorometer software, define microplate sample posi-
tions (position of standards, blanks, unknowns, empty cells,
different concentrations, etc.) and test protocols (measurements
timing, filters for excitation and emission, gain, etc.). When
defining the test procedure in the fluorometer software, it is
important to adjust the gain function that provides optimal
sensitivity for the fluorometer. For example, determine the
optimal gain value at the highest AFC standard concentration
to obtain the maximum sensitivity of detection.

8. Preheat the instrument at 37ºC.
9. The caspase-6 activity is measured at 37ºC every 2 min for 1 h

to determine the linear range of activity. If needed, when the
activity is low, extend measures every 10 min for 2 h. The rate
of hydrolysis is determined from the observed progress curves.
It is important to ensure that the rates are calculated from the
linear portion of the progress curve, and single-time-point assay
should be avoided. The Fluoromark software we use in our
laboratory displays a real-time graphics screen of the defined
microplate format, which is helpful to monitor the progress
of the reaction (Fig. 2).

10. We recommend that assays be performed in small volumes
(50–100 µL).

11. Prepare dilutions of AFC standards in 1X caspase reaction buf-
fer. The linear range of the assay is 0.4 to 50 µM. Additional
controls that should be included in this assay are (Fig. 2):
a. Blank: reactions where no cell lysate and no Ac-VEID-AFC

are added to 1X caspase reaction buffer.
b. Ac-VEID-AFC alone: reactions where no cell lysate is added

to the 1X caspase reaction buffer.
c. A control with a caspase inhibitor should be used to dem-

onstrate specific caspase activation.
d. A control using 5 ng of R-Csp-6 should be used as a positive

control.
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12. We usually prepare a master mixture of the reaction mixture
containing: 20 µL 2.5X caspase buffer, 0.5 µL substrate Ac-
VEID-AFC (5-mg/mL stock solution to make a final concen-
tration of 68.5 µM), and 19.5 µL H2O for each well, multiplied
by the number of wells tested. We then add 40 µL from the
master mixture to each well.

Fig. 2. Example of a typical caspase assay design. (A) Schematic repre-
sentation of a typical 96-well plate experimental design for caspase assay.
A1-8 and B1-8, serial dilutions of AFC standards; A9 and B9, control
with substrate (Ac-VEID-AFC) alone where no cell lysate is added; sam-
ples 1–3, different conditions tested, i.e., drug 1, drug 2, and nontreated
control, respectively. (B) Final results obtained from the designated expe-
riment as shown on the real-time graphics screen (Fluoromark software,
Bio-Rad). The software displays this graphics screen in a defined micro-
plate format. Caspase activity is measured at 37ºC every 2 min for 1 h.
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13. Thereafter, rapidly add the cell lysate to the appropriate wells.
We typically use 5 µg of total proteins in a 10-µL volume. The
total reaction volume must be kept constant (50 µL) and there-
fore cell lysis buffer can be used to replace the volume nor-
mally occupied by the cell lysate.

14. Standards should be done in duplicate and samples in triplicate
(Fig. 2).

15. Insert the plate and immediately read the sample’s fluores-
cence (timing was set in step 9).

16. The data from the fluorometer can be viewed in a spreadsheet
program. The fluorometer assigns a fluorescence value for each
sample at every time point. To calculate the caspase specific
activity, one must select a time point within the linear range
of activity of all samples. Based on the AFC standard curve, the
amount of released AFC is measured and the specific activity
of the caspase determined as nmoles of released AFC per micro-
gram total protein/per minute.

17. The readings from the background controls (reactions where
no cell lysate is added or where no Ac-VEID-AFC substrate is
added) must be subtracted from the experimental results prior
to calculating the specific activity. Untreated neurons can show
basal caspase activity. Therefore it is important to show the
increase of caspase activity in time. This assay is suitable for
systems where only a determination of the catalytic activity is
required. Kinetic parameters can only be determined for pure
caspases not complex, undefined mixtures.

6.3. Troubleshooting and Hints6.3. Troubleshooting and Hints6.3. Troubleshooting and Hints6.3. Troubleshooting and Hints6.3. Troubleshooting and Hints

The caspase activity assay protocol is straightforward and does
not involve extensive optimization. However, if you do not see
the expected results, check the following.

1. Check that the fluorometer has the right filters.
2. Check that the fluorometer is reading at the right wavelength.
3. Check that nonspecific protease cleavage of specific substrates

may be detected. Supplement the caspase buffer with protease
inhibitors. We use in our laboratory 0.5-µg/mL leupeptin, 0.1-
µg/mL pepstatin, and 1-µg/mL Nα–p-tosyl-L-lysine chloromethyl
ketone (TLCK) as protease inhibitors. Furthermore, a new pack-
age of tubes should be used and working with new gloves is
recommended to avoid protease contamination of the samples.
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The use of broad-spectrum protease inhibitors or cysteine pro-
tease inhibitors such as α2-macroglobulin, iodoacetamide, and
N-ethylmaleimide should be avoided.

4. Caspases need to be reduced in order to retain full activity. There-
fore they require high concentrations of reducing agents such
as DTT to achieve maximal activity. Buffers containing DTT
should be freshly prepared.

5. Data should be analyzed with great care due to the important
overlap in the substrate preferences of the caspases. Although
a particular tetrapeptide substrate may be referred to as a
“caspase-6 substrate” or a “caspase-3 substrate,” this should
not be taken to imply that it is a substrate that can only be
cleaved by that particular caspase but rather that the substrate
is cleaved efficiently by that caspase (Table 3).

6. Essentially the same procedure can be performed with a chromo-
genic instead of a fluorogenic tetrapeptide substrate. Although
this technique is slightly less sensitive and requires more cells,
it does not require a fluorometer, but it can be performed with
a normal spectrophotometer.

7. Immunological Detection of Caspase Activation

The use of caspase inhibitors and fluorometric substrates allows
the identification of groups of caspases rather than a specific cas-
pase. To determine the implicated caspase(s), Western blotting can
be used against caspases of the identified group. Caspase acti-
vation can be monitored either by the disappearance of the pro-
enzyme or by the appearance of the active p20 or p10 fragments
(Table 1).

Caspase-specific antibodies are widely distributed and are avail-
able from a number of commercial sources.

7.1. Methodology7.1. Methodology7.1. Methodology7.1. Methodology7.1. Methodology

1. Neurons are either treated with the apoptotic insults or left
untreated in 6-well plates or 75-cm3 flasks.

2. After incubation, extract proteins in 200 µL/well (600 µL
for the flasks) of NP-40 lysis buffer (50 mM Tris HCl, pH 8.0,
150 mM NaCl, 1% NP-40, 5 mM EDTA, 0.05% PMSF, 0.1-µg/
mL pepstatin A, 1 mg/mL TLCK, 0.5-µg/mL leupeptin) (51).

3. Incubate cell lysates 10 min on ice.
4. Microfuge 5 min.
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5. Transfer supernatants, i.e., NP-40 soluble fraction (NP-SF), to
new tubes.

6. Add 50 µL of 0.1% SDS to the pellets.
7. Boil 3 min. Microfuge 5 min.
8. Transfer supernatants, i.e., NP-40–insoluble fraction (NP-IF),

to new tubes.
9. Determine the protein content of each sample using standard

methods.
10. Separate 40–100 µg protein/lane on 15% SDS-PAGE. Include

both NP-SF and NP-IF.
11. Transfer proteins to a PVDF membrane and blot according to

standard protocols. The blots are to be probed using antibod-
ies directed against each of the caspases in the suspected group
(I, II, or III; see Table 1).

7.2. Hints and Troubleshooting7.2. Hints and Troubleshooting7.2. Hints and Troubleshooting7.2. Hints and Troubleshooting7.2. Hints and Troubleshooting

The method described above is straightforward and yet very
powerful. However, there are a few limitations:

1. The number of cells available can be a limiting factor render-
ing the detection of the active fragments more difficult.

2. In the case of heterogeneous cultures or tissues, erroneous con-
clusions may be drawn. For example, in a whole-brain extract,
caspase-3 activation can be detected; however, this activation
may be confined to a specific cell type (e.g., astrocytes). To over-
come these problems, immunocytochemistry is the approach
of choice (see the chapter by Kevin Roth).

3. Further assessment of the involvement of a given caspase in the
cell death pathway under study can be done by direct microin-
jection of active recombinant caspases into live cells as described
in the chapter by Zhang and LeBlanc.

8. Assaying for Endogenous
Caspase Inhibitors in Neurons

We describe here a method we use in our laboratory to assess
the direct effect of neuroprotective drugs on caspase-mediated
cell death and to screen neuronal extracts for natural caspase-6
inhibitors using synthetic substrates. This protocol is adapted from
the caspase activity assay to determine specific endogenous cas-
pases activation during cell death described under Subheading 6.
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8.1. Materials and Solutions8.1. Materials and Solutions8.1. Materials and Solutions8.1. Materials and Solutions8.1. Materials and Solutions

All materials and solutions are as described under Subheading 6.1.

8.2. Methodology8.2. Methodology8.2. Methodology8.2. Methodology8.2. Methodology

1. Treat 6 × 106 neurons/well for each sample in a 6-well culture
plate with the apoptotic insult in absence or presence of dif-
ferent concentrations of the known neuroprotective drug. For
comparative analysis, include nontreated cells.

2. Follow the procedure as described under Subheading 6.2., steps
2–9.

3. Prepare dilutions of AFC standards in 1X caspase reaction buf-
fer. The linear range of the assay is 0.4 to 50 µM. Additional
controls that should be included in this assay are as follows.
a. Blank: reactions where no cell lysate, no Ac-VEID-AFC and

no enzyme were added to the 1X caspase reaction buffer.
b. Control Ac-VEID-AFC alone: reactions where no cell lysate

and no enzyme were added to the 1X caspase reaction buffer.
c. Control recombinant active caspase-6 (R-Csp-6) alone: reac-

tion where no cell lysate is added to the 1X caspase reaction
buffer.

d. Standards should be done in duplicate and samples in trip-
licate as shown in Fig. 2.

4. Prepare a master mixture of the reaction mixture containing:
20 µL 2.5X caspase buffer, 0.5 µL substrate (Ac-VEID-AFC), and
14.5 µL H2O for each well, multiplied by the number of wells
tested. Then add 35 µL from the reaction mixture to each well.

5. Thereafter, rapidly add cell lysate to the appropriate wells. We
typically use 5 µg of total proteins in a 10-µL volume. The total
reaction volume (50 µL) must be kept constant and therefore
caspase lysis buffer can be used to replace the volume nor-
mally occupied by the cell lysate.

6. Add 5 µL (5 ng) of purified R-Csp-6 (BD Pharmingen) to each
sample. The enzyme may be activated in caspase buffer 15 min
at 37ºC (50). However, in our experience there is no need to
activate the enzyme as the activity is measured at 37ºC every
2 min for at least 1 h to determine the linear range of activity.

7. Read the caspase activity immediately after addition of the R-
Csp-6.

8. Results should be expressed and analyzed as described under
Subheading 6.2.
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8.3.8.3.8.3.8.3.8.3. Hints and Troubleshooting Hints and Troubleshooting Hints and Troubleshooting Hints and Troubleshooting Hints and Troubleshooting

Caspase-6 activity increases with increasing protein concentra-
tions in the assay mixture (Fig. 3). Therefore, caution must be exer-
cised in the calculations of enzyme specific activity and to assess
the effect of neuroprotective drugs on R-Csp-6 activity. Bovine
serum albumin (BSA) is always added to control for total protein
in the assay. This may not be true for other caspases.

9. Conclusion

The major feature distinguishing the caspases from one another
is the P1 substrate preference (3,10). However, the synthetic sub-
strates and inhibitors used in most studies display a tremendous
lack of specificity. In addition, the catalytic efficiency, concentra-
tion, and cellular distribution of caspases hinder the interpreta-
tion of data. In other words, at any given time, we may only be

Fig. 3. Effect of protein concentration on recombinant caspase-6 activ-
ity. The R-Csp-6 activity is measured at 37ºC every 2 min for 1 h in the
presence of various concentrations of bovine serum albumin (BSA frac-
tion V, Sigma). Protein concentration was determined by Bradford assay.
Proteins (2.5–20 µg) were added to 5 ng of R-Csp-6 (Pharmingen) in cas-
pase assay buffer and 68.5 µM Ac-VEID-AFC. Based on AFC standards
curve, the amount of released AFC was measured and the specific activ-
ity of the caspase determined as nmol released AFC/µg enzyme/min.
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observing the most active/most concentrated caspase. To circum-
vent this problem and to determine which caspases are involved,
a combination of different substrates and inhibitors should be used
at various times of apoptosis. Moreover, various methods should
be used to confirm the presence of any suspected active caspase.
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1. Introduction

Specific cellular and temporal regulation of gene expression is
a goal of many molecular studies. The study of programmed cell
death requires cellular specificity, temporal regulation, as well as
the interaction of a myriad of gene products. One way to regulate
these interactions in an apoptotic cell is by specifically altering
gene expression using a DNA transfer system. Several methods
exist that are capable of delivering gene constructs into intact
animals. DNA can be introduced into cells by direct DNA trans-
fer using liposome-encapsulated DNA or viral vector systems
which carry the gene of interest. An ex vivo approach can be imple-
mented whereby cells are manipulated to produce the desired
gene product and subsequently transferred to the animal. Trans-
fer can also be accomplished using viral vector systems. In par-
ticular, transfer into the central nervous system and neurons is
most commonly accomplished using various viral vector systems.
Our laboratory and others have been developing herpes simplex
virus (HSV) amplicon vectors, which are plasmid-based vectors
that carry the gene of interest under the control of a specific pro-
moter. In this chapter, we will review HSV amplicon vectors as a
modality for gene transfer in two models of apoptosis, central ner-
vous system (CNS) ischemia and cochlear degeneration. Improved
helper-free amplicon methodology will be described, as well as
advantages and disadvantages associated with this viral vector
system.
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2. Herpes Simplex Virus Amplicon Vectors

Herpes Simplex Virus (HSV) amplicon vectors are plasmid-based
vectors that take advantage of the natural neurotropism of the
herpes virus. These vectors are capable of transducing a broad host
of dividing and postmitotic cells. Efficient transduction of neu-
ronal cells makes this vector system a powerful method to study
neuron-specific phenomena. HSV amplicons possess a transgene
capacity of approximately 130 kb, making them uniquely suited
for the introduction of one or more foreign genes whose expres-
sion can be regulated by large and complex cellular promoters.
This is in contrast to other vector systems such as retroviral-based
vectors, recombinant adenoviral, and adeno-associated viral vec-
tors, which have limited transgene capacity (4.5–8 kb). HSV ampli-
cons are episomally expressed, which precludes random integration
into the host genome, virtually eliminating potential oncogenic
phenotypes. Lastly, HSV amplicons can now be packaged into
infectious virus, which are devoid of contaminating cytotoxic helper
virus (helper-free system) (Fig. 2). Using this method, we and others
are able to produce relatively high-titer virus (108 T.U./mL) capa-
ble of efficient transgene expression in neurons and other cell types.

2.1. Structure of the HSV Amplicon 2.1. Structure of the HSV Amplicon 2.1. Structure of the HSV Amplicon 2.1. Structure of the HSV Amplicon 2.1. Structure of the HSV Amplicon VVVVVectorectorectorectorector

The plasmid-based amplicon is essentially a eukaryotic expres-
sion plasmid that has been modified by the addition of an HSV
origin of replication (ori) and cleavage/packaging sequence (“a”
sequence; see Fig. 1). This highly versatile gene transfer system
facilitates genetic manipulation owing to the fact that it has a large
gene capacity (theoretical limit is 150 kb minus the size of the
parental amplicon) (1–11). The amplicon vector concept arose from
analysis of defective HSV particles that accumulated when HSV
stocks were passaged at high multiplicities of infection (MOI) (12).
These genomes were determined to contain an HSV origin of rep-
lication (ori) and pac “a” site. It was later shown that when the
ori and pac were cloned into a plasmid, it could be replicated and
packaged into virions (4). Conventional packaging required trans-
fection of the amplicon into a “packaging” cell containing inte-
grated complementing HSV IE gene(s) followed by superinfection
with replication-defective helper virus. Analysis of these amplicon
stocks revealed that they were composed of concatenated units
of the original plasmid. Titers of these helper virus-containing
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amplicon stocks ranged from 106 to 108 and were capable of effi-
ciently transferring genes into neurons in dissociated cell culture,
organotypic slice culture, and in the intact brain (6,13–20).

2.2. Transgene Expression2.2. Transgene Expression2.2. Transgene Expression2.2. Transgene Expression2.2. Transgene Expression

When viral promoters are used to drive transgene expression,
the result is transient high-level expression in a non-cell-specific
manner. To begin to satisfy requirements for spatial and temporal
control of gene expression, various iterations of the original ampli-
con design have been generated. Investigators have constructed
amplicon vectors that contain multiple genes, regulated promoters,
and cellular promoters (6,15–17). Inclusion of cellular promoters
has been shown to confer long-term cell-specific expression. Speci-
fically, Kaplitt et al. used the preproenkephalin promoter to demon-
strate region-specific and long-term lacZ expression in the adult

Fig. 1. Schematic of HSV amplicon vector. The prototypical vectors con-
sist of the HSV-1 origin of replication and packaging site (“a”), a transcrip-
tion unit composed of a cellular or viral promoter, the gene of interest,
and an SV-40 polyadenylation site. The remaining pBR322 sequences sup-
port growth in E. coli.
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rat brain (15). Our work using the 9.0-kb TH promoter fragment
fused to an Escherichia coli LacZ reporter gene in a HSV amplicon
vector (THlac) showed reporter gene expression preferentially in TH-
positive substantia nigra dopaminergic neurons following infection
(17). HSV immediate-early (IE) 4/5 promoter-driven LacZ reporter
(HSVlac) was used as a control in these experiments. Sprague-Dawley
rats received unilateral stereotaxic injections of either THlac or
HSVlac into the striatum or substantia nigra (SN). After 2 d or 10 wk,
animals were sacrificed and processed for X-Gal histochemistry.
LacZ expression driven by the TH promoter was prolonged (10 wk)
and directed specifically to TH-positive neurons. LacZ expression
was observed only when THlac virus was injected into the striatum,
suggesting that retrograde transport facilitated efficient expression
in TH-positive nigral neurons. Conversely, HSV promoter-driven
amplicons were strongly but transiently expressed at the site of
injection. Furthermore, LacZ expression was not detected in dopa-
minergic neurons. We and others have shown that amplicon genome
persists when expression has been extinguished, suggesting a reten-
tion of amplicon that is transcriptionally inert (16,21). The data
outlined above suggest that cellular promoters can override some
of the “silencing” and specificity issues related to the use of viral
promoters.

Temporal control of gene expression can be addressed using a
regulatable vector system. To accomplish this, inducible transcrip-
tion units can be engineered into a vector expressing the gene of
interest. For example, our laboratory developed a glucocorticoid-
inducible HSV amplicon system that is capable of a 30-fold gluco-
corticoid-induction in transduced cell lines and a 50-fold induction
in primary hepatocytes (16). Briefly, a glucocorticoid-inducible tran-
scription unit composed of reiterated steroid-responsive cis ele-
ments and the human growth hormone gene was inserted into an
HSV amplicon vector. In these studies, there was a basal level of
expression that was induced following steroid treatment. Current
work by many groups is aimed at refining regulatable systems. The
most common inducible systems belong to the following classes:
tetracycline-regulated, ecdysone-inducible, antiprogestin-regu-
lated, and dimerization-based regulation (22). A recent advance has
been made in the class of tetracycline-regulated systems. Strathdee
et al. have developed an autoregulated bidirectional vector (pBIG)
based on the original tetracycline-responsive system developed
by Gossen and Bujard (23,24). pBIG contains a bidirectional pro-
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moter that consists of the tetracycline-responsive herpes simplex
virus thymidine kinase promoter (TK) and the tetracycline-respon-
sive human cytomegalovirus immediate early promoter (CMV).
In this system the weaker TK promoter is used to direct expression
of the reversed tetracycline-responsive transactivator (rtTA) or the
tetracycline-responsive transactivator (tTA) and the stronger CMV
promoter directs the specific cDNA expression. Strathdee’s group
demonstrated that this system was able to regulate reporter gene
expression tightly in both transient and stable transfectants but not
in virus-transduced cells. Furthermore, this system can be switched
between off and on states efficiently with the use of a tetracycline
analog with no apparent cellular toxicity. Clearly, this type of regu-
lated expression could be incorporated into a viral vector system
with a large transgene capacity such as the HSV amplicon. Fur-
thermore, gene transfer approaches capable of precise temporal
regulation are an absolute necessity for future therapeutic studies.

3. Viral Vector-Based Gene Therapy in Apoptosis

Cell death by apoptosis is characterized by specific features such
as cell shrinkage, membrane blebbing, chromatin condensation,
DNA fragmentation, and phagocytosis without inflammation,
which separate it from necrotic death (25,26). Apoptosis is essential
for normal development and maintenance of complex organisms.
The cascade of apoptosis requires protein synthesis and is consid-
ered an active process. Although most apoptotic events follow a
common death pathway, no one general antiapoptotic agent has
been identified. A universal antiapoptotic agent may pose serious
problems for an organism, since apoptotic death is necessary for
normal development and a requirement in the prevention of cer-
tain diseases. With these caveats in mind, we will discuss some
arenas where the regulation of apoptotic cellular events are being
studied with gene transfer approaches. We will focus on neuropro-
tective strategies.

3.1. Stroke3.1. Stroke3.1. Stroke3.1. Stroke3.1. Stroke

Stroke occurs when cerebral blood flow is interrupted either by a
thrombotic or embolic arterial occlusion or less often by a ruptured
artery. When this interruption of blood flow reaches a critical point,
ischemia results, causing cerebral tissue destruction. The degree
of neurological damage is dependent in part on the location of the
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ischemic insult and the length of time the tissue is without oxy-
gen and glucose. Following the initial ischemic event, neurologi-
cal damage appears to be in two time domains, early and delayed.
Early events result in a dense core of dead cells, which is due to
necrotic cell death. The delayed cell death occurs hours to days
later in the penumbra and is the result of apoptotic pathways (27).
This apparent two-component process has been studied in ani-
mal models of stroke and has led to the identification of two thera-
peutic windows of opportunity to treat stroke patients. Practically
speaking, interventions that will lessen or prevent the delayed
apoptotic cell death process are likely to have the highest success
rate in the treatment of stroke (28).

The cellular mechanisms underlying the cascade of events from
cerebral ischemia to neurodegeneration are not completely under-
stood but are similar to those seen in hypoxic and hypoglycemic
states (29). In general, impeded blood flow results in a decrease
of energy levels in the cell in the form of decreased ATP. Cell mem-
branes increase their permeability, cells swell, cation pumps fail,
and neuronal depolarization occurs, resulting in a rise in intra-
cellular calcium. Calcium in turn regulates many cellular processes,
including neurotransmitter release, activation of receptors, and
second messenger systems (30,31). The cell’s attempt to sequester
calcium leads to mitochondrial damage and free-radical formation.
Tissue pH drops as the brain continues to function in an anae-
robic state, leading finally to cell death. Along the way, gene pro-
grams are turned on, some of which are neurotoxic and others
neuroprotective. Oncogenes, such as those belonging to the bcl-2
gene family, are proposed to play an important role in the cell’s
ischemic response (32–35). Therapies designed to intervene using
one or more of these genes would prove useful not only in the
treatment of stroke but also for other neurological diseases that
may share a common cell death pathway.

Bcl-2 is the founding member of a rapidly growing family of
proteins involved in cell death regulation. First identified during
the cloning of the t(14:18) chromosomal translocation breakpoint
found in many follicular B-cell lymphomas, this 25- to 26-kDa pro-
tein is an integral membrane component that associates with mito-
chondrial, endoplasmic reticulum, and nuclear membranes (36–43).
Changes in bcl-2 expression have been demonstrated in various
cell death paradigms (33,44–52). The unique function of this onco-
gene is that Bcl-2 appears to prevent cell death by promoting cell
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survival (antiapoptotic), whereas other genes, including some bcl-
2–related family members, are known to augment cell death [pro-
apoptotic (40,53,54)]. For example, p53 overexpression transactivates
Bax, which leads to caspase-3 activation and apoptotic cell death
(55–58). Bcl-2 family members can protect cells from Bax-induced
apoptosis.

Using viral vector-based gene transfer, several laboratories have
shown the effectiveness of neuroprotective genes in rescuing cells
from apoptosis. Martinou and colleagues demonstrated that
overexpression of Bcl-2 in transgenic mice under conditions of
experimental ischemia resulted in approximately 50% reduction
in infarct area (51). In these studies, the middle cerebral artery
was occluded for 7 d, at which time the infarct area was deter-
mined. Both bcl-2 transgenics and wild-type littermates demon-
strated a focal ischemic core of necrosis, but the diffuse infarct
area was significantly smaller in the transgenic animals, suggest-
ing a cell survival effect of Bcl-2. Our laboratory has provided fur-
ther evidence for Bcl-2’s neuroprotective role in ischemia (50). Using
a defective herpes simplex virus-1 vector (HSV-1) expressing bcl-2,
a protective effect of bcl-2 expression in rat cortex was demon-
strated when the gene was delivered prior to the induction of focal
ischemia. In these studies, HSVbcl2 or HSVlac (Escherichia coli lacZ)
were injected into two sites in rat cerebral cortex 24 h before induc-
tion of focal ischemia. Ischemia was achieved by tandem permanent
occlusion of the right middle cerebral artery and ipsilateral com-
mon carotid artery. Expression of bcl-2 was confirmed by immuno-
histochemistry. Twenty-four hours after occlusion, local ischemic
damage was determined by staining with 2% 2,3,5-triphenyltetra-
zolium chloride. Viable tissue was significantly increased in HSVbcl2-
treated rats with protection localized to the injection sites. In a
model of transient global ischemia, Mongolian gerbil CA1 neurons
were protected from delayed neuronal death by the prior adminis-
tration of HSVbcl2 (59). Adenovirus-mediated transfer of another
Bcl family member, Bcl-XL, also protects neurons from Bax induced
apoptosis (57). Utilizing PC12 cells, these authors demonstrated
that Bcl-XL was more effective in preventing the Bax-induced cell
death than Bcl-2, which may reflect the normal higher level expres-
sion of Bcl-XL in mature neurons. Another neuroprotective gene,
glial cell line-derived neurotrophic factor (GDNF), is also impor-
tant in rescuing neurons from cell death. Recombinant adeno-associ-
ated virus vectors expressing GDNF have been shown to effectively
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decrease infarct volume and maintain neuron number following tran-
sient bilateral common carotid artery and unilateral middle cerebral
artery ligation (60). Taken together, these studies point to a protec-
tive role for gdnf and bcl-2 family members in stroke and suggest
the feasibility of gene therapy for this disease.

Since stroke paradigms share many of the same features as hypoxic
and hypoglycemic states, we can postulate other areas where gene
therapy will be a valuable tool in preventing apoptotic cell death.
Under hypoxic and hypoglycemic states, cells initiate a variety of
adaptive events. Two gene products found to be upregulated dur-
ing these events, hypoxia-inducible factor-1α (HIF-1α) and ARNT,
are members of the Per-ARNT-Sim (PAS) family of transcription
factors and will heterodimerize and translocate to the nucleus
following hypoxia (61,62). The HIF-1α complex then regulates the
expression of adaptive genes such as erythropoietin by binding
to specific hypoxia-responsive enhancer elements (63,64). Prolonged
hypoxia has an apparent contrary effect in that HIF-1α is stabi-
lized and activates cell death in a p53-dependent manner (20,65).
Studies from our laboratory using HSV amplicon gene transfer of
a dominant-negative form of HIF-1α (HIFdn) into cortical neuro-
nal cultures showed reduced delayed neuronal death following
hypoxic stress (20). Therefore, p53 and HIF-1α appear to conspire
to promote apoptotic cell death following ischemia and provide
us with yet another area for gene therapeutic intervention.

3.2. Cochlear Degeneration3.2. Cochlear Degeneration3.2. Cochlear Degeneration3.2. Cochlear Degeneration3.2. Cochlear Degeneration
The ear represents a particularly amenable target for viral vec-

tor-mediated gene therapy (66). Since most humans do not have
a patent cochlear aqueduct, the ear is a closed system with little
chance of virus spread to other organs. Mechanical delivery to
the inner ear can be achieved via a small cochleostomy. Virus is
then able to access inner ear tissues such as the sprial ganglion
and organ of Corti perilymphatic spaces. Spiral ganglion neurons
(SGN) connect hair cells of the organ of Corti to the central ner-
vous system via the cochleovestibular nerve (VIIIth). SGN require
a central target (cochlear nucleus) and peripheral target (organ of
Corti) for survival (67–73).

First postulated by Ramon y Cajal and later confirmed by Lefebvre
et al., a diffusable target-derived survival factor exists for these
neurons (74). In early postnatal cochlea, brain-derived neurotro-
phic factor (BDNF) and neurotrophin-3 (NT-3) are expressed in
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both inner and outer hair cells. More specifically, BDNF has been
localized to sensory cells of both auditory and vestibular organs,
while NT-3 is expressed in inner hair cells and to a lesser extent
in outer hair cells (75). Receptors for these neurotrophins have
been localized to SGNs (75,76). SGNs are classified as type I or
type II based on their specific functions. Type I SGNs deliver sound
signal information from the inner hair cells to the brain, while
type II SGNs innervate outer hair cells (77). Both type I and type
II SGNs require neurotrophin-3 (NT-3) for survival. Severing the
cochleovestibular nerve, aminoglycoside ototoxicity of the hair cells
and cisplatin administration all lead to a secondary degeneration
of the spiral ganglion neurons (6,68,70,78). In turn, destruction of
hair cells and SGN degeneration result in hearing loss. Some forms
of deafness are alleviated by cochlear implants, which are surgi-
cally implanted hearing aids that are placed directly in the scala
tympani of the cochlea. These implants send electrical impulses to
the cochlear nerve but require a population of intact SGN (69,79,80).

In an attempt to maintain functional neurons, neurotrophins have
been delivered to auditory ganglia via vector-mediated delivery
methods. In one study from our laboratory, HSV amplicon vectors
expressing BDNF were used to transduce SGN cultures (HSVbdn
flac) (6). The expression of BDNF elicited robust neuritic process
outgrowth, which was comparable to the addition of exogenous
BDNF. This initial gene therapy study demonstrated the effective-
ness of the HSV amplicon vector system to deliver genes to the
SGNs. Further work has demonstrated that HSV amplicon-deliv-
ered BDNF prevents SGN degeneration in a mouse model of amino-
glycoside ototoxicity (81). Ototoxicity is also a serious concern with
some chemotherapeutic treatments such as cisplatin and is in fact
a major dose-limiting side effect for this cancer therapy (82–85).
Localized delivery of exogenous NT-3 has proven effective in pre-
venting SGN loss following cisplatin treatment, but in vivo treat-
ment requires an efficient delivery system (86,87). Toward that end,
our laboratory has developed an HSV amplicon vector that expresses
a c-Myc-tagged NT-3 chimera (HSVnt-3myc) (78). Transduction
of cultured murine cochlear explants with HSVnt-3myc resulted
in expression of both NT-3 mRNA and protein. NT-3 transduction
increased the density of SGN fibers that projected toward hair
cells as measured by immunocytochemistry for neurofilament-200.
To examine the ability of NT-3 to prevent SGN loss during cisplatin
treatment, explants were transduced with HSVnt-3myc and 48 h
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later exposed to varying concentrations of cisplatin. Immunocyto-
chemical analysis demonstrated that NT-3 overexpression increased
the number of neurites and rescued SGNs. These data suggest that
an HSV amplicon vector expressing a neurotrophin is a promis-
ing methodology to effect biologically meaningful gene expression
in vivo. As mentioned previously, expression can be regulated
by the choice of promoter and in vivo delivery could be accom-
plished using a miniosmotic pump and microcatheter inserted
through the lateral wall of the cochlea or round window (88,89).

In summary, stroke and cochlear degeneration represent excel-
lent models for HSV amplicon-mediated gene expression therapy
to abrogate cell death. This vector system is a versatile platform,
as it allows for the incorporation of large transgenes, specific pro-
moters, and neurotropic expression.

4. Methods

As vector improvement is an ongoing goal in our laboratory as
well as others, the methods for HSV amplicon virus production
are constantly changing. Here, we will describe the most current
production protocol (90,91).

4.1. Cell Culture4.1. Cell Culture4.1. Cell Culture4.1. Cell Culture4.1. Cell Culture

Baby hamster kidney (BHK) cells are maintained in Dulbecco’s
modified Eagle’s medium high glucose (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100-U/mL penicillin, and 100-
µg/mL streptomycin (Life Technologies). The NIH-3T3 mouse fibro-
blast cell line, originally obtained from American Type Culture
Collection, is maintained in DMEM supplemented with FBS, 100-
U/mL penicillin, and 100-µg/mL streptomycin.

4.2. Amplicon 4.2. Amplicon 4.2. Amplicon 4.2. Amplicon 4.2. Amplicon VVVVVector DNAector DNAector DNAector DNAector DNA

The gene of interest is subcloned into an HSV amplicon vector
(see Fig. 1) containing an HSV-1 origin of DNA replication (oriS)
that supports the replication of vector DNA and the HSV-1 “a”
sequence that contains the packaging site responsible for subse-
quently packaging vector DNA into HSV-1 particles (13). The pro-
moter used to drive gene expression is subcloned 5-prime of the
gene of interest. Amplicon DNA is purified using standard DNA
purification procedures.
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4.3. BAC DNA Preparation4.3. BAC DNA Preparation4.3. BAC DNA Preparation4.3. BAC DNA Preparation4.3. BAC DNA Preparation

pBAC-V2 DNA represents the entire 152-kb genome of HSV-1
without the pac signals cloned into a bacterial artificial chromo-
some (92,93). When co-transfected with amplicon DNA into BHK
cells, the amplicon DNA is efficiently packaged. This system elimi-
nates the replication-competent helper virus and associated immu-
nogenicity. A more recent iteration of this BAC system was recently
reported by Saeki et al., which includes a deletion of the ICP27
gene and the addition of the ICP0 “stuffer” sequence in an attempt
to eliminate the helper component and increase titers (94).

Initially, 4 L of LB containing 12.5-µg/µL chloramphenicol is
inoculated with pBAC-V2 glycerol stock and grown overnight in
a 37ºC shaking incubator. pBAC-V2 DNA is purified using the
following modified method based on the Endo-Free Plasmid Mega
Kit protocol from Qiagen (cat. no. 12381, and Endo-Free Plasmid
Buffer Set, cat. no. 19048). Bacteria is pelleted by centrifugation
for 20 min at 2700g and resuspended in 100 mL of P1 buffer. Fol-
lowing the addition of 100 mL of P2 buffer, the mixture is allowed
to incubate for 5 min at room temperature. Prechilled P3 buffer
(100 mL) is added, and incubation continues for an additional
30 min on ice. At the end of the incubation, the mixture is centri-
fuged at 20000g for 30 min at 4ºC. The supernatant is passed through
two layers of prewetted cheesecloth. The supernatant is further
cleared by passing it through prewetted filter paper to prevent col-
umn clogging (S&S grade 588, cat. no. 10319344, or grade 606, cat.
no. 03890; Whatman grade 59728435). ER buffer (30 mL) is added
to the cleared supernatant and the mixture is inverted 10 times
and allowed to incubate on ice for 30 min. During this incubation,
two Qiagen-tip 2500 columns are equilibrated by applying 35 mL
QBT buffer to each. Once equilibrated, half of the cleared lysate is
applied to each column and allowed to enter the resin by gravity
flow. The columns are washed with 220 mL of QC buffer and DNA
eluted with 35 mL (5 × 7 mL) of prewarmed (56ºC) QN buffer.
The eluted DNA is precipitated with 0.7 vol of room-temperature
isopropanol and centrifuged immediately at >15,000g for 30 min
at 4ºC. The DNA pellets are rinsed with 2 mL of endotoxin-free
70% ethanol, centrifuged for 10 min at 15,000g, and resuspended
in a total of 2 mL endotoxin-free TE (10 mM Tris-HCl, pH 7.5, 1 mM
EDTA). Pellets are allowed to resuspend at 4ºC overnight, followed
by gentle rocking for 2 h at room temperature. DNA concentrations
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are determined by absorbance readings at a wavelength of 260 nm.
DNA is stored at −20ºC.

4.4. Helper Virus-Free HSV Amplicon Packaging4.4. Helper Virus-Free HSV Amplicon Packaging4.4. Helper Virus-Free HSV Amplicon Packaging4.4. Helper Virus-Free HSV Amplicon Packaging4.4. Helper Virus-Free HSV Amplicon Packaging

On the day prior to transfection, 2 × 107 BHK cells are seeded in
a T-150 flask and incubated overnight at 37ºC (Fig. 2). The day of
transfection, 1.8 mL Opti-MEM (Gibco-BRL, Bethesda, MD), 25 µg
of pBAC-V2 DNA, and 7 µg amplicon vector DNA are combined
in a sterile polypropylene tube. Seventy microliters of Lipofect-
amine Plus Reagent (Gibco-BRL) is added over a period of 30 s to
the DNA mix and allowed to incubate at 22ºC for 20 min. In a
separate tube, 100 µL Lipofectamine (Gibco-BRL) is mixed with
1.8 mL Opti-MEM and also incubated at 22ºC for 20 min. Follow-
ing the incubations, the contents of the two tubes are combined
over a period of 30 s, then incubated for an additional 20 min at
22ºC. During this second incubation, the media in the seeded
T-150 flask is removed and replaced with 14 mL Opti-MEM. The
transfection mix is added to the flask and allowed to incubate at
37ºC for 5 h. The transfection mix is then diluted with an equal
volume of DMEM plus 20% FBS, 2% penicillin/streptomycin, and
2 mM hexamethylene bis-acetamide (HMBA), and incubated over-
night at 34ºC. The following day, the medium is removed and
replaced with DMEM plus 10% FBS, 1% penicillin/streptomycin,
and 2 mM HMBA. The packaging flask is incubated an additional

Fig. 2. Schematic of BAC-based amplicon packaging. A vp16-express-
ing plasmid is transfected into the packaging cell line followed 24 h later
by contransfection with BAC-HSV, a vhs-expressing plasmid and HSV
amplicon vector. After 3 d, amplicon virus is harvested and purified as
outlined under Subheading 4.
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3 d before virus is harvested and stored at −80ºC until purification.
Viral preparations are subsequently thawed, sonicated, clarified by
centrifugation at 1000g for 15 min, and concentrated by ultracen-
trifugation through a 30% sucrose cushion at 107,000g for 45 min
(detailed below). Viral pellets are resuspended in 100 µL PBS and
stored at −80ºC until use. Vectors are titered as described previ-
ously, using either transduction-based or expression-based titering
methods (91).

4.54.54.54.54.5. BAC Virus Concentration. BAC Virus Concentration. BAC Virus Concentration. BAC Virus Concentration. BAC Virus Concentration

Thaw previously harvested virus quickly at 37ºC and transfer
tubes to ice. Sonnicate on ice 3 times at setting 8, alternating 30 s
on/30 s off, using a Missonix cup sonnicator. Centrifuge at 1300g
for 10 min. Remove viral supernatant to a fresh 50-mL conical
and centrifuge again at 3000g for 10 min. Meanwhile, rinse 37-mL
Sorvall tubes with 70% ethanol 2 times to remove residue. Air-dry
by inverting tubes, remove any remaining alcohol with a sterile
Q-tip. Once dry, add 10–15 mL of DMEM to the tubes and under-
lay with 7 mL cold, sterile 30% sucrose in PBS. Carefully overlay
the viral supernatant and top off each tube with cold DMEM to
within 0.25 cm of the tube rim. Place tubes in prechilled ultracen-
trifuge swinging buckets using forceps sterilized with 70% etha-
nol. Centrifuge in a prechilled ultracentrifuge for 2 h at 107,000g
at 4ºC. Decant the supernatant, remove residual medium with a
sterile Q-tip, and add PBS containing Ca2+, Mg2+ to the viral pellet
(use 100 µL/T-150). Incubate on ice for 30 min to soften pellet and
resuspend by gently pipetting, to break up viral clumps. Aliquot
and freeze on Dry Ice. Store at −80ºC until use.

4.6. Viral Titering4.6. Viral Titering4.6. Viral Titering4.6. Viral Titering4.6. Viral Titering

Amplicon titers are determined either by assessing the number
of cells expressing a given transduced gene using X-gal histochem-
istry or by assessing the number of transduced viral genomes
using a Perkin Elmer 7700 quantitative polymerase chain reaction
(PCR)-based method. For expression titers, 5 µL of concentrated
amplicon stock is incubated with confluent monolayers of NIH 3T3
cells. Following a 24-h incubation, cells are fixed with 1% glutar-
aldehyde for 5 min at room temperature and processed for X-gal
histochemistry to detect the lacZ transgene product. Positively
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stained blue cells are counted, and expression titer is calculated
and represented as blue-forming units per milliliter (bfu/mL). For
transduction titers, infection of confluent monolayers is carried
out as described above, but following the overnight incubation,
monolayers are processed for total DNA. Briefly, cells are lysed
in 100 mM potassium phosphate pH 7.8 and 0.2% Triton X-100.
An equal volume of 2X digestion buffer (0.2 M NaCl, 20 mM Tris-
Cl, pH 8, 50 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), 0.2-
mg/mL proteinase K) is added to the remainder of the lysate and
the sample is incubated at 56ºC for 4 h. Samples are processed fur-
ther by one phenol/chloroform, one chloroform extraction, and a
final ethanol precipitation. Total DNA is quantitated using a spec-
trophotometer, and 50 ng of DNA is analyzed in a PE7700 quanti-
tative PCR reaction using a designed lacZ-specific primer/probe
combination multiplexed with an 18S rRNA-specific primer/probe
set. The lacZ probe sequence is

5'-ACCCCGTACGTCTTCCCGAGCG-3';

the lacZ sense primer sequence is
5'- GGGATCTGCCATTGTCAGACAT-3';

and the lacZ antisense primer sequence is
5'- TGGTGTGGGCCATAATTCAA-3';

The 18S rRNA probe sequence is
5'-TGCTGGCACCAGACTTGCCCTC-3';

the 18S sense primer sequence is
5'-CGGCTACCACATCCAAGGAA-3';

and the 18S antisense primer sequence is
5'-GCTGGAATTACCGCGGCT-3'.

4.7. TaqMan Quantitative PCR System4.7. TaqMan Quantitative PCR System4.7. TaqMan Quantitative PCR System4.7. TaqMan Quantitative PCR System4.7. TaqMan Quantitative PCR System

Each 25-µL PCR sample contains 2.5 µL of purified DNA, 900
nM of each primer, 50 nM of each probe, and 12.5 µL of 2X Perkin-
Elmer Master Mix. Following a 2-min 50ºC incubation and 2-min
95ºC denaturation step, the samples are subjected to 40 cycles of
95ºC for 15 s and 60ºC for 1 min. Fluorescent intensity of each sam-
ple is detected automatically during the cycles by the Perkin-Elmer
Applied Biosystem Sequence Detector 7700 machine. Each PCR
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run includes the following: no-template control samples, positive
control samples consisting of either amplicon DNA (for lacZ) or
cellular genomic DNA (for 18S rRNA), and two standard-curve
dilution series (for lacZ and 18S). Following the PCR run, “real-
time” data are analyzed using Perkin-Elmer Sequence Detector Soft-
ware, Version 1.6.3, and the aforementioned standard curves. Precise
quantities of starting template are determined for each titering sam-
ple and results are expressed as numbers of vector genomes per milli-
liter of original viral stock.

4.4.4.4.4.8. Transduction of Cells8. Transduction of Cells8. Transduction of Cells8. Transduction of Cells8. Transduction of Cells

Stable cell lines, primary cell cultures, and tissue explants are
effectively transduced with these HSV amplicon vectors (78,90).
The amount of amplicon virus used needs to be determined for
each cell type. In general, cell culture medium volume is reduced
and amplicon virus added to the cultures. The cultures are gently
swirled every 15 min for 1–2 h. Medium is removed and replaced
with fresh medium. For primary cells or cells that require condi-
tioned medium, the original medium prior to transduction is retained
and used for re-feeding.

HSV amplicon vectors can also effectively transduce cells in
vivo (90). Our laboratory has extensive expertise in the stereotac-
tic delivery of HSV amplicon virus to the rodent brain (90,95–97).
In general, mice are anesthetized with avertin at a dose of 0.6 mL
per 25 g body weight. After positioning in an ASI murine stereo-
tactic apparatus, the skull is exposed via a midline incision and
burr holes drilled over the appropriate coordinates. A 33-gage
steel needle is lowered to the appropriate depth over a 5-min time
period. Amplicon virus is than infused using a microprocessor-
controlled pump over a 10-min time period (UltraMicroPump, World
Precision Instruments, Sarasota Springs, FL; detailed in ref. 97).
The injector unit is mounted on a precision small animal stereo-
tactic frame micromanipulator at a 90º angle using a mount for
the injector (ASI Instruments, Warren, MI). The microprocessor-
controlled pump is completely programmable, allowing for a pre-
cise delivery rate. The volume of virus injected is dependent on the
site of injection, but in our experience for mouse brain the volume
is limited to between 1 and 1.5 µL. The needle is then manually
removed over a 10-min time period and the skin incision sutured
closed. Animals generally recover within 45 min of surgery.
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5. Advantages and Disadvantages
of the HSV Amplicon System

As with all current gene therapy systems, there are advantages
and disadvantages to using the HSV virus-free amplicon system
(for review, see ref. 93). The advantages of this system lie in: (1) the
amplicon’s inherent large transgene capacity; (2) the amplicon’s
ability to infect both dividing and nondividing cells, specifically
neurons; and (3) the helper-free amplicon’s low immunogenicity.
This system has been effective in achieving transgene expression
for a relatively long time (months to 1 yr), but this is the area that
will require the most improvement. Stable and long-term expres-
sion is an ongoing goal of HSV amplicon therapy and is beginning
to be addressed with the use of specific cellular promoters, specific
insulting DNA elements, and nuclear matrix attachment sequences.
Due to the large transgene capacity of the HSV amplicon, such reg-
ulatory elements can be easily incorporated into this vector. Over-
all, the HSV helper-free amplicon vector represents an important
component in our armament of pre-clinical gene therapy strate-
gies for the study of many important biological phenomena includ-
ing apoptosis.
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1. Introduction

To manage the instrument successfully, delicacy of touch and a great
deal of patience are required; but it is only with the latter, combined
with perseverance, energy, and close observations that scientific facts
have, or ever will be established.

                            Dr. H. D. Schmidt, 1895

Since the first description of microsurgery on a single cell in 1835
by Dujardin (reviewed in ref. 1) microinjection has become a signif-
icant tool to physically deliver chemicals, proteins, peptides, nucleic
acids, nuclei, even cells into certain compartments of a single cell. In
the early years, microinjection of embryos was used in the study of
developmental patterns of both invertebrates and lower vertebrates.

In microinjections, the injected material is the only independent
variable in the experiment and, as a result, all effects observed
are attributable to the injected material. Thus, the role of the injected
material in neurons is efficiently dissected out. The injection dos-
age is precisely controlled. Microinjections can selectively deliver
the material into a certain subcellular compartment, such as the
cytoplasm or the nucleus. One can discriminately inject a certain
group of cells in one culture dish, while the uninjected cells serve
as built-in controls. Finally, injections can be done on cells at a
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particular stage of apoptosis, for example, before or after commit-
ment to apoptosis or synaptic disruption.

However, like every technique, microinjection has its limitations.
First, since injection is a physical stress to cells in addition to the
experimental treatments, a vehicle control is absolutely required
to ensure that the injection itself does not significantly affect cell
viability. Second, positive controls and immunohistochemical stain-
ing to detect the injected protein or peptide are recommended. Third,
microinjection is most powerful to deliver membrane-imperme-
able chemicals, cDNAs, cytosolic and nucleoplasmic proteins or
peptides, but not membrane proteins or ion channels, although
this can be achieved by injecting the cDNAs of these membrane
proteins. Fourth, while injecting protein or peptide, the injected
neuron or cell must be identified in the culture by the co-injection
of a membrane-impermeable marker dye such as dextran Texas red
(DTR) or the protein conjugated to a fluorescent dye. In dividing
cell lines, the dextran Texas Red is diluted with cell division, thereby
resulting in the loss of the identity of the injected cell (reviewed
in ref. 2). This can be avoided in cDNA microinjections co-express-
ing a green fluorescent protein (GFP) marker to ensure the contin-
uous detection of the injected cell. Fifth, microinjection is used for
single-cell analysis. It cannot be used if large amounts of injected
cells are required for biochemical analysis, since injecting huge
numbers of cells is extremely time-consuming and labor-intensive.
This limitation prevents analysis of gene expression levels of the
injected cDNA and does not allow collection of genetic material
except when using single-cell analysis (3). Lastly, the system and
equipment are costly and the technique requires manual skills that
may be challenging for beginners.

However, for certain purposes, the advantages of microinjec-
tion by far overweigh its limitations, since it allows quantitative
and subcellular delivery of proteins and peptides into mammalian
cells, especially cells that are difficult to transfect or infect, as are
cultured primary neurons (see detailed discussion under Subhead-
ing 2.3.). Using this technique, we have successfully studied the
roles of recombinant active caspases (4), Bax cDNA expression
(4a), and intracellular amyloid β (Aβ) peptides in human neuronal
apoptosis (manuscript in preparation). The technical details and
protocols of microinjection of recombinant proteins, peptides, and
cDNAs are discussed below.
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2. Microinjection of Molecules into Cells

2.1.2.1.2.1.2.1.2.1. Microinjection as a Microinjection as a Microinjection as a Microinjection as a Microinjection as a TTTTTooloolooloolool
to Deliver Proteins into a Single Neuronto Deliver Proteins into a Single Neuronto Deliver Proteins into a Single Neuronto Deliver Proteins into a Single Neuronto Deliver Proteins into a Single Neuron

Protein–protein interactions and protease activation in the case
of the Bcl-2 family members and caspases, respectively, represent
two mechanisms regulating neuronal survival or cell death. The
role of these proteins in apoptosis is often detected by studying
the translocation or posttranslational modifications of Bcl-2 or Bax
proteins or the activation of caspases in insulted neurons. Because
the apoptotic insult can induce a number of other cell death mecha-
nisms that could go undetected, the microinjection of these pro-
teins in neurons addresses the direct role of these specific proteins
in an otherwise unaltered neuron. Proteins can be directly deliv-
ered into a single cell by either electropermeabilization (electro-
poration) (5, reviewed in ref. 6), or microinjection. Electroporation
requires large amounts of protein compared to microinjection and
is seldom used on neurons (7). Microinjection has been used to
deliver a number of proteins into neuronal cells to study apoptosis.
We have injected human cultured primary neurons with recombi-
nant active caspases to determine which caspases are responsible
for human neuronal apoptosis (4). In other studies, rat superior
cervical ganglia (SCG) cells were injected with the antibodies to Jun
and Fos proteins to study their roles in NGF-deprivation-induced
apoptosis (8). Cytochrome-c was injected into hybrid motor neu-
ron 1 cells (9), sympathetic neurons (10,11), and rat SCG neurons
(12). Similarly, Bid and AIF were injected into Rat-1 fibroblasts to
study the effects of these proteins on the permeability transition
pore complex and understand their mechanisms of action in apop-
tosis (13,14).

2.2. Microinjection as a 2.2. Microinjection as a 2.2. Microinjection as a 2.2. Microinjection as a 2.2. Microinjection as a TTTTTooloolooloolool
to Deliver Peptides into Single Neuronsto Deliver Peptides into Single Neuronsto Deliver Peptides into Single Neuronsto Deliver Peptides into Single Neuronsto Deliver Peptides into Single Neurons

Microinjection of intracellular peptides in neurons can also al-
low the study of suspect peptides resulting from abnormal pro-
tein metabolism such as the Alzheimer’s disease amyloid β peptide
(manuscript in preparation). Alternative methods to deliver pep-
tides include delivery by a carrier peptide that is linked to the pep-
tide of interest. The link, usually made by disulfide bonds, is cleaved
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intracellularly and the peptide of interest released in the cell (reviewed
in ref. 15). However, this method is limited in that it is impossible
to control the timing and the exact amount of peptide released in
the cell.

2.3. Microinjection as a 2.3. Microinjection as a 2.3. Microinjection as a 2.3. Microinjection as a 2.3. Microinjection as a TTTTTooloolooloolool
to Deliver cDNAs into Single Neuronsto Deliver cDNAs into Single Neuronsto Deliver cDNAs into Single Neuronsto Deliver cDNAs into Single Neuronsto Deliver cDNAs into Single Neurons

While microinjection of cDNA in cells also lacks fine control
on the level of gene expression, it can be somewhat controlled by
injecting varying doses of cDNA. Various methods other than
microinjections can transduce genes into eukaryotic cells. Trans-
fection of cDNAs into mammalian cells is routinely done using
calcium phosphate, DEAE-dextran, or liposome-mediated trans-
fection and electroporation. In calcium phosphate and DEAE-dex-
tran transfections, chemicals are used to attach foreign DNAs to
the cell surface, which allows endocytosis of the foreign DNAs
into cells. Electroporation results in pore formation on cell mem-
brane by an electric field. Since a cuvet is needed during the elec-
tric shock, this method is more suitable for cells in suspension rather
than for attached differentiated neurons. In general, liposomes
contain cationic and neutral lipids, which bind to negatively charged
DNA phosphate groups. Liposomes possibly anchor on the cell
membrane and deliver DNAs into cells (16). Unfortunately, pri-
mary neurons are less resistant to transfections by these methods
than most cell lines. Furthermore, selection of the transfected cells
using antibiotics leads to cell death of the nontransfected neurons,
a state that is undesirable since it will likely damage the neuronal
network necessary for the survival of the cultured neurons.

Viral infections have been widely used to introduce cDNAs into
neuronal cells. The gene of interest is inserted into a replication-
defective viral construct encapsulated within a virus envelope that
increases the efficiency of gene transfer. This method is able to
achieve high levels of transfection (17). However, often these infec-
tions are toxic to some extent to neurons. In addition, choosing the
proper virus, constructing a recombinant virus, and packaging
the virus involve considerable effort and time (17). If the expressed
protein is toxic to the packaging cells, an inducible system is required.

Comparatively, microinjection of the cDNA in the neuron can-
not be used to generate large amounts of transfected cells and is
therefore limited to observations at the single-cell level. However,
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it is an excellent method when testing the effects of one or more
proteins on a defined function such as apoptosis, since more than
one cDNA can be microinjected together in primary neurons. Injec-
tion of the cDNA into cells is less disruptive to the cell than the trans-
fection or infection techniques, is a rapid and efficient manner to
deliver known quantities of cDNA, and overcomes a problem of back-
ground apoptosis often observed with viral or liposome transfec-
tions. The injection of antisense oligonucleotides can also avoid DNA
delivery problems from endocytosis and result in the rapid trans-
location of the antisense oligonucleotide to the nucleus (15,18).

3. Microinjection of Neurons and Neuronal Cell Lines

Virtually all cells, including cell lines and primary cells in cul-
ture, can be microinjected. Suspension cells are more challenging
than attached cells, since a holding pipet with a negative pressure
is required to anchor the injected cell. However, for attached cells
such as primary neurons or neuroblastoma cell lines, only one injec-
tion pipet is required.

Neuronal cell lines are commonly used for the study of apopto-
sis since they are relatively easy to culture and transfect or infect.
However, microinjections can be useful for specific purposes as
discussed above. We have injected several cell lines such as human
teratocarcinoma NT2, neuroblastoma M17 cells, and LAN1 cells.
These cells are easier to inject because they have larger cell volume
and cytoplasm than the primary neurons (unpublished results).
Other neuronal cell lines such as rat pheochromocytoma PC12
cells have also been microinjected (19). The problem with inject-
ing cell lines is that the injected recombinant protein, peptide, or
oligonucleotide will be diluted and eventually lost during cell divi-
sion. In addition, since apoptotic mechanisms are often insult-,
cell type-, and occasionally species-specific, the study of apoptotic
processes using cell lines may not reflect exactly that of postmitotic
neurons. Primary cultured neurons are, therefore, most suitable as
a culture model to study the mechanism of neuronal apoptosis. How-
ever, the results of these experiments cannot be extended directly
to the in-vivo situation without verification of the mechanism in an
in-vivo model. In our laboratory, we use primary cultures of human
neurons (20). These cells are quite resistant to microinjections com-
pared to human primary astrocytes and several neuronal cell lines
that we have studied (Table 1). A survival rate of nearly 90% for
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human neurons, and 50% for human astrocytes, teratocarcinoma cells
NT2, and neuroblastoma M17 and LAN1 cells, can be achieved
by an experienced researcher using the procedure described below
(4). However, the small cytosolic compartment of primary neu-
rons makes microinjections very challenging to a beginner, and
can only be achieved with practice.

4. Microinjection Equipment

4.1. M4.1. M4.1. M4.1. M4.1. Microscope and Light Sourceicroscope and Light Sourceicroscope and Light Sourceicroscope and Light Sourceicroscope and Light Source

An inverted microscope with adjustable magnification of at least
200X is required. For experiments involving nuclear injection, a
magnification of 400X may be necessary. A good view of depth
and an inverted field are also recommended since the noninverted
microscope limits largely the working distance between the lens
and objectives (21). We currently use the IMT-2 Research Micro-
scope from Olympus Optical Co. (Lake Success, NY) at 200X mag-
nification for cytosolic injection. The pseudo-three-dimensional
image provided by the Nomarski or Hoffman optical system can
help the intricate positioning during nuclear injection (21). The
Nomarski system, however, is designed for an optical path through
glass only, hence it is not suitable to obtain a correct image from a
plastic specimen container or cover slip (22). Typically, the illu-
mination from microscopes, such as halogen bulbs, is good enough
for cytosolic injections (22). If nuclear injection is desired, a fiber-
optic light source is necessary to visualize the boundary of the
nucleus (21,22).

Table 1
Suggested Injection Parameters for Different Human Cells

Compensation Injection Injection Cell viability
pressure pressure Injection volume 16 d after

(hPa) (hPa) time (s) (pL)  injections

Neurons 40–50 100 0.1 25 90%
Astrocytes 20–30   50 0.1 8–10 50%
M17 20–30   50 0.1 8–10 50%
NT2 20–30   50 0.1 8–10 50%
LAN1 20–30   50 0.1 8–10 50%
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4.2.4.2.4.2.4.2.4.2. MicromanipulatorMicromanipulatorMicromanipulatorMicromanipulatorMicromanipulator

A micromanipulator that allows fine and smooth three-dimen-
sional movements is needed to position the injection needle. A
micromanipulator that reduces most of the movements and vibra-
tions from hand and arm is preferred (22). In addition, the micro-
manipulator should be placed on a solid, stable, and flat table to
reduce vibrations from the environment as much as possible. The
MIS-5000 series Microinjection Micromanipulator from Burleigh
Instruments (Fishers, NY) is used in our study (4) since it is charac-
terized by the easy and fine control of not only horizontal but
also vertical movements by its joystick (MIS-503) to achieve stable
and high-resolution positioning. As showed in Fig. 1A, the micro-
manipulator (MIS-520) is mounted on the microscope. The injec-
tion pipet holder is mounted on the micromanipulator. A Petri dish
serving as an injection chamber (see details under Subheading 4.5.)
is placed on the platform of the microscope. The injection needle is
placed on the top, at an angle of 30–45º relative to the cells (Fig. 1B).
A number of other systems are available and perfectly appropri-
ate for microinjections.

4.3. Microinjector4.3. Microinjector4.3. Microinjector4.3. Microinjector4.3. Microinjector

A microinjector controls the compensation pressure, injection
pressure, and injection time. For most microinjectors, injection is
controlled by air pressure using compressed nitrogen or air (21).
Compensation pressure is required to overcome capillary forces
caused by the fairly fine tip of the injection needle. Due to capil-
lary forces, liquid from the culture dish tends to flow into the injec-
tion needle and, thereafter, dilute the injection solution inside
of the needle. To prevent this, the compensation pressure is set to
push the solution inside of the needle to the tip and ready to be
injected (Fig. 2). A value that ensures a continuous trace amount
of discharge out of the needle tip should be determined before
experiments by using a visible dye such as fast green (Sigma) to
detect the trace discharge. The injection pressure and compensa-
tion pressure, together with injection time, decide the volume of
injection and therefore determine the applied dose into every cell
(see Subheading 5.3.2. for details).

The Transjector 5246 from Eppendorf (Hamburg, Germany) is
used in our study of cytosolic injection of single cells (4). This
device has a total of four output channels: two are available for
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Fig. 1. Microinjection equipment. (A) A picture of a typical microinjec-
tion work station, including a microscope, a camera, a micromanupulator
with a joystick, a microinjector, the area of injection, and an injection
needle mounted on the micromanipulator. (B) A close-up picture of injec-
tion area. A Petri dish containing culture medium is used to hold the cover
slip to be injected. The injection needle is inserted into the chamber on
the top of the neurons at around 30–45º. 1, injection chamber; 2, micro-
scope platform; 3, joystick; 4, platform for micromanipulator attached
to the microscope; 5, micromanipulator; 6, microinjector; 7, hand control
pedal; 8, camera; 9, power supply; 10, microscope; 11, injection needle;
12, needle holder.
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microinjection; the other two are used to hold cells by negative
pressure if necessary. This system delivers constant volumes and
has helpful functions such as hold, fill in, and clear tip. Further-
more, injections can also be performed by a foot pedal. Other sys-
tems are also recommended (21,22).

4.4. Injection Needle, Glass Pipet, and Puller4.4. Injection Needle, Glass Pipet, and Puller4.4. Injection Needle, Glass Pipet, and Puller4.4. Injection Needle, Glass Pipet, and Puller4.4. Injection Needle, Glass Pipet, and Puller

The preparation of the injection needle is critical for a success-
ful microinjection. In our experiments, the needles are pulled from
the thin-walled MTW100F-4 borosilicate glass capillaries with
microfilament (World Precision Instruments, Sarasota, FL). These
capillaries have 1.0-mm outer diameter and 0.5-mm inner diam-
eter. The microfilament ensures that the injection solution flows
easily to the needle tip. Also, glass capillaries from Sutter Instru-
ment (Novato, CA) are commonly used (1,21).

Injection needles are pulled by the Flaming/Brown P-87 Micro-
pipetter Puller from Sutter Instrument (Novato, CA) (Fig. 3A).
The puller electrically heats up the glass capillary with a heating
element. Then a horizontal linear force pulls the heated glass apart
to produce two tapered needles (22). A gas jet is underneath the
heating element. During the end stage of pulling, gas, usually nitro-
gen or compressed air, is blown by the gas jet vertically to break
the glass. Therefore, pulling force, pulling speed, glass tempera-

Fig. 2. Compensation pressure is required against the capillary force
from the injection needle. A schematic diagram showing that the capil-
lary force resulting from the tip of the injection needle is compensated
by the compensation pressure from the microinjector.
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ture, and gas blowing time are the critical parameters, for needle
shape and tip diameter. Preliminary experiments are needed to
establish these parameters, which can vary with the type of glass
capillaries, air humidity, room temperature, and the shape of the
heating element inside of the puller (22).

Fig. 3. Needle puller. (A) A picture of the Flaming/Brown P-87 Micro-
pipetter Puller (Sutter Instrument). A glass capillary is mounted on the
puller. When the heating element heats up the glass, a horizontal pull-
ing force draws the glass capillary apart as indicated by the arrows. (B)
A schematic diagram showing the shape of the heating element and the
relative position of glass capillary, heating element, and gas jet of the
puller.
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To establish the parameters of the puller, the shape and loca-
tion of the heating element are first adjusted. It is recommended
by the manufacturer (World Precision Instruments, Sarasota, FL)
to bend the heating element walls to 80º for both sides (Fig. 3B)
and keep the upper opening two walls at 2 mm apart. The heat-
ing element should be placed 2–3 mm away from the gas jet of the
puller. The glass capillary is placed in the center of the two walls
of the heating element (Fig. 3B). Then the proper glass tempera-
ture is determined. Glass melting temperature typically ranges
from 300 to 700ºC depending on the shape and age of the heating
element, the distance between the heating element walls to the
glass capillary, and the glass type of the capillary. In general,
higher temperature results in greater plasticity, i.e., finer-tipped
needles with a longer tapered area. However, very high tempera-
tures result in long wisps of glass during pulling (22) and also risk
damaging or aging the heating element.

The pulling force and speed are also critical for needle tip shape.
In general, greater pulling force and speed result in finer and sharper
tips. A multiple-step pulling is useful for a fine-tuned tip shape.
During multiple-step pulling, the movement of capillary in each
step is restricted during pulling. Therefore, the tip gets finer in
each step.

The needles used for cytosolic microinjection in our study ideally
are gradually tapered with the distance between the shaft and
the tip as 0.4–0.6 cm and the approximate tip diameter as 0.5 µm
measured by a calibrated reticule within the ocular of a stereomicro-
scope. Once pulled, needles are stored in a micropipet rack with
a cover at room temperature in a dry and clean area. Commerci-
ally available ready-to-use pipets such as the Femtotips (Effendorf,
Hamburg, Germany) are also available.

4.5. Microinjection Chambers4.5. Microinjection Chambers4.5. Microinjection Chambers4.5. Microinjection Chambers4.5. Microinjection Chambers

A Petri dish with culture medium is used as a chamber for injec-
tion in our study. Cells are cultured on ACLAR (33C; 5 mm; Allied
Chemical, Minneapolis, MN) or glass cover slips (see under Sub-
heading 5.1.), and these are placed into the Petri dish in culture
medium during the injection (Fig. 1B). Since the manipulation time
is relatively short (around 5 min to inject 100 cells on one cover
slip), neurons survive at room temperature and the medium retains
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its proper pH. For injections requiring longer manipulation dura-
tion, a heated platform and CO2/O2 chamber may be attached to
the injection platform (21).

5. Microinjection of Recombinant
Active Caspases in Primary Neurons

Here, we describe the microinjection of recombinant active cas-
pases into primary cultures of human neurons and astrocytes as
an example for a protein injection. It has been well defined that
caspases play an important role in neuronal apoptosis and are
possibly crucial to neuronal loss in neurodegenerative diseases,
such as Alzheimer’s disease (reviewed in refs. 23 and 24). Our
initial studies in the identification of caspases in human neuronal
cell death had unexpectedly shown that caspase-6, but not caspase-
3, was activated in serum deprived primary cultures of human
neurons (25). To address whether caspase-6 was directly respon-
sible for cell death or whether the activation of caspase-6 was only
one of many possible events that occurs during neuronal apopto-
sis, we choose to microinject the recombinant active caspases in
these neurons in the absence of any other insults. The microinjec-
tions determined that caspase-6, but not caspase-3, -7, or –8, induced
human neuronal apoptosis (4). Furthermore, the proapoptotic activ-
ity of caspase-6 did not require caspase-3 activity since it was not
inhibited by caspase-3 or 7 inhibitor Z-DEVD-fmk, indicating that
caspase-6 works as an effector caspase in these neurons. As mentioned
under Subheading 2.1., we delivered a precise dose of recombinant
caspases into a particular cellular compartment by microinjection.
We were able to deliver different concentrations of the caspases
to assess the physiological relevance of the active caspase into the
neuronal cytosol. In addition, immunostaining using antibodies
to the injected caspase-6 was used to determine the lifespan of the
injected protein relative to the apoptotic profile. For example, by
combining microinjection with immunohistochemistry, we showed
that the injected active caspase-6 persisted in neurons for less than
48 h, whereas apoptotic TUNEL-positive neurons continuously
underwent cell death between 2–6 d after the injection. These results
indicated that active caspase-6 initiates certain irreversible path-
ways that eventually lead to cell death and that only a transient
activation of the caspase is necessary for the commitment of neu-
rons to apoptosis.
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5.1. Cell Cultures5.1. Cell Cultures5.1. Cell Cultures5.1. Cell Cultures5.1. Cell Cultures

5.1.1. Primary Cultures of Human Neuron and Astrocyte
Primary cultures of human neurons and astrocytes are prepared

from 12- to 16-wk-old fetal brains following the protocol described
before (20). In brief, meninges and blood vessels from fresh brain
tissues are removed, the tissue is sliced in small pieces with scal-
pels, dissociated with 0.25% trypsin at 37ºC, which is then inacti-
vated by 10% decomplemented fetal bovine serum (HyClone). The
dissociated tissue is then treated with 0.1-mg/mL DNase I and
triturated to make a homogeneous mixture of cells. After filter-
ing the mixture through 130- and 70-µm filters, the flow-through is
centrifuged to pellet the cells. The pellet is then washed once in
phosphate-buffered saline (PBS) and once in minimal essential
media (MEM) with Earle’s balanced salt solution containing 0.225%
sodium bicarbonate, 1 mM sodium pyruvate, 2 mM L-glutamine,
0.1% dextrose, 1X antibiotic penicillin-streptomycin (all products
are from Gibco) with 5% decomplemented fetal bovine serum. Cells
are plated on poly-L-lysine-coated ACLAR or poly-L-lysine/laminin
coated glass cover slips at the density of 3 × 106 cells/mL. Usually,
the plated neurons attach to the cover slip within 24 h. In general,
the cultures contain 90–95% neurons and 5–10% astrocytes (20).
Microinjection is performed 10 d after plating for both neurons
and astrocytes (4).

5.1.2. M17, NT2, and LAN1 Cell Line Cultures
Human neuroblastoma M17 cells (obtained from Dr. June Biedler,

MSKCC Laboratory of Cellular and Biochemical Genetics, New York,
NY) are cultured on ACLAR cover slips at the density of 1 × 106

cells/mL in Opti-Mem containing 5% fetal bovine serum. Human
teratocarcinoma NT2 (Stratagene, La Jolla, CA) and neuroblas-
toma LAN1 cells (obtained from Dr. Culp, Case Western Reserve
University, Cleveland, OH) are cultured on ACLAR or glass cover
slips at a density of 1 × 106 cells/mL in DMEM containing 10%
fetal bovine serum. Microinjections are performed when the cells
reach 70–80% confluence on the cover slips.

5.2. Preparation of Proteins5.2. Preparation of Proteins5.2. Preparation of Proteins5.2. Preparation of Proteins5.2. Preparation of Proteins
and Fluorescent Dye Marker for Microinjectionsand Fluorescent Dye Marker for Microinjectionsand Fluorescent Dye Marker for Microinjectionsand Fluorescent Dye Marker for Microinjectionsand Fluorescent Dye Marker for Microinjections

All solutions for injections should be sterilized. Solutions con-
taining detergents (NP40, Brij3 or 5, Triton X-100, etc.), glycerol
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above 20%, bacteriostatics such as sodium azide and salt solutions
above 400 mM are not suitable for microinjection. Cells are unable
to balance intracellular pH against strong buffers. The cells should
be microinjected with a buffer that induces the least perturbation.
Therefore, always check the possible toxicity of the injection solu-
tion components in the absence of recombinant active caspases.

5.2.1. Dextran Texas Red
Dextran Texas red (DTR) (3000 MW; Cedarlane Laboratories,

Hornby, Ontario, Canada) is injected with the recombinant cas-
pases as a fluorescent marker to recognize the injected cells. The
DTR is dissolved at 100 mg/mL in phosphate-buffered saline (PBS;
140 mM NaCl, 2.7 mM KCl, 4.3 mM Na2PO4, 1.5 mM KH2PO4,
pH 7.4) and stored at −20ºC. Mix the DTR with the proteins to be
injected immediately before the injection. Avoid frequently freez-
ing and thawing of the stock solution.

5.2.2. Preparation of Recombinant Active Caspases
Recombinant caspase-3, -6, -7, and -8 (Pharmingen, San Diego,

CA) are prepared in the caspase active buffer containing 20 mM
piperazine-N,N'-bis-(2-ethanesulfonic acid) (PIPES), 100 mM
NaCl, 10 mM dithiothreitol (DTT), 1 mM EDTA, 0.1% 3-[(3-chol-
amidopropyl)-dimethylammonio]-2-hydroxy-1-propanesulfonic
acid (CHAPS), 10% sucrose, pH 7.2 (25a). The stock solutions of
caspases are prepared in the caspase active buffer at 100 µg/mL
and stored at −20ºC. The caspases are diluted at the required con-
centration with DTR immediately before use.

5.3. Microinjection of Recombinant5.3. Microinjection of Recombinant5.3. Microinjection of Recombinant5.3. Microinjection of Recombinant5.3. Microinjection of Recombinant
Active Caspases into the Cytosol of NeuronsActive Caspases into the Cytosol of NeuronsActive Caspases into the Cytosol of NeuronsActive Caspases into the Cytosol of NeuronsActive Caspases into the Cytosol of Neurons

5.3.1. Establishing the Microinjection Parameters
Before starting to microinject the caspases, the compensation

pressure, injection pressure, and injection time of the microinjector
need to be established. The suggested parameters for some cell
types are listed in Table 1. However, they vary greatly with the
type of equipment used, cell type, and needle diameter and shape.
Different cells have different resistance to microinjections as
shown in Table 1. In general, primary cultures of human neurons
survive microinjections more easily than human astrocytes, terato-
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carcinoma NT2 cells, and several neuroblastoma cell lines such
as M17, NT2, and LAN1 cells.

1. Set the injection pressure in the range of 50–100 hPa. Set the
compensation pressure at approximately one-half of the injec-
tion pressure. Set the injection time as 0.1–0.5 s.

2. Fill one needle with the injection solution using the Micro-
loader loading tip (Eppendorf, Hamburg, Germany) and avoid
any air bubbles inside the needle. Use a visible dye such as fast
green to ensure that a trace amount of solution is continuously
released from the needle tip under the compensation pressure.

3. Place the needle in the injection holder. Be very careful not to
bump the needle when proceeding to step 3.

4. Carefully take out one cover slip and place it into a Petri dish
with culture medium. Place the Petri dish onto the stage of the
microscope. Adjust focusing until the structure of cytosolic
and nuclear areas appears.

5. Select an area containing morphologically healthy and well-
connected neurons. It is preferable to inject many cells in one
area. This will facilitate later detection of the injected neurons.

6. Position the needle on the top of the cell using the manual
micromanipulator and joystick. For cytosolic injection of neu-
rons (Fig. 4A), place the needle just on the top of the cell sur-
face, without piercing the cell membrane. Carefully lower the
tip down by slowly moving the vertical control of the joystick
to let the tip penetrate into the cytosolic area of the cell (Fig.
4B). This step is critical for a successful injection and cell sur-
vival from the injection. Great patience and effort are needed
for beginners to achieve successful and consistent injection.

7. Press the “inject” button of the microinjector to finish the injec-
tion. Carefully remove the needle from the cell with the joystick.

8. Inject some cells and carefully observe the morphological change
and cell behavior immediately after injection. Typically, infla-
tion or explosion of the cell during injection will show you that
the injection pressure is too high. If this happens, lower the pres-
sure by increments of 5 hPa until the phenomenon is eliminated.

9. After injection, incubate the cells for at least 96 h or longer,
and check cell survival to ensure that the injection itself does
not affect cell viability.

10. If cells survive, you are almost ready to microinject. First, per-
form the following preliminary experiments.



98 Zhang and LeBlanc

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

5.3.2. Preliminary Control Experiments
Before Microinjecting the Active Caspase

1. Determine the injected volume. The injection volume can be
determined by loading the needle with 0.1–0.2 µL and simply
injecting the solution in a cell. Shift cells when the cell bursts.
Count the number of ejections required to finish the solution
(this can be counted automatically by the transjector), and then
the ejection volume can be calculated by dividing the volume
loaded in the pipette by the number of ejections. Based on the
ejection volume and solution concentration, calculate the actual
amount of material delivered for each shot of injection. Cyto-
solic volumes vary from different cell types, and this should

Fig. 4. Microinjections into neurons. (A) A schematic diagram show-
ing the position of cytosolic injection needle insert of a neuron. (B) Two
steps to position the injection needle on the surface the cell, and insert-
ing the needle into cell membrane.
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be taken into account when calculating the dosage of injection
in each cell. Typically, we inject 25 pL under our conditions.

2. Optimize the concentration of DTR. Before you start injecting
the protein of interest, the concentration of DTR used for micro-
injection needs to be determined by injecting various doses of
DTR (in PBS), ranging from 10 to 1000 µg/mL, into neurons,
and counting the number of DTR-positive cells that remain after
injection. As shown in Fig. 5A, injection of DTR at 100–300 µg/
mL results in the maximal detection of positive neurons. A dose
of 1000 µg/mL appears to be toxic. Therefore, we opted to use
DTR at a final concentration of 100–200 µg/mL for our experi-
ments but increase this concentration to 400 µg/mL in divid-
ing cells.

3. Determine cellular viability after the injection. Cell viability after
injection needs to be assessed. Inject neurons with 200-µg/mL
DTR in PBS. Measure cell viability using terminal deoxynu-
cleotidyl transferase-mediated biotinylated UTP nick end label-
ing (TUNEL) staining after various time of injection ranging
from 0 to 20 d. As shown in Fig. 5B, injection of 200-µg/mL DTR
does not affect neuronal survival up to 16 d after the injection.

4. Determine the toxicity of the injected buffers. The active caspase
buffer contains a number of chemicals that could be toxic to
neurons. Before you start, test the toxicity of the caspase buffer
in the presence of the predetermined optimal concentration of
DTR in neurons. We compared the buffer with PBS. The caspase
active buffer itself does not affect cell viability significantly
compared with PBS control (Fig. 5C).

5.3.3. Microinjection of the Caspases

1. Prepare the injection solutions by mixing the DTR with buffers
or recombinant active caspases at the desired concentration. At
first, you will need to establish the conditions of microinjection
as described under Subheading 5.3.1. You will also have to estab-
lish the optimal concentration of nontoxic doses of DTR required
to detect the injected neurons as described under Subheading
5.3.2. Follow steps described above to inject the neurons.

2. Repeat the injection on as many cells as you wish. We typically
inject 100 cells/cover slip and inject two cover slips for each
preparation of neurons. However, for cells that are less resis-
tant to microinjections, more cells might need to be injected so
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Fig. 5. Preliminary experiments before testing the apoptotic role of
proteins by microinjection. (A) DTR (in PBS) was injected into human
neurons at various concentrations ranging from 10 to 1000 µg/mL. The
number of DTR-positive cells was counted 96 h after injection. As shown
here, injection of DTR at 100–300 µg/mL results in the maximal detec-
tion of microinjected neurons. (B) Neurons were injected with 200-µg/mL
DTR in PBS. Cell viability was measured by TUNEL staining after various
time of injection ranging from 0 to 20 d. The injection of 200-µg/mL DTR
does not affect neuronal survival up to 16 d after injection. (C) Effect of cas-
pase active buffer on cell viability tested against PBS. After 7 d of injection,
the caspase active buffer does not affect cell viability significantly.
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you end up with 100 cells to analyze. It is easier to detect cells
that are injected in the vicinity of each other. You can repeat
multiple injections in different sites of the same cover slip.

3. After microinjections, cells are returned to the incubator and
incubated for a desired period of time. In our primary human
neuron cultures, we verify apoptosis at 1, 2, 4, 7, and 16 d, but
a different time scale may be needed with a different cell type.
We measure apoptosis by TUNEL staining and morphological
shrinkage (see Subheading 5.4.), but other methods to detect
various stages of apoptosis can also be used. If you have a live
fluorescence microscope and your cells detach when dying, you
can estimate the loss of DTR-positive cells at each time point
in the same injected culture. Once a survival curve is obtained,
you can verify the apoptotic cell death with standard methods.

5.3.4. Technical Precautions
1. Theoretically, only soluble proteins can be injected efficiently,

although insoluble proteins with small molecular weight and
proper conformation that do not clog the injection needle could
be injected. Some sticky proteins, large proteins, and strongly
charged proteins are not suitable for injection, since they might
block the injection needle tips. You can confirm that you injected
the protein of interest by performing immunocytochemistry
on the injected cells.

2. Injection of the denatured, inactive form of the caspase is also
recommended to rule out the possible apoptotic effect of intro-
ducing foreign protein. Denaturation of the active caspase can
be achieved by boiling the protein for 10 min.

3. Check the active caspase solution frequently to ensure that the
protein is still active and functioning. Here, we tested the activ-
ity of recombinant caspases used for injection by in-vitro caspase
activity assay (4).

5.4. Measurement of Apoptosis5.4. Measurement of Apoptosis5.4. Measurement of Apoptosis5.4. Measurement of Apoptosis5.4. Measurement of Apoptosis

5.4.1. Solutions and Products
1. Fixation solution: 4% paraformaldehyde and 4% sucrose (in PBS,

pH 7.4) is prepared immediately before use as described (26).
2. Washing buffer: PBS.
3. Permeabilization solution: 0.1% Triton X-100 (in 0.1% sodium

citrate).
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4. TUNEL reaction mixture: prepared as described by the manu-
facturer (Roche Molecular Biochemicals, Hertforshire, UK).

5. Mounting medium for light microscopy: We use Geltol mount-
ing medium for light microscopy, Immunon™ from Shandon,
Pittsburg, PA.

5.4.2. Controls
1. Negative control: Incubate fixed and permeabilized samples

in 50-µL/well labeling solution without terminal transferase.
2. Positive control: Incubate fixed and permeabilized samples with

micrococcal nuclease or DNase I (1 µg/mL–1 mg/mL, 10 min
at room temperature) to induce DNA breaks.

5.4.3. Protocol
Cells are fixed in fresh 4% paraformaldehyde, 4% sucrose for

20 min and permeabilized with Triton X-100. TUNEL is performed
using the in-situ Cell Death Detection Kit I as described by the manu-
facturer. The percentage of apoptosis is determined by the ratio
of the number of DTR-TUNEL-double-positive cells over the total
number of DTR-positive cells (4). Here, we briefly describe the TUNEL
staining protocol for the in-situ Cell Death Detection Kit I.

1. Aspirate the medium from the microinjected cells and cover
the cells with freshly prepared fixation solution for 20 min at
room temperature.

2. Rinse the cover slips with PBS by aspirating the fixative, add
500 µL of fresh PBS to cover the cells, and incubate for 5 min
at room temperature.

3. Aspirate and repeat the rinse twice. At this point, you can store
the fixed cells at 4ºC and continue the procedure later.

4. To permeabilize the cells, aspirate the PBS, cover the cells with
permeabilization solution, and incubate for 2 min on ice.

5. Rinse the cover slips with PBS three times as before.
6. Air-dry the area around the cells by aspirating with a fine pipet

tip.
7. Add the TUNEL reaction mixture on the cells. Since we plate our

neurons in a 50-µL drop, 10 µL of TUNEL mix is enough to cover
the area of the cells. You may need to adjust the volume depend-
ing on your cell culture. Make sure that the cells do not dry.

8. Incubate the cover slips in a humidified chamber for 60 min at
37ºC. From this step, avoid leaving the cells in bright lights.

9. Pick up the cover slip from the well and dip 8 times in PBS
and 8 times in nanopure sterile distilled water.
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10. Blot the excess liquid from the cover slip and mount the cover
slip by inverting it on a glass slide covered with a small drop
of mounting medium. It is best to leave the slides to settle
overnight in the dark before analyzing under a fluorescence
microscope.

11. You first should identify the red (DTR-positive) microinjected
cells. Once you have identified these, change your filter to
determine if these are also green (TUNEL-positive). Calculate
the percentage apoptosis by dividing the neurons that are red
(DTR-positive) and green (TUNEL) by the total number of
injected neurons that have survived (DTR-positive). Check your
negative and positive controls carefully to make sure that the
TUNEL worked. Carefully assess the morphology of the cells
since necrosis can also give TUNEL-positive neurons. In the
absence of DNA fragmentation but cell death, monitor up-
stream apoptotic events such as caspase activation or Annexin
V staining.

6. Microinjection of Peptides into Neurons

The importance of peptides such as Alzheimer’s disease amy-
loid β peptide (Aβ) or the caspase-generated C-terminal amyloid
precursor protein fragments (25,27–30) in the pathophysiology of
neurodegenerative diseases can require testing the toxicity of these
peptides inside neurons. Microinjections can also be used to assess
the intracellular toxicity of these or other peptides. The micro-
injection of peptides has the same advantages outlined above for
the protein microinjection. Here we describe techniques devel-
oped in our laboratory to test the effect of such peptides in neurons.

6.1. Preparation of Peptides6.1. Preparation of Peptides6.1. Preparation of Peptides6.1. Preparation of Peptides6.1. Preparation of Peptides

Peptides are bought or synthesized from a reliable source. Pep-
tides can be dissolved in water, PBS or mild buffers at 25 µM or
less and stored in aliquots at −20ºC. The conformation of the pep-
tide may be critical for toxicity, so it is wise to obtain the physi-
cal structure of the peptide to be injected and monitor different
batches of peptides carefully.

6.2. Preparation of the Cells6.2. Preparation of the Cells6.2. Preparation of the Cells6.2. Preparation of the Cells6.2. Preparation of the Cells

See Subheading 4.1.



104 Zhang and LeBlanc

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

6.3. Microinjection of Peptides6.3. Microinjection of Peptides6.3. Microinjection of Peptides6.3. Microinjection of Peptides6.3. Microinjection of Peptides
and Measurement of Apoptosisand Measurement of Apoptosisand Measurement of Apoptosisand Measurement of Apoptosisand Measurement of Apoptosis

The peptides are diluted in PBS at a concentration ranging from
0.1 to 10 nM solution with DTR as described above immediately
before the microinjection. It is important to use a reverse or scrambled
peptide as a control. It is also important to know the structure of
the peptide to be injected. As with protein aggregates, it may not
be possible to microinject fibrillar peptides, as they may plug the
injection needle. It is wise to monitor the ejectate for structure.
Avoid freezing and thawing. For details on microinjection and
detection of apoptosis follow Subheadings 5.3.1.–5.3.3.

7. Microinjection of cDNAs into Neurons

To explore the function of Bax, a proapoptotic protein, in human
primary cultured neurons, we microinjected Bax cDNA construct
into the cytosol of neurons. Human bax alpha cDNA was inserted
into a eukaryotic expression vector, pCep4β, under the strong
CMV promoter to ensure high expression levels of Bax protein.

7.1. Preparation of cDNAs to Be Microinjected7.1. Preparation of cDNAs to Be Microinjected7.1. Preparation of cDNAs to Be Microinjected7.1. Preparation of cDNAs to Be Microinjected7.1. Preparation of cDNAs to Be Microinjected
All cDNAs for microinjection have to be purified by column

purification with commercially available plasmid purification kits,
such as the Plasmid Midi Kit (Qiagen). DNAs from minipreps are
not recommended for injection, since they will contain a number
of impurities. Avoid using phenol/chloroform extraction meth-
ods. Typically, the cDNA constructs are dissolved in water as stock
solutions and stored at −20ºC. Before use, dilute the cDNA at 30 µg/
mL in PBS with 100–200-µg/mL DTR.

7.2. Microinjection and Measurement of Apoptosis7.2. Microinjection and Measurement of Apoptosis7.2. Microinjection and Measurement of Apoptosis7.2. Microinjection and Measurement of Apoptosis7.2. Microinjection and Measurement of Apoptosis
We typically inject 25 pL of a 30-µg/mL Bax cDNA construct with

DTR as marker dye. At this concentration, Bax induces apoptosis
in 70–80% of the primary human neurons within 12 h of injection.
Various doses of cDNA can be tested initially, since the expression
level will vary with different promoters. As a control, we inject
the empty vector and DTR alone. The microinjections are done as
described under Subheading 5.3. The cells are usually incubated
for various periods of time depending on the cell type. Apoptosis
is measured as described under Subheading 5.4. Under these con-
ditions, 70–80% of neurons die within 24 h (4a).
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1. Introduction

Microarray technology, while it is no longer in its infancy, is still
immature and unpredictable. If it works well, microarray expres-
sion analysis is a powerful method for estimating the behavior of
10,000 genes simultaneously. But how often does it work well?
Because of the rapid adoption of this young technology, we have
to anticipate that one of the consequences will be the occasional
publication of incorrect results. Some microarray data are simply
wrong. In the course of trying to perfect microarray gene expression
experiments in the last few years, we think that we have encoun-
tered most of the problems that can lead to erroneous interpreta-
tion of microarray data. The goal of this chapter is to offer advice from
our experience in the hope that it will increase the odds of obtain-
ing accurate data from microarray experiments in neurobiology.

This chapter covers all aspects of the technology, from micro-
array design to interpretation of data, but it is not intended to be
an exhaustive description of all possible methods. Since our expe-
rience is primarily with cDNA microarrays, the focus is on tech-
niques that are relevant to that approach. Since our interest is
neurobiology, we provide some specific examples of microarray
results from cultured neurons and from human and mouse brain
tissues. Details of methods that are discussed are provided at the
end of the chapter.
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2. Design of Microarrays

Microarrays are currently available from three sources: commer-
cial suppliers, core facilities, and individual laboratories. Whether
or not you have a direct involvement in making the microarray, it
is a useful exercise to consider how the array is designed, and what
is the impact of the design on the outcome of your experiments. A
general overview of microarray fabrication is shown in Fig. 1. Most
facilities make microarrays with double-stranded DNA attached
to glass. The DNA can be a polymerase chain reaction (PCR) prod-
uct from a cDNA clone (1), or a PCR product that is directly ampli-
fied from genomic DNA by gene-specific primers (2). Another
approach uses oligonucleotides that are either synthesized on the
substrate or spotted onto glass like cDNAs. The genes can be repre-
sented by multiple short oligonucleotides (3) or by longer oligonu-
cleotides (4). Ideally, the choice of design of the microarray should
be governed by the design of the proposed experiments. The impli-
cations of using different types of microarrays are discussed below.

Fig. 1. Flowchart of microarray fabrication.



cDNA Microarray Analyses 109

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

2.1. What Sequences Should Be on the Microarray?2.1. What Sequences Should Be on the Microarray?2.1. What Sequences Should Be on the Microarray?2.1. What Sequences Should Be on the Microarray?2.1. What Sequences Should Be on the Microarray?

The most fundamental design issue is the selection of the target
sequences, which for the purposes of this discussion are defined
as the sequences that are attached to a substrate to capture labeled
transcripts. Choosing the genes that interest you is the simplest
part of the process. It is important to keep in mind that while the
current standard is about 10,000 elements per microarray, some
of the elements should be internal controls, and if possible, each
gene should be represented by at least two sequences. Once you
have a list of genes, the representative target sequences must be
chosen carefully in order to obtain the desired results. For instance,
does the experiment require discrimination of different members
of a gene family? If this is a concern, it may be advisable to use
target sequences from the 5' or 3' untranslated regions of the
mRNA in order to exploit the differences among gene family mem-
bers. Conversely, if it is more important to do cross-species hybrid-
izations, selecting coding regions of high homology would be better
than using the untranslated regions of the message.

Considerations of the abundance of the message and how the
mRNA transcripts will be converted into labeled probe also have
implications in the selection of target sequences for an array. If
the messages of interest are likely to be of low abundance, due
either to levels of transcription or to limited sample size or both,
amplification of the mRNA population may be necessary. The most
commonly used amplification method uses an oligo dT primer
that is coupled to a T7 RNA polymerase promoter is annealed to the
poly-A sequences of the message. Following first- and second-strand
cDNA synthesis, T7 transcription is then employed to amplify
the mRNA population (5). The amplified population is by nature
3'-biased. Therefore, the use of 3'-biased sequences in the targets
on the glass would be expected to produce optimal results from a
T7 RNA polymerase amplified mRNA population. However, it is
important to keep in mind that the 3'-untranslated region of some
genes contains repetitive sequences, which can lead to undesir-
able crosshybridization.

Some discussion of sequence verification of target clones is war-
ranted. When considering arrays containing 10,000 or more unique
sequences, the possibility of errors in sample handling is enormous.
For cDNA microarrays, PCR product is usually generated from
cDNA clones that are distributed in a 96-well format, which means
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that simple errors in handling of the bacterial clones or the puri-
fied plasmids can cause crosscontamination of wells. Even if the
clones are correctly identified in the wells, it is still possible to select
the incorrect plate, or to rotate a plate. PCR of cDNA collections
is usually done using vector-specific sequences as universal ampli-
fication primers. The chances of error are multiplied by the fact
that the same primers will amplify any of the clones. These are
not just theoretical issues; it was recently reported that only 62%
of a sample of 1189 cDNAs from a supplier of Unigene clones
were pure samples of the correct clone (6). Verification of the iden-
tity of each clone is clearly necessary, yet resequencing the PCR
fragments is beyond the resources of almost any laboratory. Using
gene-specific primers to amplify genomic DNA would go a long
way toward solving the problem. Another solution to the verifi-
cation problem is to hedge your bets by spotting at least two clones
from each gene cluster. If the multiple clones behave similarly in
hybridization experiments, then there is confidence that they are
all from the same gene. If they differ, then one of the clones may be
incorrect or splice alternatives may be detected. The use of robots,
barcodes, and unidirectional plates throughout the process can help
to minimize errors in handling. It is important, however, to incor-
porate quality control measures throughout the process as well as
final release criteria to minimize production errors.

2.2. Oligonucleotides, cDNA,2.2. Oligonucleotides, cDNA,2.2. Oligonucleotides, cDNA,2.2. Oligonucleotides, cDNA,2.2. Oligonucleotides, cDNA,
or PCR from Genomic DNA?or PCR from Genomic DNA?or PCR from Genomic DNA?or PCR from Genomic DNA?or PCR from Genomic DNA?

Although there are currently three different types of DNA sequence
that can be used for microarrays, cDNA-based microarrays remain
the most cost-effective and flexible format for most core facilities
and many commercial suppliers. But using oligonucleotides as
target sequence is an alternative to PCR-amplified products. The
oligonucleotides can either be synthesized in solution and spotted
like cDNA sequences, or synthesized in situ, directly on the sub-
strate. Like cDNA microarrays, there are both positive and nega-
tive aspects to these methods. The three basic approaches are
illustrated in Fig. 2. The cDNA array requires that there be phys-
ical clones available, but is relatively simple in concept: the sequences
were originally derived from mRNAs, so they should complement
them well. Choosing coding regions from genomic DNA requires
bioinformatics to choose the appropriate sequences, but since the
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DNA arrayed will be double-stranded, exon-sized PCR products,
the design issues are not complex. Gene specific primers can offer
advantages in control of contamination of adjacent wells over vec-
tor primers. Oligonucleotide arrays, in contrast, need to be designed
more carefully to be sure that the sequences hybridize well with
transcripts. There is one fundamental problem unique to oligonu-
cleotide arrays that is not obvious until it actually occurs. Unlike
PCR products, oligonucleotides are single-stranded DNA, a fea-
ture that offers an additional source of errors. One commercial
vendor of in situ-synthesized oligonucleotide arrays recently revealed
that up to a third of the sequences on a set of mouse arrays were
incorrect, reading from the wrong strand of the double helix (6).
Performance of an array that uses double-stranded PCR product
obviously would not have been affected by this error. Oligonucle-
otide arrays require bioinformatics and testing to determine which
sequences will best represent an mRNA sequence that is several
thousands of nucleotides in length. A recent report (4) suggested
that a good compromise between cDNA clones and short oligo-
nucleotides is 60-nucleotide sequences that represent exons. These
long oligonucleotides were synthesized in situ by an inkjet printer,
which is expensive and available to only a few commercial enti-
ties, so this would not be a viable solution for a laboratory or core
facility. Unfortunately, the less expensive compromise, to use long
oligonucleotides synthesized in a 96-well format, has the same
potential for errors in handling as do cDNA arrays.

Fig. 2. Types of microarrays.
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2.3. Quality Control:2.3. Quality Control:2.3. Quality Control:2.3. Quality Control:2.3. Quality Control:
How to How to How to How to How to AAAAAvoid Failures in Manufacturing Microarraysvoid Failures in Manufacturing Microarraysvoid Failures in Manufacturing Microarraysvoid Failures in Manufacturing Microarraysvoid Failures in Manufacturing Microarrays

Building microarrays is an expensive and time-consuming endea-
vor. But the cost of failure is even more expensive. To go through
the entire process of making an array only to find out that a pre-
cious sample was wasted on an array that had no hope of work-
ing is, to put it mildly, an experience to avoid. It is, therefore,
mandatory that there be quality control (QC) measures through-
out the process.

The ideal way to be sure that every PCR reaction has worked
and has the correct sequence would be to sequence every PCR
product. This is far too expensive, so a reasonable compromise
is to verify the identity of the clones, then check the PCR products
to be sure that they are the right size. Failed PCR amplifications
and amplifications with multiple bands can be noted and indi-
cated in the annotations of the array. With subsequent PCR ampli-
fications of these same clones, the size of the amplified product
would be required to be within specified QC parameters. Again,
those PCR reactions that do not pass the QC criteria are annotated.

It is easy to overlook the effect of having too little or too much
target DNA on the array. Insufficient amount of DNA results in
suboptimal performance of the microarray, which is not recog-
nized until the hybridization phase (7). Then it is necessary to
repeat the PCR amplification, the purification, and the arraying
process, which results in doubling of the cost of the array. It should
be noted that too much DNA can also have a detrimental effect
on array performance, if the amount exceeds the binding capac-
ity of the glass substrate. In this situation, the excess DNA may
smear onto the surrounding glass, resulting in elevated backgrounds.
Alternatively, the unbound DNA may resolubilize during the hybrid-
ization and hybridize to probe in solution, resulting in reduced
signal. Consequently, before proceeding to arraying the PCR prod-
uct, it is prudent to determine the amount of DNA in the samples
to be arrayed. Quantification of DNA by optical density at 260 nm
is not sufficient because it is too strongly affected by the presence
of unincorporated nucleotides and single-stranded DNA. There-
fore, we have adopted a method for fluorescent quantification of
double-stranded PCR product that is less affected by the pres-
ence of contaminating species. We recommend a picogreen fluores-
cent assay (Molecular Probes, Eugene, OR) for measuring the amount
of DNA before arraying.
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2.4. Making Sure the Array 2.4. Making Sure the Array 2.4. Making Sure the Array 2.4. Making Sure the Array 2.4. Making Sure the Array WWWWWorks:orks:orks:orks:orks:
Controls, Controls, ControlsControls, Controls, ControlsControls, Controls, ControlsControls, Controls, ControlsControls, Controls, Controls

It may be a surprise that the first QC measure after arraying
may not be a hybridization. This is because if you hybridize with
probe generated from a complex RNA, there will most likely be
insufficient signal for each element to allow QC of all of the ele-
ments. However, if there is insufficient signal in a QC hybridiza-
tion with a complex probe, how can you tell whether the problem
lies with the array or with the probe? To test the array a non-
hybridization-based measure of the amount of DNA retained on
the glass following arraying and postprocessing will provide the
best measure of the transfer of DNA from the wells to the glass
substrate. We have adapted a fluorescent DNA assay from cell
culture techniques to quantify the amount of DNA retained on
the array. This method uses Syto (Molecular Probes, Eugene, OR)
staining of the array to allow quantification of the amount of DNA
following scanning in the Cy5 channel.

Another useful measure for qualification of an array is possible
if the PCR products are made by amplification with primers to com-
mon vector sequences in the clones. Hybridization of the array with
an oligonucleotide specific for a common vector sequence labeled
with one of the Cy dyes can provide a measure of the amount of
DNA available for hybridization in each element. Only after these
tests should a probe generated from a complex RNA population
be used to confirm that the target DNA is in a state that it is possi-
ble to hybridize.

3. Preparing Samples

Once an array is produced and qualified, the experimental sam-
ples are prepared, labeled, hybridized, and the data acquired. The
steps through these processes are outlined in Fig. 3. We will focus
only on methods that are relevant to cDNA microarrays using
competitive hybridization.

3.1. Isolating RNA3.1. Isolating RNA3.1. Isolating RNA3.1. Isolating RNA3.1. Isolating RNA

A useful guideline for competitive hybridizations is to isolate
at least 200 ng of mRNA from each sample. Commercially avail-
able kits for the isolation of total RNA and poly-A selection of
messenger RNA work well. The isolation of RNA from cultured
cells is a straightforward process and usually 106–107 cultured cells
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provide sufficient mRNA for a set of microarray experiments. The
isolation of RNA from tissue samples, however, has some addi-
tional considerations. It is usually possible to isolate mRNA from
human brain samples that are frozen within 24 h postmortem (8).
Mouse brain samples can be isolated under controlled conditions
and yield predictable amounts of mRNA. The yields of mRNA
isolated from mouse tissue using the methods described later in
this chapter are presented in Table 1.

A variable that is easy to overlook is the precision of dissection
of the tissue. The presence of contaminating tissue can sometimes
be seen in the microarray results. For example, the exceptionally
high level of transthyretin mRNA that appears occasionally in
samples of mouse cortex is probably due to inclusion of choroid
plexus tissue; choroid plexus is the major site of transthyretin
synthesis in the brain. Microarray results comparing gene expres-
sion in cortex from two mouse brains are shown in Fig. 4. One of
the samples expresses far higher transthyretin levels than the other,
indicating that one of the samples probably contained contaminat-
ing choroid plexus. There are a number of ways to increase accuracy
of dissection. The most low-tech method is to cut thick sections of
the tissue and then dissect along anatomic boundaries. For smaller
regions, laser capture microdissection can be used to isolate small
numbers of cells from thin slices of frozen tissue. The small samples
will have to be amplified using a method such as T7 amplification.

Fig. 3. Flowchart of cDNA microarray experiment.
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3.2. Quality Control:3.2. Quality Control:3.2. Quality Control:3.2. Quality Control:3.2. Quality Control:
How to How to How to How to How to AAAAAvoid Failures in Probe Labelingvoid Failures in Probe Labelingvoid Failures in Probe Labelingvoid Failures in Probe Labelingvoid Failures in Probe Labeling

One of the most problematic sources of failed hybridizations is the
quality and quantity of the RNA used in the labeling reaction. As
in the other procedures, stringent QC measures introduced in the
labeling step greatly decrease the number of hybridization failures.

Table 1
RNA Yields from Mouse Tissues

Tissue Total 1st selection 2nd selection
weight RNA polyA RNA polyA RNA

Mouse tissue (mg) (µg) (µg) (µg)

Cerebellum 1 320 250 10.5 2.3
Cerebellum 2 330 208 8.5 3.0
Cerebellum 3 310 230 10.0 3.0
Cerebellum 4 320 163 7.0 2.4
Spleen 1 280 425 8.8 2.6
Spleen 2 370 525 7.2 2.1
Spleen 3 230 325 8.8 2.1
Spleen 4 280 400 9.6 3.1

Fig. 4. Gene expression resulting from dissection of contaminating tissue.
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The random labeling method (see Subheading 6.) requires iso-
lation of mRNA and elimination of as much ribosomal and trans-
fer RNA sequences as possible. To isolate mRNA, we routinely
use a commercially available kit for selection of poly-A messen-
ger RNA (Qiagen, Valencia, CA). A second round of poly-A selec-
tion only occasionally improves the purity of the mRNA preparation,
and results in reduced yields of mRNA (see Table 1). As a first step
following poly-A selection, an electrophoretic profile of the RNA
is obtained to assess the amount of rRNA contamination and any
degradation of the sample. Standard agarose gel electrophoresis is
sufficient to assess the quality of mRNA; for rapid quantitative mRNA
profiles, we use a microcapillary electrophoresis system (Agilent
2100 Bioanalyzer; Agilent, Palo Alto, CA). Inadequate removal of
rRNA has a detrimental effect on the quality of the data from
a hybridization. The impact of titrating total RNA into poly-A
selected RNA can be seen in Fig. 5. With large amounts of con-
taminating RNA in one channel, many elements can appear to be
differentially expressed in a hybridization between identical mRNA
populations in which there should be no differential expression.

Qualified poly-A RNA must also be accurately quantified before
using it for hybridization. Due to the inherent problems with unin-
corporated nucleotides resulting in elevated OD260 nm readings,
we use a fluorescent Ribogreen (Molecular Probes, Eugene, OR)
method of quantifying RNA. Increasing amounts of RNA input
in a labeling reaction results in increasing amounts of signal up
to a plateau. The impact of differing amounts of RNA put into a
labeling reaction can be seen in Fig. 6. As one would expect, differ-
ent amounts of RNA input into the labeling reactions results in
differing amounts of signal in the two channels, which causes
problems with interpretation of hybridization data (see below).

3.3. Labeling mRNA for Detection3.3. Labeling mRNA for Detection3.3. Labeling mRNA for Detection3.3. Labeling mRNA for Detection3.3. Labeling mRNA for Detection

Messenger RNA is commonly labeled by primer extension either
from poly-A sequences or by random priming and incorporation
of labeled nucleotides or the use of labeled primers. We have cho-
sen to use a labeling system consisting of cDNA synthesis with
labeled random oligonucleotides. This has provided us with more
signal than poly-A priming with labeled nucleotide incorpora-
tion, and offers flexibility to use either 3'- or 5'-biased target cDNA
sequences. Also, as indicated above, if oligo dT primers are used,
the sequences will be 3'-biased, and that should be taken into con-
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sideration when designing the array and interpreting hybridiza-
tion results.

The effects of differences in labeling efficiency between Cy3
and Cy5 primers are similar to the impact of differences in RNA
input (see above). To avoid this problem, the Cy3 and Cy5 prim-
ers need to be tested to determine whether the primers label RNA
with the same efficiency.

3.4. Hybridization: The More Controls, the Better3.4. Hybridization: The More Controls, the Better3.4. Hybridization: The More Controls, the Better3.4. Hybridization: The More Controls, the Better3.4. Hybridization: The More Controls, the Better

Most cDNA microarray protocols are based on competitive
hybridization of two samples of mRNA: a control and an experi-
mental sample, each labeled with a different fluorescent tag. We
prefer this approach to single-sample hybridizations for several

Fig. 5. Effect of contamination of mRNA with total RNA.
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Fig. 6. Effect of quantitative imbalance in competitive hybridization.



cDNA Microarray Analyses 119

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

reasons. For example, by directly controlling for variables, it fits
well into classic experimental designs. Also, the significance of
results is much improved by repeating an experiment by “flip-
ping the channels,” which is discussed below. When creating a
database of a large number of gene-expression experiments, the
competitive hybridization approach compensates for variations
in the microarrays and the sample preparation. When the two sam-
ples “match,” as explained below, and controls are included for
normalization, the hybridizations are very reproducible.

We recently reported (7) that one of the greatest sources of varia-
tion in microarray experiments was the hybridization itself. In
order to estimate the linearity, sensitivity, and reproducibility of
the hybridization, onboard controls were used to serve as a QC
assay for each array. Controls are included in each labeling reac-
tion and each hybridization. Control elements to be arrayed can
be obtained by PCR amplification of nontranscribed regions of
the genome from a species evolutionarily distant from the one to
be studied, for example, bacterial controls for human arrays. For
positive controls, RNA transcripts corresponding to the array con-
trol elements can be generated by appending a T7 RNA polymer-
ase promoter onto one of the PCR primers and performing a T7
transcription reaction. Following qualification and quantification
of several of these transcripts, they can be spiked into the labeling
reaction at various levels to monitor the sensitivity and the dynamic
range of the system on each array. Additionally, such T7 transcripts
can be designed to include a poly-A sequence that can be used to
monitor RNA extraction and/or mRNA preparation.

When designing controls for a two-channel system, it is impor-
tant to determine the linearity, sensitivity, and dynamic range
of the signal in each channel independently. However, it is also
necessary to control for the quality of differential expression that
is measured using both channels. A simple way to do this is to
spike T7 RNA transcripts into the labeling reaction in differing
amounts in the two channels to ask whether differential expres-
sion ratios are faithfully reported at different signal levels.

QC is useful for more than determining the linearity and sensi-
tivity of the hybridization. It is a powerful tool to identify the
source of problems when a hybridization goes awry. For example,
absence of signal in one channel can have many causes. Absence
of signal in both the onboard controls and the sample RNA may
indicate a problem with the labeling reaction or contamination of
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the sample RNA with an inhibitor or RNase. Absence of signal in
the sample RNA but not in the onboard controls would indicate
proper functioning of the labeling reaction, but a problem with
the sample RNA.

The most important lesson we have learned about competitive
hybridizations is that the control and experimental samples must
be balanced. If there are equal amounts of labeled transcript in
each channel, hybridizations using the same mRNA for both chan-
nels (a self/self hybridization) are consistent from 50 ng to 400 ng
input. An imbalance in signal leads to several problems with the
results. The impact of unequal amounts of RNA in the two chan-
nels of a self/self hybridization is shown in Fig. 6. Imbalance causes
an increase in the variability of differential expression, which limits
the ability to discriminate differential expression. Also, imbalance
causes deviation of the data from the 45º angle expected for a plot
of Cy3 vs. Cy5 signals, which especially affects the ability to com-
pare hybridizations such as in a time course analysis. An imbal-
ance can be detected by comparing histograms of signal intensity
in each channel across a hybridized microarray. It is more impor-
tant to have matching inputs than to have large amounts of sam-
ple. For example, if only 50 ng of one sample is available, it should
be hybridized with 50 ng of the other sample, even though 200 ng
is the standard amount used and an unlimited amount of the sec-
ond sample is available.

3.5. Detecting the Hybridization to a Microarray3.5. Detecting the Hybridization to a Microarray3.5. Detecting the Hybridization to a Microarray3.5. Detecting the Hybridization to a Microarray3.5. Detecting the Hybridization to a Microarray

Scanners for detection of hybridization in both the Cy3 and Cy5
channels are commercially available; scanner performance has
been evaluated in depth in published reviews (9). We currently
use a scanner produced by Axon Instruments (Foster City, CA).
On most scanners, the only adjustment that can be made by the
user is the photomultiplier tube (PMT) voltage setting. There is
a temptation to change the PMT voltage for individual scans in
order to balance the signal from the two channels. This should
only be necessary if the two samples were not balanced by mRNA
input and label incorporation. Changing PMT settings may change
the signal to noise ratio of the output and increasing a PMT set-
ting to increase signal results in a corresponding increase in back-
ground. High background levels reduce the ability to discriminate
differences in signals. Optimal PMT settings, which balance the
two channels, are obtained with equimolar amounts of the Cy3
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and Cy5 dyes providing comparable signal throughout the signal
spectrum. In addition, it is important to monitor the performance
of the scanner. Note that the lasers employed to generate the fluo-
rescence will lose power over time.

3.6. Interpretation of Microarray Data: What’s Real?3.6. Interpretation of Microarray Data: What’s Real?3.6. Interpretation of Microarray Data: What’s Real?3.6. Interpretation of Microarray Data: What’s Real?3.6. Interpretation of Microarray Data: What’s Real?

Microarray data analysis is population-based, and replicates
and statistics are required to extract the reliable information. The
reproducibility of cDNA microarray hybridizations was tested in
a recent report (7) in which mRNA was converted to labeled cDNA
probe in 10 separate pairs of reactions and competitively hybrid-
ized to identical cDNA microarrays. The results of this analysis
showed that no individual array element gives the same signal or
differential expression value in all 10 of 10 hybridizations. Instead,
the 10 data points for each element are a population of values
that can be described by a mean and standard deviation. This
means that since the values are not exactly the same each time,
comparisons of experimental conditions can only be made in the
context of a statistical analysis of replicated data for each time point.

There has been much discussion of the impact of false posi-
tives on the ability to identify “truly” differentially expressed
genes (10). We found in the replicate study described above that
99% of the elements on each array fell within the 99.5% tolerance
interval, which was plus or minus 1.4-fold differential expression
(7). Put another way, this means that for a 10,000-element array,
100 elements would be expected to fall outside the tolerance inter-
val and thus be falsely identified as differentially expressed. We
have observed that the greatest variance in microarray data comes
not from an obvious variable such as the level of expression of a
gene, but from the unique behavior of each element. This observa-
tion is illustrated in Fig. 7, where the range of differential expres-
sion across 10 replicate determinations is quite large for some genes
and some genes have a narrow distribution of differential expres-
sion regardless of their level of differential expression.

An additional consideration with the two-color system is the
possibility of bias in one channel (7), such that the same transcript
labeled with one of the dyes hybridizes differently when labeled
with the other dye. Luckily, this is rare and minimal. There is a simple
way to control for bias in a dual-channel system: a reflective label-
ing experiment, or channel flip, in which each sample is divided
and labeled separately with each of the dyes. While eliminating
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any errors of bias, this approach has the added benefit of increas-
ing the confidence level by serving as a replicate hybridization. It
should be noted that there is no straightforward way to judge the
bias in a single-channel system.

3.7. How Many Replicates Do I Need?3.7. How Many Replicates Do I Need?3.7. How Many Replicates Do I Need?3.7. How Many Replicates Do I Need?3.7. How Many Replicates Do I Need?

It is clear from the observations discussed above that microarray
experiments must be replicated. But how many replicates are neces-
sary? From a statistical point of view, the more replicates, the better
the data. Pragmatically, however, the amount of sample and the
cost of the arrays may be limiting.

The number of replicates necessary depends on the system used,
the overall variability of the system, the variability of the indi-
vidual genes, and, most important, the design of the experiment.
We have taken an empirical approach based on data from a group
of 10 heterotypic hybridizations (7). We used the same prepara-
tion of mRNA, but maximized the other sources of variation by
labeling separately for every hybridization and using different print-
ing batches of microarrays. In a perfect world, one would expect,
regardless of the cutoff employed to define differentially expressed

Fig. 7. Distribution of differential expression values in 10 replicate microarrays.
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elements, that all of the elements would either be differentially
expressed in all 10 hybridizations or in none of the 10 hybridiza-
tions. In reality, however, there will be some number of elements
that are identified as differentially expressed in only one of the 10
hybridizations (see Fig. 7).

In Fig. 8, the number of times that an element shows differential
expression is plotted against the number of elements that fall into
that group. The data are distributed along an inverse bell curve,
and as a population are independent of the defined cutoff within
a reasonable range. Of course, if the cutoff were arbitrarily set at
10,000-fold, all of the elements would be in the 0-out-of-10 bin,
and if it were set at 1-fold, all would be in the 10-out-of-10 group.

The important message from the replication experiment is that
if a single hybridization were performed, there would be some
apparently regulated genes that would fail to show differential
expression again even if the experiment were repeated nine more
times. Follow-up evaluation of such genes would be costly and
most likely fruitless.

Performing a single replicate, preferably a biological replicate per-
formed with reflective labeling, and requiring that the replicates
both be identified as differentially expressed, will eliminate all

Fig. 8. Distribution of element differential expression: effect of duplicate
and triplicate measurement.
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the elements that were positive on only one hybridization and
greatly reduce the number of elements that would be replicated
only five times in a 10-array experiment. The price of requiring
the same result on both arrays will be a small loss of elements
that would have been replicated nine, eight, seven, or six times if
a 10-array experiment had been performed. Should more than two
replicates be done? Using the data from the 10-replicate experi-
ment, we determined that there is only a marginal improvement
in the data if the number of replicates is increased from two to
three (Fig. 8).

The take-home message from our results is that more is better,
but if the caveats discussed above are taken into consideration,
duplicate experiments should be sufficient to address most bio-
logical questions. Repeating the experiment three times or more
increases the reliability of the data, but since each extra replicate
provides only a small increment of improvement in the results, it
might be wiser to use the additional arrays to measure another
biological variable.

3.8. What Can Be Done to Deal With3.8. What Can Be Done to Deal With3.8. What Can Be Done to Deal With3.8. What Can Be Done to Deal With3.8. What Can Be Done to Deal With
aaaaa VVVVVery Large Amount of Data from Multiple Experiments?ery Large Amount of Data from Multiple Experiments?ery Large Amount of Data from Multiple Experiments?ery Large Amount of Data from Multiple Experiments?ery Large Amount of Data from Multiple Experiments?

The analysis of a complete experimental design dataset, for exam-
ple, a study comparing experiments and controls over several time
points, most often employs the use of cluster analysis. Clustering
of data allows the discrimination of patterns that may not have
been obvious in unanalyzed data. It may, for example, show that
three genes demonstrate similar behavior under a wide variety of
conditions, which suggests that the genes may be functionally
linked. We will not recommend a particular product, but there
are many commercial analysis packages that differ mostly in the
user interface. The most commonly employed methods of cluster-
ing are the K means and hierarchical clustering. The advantage of
the hierarchical clustering is that, as opposed to K means, there is
no need to a priori designate the number of clusters. The disadvan-
tage of the hierarchical clustering is that it is calculation-inten-
sive; consequently, it may not be possible to cluster many genes
at a time and the runtime may be long. While hierarchical cluster-
ing provides several different potential clusters, there is currently
no statistical method for determining the optimal number of clus-
ters. Therefore it may be necessary to test different numbers of
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clusters and to make a judgment of what appears to the most infor-
mative clustering.

In some situations, such as the construction of a large expression
database, or if samples are limited, it may not be possible to per-
form all of the necessary comparisons by direct competitive hybrid-
ization. In this case, different hybridization experiments may need
to be compared through “virtual hybridization.” This is a way of
using the signals from single channels in a competitive hybrid-
ization to compare indirectly with signals from another hybrid-
ization. In order to make such a comparison, the data from all of
the hybridizations have to be normalized so that signal dynamic
ranges from different data sets are matched (see above). Several
methods for normalization have been developed. For example, a rank-
ing by comparison of the signal value of each gene to the mean of
the population is helpful but is limited in that it does not take into
account the dynamic range of the population. More commonly
employed is a Z score, which is the residual or difference between
the individual value and the mean compared to the standard devi-
ation of the population performed in log space. One of the impli-
cit assumptions of using these methods is that the normalized data
has a near-normal distribution, which may not always be true (10).

We tested a “virtual hybridization” approach using the set of
10 competitive hybridization experiments discussed in an earlier
section. Ten control hybridizations using samples from the same
mRNA population showed that at the 99.5% tolerance interval,
99% of the elements fell within a 1.4-fold cutoff for differential
expression. As discussed above, this does not mean that a difference
of greater than 1.4-fold is necessarily a real difference, but instead
means that elements that show less than a 1.4-fold change cannot
be identified as being differentially expressed. A similar analysis
should be performed on a “virtual” hybridization. To do this, we
performed “virtual” self/self hybridizations of placental mRNA by
comparing the signals from 20 competitive hybridizations of pla-
cental RNA with RNA from heart. A histogram of the differential
expression of the actual hybridizations and the virtual hybridiza-
tions is shown in Fig. 9. Those data indicated that the minimal
detectable differential expression for the virtual hybridizations is
2-fold rather than 1.4-fold. This means that if the experiments are
replicated sufficiently to do “control virtual” hybridizations, the
set of genes identified as being differentially expressed will be a
subset of those identified through actual hybridizations.
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3.9. Do the Results Need3.9. Do the Results Need3.9. Do the Results Need3.9. Do the Results Need3.9. Do the Results Need
to Be Confirmed by a Different Method?to Be Confirmed by a Different Method?to Be Confirmed by a Different Method?to Be Confirmed by a Different Method?to Be Confirmed by a Different Method?

We have argued that in their current state of development, micro-
arrays are best used as a screening tool to identify genes that show
interesting behavior in experiments. Eventually all microarray
technology will be sufficiently accurate so that the results will be
accepted as definitive. Until that is accomplished, however, it is
sometimes wise to confirm microarray results by a different, quan-
titative technique. The most common methods of confirming
microarray data are Northern blot analysis and real-time PCR
analysis. It should be noted that direct comparison of these meth-
ods to microarray analysis may not be straightforward. Determina-
tion of differentially expressed genes in a microarray experiment
involves a comparison with the average signal of a large number
of genes. It is not practical to perform the same type of a popula-
tion-based analysis with either Northern blot or real-time PCR,
so instead the signals are compared to “housekeeping” genes that
are believed to be invariant in all tissues. We want to add a cau-
tionary note about the use of this approach: an evaluation of hun-

Fig. 9. Comparison of virtual and actual competitive hybridizations.



cDNA Microarray Analyses 127

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

dreds of microarray experiments has failed to identify any gene
that is invariant in expression across a large number of tissues.
Therefore, the housekeeping genes that are chosen as compari-
son controls for Northern analysis or real-time PCR should be
operationally defined as those that are consistently invariant
across the tissues that are to be analyzed. These genes could be
chosen on the basis of their behavior on a set of microarrays per-
formed on the biological system of interest.

4. Examples of Microarray Results in Neurobiology

4.1. Mouse Embryonic Stem Cells4.1. Mouse Embryonic Stem Cells4.1. Mouse Embryonic Stem Cells4.1. Mouse Embryonic Stem Cells4.1. Mouse Embryonic Stem Cells

We used a mouse microarray (Incyte’s Mouse LifeArray) to ask
what changes occur during retinoic acid-induced differentiation
of ES cells (11). We compared the line of ES cells (E14) with a line
derived from a subclone in the course of a gene targeting experi-
ment. As can be seen in Fig. 10A, the two undifferentiated cell lines
were identical with respect to gene expression pattern. However,
after the cells were induced to differentiate, primarily into neu-
rons, the gene expression pattern changed greatly (Fig. 10B). We
detected consistent differential expression of 92 of the sequences
in five separate experiments. Most of the genes that were down-
regulated were involved in protein synthesis and replication. The
upregulated transcripts included neuron-specific genes and extra-
cellular matrix components.

4.2. Human Alzheimer’s Disease4.2. Human Alzheimer’s Disease4.2. Human Alzheimer’s Disease4.2. Human Alzheimer’s Disease4.2. Human Alzheimer’s Disease

We used a human microarray (Incyte’s Human Unigene LifeArray)
to compare gene expression patterns in control and moderate to
severe Alzheimer’s disease (AD) brains (12). Postmortem intervals
were all less than 24 h for the six AD samples and nine controls.
The analysis of these data was considerably more complicated
than the analysis of data from the cultured ES cells, because of the
biological variability among human brain tissues. We dealt with
differences between individuals by comparing pairs of controls,
and removing from further analysis all of the genes that were dif-
ferentially expressed between controls. An example of a control–
control hybridization is shown in Fig. 10C. This stringent filtering
gave us confidence that we were excluding gene expression differ-
ences that were not associated with AD. We compared age-matched
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pairs of AD and control cingulate cortex, amygdala, striatum, and
cerebellum by competitive hybridization. The genes that are most
likely to be associated with AD pathology were those that were
differentially expressed only in the amygdala and/or cingulate
cortex. The final list of candidates numbered 118 genes. An exam-
ple of a comparison between control and AD amygdala is shown
in Fig. 10D.

5. Conclusions

By the time this chapter is published, there will probably be
another 100 publications of data using microarrays. If each paper
focuses in on the 100 most interesting genes that are differentially
expressed, that means that 100,000 reports of differential expres-
sion will have been made. If our estimates hold true, then 1 per-
cent, or 1000 determinations, will simply be wrong.

This should not deter anyone from performing microarray expe-
riments, and as databases of information are built, much of this
error should be sorted out by repetition of the experiments. A

Fig. 10. Scatter plots of data from microarray experiments.
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useful analogy is the GenBank database, in which huge amounts
of data are added every day, and weeding out the incorrect infor-
mation has become the curators’ major task.

Just as DNA sequencing has improved because of the pressure
of scientists using the technology, so will large-scale gene expres-
sion technologies become better, cheaper, and faster. However,
the most important thing to keep in mind is that it is the mind of the
biologist that is the most important ingredient in the application
of any technology. If the experiments are designed well, micro-
arrays will give us the answers.

6. Methods

6.1. Synthesis of PCR Products6.1. Synthesis of PCR Products6.1. Synthesis of PCR Products6.1. Synthesis of PCR Products6.1. Synthesis of PCR Products

PCR was used to generate large quantities of defined target
DNA for microarray production (7). Plasmids containing cloned
genes were grown in Escherichia coli and were amplified using
vector primers SK536 and SK865. Briefly, 1 µL of bacterial cell
culture was added to reaction buffer containing 10 mM Tris-Cl,
pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.2 mM each dNTP, 0.5 µM
each primer, and 2 units Taq polymerase. The mixture was incu-
bated for 3 min at 95ºC, and 30 cycles of PCR were performed at
94ºC/30 s, 56º C/30 s, and 72ºC/90 s. PCR products were purified
by centrifugal chromatography with Sephadex S400 resin (Amer-
sham-Pharmacia Biotech, Uppsala, Sweden) in 0.2X standard saline
citrate buffer (SSC) in a 96-well format. Purified PCR products
were concentrated to dryness and resuspended in 10 µL H2O.

6.2. Qualification and Quantification of PCR Products6.2. Qualification and Quantification of PCR Products6.2. Qualification and Quantification of PCR Products6.2. Qualification and Quantification of PCR Products6.2. Qualification and Quantification of PCR Products

PCR products were analyzed by agarose gel electrophoresis, and
samples that failed to amplify or had multiple bands were annotated.
PCR products were quantified using PicoGreen® dye (Molecular
Probes, Eugene, OR) according to the manufacturer’s instructions.

6.3. Arraying and Postprocessing6.3. Arraying and Postprocessing6.3. Arraying and Postprocessing6.3. Arraying and Postprocessing6.3. Arraying and Postprocessing

Ten thousand PCR products were arrayed by high-speed robotics.
Each element occupied a spot of approximately 150 µm in diame-
ter and spot centers were 170 µm apart. DNA adhesion to the glass
was achieved by irradiation in a Stratalinker model 2400 UV illu-
minator (Stratagene, San Diego, CA) with light at 254 nm and an
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energy output of 120,000 µJ/cm2. The microarrays were washed
for 2 min in 0.2% sodium dodecyl sulfate (SDS) followed by 3 rinses
in H2O for 1 min each. The microarrays were treated with 0.2%
(w/v) I-block (Tropix, Bedford, MA) in phosphate-buffered sa-
line (PBS) for 30 min at 60ºC. They were washed again for 2 min
in 0.2% SDS, rinsed 3 times in H2O for 1 min each, and finally
dried by a brief centrifugation.

6.4. Array Qualification: SYTO6.4. Array Qualification: SYTO6.4. Array Qualification: SYTO6.4. Array Qualification: SYTO6.4. Array Qualification: SYTO®®®®® 61 Dye 61 Dye 61 Dye 61 Dye 61 Dye

The SYTO 61 nucleic acid staining procedure was modified to
allow its use for measurement of DNA bound to microarrays. A
5-µM stock solution of SYTO 61 dye (Molecular Probes, Eugene,
OR) was diluted 1/100 in 10 mM Tris-HCl, pH 7, 0.1 mM EDTA
(TE). Microarrays from each manufactured batch were immersed
in this solution for 5 min at room temperature, rinsed with TE,
rinsed with H2O, and finally with absolute ethanol. The micro-
arrays were scanned on a GenePix 4000A scanner (Axon Instru-
ments, Foster City, CA) at 625 nm.

6.5. mRNA Preparation and Probe Synthesis6.5. mRNA Preparation and Probe Synthesis6.5. mRNA Preparation and Probe Synthesis6.5. mRNA Preparation and Probe Synthesis6.5. mRNA Preparation and Probe Synthesis

Total cellular RNA was prepared with Trizol reagent (Life Tech-
nologies, Gaithersburg, MD) from mouse ES cells (11), human
brain tissue (12) and mouse brain (Loring in prep). mRNA was
isolated from total RNA from these sources and from commer-
cially available placenta, brain, and heart total RNA (Biochain,
San Leandro, CA) by a single round of poly-A selection using Oligo-
tex resin (Qiagen, Valencia, CA). The purified mRNA was quanti-
fied using RiboGreen dye (Molecular Probes, Eugene, OR). RiboGreen
dye was diluted 1/200 (v/v final) and mixed with RNA at concen-
trations ranging from 1 to 5000 ng/mL as determined by absor-
bance at 260 nm. Millennium RNA size ladder (Ambion, Austin,
TX) was used to generate standard curves. Fluorescence was mea-
sured in 96-well plates with a FLUOstar fluorometer (BMG Lab
Technologies, Germany) fitted with 485-nm (excitation) and 520-
nm (emission) filters.

Twenty-five to 100 ng of mRNA were qualified on an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), to exam-
ine the mRNA size distribution. Purified mRNA was converted
to Cy3- or Cy5-labeled cDNA probe using a custom labeling kit
(Incyte Genomics, Fremont, CA). Each reaction contained 50 mM



cDNA Microarray Analyses 131

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Tris-HCl, pH 8.3, 75 mM KCl, 15 mM MgCl2, 4 mM dithiothreitol
(DTT), 2 mM dNTPs (0.5 mM each), 2 µg Cy3 or Cy5 random 9-mer
(Trilink, San Diego, CA), 20 U RNase inhibitor (Ambion, Austin,
TX), 200 U MMLV RT RNase (H-) (Promega, Madison, WI), and
mRNA. Labeled Cy3 and Cy5 cDNA products were combined and
purified with a size-exclusion column, concentrated by ethanol
precipitation, and resuspended in hybridization buffer.

6.6. Array Qualification:6.6. Array Qualification:6.6. Array Qualification:6.6. Array Qualification:6.6. Array Qualification:
Complex and Complex and Complex and Complex and Complex and VVVVVector-Specific Hybridizationsector-Specific Hybridizationsector-Specific Hybridizationsector-Specific Hybridizationsector-Specific Hybridizations

Hybridization of labeled cDNA probes was performed in 20 µL
5X SSC, 0.1% SDS, and 1 mM DTT at 60ºC for 6 h as previously
described (7). Hybridization with a Cy3-labeled vector-specific oli-
gonucleotide (Operon Technologies) was performed at 10 ng/µL
in 5X SSC, 0.1% SDS, 1 mM DTT at 60ºC for 1 h. The microarrays
were washed after hybridization in 1X SSC, 0.1% SDS, 1 mM DTT
at 45ºC for 10 min, and then in 0.1X SSC, 0.2% SDS, 1 mM DTT at
room temperature for 3 min. Following drying by centrifugation,
microarrays were scanned with a Axon GenePix 4000A fluores-
cence reader (Axon Instruments, Foster City, CA) at 535 nm for Cy3
and at 625 nm for Cy5. An image analysis algorithm in GEMTools™

software (Incyte Genomics) was used to quantify signal and back-
ground intensity for each target element. The ratio of the two cor-
rected signal intensities was calculated and used as the differential
expression ratio for this specific gene in the two mRNA samples.

The Axon scanner was calibrated using a primary standard and
a secondary standard as previously described (7). For the primary
standard, hundreds of probe samples were prepared which were
fluorescently balanced in Cy3 and Cy5 channels as determined
by a Fluorolog3 fluorescence spectrophotometer (Instruments S.A.,
Edison, NJ). These probes were hybridized to microarrays and
the scanner PMTs were adjusted to give balanced fluorescence
and the greatest dynamic range. Using these PMT values, a fluo-
rescent plastic slide was scanned to obtain corresponding fluores-
cent values. This secondary standard was used to calibrate other
scanners on a daily basis.
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Analysis of Gene Expression
by Nylon Membrane cDNA Arrays
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I. Introduction

The use of DNA arrays offers the promise of semiquantitative
analysis of large numbers of genes simultaneously. Here, we report
our efforts at applying this technology to an issue of potentially
high relevance to current research in Alzheimer’s Disease (AD).
The AD field is in strong need of biomarkers suitable for the diag-
nosis of AD prior to symptomology. Amyloid-beta (Aβ) deposi-
tion in the brain is a hallmark of AD, and amino acid racemization
studies suggest that Aβ deposition occurs well before symptomol-
ogy (1). Hence, approaches that provide an indirect indication of
Aβ burden may be useful in early AD diagnosis. A mouse model
of Aβ deposition resulting from overexpression of the Aβ protein
precursor has proven utility as a model of AD. Although such mice
do not have the striking neuronal loss seen in AD, these mice
manifest many of the other attributes of AD including fibrillar and
nonfibrillar Aβ deposits, neuritic plaques, decreased synapse den-
sity and gliosis, and behavior problems (2–4). Moreover, they have
proven useful in studies aimed at decreasing Aβ deposition, e.g.,
the Aβ vaccination studies (5–7). As a means to identify markers
of Aβ deposition that may prove useful in diagnosing AD before
symptomology and in assessing decreases in Aβ burden with
therapy, we attempted to use cDNA array technology to identify
patterns of altered gene expression in Aβ-overexpressing mice.
This chapter documents our efforts at the analysis, interpretation,
and confirmation of these efforts.
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2. Methods

2.1. Tissue Preparation2.1. Tissue Preparation2.1. Tissue Preparation2.1. Tissue Preparation2.1. Tissue Preparation

Three mice transgenic for the human Aβ precursor protein (2)
and three strain-matched (C57B6/SJL) control mice, each main-
tained for 22 ± 2 mo (mean ± SD), were humanely killed. Mice of
this age and genetic background have very robust Aβ deposition
(8). The mouse brains were rapidly removed, severed at the mid-
line, and flash-frozen in liquid nitrogen.

2.2. RNA Isolation2.2. RNA Isolation2.2. RNA Isolation2.2. RNA Isolation2.2. RNA Isolation

For the analyses of gene expression in vivo, total RNA was iso-
lated from one cortical hemisphere by the guanidinium isothio-
cyanate and phenol method of Chomczynski and Sacchi (9). RNA
was quantified by absorbance at 260 nm. The ratios of the absor-
bance of the RNA solutions at 260 nm vs 280 nm were 1.6–1.8.

2.3. Hybridization to Gene Array2.3. Hybridization to Gene Array2.3. Hybridization to Gene Array2.3. Hybridization to Gene Array2.3. Hybridization to Gene Array

Potential differentially expressed genes were identified by using
ClonTech Atlas Mouse Expression Arrays, Version 1.2, and tech-
niques recommended by the manufacturer (Clontech, Palo Alto,
CA). Briefly, 1.3 µg of total RNA from each of the three control mouse
brains, or each of the three transgenic mouse brains, was pooled,
and labeled with [α-33P]-dATP by using Maloney murine leukemia
virus reverse transcriptase and a proprietary primer mix (Clontech).
Following the labeling reaction, unincorporated radionucleotides
were separated from incorporated radionucleotides by using spin-
column size-separation chromatography.

Array nylon membranes were allowed to prehybridize with
ExpressHyb hybridization buffer (Clontech) for 30 min at 68ºC.
Approximately 1,000,000 cpm of radiolabeled probe were then
diluted into ExpressHyb and incubated with the nylon membranes
overnight at 68°C. The membranes were washed four times with
2X saline sodium citrate (SSC), 1% SDS at 68ºC for 30 min each,
and then once with 0.1X SSC, 0.5% SDS and once with 2X SSC. The
membranes were then exposed to phosphorimaging plates over-
night. Bound radioactivity was detected and quantified by using
phosphorimaging technology (FLA-2000, Fuji, Stamford, CT).
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2.4. Array Analysis2.4. Array Analysis2.4. Array Analysis2.4. Array Analysis2.4. Array Analysis

Phosphorimage files were exported as .TIF files from the phos-
phorimaging software. These files were imported into Atlas Image
1.01, a proprietary Atlas membrane analysis software package
(Clontech). The images were then overlayed with a grid. Substan-
tial differences were noted visually between the grid overlay and
the apparent placement of individual arrayed cDNAs, that is, some
arrayed cDNAs were out of alignment with the overall pattern.
Errors in alignment were corrected by adjusting each cell of the grid.
Binding patterns between transgenic and control mice were com-
pared by using the Atlas Image 1.01 software. Radiolabel intensi-
ties were quantified, corrected for background, and normalized
for slight differences in the intensity of internal positive controls.
The ratio of radioactivity bound to each cDNA between the two
blots was then determined.

2.5. Reverse Transcriptase2.5. Reverse Transcriptase2.5. Reverse Transcriptase2.5. Reverse Transcriptase2.5. Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR)Polymerase Chain Reaction (RT-PCR)Polymerase Chain Reaction (RT-PCR)Polymerase Chain Reaction (RT-PCR)Polymerase Chain Reaction (RT-PCR)

 One-microgram aliquots of RNA were subjected to reverse tran-
scription as follows. RNA was mixed with 500 pmol of random hex-
amers (Roche, Indianapolis, IN) in a volume of 16 µL, incubated at
95ºC for 2 min, and then placed on ice. A stock solution was then
added such that the final reaction volume of 30 µL contained 200 U
Superscript II (Life Technologies, Gaithersburg, MD), 500 µmol
dNTPs, 40 U RNAsin, and 1X reaction buffer (Life Technologies).
The solution was incubated at 20ºC for 10 min, 42ºC for 50 min,
and the Superscript then inactivated by heating to 95ºC for 2 min.

Differential gene expression was analyzed by using semiquan-
titative RT-PCR. In the course of this experimentation, we compared
two means of detecting and quantifying PCR products, namely,
incorporating radioactive dCTP during the PCR to radiolabel the
PCR products or by detecting PCR products with representative
members of the new generation of DNA fluorescent probes, SYBR
Green (Molecular Probes, Eugene, OR). Stock PCR reaction mixtures
(50 µL) were prepared on ice and contained 50 µmol dCTP, 100 µmol
each of dGTP, dATP, and dTTP, 10 µCi dCTP (3000 Ci/mmol),
1.5 mmol MgCl2, 1X reaction buffer (Life Technologies), 1 µmol
each primer, 1 U of Taq polymerase (Life Technologies), and 1/30th
of the cDNA synthesized in the RT. The stock solutions were then
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separated into three 14-µL aliquots that were covered with a drop
of mineral oil and subjected to the indicated numbers of PCR
cycles. Typical reaction conditions were 1 min at 94ºC, 1 min at
55ºC, and 2 min at 72ºC. After amplification, the cDNAs were sepa-
rated by polyacrylamide gel electrophoresis and stained with
SYBR Green for 10 min as directed by the manufacturer (1/10,000
dilution in Tris-borate-EDTA buffer). The gels were then scanned
by using a fluorescent scanner (FLA-2000, Fuji, Stamford, CT). After
scanning, the gels were dried and subjected to phosphorimaging
analysis (Fuji). In subsequent experiments, PCR products were
detected and quantified by fluorescent scanning.

Sequences of the primer's used are as follows: transcription ter-
mination factor-1 (TTF) sense primer, 5'GCC TCA GTG ACA GAC
AGC AA 3'; TTF antisense primer, 5'GTT CTA ACC TCT GCA TGG
CTT (155-bp product); microtubule-associated protein-4 (MAP-4)
sense primer, 5'GTG GGA GAA ACT GTG GAG AA; MAP-4 anti-
sense primer, 5'GTT GGA GAC CCT GCA GTG GG (190-bp prod-
uct); cAMP response element binding protein 1 (CREB) sense primer,
5'AGG AGG CCT TCC TAC AGG AA; CREB antisense primer,
5'ACC ATT GTT AGC CAG CTG TAT T (203-bp product); tissue
inhibitor of metalloproteinases-2 (TIMP 2) sense primer, 5'CTC (A/G)
CT GGA CGT TGG AGG AA; TIMP 2 antisense primer, 5'CCC
ATC TGG TAC CTG TGG TT (153-bp product); B-Raf sense primer,
5'CAT GGT GAT GTG GCA GTG AAA; B-Raf antisense primer,
5'CTG GAG CCC TCA CAC CAC T (188-bp product); numblike
sense primer, 5'CTG AGC GAT GGT TGG AGG AA; numblike anti-
sense primer, 5'CAC TGG GGC AGA AAA GGG TT (149-bp prod-
uct); SLUGH (homolog of chicken SLUG zinc finger protein) sense
primer, 5'GGG CAC GGA CAT GAG GTA A; SLUGH antisense
primer, 5'ACA GCA CAA GCT AAG GGC TT (189-bp product);
cyclinG sense primer, 5'GTT TCA GAC CTG ATG AGA A; cyclinG
antisense primer, 5'AGC ACA GAA GGC TTT GCC TT (218-bp
product); myelin proteolipid protein (PLP) sense primer, 5'TGG CCA
CTG GAT TGT GTT TC; PLP antisense primer, 5'AGG AAG AAG
AAA GAG GCA GTT (164-bp product); thymosinβ-4 (thy B4) sense
primer, 5'CTG AGA TCG AGA AAT TCG ATA A; thy B4 antisense
primer, 5'TCA TTA CGA TTC GCC AGC TT (116-bp product);
murine homolog of disheveled sense primer, 5'CAC AAA TGC CGT
CGT CGG AA; disheveled antisense primer, 5'AAG TGG TGC CTC
TCC ATG GG (128-bp product); cathepsinA sense primer, 5'TCT
TCC GCC TCT TTC CGG AA; cathepsinA antisense primer, 5'TAG



Nylon Arrays and Gene Expression 137

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

ACC AGG GAG TTG TCG TT (161-bp product); corticotrophin releas-
ing hormone binding protein (CRHBP) sense primer, 5'CTC TCA GAC
TCC GAG TGG AA; CRHBP antisense primer, 5'TCC CAG CAG
CTC CAC AAA GT (197-bp product); glucose regulated protein-78
(GRP-78) sense primer, 5'CAC TGA TCT GCT AGA GCT GTA A;
GRP-78 antisense primer, 5'GCC ACT TGG GCT ATA GCA TT
(140-bp product). All other primers were published elsewhere (10,
11). Where shown, differences in gene expression were analyzed
statistically by ANOVA comparison of transgenic vs wild-type
mice with a post-hoc Fisher PLSD test for significance (GB-Stat,
Version 6.5, Dynamic Microsystems, Silver Spring, MD).

3. Results

In these studies, we sought to distinguish quantitatively the dif-
ferent patterns of gene expression between a mouse model for AD
and strain-matched, age-matched, wild-type mice. The gene array
approach appeared to work well technically because the inten-
sity of radiolabeling of the internal control cDNAs was well repro-
duced between the Aβ and control mouse samples (Fig. 1). Indeed,
the vast majority of cDNAs were labeled in an essentially equiva-
lent fashion between the two samples. To discern quantitative
differences, we used Atlas 1.01 array analysis software, which iden-
tified a number of genes as differentially expressed (Table 1). These
suggested differences in expression ranged as high as 17-fold.

To begin to analyze the results obtained from the cDNA arrays,
we first optimized an RT-PCR assay. The advent of relatively new
fluorescent DNA stains allows the fluorescent detection of PCR
products at much lower levels than previous stains such as ethi-
dium bromide. To increase sample throughput, we wished to use
nonradioactive PCR quantitation as opposed to our standard radio-
active PCR quantitation. The expression of several genes was exam-
ined in parallel by amplifying increasing amounts of cDNA by
PCR, and then quantifying the PCR products in the same gels by
either fluorescent or radioactive means. We found that the PCR
product corresponding to actin was linear with input cDNA after
18 cycles of amplification whether quantitation was by radioactive
or nonradioactive means (Fig. 2A,B). However, after 23 PCR cycles,
product formation was no longer linear with input cDNA, indi-
cating that the PCR was approaching saturation after this num-
ber of cycles and quantities of this particular cDNA. Similarly, PCR
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Fig. 1. Atlas mouse 1.2 cDNA arrays labeled with probes from hAPP
and wild-type mouse brain RNA. Membranes spotted with approxi-
mately 1200 cDNAs were hybridized with radiolabeled cDNA probe, dried,
and exposed to phosphorimaging screens. These images depict the phos-
phorimage results of the two cDNA arrays. Differentially expressed genes
are reflected by differences in radiolabeling intensity. The bottom row
of each membrane constitutes positive and negative control cDNAs, and
is essentially identical between the two blots.
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products corresponding to c-jun were linear with input cDNA after
21 cycles, whether quantitation was by radioactive or nonradio-
active means. However, after 26 cycles, formation of this c-jun PCR
product again approached saturation, especially at higher amounts
of added cDNA template. In summation, our experience with ethi-
dium bromide was that PCR products were often not detected until
they had reached saturation of amplification. In contrast, this newer
generation of fluorescent stains with their higher sensitivity now

Table 1
Putative Differentially Expressed

Genes Identified by Atlas 1.01 Software Analysis

Ratio
Grid APP/wild
location type Gene

A01b 2.10 Myelin-oligodendrocyte glycoprotein precursor (MOG)
A14f 4.15 cAMP-responsive element-binding protein 1
B01m 0.41 Delta-like protein precursor (DLK); preadipocyte

factor 1 (PREF1)
C01e 0.34 P-selectin glycoprotein ligand 1 precursor (PSGL1;

SELPLG; SELP1)
C02f 0.50 Neural cadherin precursor (N-cadherin; CDH2)
C02g 0.47 Neuronal cell surface protein F3
C02n 17.27 Transcription termination factor 1 (TTF1)
C04g 0.42 Max protein. MAX PROTEIN (MYN PROTEIN)
C05i 3.51 Insulin-like growth factor binding protein 2 precursor)
C07h 0.46 B-raf proto-oncogene
C09i 2.40 Glutathione reductase
C14i 0.36 Fas l receptor; Fas antigen (Apo-1 antigen)
D03m 0.29 Angiotensin-converting enzyme (ACE) (clone ACE.5.)
D05e 5.38 Activin type I receptor
D08h 0.50 Gamma-aminobutyric acid (GABA-A) receptor, subunit
D11k 0.38 Secretogranin II precursor (SGII); chromogranin C
E12f 0.40 Mitogen-activated protein kinase p38 (MAP kinase p38)
F04c 0.41 Cathepsin B1 (CTSB)
F05d 3.42 Tissue inhibitor of metalloproteinases 2 (TIMP2)
F05l 2.81 Nonmuscle cofilin 1 (CFL1)
F06b 0.43 Alpha internexin neuronal intermediate filament

protein (alpha-INX; INA)
F06d 8.38 Microtubule-associated protein 4 (MAP4; MTAP4)
F14a 4.47 Brain lipid-binding protein (BLBP)
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Fig. 2. Validation of nonradioactive PCR product quantitation. Increas-
ing amounts of cDNA were amplified for either 18 and 23 cycles (actin)
or for 21 and 26 cycles (c-jun). Representative gels are presented in A,
while B depicts quantitation of duplicate samples.
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allows nonradioactive PCR product quantitation that is compa-
rable to that offered by radioactive dNTP incorporation.

To validate the genetic changes suggested by the nylon mem-
brane arrays, we began by establishing a baseline of gene expres-
sion in the mouse brain samples. We quantified the expression of
actin, a constitutively expressed gene, as well as GFAP, a marker for
the reactive astrocytes that are known to be present in these mice.
As can be seen in Fig. 3, the expression of actin was unchanged
with Aβ overproduction, whereas GFAP expression was increased
approximately 80% (12). We then purchased oligo pairs corre-
sponding to a battery of selected differentially expressed mRNAs.
Only the oligo pairs that produced PCR products of the appropri-
ate size were used for quantitative studies. We then began to assess
whether the genes implicated by the cDNA array were differen-
tially expressed by performing RT-PCR studies on the pooled
cDNA, that is, by comparing the mixed Aβ mouse cDNA with the
mixed control mouse cDNA. This approach suggested that few, if
any, of the suggested genes were actually differentially expressed
(Fig. 4).

Several genes that appeared to be differentially expressed as
assessed by careful visual scrutiny of the blots were not identified
as such by the Atlas array analysis software (Table 2). Therefore,
we decided to evaluate these genes by RT-PCR as well. Only SLUGH
and GRP-78 appeared to be differentially expressed as discerned
by this secondary analysis (Fig. 5).

To evaluate as carefully as possible the changes in gene expres-
sion suggested by the pooled sample comparison, we performed
RT-PCR on RNA from each of the individual mouse brains. Sur-
prisingly, only one of the five RNAs suggested to be differentially

Fig. 3. Baseline patterns of gene expression in hAPP vs control mice.
RNA from three hAPP transgenic mice and three age-matched, strain-
matched control mice was analyzed for actin and GFAP expression by
nonradioactive RT-PCR. This figure was published previously (12) and
used here with the publisher’s permission (copyright © 2000 by the Society
for Neuroscience).
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expressed, glutathione reductase, actually appeared to be differen-
tially expressed upon individual sample comparison. The levels
of expression for the wild type and hAPP mice were 1255 ± 178
and 1945 ± 280 (mean ± SD, n = 3, arbitrary units), respectively,
representing a 55% increase (Fig. 6).

Fig. 4. Pairwise comparison of putative differentially expressed genes.
Genes suggested to be differentially expressed by the Atlas 1.01 array
analysis software were analyzed by nonradioactive RT-PCR. Multiple
cycles of PCR were performed for each gene analysis. The number of cycles
required for linear quantitation was 20–23 cycles.

Table 2
Possible Differentially Expressed

Genes Identified by Visual Inspection
of Atlas Membrane Arrays

Gene Grid Location

numblike A02b
slug H A10d
cyclin G B10b
PLP D11d
thymosin B4 D12d
dishevelled E06d
cathepsin A F02l
CRHBP E04h
GRP-78 C09d
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Fig. 5. Pairwise comparison of putative differentially expressed genes.
Genes suggested to be differentially expressed by careful visual inspection
of the Atlas Mouse 1.2 arrays phosphorimage results were analyzed by non-
radioactive RT-PCR. Multiple cycles of PCR were performed for each gene
analysis. The number of cycles required for linear quantitation was 20–23
cycles.

Fig. 6. Three-vs-three comparison of putative differentially expressed
genes. Genes suggested to be differentially expressed from the pairwise
comparisons were analyzed further by performing nonradioactive RT-PCR
on each of the separate brain samples. Multiple cycles of PCR were per-
formed for each gene analysis. The number of cycles required for linear
quantitation was 20–23 cycles. ANOVA analysis of the five quantified
mRNAs with a post-hoc Fishers PLSD test indicated that the increase in
glutathione reductase in the hAPP mice was significant (p < 0.05).
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4. Discussion

The primary findings described here are threefold. First, we inter-
pret these data as suggesting that results obtained with nylon gene
arrays must be confirmed by an independent methodology to dis-
criminate between false positives and actual differences in gene
expression. Second, the current generation of fluorescent DNA stains
is sufficiently sensitive that nonradioactive RT-PCR produces data
quantitatively similar to that of radioactive RT-PCR. Third, gluta-
thione reductase appears increased in Aβ-overproducing mice. This
result is consistent with reports of enhanced oxidative stress in
these mice (13).

The availability of various gene arrays offers the suggestion
that researchers can evaluate the expression of great numbers of
genes simultaneously. Our results here echo those of others sug-
gesting that gene arrays offer a strength in numbers of genes ana-
lyzed but that these data must be interpreted conservatively
without a secondary confirmation (14,15).

Second, a variety of quantitative RT-PCR approaches are avail-
able currently. These differ primarily in three ways. First, “spik-
ing” a known amount of a cRNA into an RNA mixture can provide
an internal standard that mimics the mRNA of interest; compari-
son of the quantity of the resultant wild-type PCR product with
that of the mimic can then be used to provide absolute quantitation
of a particular gene (16). The strength of this approach is its abso-
lute quantitation. The weakness is that a separate mimic must be
generated for each gene of interest, which can be time-consum-
ing if one wishes to examine a relatively large number of genes.
Second, we and others have proposed the type of RT-PCR quanti-
tation described here wherein the PCR products are separated by
polyacrylamide gel electrophoresis, and the quantity of product
is then quantified by either radioactive or nonradioactive means
(17). The strengths of this approach is that changes in the relative
expression of a given gene can be assessed in a reasonably quanti-
tative fashion, with a minimum of cost. The primary weakness is
that the problem of PCR saturation necessitates that each sample be
examined at different PCR cycle numbers to ensure that one has
not saturated the PCR. The third approach for quantitative RT-PCR
relies on relatively new technology, wherein the quantity of double-
stranded DNA present in a capillary tube PCR reaction is quanti-
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fied in “real time” after each cycle by using a fluorescent double-
strand-specific DNA stain and reading fluorescence through the
capillary tube (reviewed in ref. 18). The primary strength of this
approach is that the linear range of PCR cycles is easily determined.
The primary weakness is that nonspecific PCR product amplifi-
cation is not easily distinguished from the anticipated specific PCR
product. The approach can distinguish primer-dimers from prod-
uct by melting the primer-dimers, but will not distinguish a speci-
fic product from a nonspecific product of grossly similar size. Hence,
if a given PCR oligo pair produces a very clean PCR product, this
approach will work well, but the accuracy of quantitation with
this approach decreases with increasing nonspecific PCR product
contamination.

The current generation of DNA stains has a greater than two
orders of magnitude increased sensitivity over its predecessors, such
as ethidium bromide. In our hands, we have found that PCR product
generation is very frequently nonlinear by the time that bands are
visible by ethidium bromide staining. This is reflected here, where
a difference of five cycles made a large difference in whether the PCR
products were linearly dependent on input cDNA. Five cycles of PCR
would be expected to produce an approximately 10-fold increase
in PCR product, given typical amplification efficiencies (19).

Lastly, attributes of oxidative stress have been reported by many
groups to be a hallmark of the Alzheimer’s disease brain (reviewed
in ref. 20). Our finding here that glutathione reductase is increased
in mice with an enhanced Aβ burden was somewhat remarkable in
that we found several years ago that this same gene is also increased
in human AD brains evaluated after autopsy (11). The relevance
of this gene induction to AD pathophysiology is unclear, but likely
reflects that increased Aβ levels cause oxidative stress and the
associated changes in gene expression in both humans and mice.

In conclusion, cDNA membrane arrays appear useful in that
they can identify potentially differentially expressed genes. As we
have found here, their primary weakness appears to be a large
percentage of false positive results. Considering this weakness,
we note that we have not evaluated how many real positives were
missed by this technique. We also note that there are additional
genes that were implicated to be differentially induced that we have
not yet pursued, largely for reasons of time and priorities. Others
may wish to pursue these putative differences.
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Glyceraldehyde-3-phosphate
Dehydrogenase as a Target

for Antiapoptotic Drugs
Mark DMark DMark DMark DMark D. Berr. Berr. Berr. Berr. Berry and Py and Py and Py and Py and Paula C. aula C. aula C. aula C. aula C. AsheAsheAsheAsheAshe

1. Introduction

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.
1.12) has classically been regarded as an ubiquitous enzyme of little
importance beyond its role in glycolysis. Indeed, the most frequent
reference to GAPDH in recent scientific literature is as the “house-
keeping” gene used to standardize Northern blots. A careful exam-
ination of the literature of the last 25 years, however, reveals a
number of novel actions of GAPDH beyond a role in glycolysis.
A review of these novel functions of GAPDH is beyond the scope
of this chapter, and the reader is referred to a number of recent
thorough reviews by Michael Sirover for further details (1,2). Of
the novel functions identified for GAPDH, one of the most intrigu-
ing is as an integral part of one or more apoptotic cascades. Here,
we will briefly outline the evidence for GAPDH not only playing
a role in the initiation of apoptosis, but also being a target of a num-
ber of known antiapoptotic compounds. A more in-depth discus-
sion of the role of GAPDH in apoptosis is provided in our recent
review article (3).

Oxidative stress is one of the best documented inducers of apop-
tosis (4). In isolated rabbit aorta, an increase in GAPDH mRNA has
been reported in response to oxidative stress (5). Similarly, hypoxia/
ischemia is a popular model for the study of apoptosis and may
in part be a result of increased oxidative stress. Although the levels
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of apoptosis were not studied, increases in GAPDH mRNA have
been observed in response to hypoxia/ischaemia both in vivo (6)
and in vitro (7). Whether these changes in GAPDH mRNA result
in a similar increase in GAPDH protein is unknown. While Ito et
al. (5) failed to detect any change in glycolytic activity, this does
not preclude an increase in GAPDH protein. A number of the novel
functions of GAPDH have been shown to be independent of glyco-
lytic activity (2), and multiple GAPDH isoforms (8–10) and mRNA
species (11) have been sporadically reported. This aspect of GAPDH
regulation has, however, been poorly studied.

Hindlimb unweighting has been used as a model system of pro-
longed muscular inactivity. Under such circumstances skeletal mus-
cle atrophy occurs, and this has been shown to be, at least in part,
due to apoptosis (12). Following hindlimb unweighting an increase
in GAPDH mRNA is seen in the unweighted skeletal muscle. Inter-
estingly, hibernating animals, which during hibernation are in a
prolonged state of muscular inactivity, do not show the degree of
skeletal muscle atrophy that one would expect following a similar
degree of muscle disuse in a euthermic animal. Whether this repre-
sents the activation of an endogenous antiapoptotic programme
is unknown. Consistent with such an effect, however, hibernating
animals show a marked resistance to both cerebral ischemia (13)
and traumatic brain injury (14) in comparison to their euthermic
counterparts, an effect that is not a function of alterations in glu-
tamate release (14) as had previously been hypothesized. Inter-
estingly, it has been shown that in at least one hibernating species,
there is a decrease in both GAPDH mRNA and protein in skeletal
muscle during hibernation (9). While this may simply represent a
downregulation of glycolytic activity, it is interesting to note that
this loss of GAPDH protein was not observed throughout the
animal. Decreases were observed in tissues that could reasonably
be expected to be susceptible to undergoing apoptosis in a hiber-
nating animal, such as skeletal muscle and the heart. In contrast,
no change was observed in tissues such as the liver and lungs (15).

In summary, although circumstantial, there is evidence that in
cases where an increase in apoptosis occurs, this may be associ-
ated with an increase in GAPDH. In contrast, in conditions where
an endogenous antiapoptotic programme may be required, GAPDH
levels may decrease. The above results are summarized in Table 1.

During recent years direct evidence has shown GAPDH to be
involved in the initiation of apoptosis. Initially, GAPDH mRNA



GAPDH and Antiapoptotics 151

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

and protein was shown to be increased following initiation of apop-
tosis in cerebellar granule cell cultures by lowering the extracellu-
lar potassium concentration (16). These increases in GAPDH protein
were associated with the particulate fraction. GAPDH antisense oli-
gonucleotide prevents changes in GAPDH and induction of apop-
tosis (16). In subsequent years, similar changes in GAPDH were
reported in response to aging-induced apoptosis (17) and ara-C–
induced apoptosis (18,19). Further, GAPDH changes during the
initiation of apoptosis have also been observed in cerebro-cortical
neurons (20) and in non-neuronal cells such as macrophages (21)
and thymocytes (22). The increases in particulate GAPDH are now
known to be specifically associated with an increase in nuclear
GAPDH (10,23,24), and are independent of glycolytic activity (25).

The possible relevance of GAPDH changes to human neuro-
degenerative disorders has recently begun to be appreciated. As
summarized in Table 2, GAPDH has been shown to interact with

Table 1
Changes in GAPDH Protein

 and mRNA Associated with Changes in Apoptosis

Stressor Apoptotic response GAPDH response

Oxidative stress Increased apoptosis Increased mRNA
Hypoxia/ischaemia Increased apoptosis Increased mRNA
Hindlimb unweighting Increased apoptosis Increased mRNA
Hibernation Decreased apoptosis Decreased mRNA

and protein

See text for references.

Table 2
Relationship of GAPDH

to Neurodegenerative Disease-Related Proteins

Protein     Disease Apoptosis? GAPDH involvement

β-Amyloid Alzheimer’s   Yes Binds
precursor

Huntingtin Huntington’s   Yes Binds expanded CAG repeat
Numerous Spinocerebellar   Unknown Binds expanded CAG repeat

(e.g., ataxin 1)    ataxias
— Parkinson’s   Yes Increased nuclear location

For references see text.
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a number of proteins implicated in human neurodegenerative
disorders. As long ago as 1993, GAPDH was shown to interact
with the β-amyloid precursor protein (26). Further, antibodies raised
against Alzheimer’s disease β-amyloid plaques have been shown
to identify GAPDH (16). Better documented is the binding of GAPDH
to proteins containing polyglutamine expansions (27–29). A num-
ber of these proteins have now been identified as the cause of sev-
eral degenerative disorders (30). Intriguingly, the toxicity of these
mutated proteins appears to be associated with the appearance of
the polyglutamine region in the nucleus. This is the region to which
GAPDH binds, and as described above, the nuclear appearance
of GAPDH appears to initiate apoptosis. Recently, an increase in
nuclear GAPDH has been reported in postmortem Parkinson’s
disease substantia nigra (31). Further, this increase is associated
with the melanized neurons, which are particularly susceptible
to degeneration in Parkinson’s disease. Apoptosis has been impli-
cated in all of these disorders (31–35).

The mechanism by which GAPDH appearance in the nucleus
initiates apoptosis is unknown, although this does appear to be
independent of glycolytic activity (25). The nonglycolytic func-
tions of GAPDH that may be involved in initiating apoptosis have
been described previously (3) and will not be further discussed
here.

Four known antiapoptotic compounds have either been shown or
implied to bind to GAPDH. These data are summarized in Table 3,
and will be discussed in more detail in the following sections. In
each case, it is striking to note that antiapoptotic efficacy appears
to correlate with affinity for GAPDH binding.

Table 3
Antiapoptotic Compounds

and GAPDH-Binding Affinity

Compound Antiapoptotic? GAPDH-binding affinity

R-deprenyl Yes Low nM
CGP 3466 Yes Low nM
17β-estradiol Yes Low nM
R-2HMP Yes Unknown

For references see text.
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2. Methods

2.1. Antisense 2.1. Antisense 2.1. Antisense 2.1. Antisense 2.1. Antisense TTTTTechnologyechnologyechnologyechnologyechnology

We have adopted a method similar to that described by Ishitani
et al. (17,20) in order to show directly the requirement of new GAPDH
synthesis for apoptosis to occur. In these experiments we have uti-
lized our previously described (36,37) cultured cerebellar gran-
ule cell protocol, although the method has also been applied to a
number of other cell types (20,22). Antisense and sense sequences
were based on those published by Ishitani et al. (17,20) and designed
to be complementary to the sequence surrounding the ATG start
codon. Oligonucleotides designed to interact with other coding
sequences of GAPDH mRNA have also been shown to be active
(17,20,22). The sequences we utilized were 5'-G*ACCTTCACCA
TCTTGTCT*A-3' for the antisense and the inverse sequence for
the sense (with phosphorothioate linkages in the equivalent posi-
tions). Asterisks indicate the location of phosphorothioate link-
ages. The use of a sense sequence as an internal control for non-
specific effects of the antisense sequence has been debated (38). A
more appropriate control may be a scrambled version of the anti-
sense sequence, which would have the same nucleotide composi-
tion as the antisense sequence but in a random (non-sense) sequence.
Use of both a sense and a non-sense control are not uncommon.
Further, the position and number of phosphorothioate linkages
is an important consideration. We have found that sequences con-
taining more phosphorothioate linkages than above are toxic (Zhang,
Berry, and Paterson, unpublished observations). It has been reported
that a single phosphorothioate linkage confers as much protec-
tion from nuclease activity as do multiple linkages.

Oligonucleotide sequences are obtained as a lyophilized powder.
This powder is resuspended in distilled water to a stock concentra-
tion of 1 mM. These stock solutions are stored frozen at −20ºC.
Before use, the stock solution is thawed and diluted as required
with distilled water. Twenty-four hours following plating of cer-
ebellar granule cells, antisense or sense oligonucleotides are added
90 min before feeding the cells. Addition of oligonucleotides in 2-
to 5-µL aliquots at active concentrations is sufficient. No active
transfection protocol is required, making this a highly attractive
method. Previously, it has been reported that primary cell cultures
in general uptake oligonucleotides very well (38).
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We have studied the effects of such treatments on apoptosis
induced in one of two ways, either by feeding the cells with a
low-K+ medium, or immediately following feeding with regular
medium, addition of cytosine-β-D-arabinofuranoside (Ara-C) at
a concentration of 300 µM. Using this protocol, we have demon-
strated an almost complete protection against apoptosis initiated
by ara-C following antisense treatment (39). No such effect was
seen in low-K+-induced apoptosis, while in both cases the sense
sequence was without effect (39). This effect of antisense pretreat-
ment is dose-dependent in nature (Fig. 1), showing a maximum
effect at a concentration of 10 µM. This is in good agreement with
results reported elsewhere (17). Experiments such as these pro-
vide excellent evidence of a causative role of new GAPDH syn-
thesis in apoptosis. While GAPDH antisense has been reported to
prevent GAPDH translocation to the nucleus (see, e.g., ref. 23), what
has actually been demonstrated is a prevention of the increase of
GAPDH protein in the nucleus. While the exact mechanism of
action of antisense treatments is a matter of some debate, there is
no known proposal whereby an antisense sequence would pre-

Fig. 1. Dose–response curve for antisense oligonucleotides to GAPDH.
Oligonucleotides were incubated with cultured cerebellar granule cells
at the doses indicated for 90 min before addition of either neuron culture
medium and induction of apoptosis with cytosine arabinoside (300 µM),
or addition of low-K+ neuron culture media. Cells were maintained in cul-
ture for a further 24 h and were then fixed, and stained with bis-benzi-
mide. Normal and antiapoptotic cells were counted under a fluorescent
microscope.
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vent movement of an existing protein from one cellular compart-
ment to another (see ref. 40). What would appear to be the most
feasible explanation is that there is a prevention of synthesis of
nuclear GAPDH. This nuclear GAPDH may in fact be a specific
GAPDH isozyme (10). In agreement with this, we have shown a
transient increase in GAPDH mRNA 1 h following Ara-C treatment,
which is not seen following low-K+-induced apoptosis (Fig. 2).

2.2. Green Fluorescent Protein-2.2. Green Fluorescent Protein-2.2. Green Fluorescent Protein-2.2. Green Fluorescent Protein-2.2. Green Fluorescent Protein-TTTTTagged GAPDHagged GAPDHagged GAPDHagged GAPDHagged GAPDH

While antisense knockdown studies argue convincingly for a new
GAPDH protein synthesis being required for certain forms of
apoptosis to occur, there are also convincing studies that at least
some degree of translocation occurs. Shashidharan and co-workers
(24) have reported on the construction of a GFP-tagged GAPDH.
Use of such a system offers considerable advantage over those
previously used in that, in combination with confocal microscopy,
it allows a direct determination of whether GAPDH protein is
indeed translocating from one cellular compartment to another,
or whether the increases observed in cellular compartments repre-
sent merely an increase in new GAPDH synthesis that is targeted to
a specific compartment. Using this system, it has been clearly dem-
onstrated that a small proportion of cells exhibits translocation of

Fig. 2. Time-course of GAPDH mRNA changes following Ara-C-induced
(light tint) and low-K+-induced (dark tint) apoptosis. At various time points
following the induction of apoptosis, cells were fixed and collected.
Standard Northern blot techniques were employed using a commercially
available GAPDH probe (Clontech, Palo Alto, CA). Northern blots were
quantified using ImageQuant software.
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the GFP tagged GAPDH following induction of apoptosis. The num-
ber of cells exhibiting such an effect is somewhat limited, however,
with a maximum of 10% of cells showing GAPDH translocation
(24). While the number of apoptotic cells was not reported, it seems
unlikely that there would only be a 10% level of apoptosis follow-
ing treatment with H2O2. The discrepancy between the number of
cells with GAPDH translocation and the number of apoptotic cells
requires clarification. Of possible relevance here is the recent report
that while N-terminal GFP-tagged GAPDH shows inclusion for-
mation, C-terminal tagged does not (41). The GFP-GAPDH con-
struct used by Shashidharan et al. was C-terminal linked. This clearly
demonstrates the care required in designing GFP-tagged proteins.
In the design of such studies, consideration should be given to the
presence and location of subcellular organelle targeting sequences
within the protein of interest. In the absence of such sequences, as
may be the case with GAPDH (see refs. 1 and 2), the regions of the
protein required for binding to a chaperone should be considered.

2.3. Identification of GAPDH as a Binding Site2.3. Identification of GAPDH as a Binding Site2.3. Identification of GAPDH as a Binding Site2.3. Identification of GAPDH as a Binding Site2.3. Identification of GAPDH as a Binding Site

The demonstration that GAPDH antisense pretreatment selec-
tively prevents at least some forms of apoptosis, raised the possi-
bility that GAPDH may be a potential target for antiapoptotic
drugs. The interaction between GAPDH and antiapoptotic drugs
has been tested by two main methods: affinity binding (42) and
size-exclusion chromatography (43). CGP3466 and desmethylde-
prenyl were immobilized on Toyopearl AF amino 650 M resin as
described by Zimmerman et al. (44). Extracts from rat hippocampi
were incubated with the drug-immobilized resin to determine
which cellular proteins interact with these known antiapoptotic
compounds (42). The washed resin containing the bound proteins
was resuspended in SDS-PAGE sample buffer and electrophoresed
on a 12.5% gel. Proteins were stained with a nonfixing silver stain
and identified by nanoelectrospray mass spectrometry. GAPDH
was identified as one of the proteins affinity-precipitated by the
immobilized CGP3466. This interaction was determined to be
specific by the lack of binding to both underivatized Toyopearl resin
and to acetylated Toyopearl resin. Further proof of the specificity
of binding between CGP3466 and GAPDH came from the demon-
stration that purified rabbit muscle GAPDH also bound to the
immobilized CGP3466 but not to underivatized or acetylated Toyo-
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pearl resin. The binding of purified GAPDH to the resin also dem-
onstrated that the association between CGP3466 and GAPDH was
direct and not mediated by other protein interactions. Protein bind-
ing to immobilized desmethyldeprenyl was not described except
to note that the binding to this compound was not as selective as
that to CGP3466. To demonstrate further the interaction between
CGP3466 and GAPDH, photoaffinity labeling of CGP3466 was
performed to assess interactions in solution between the drug and
cellular proteins. GAPDH was demonstrated to be the only pro-
tein that was consistently present in both the affinity precipita-
tion and affinity labeling experiments thus supporting an important
role for GAPDH in the mechanism of antiapoptotic compounds.

Photoaffinity labeling of CGP3466 has also been performed by
Carlile et al. (43), who demonstrated specific binding to GAPDH
in extracts isolated from partially neuronally differentiated PC12
cells. Examination of the tetrameric structure of GAPDH, the
favored form in solution, led to the conclusion that CGP3466 may
bind in the central channel of the GAPDH tetramer. Incubation
of cells with a polyclonal sheep antibody to GAPDH that blocks
entry to the channel demonstrated a reduction in the intensity of
fluorescently labeled CGP3466 as compared to that seen in cells
not preincubated with the antibody. A monoclonal antibody to
GAPDH also did not affect the intensity of CGP3466 fluorescence.
To investigate further the interaction between CGP3466 and GAPDH,
Carlile et al. investigated the oligomeric structure of GAPDH in
the presence of CGP3466 and desmethyldeprenyl by size-exclu-
sion chromatography. The results indicated that both CGP3466
and desmethyldeprenyl resulted in a conversion of the tetrameric
form of GAPDH to a dimeric form. In addition, CGP3466 and des-
methyldeprenyl also appeared to displace RNA from tetrameric
GAPDH and reduce the GAPDH to its dimeric constituents. This
is of particular interest since it has previously been reported that
free-radical species, which are well-documented inducers of apop-
tosis, displace tetrameric GAPDH from its cytoplasmic RNA bind-
ing sites (45,46). These results suggest that GAPDH is indeed a
major target of antiapoptotic compounds and that stabilization of
GAPDH in a dimeric form may prevent its translocation to the
nucleus during apoptosis. This explanation, however, does not
account for the increase in GAPDH synthesis reported to occur
during apoptosis nor for the ability of antisense oligonucleotides
to prevent apoptosis. The possibility exists that translocation of
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GAPDH to the nucleus is necessary to initiate the production of
new GAPDH. In making this conclusion, however, one must rec-
ognize that the amount of GAPDH required in the nucleus would
be exceptionally small. This is evidenced by the demonstration
that the nuclear appearance of the GAPDH protein occurs follow-
ing the induction of mRNA which is reported to be maximal one
hour following the induction of apoptosis (Fig. 2; 47).

There is therefore very good evidence that at least some antiapop-
totic compounds can bind to GAPDH. Further, it has been reported
that the known antiapoptotic compound 17β-estradiol (48,49) also
binds with high affinity to GAPDH (50). Intriguingly, the affinity
for the interaction with GAPDH was in the low-nanomolar region,
an affinity strikingly similar to that reported for the antiapoptotic
activity of 17β-estradiol. In addition to 17β-estradiol, R-2HMP and
its related derivatives have been shown to be antiapoptotic due to
an action at the same site of action as R-deprenyl (36) and CGP 3466
(39). We are currently applying affinity chromatography techniques
to investigate directly the nature of the interaction of known anti-
apoptotic compounds with GAPDH. The recent advent of BIAcore
technology will further assist in the characterization of GAPDH,
and other binding sites, as targets for antiapoptotic compounds.
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1. Introduction
The compartmented culture model utilizing rat sympathetic

neurons and sensory neurons is gaining wide use in investiga-
tions of neurotrophic factor signaling and axonal transport. Pre-
vious chapters have focused on the preparation of compartmented
cultures. Here we focus on analytical approaches that we have
used with compartmented cultures that can be used to investigate
apoptosis, intracellular signaling, and other issues. Techniques used
for incubating the cultures with radioisotopes and other agents,
harvesting cell extracts from the cultures, using the cultures for
histochemistry, and producing cultures from individual transgenic
mouse pups are described.

2. Retrograde Signaling
The survival and proper function of many types of neurons is

dependent on neurotrophic factors that the neurons obtain from
the cells that their axon terminals innervate. It is not established
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how neurotrophic factors such as nerve growth factor (NGF) inter-
acting with receptors on the axon terminals produce retrograde
signals that influence neuronal survival and gene expression in
the cell body. The compartmented culture model permits neuro-
trophic factors to be applied locally to the distal axons and termi-
nals of cultured neurons, and the effects on the cell bodies can be
locally assayed. Therefore, this system has become a major tool in
the investigation of retrograde signaling. Sympathetic neurons
from newborn rats and sensory neurons from rat embryos have
been utilized (1,2). NGF must be present for sympathetic neurons
to survive in culture (3), and withdrawal of NGF causes the neu-
rons to undergo apoptosis (4). The survival of sympathetic neu-
rons is supported when NGF is provided only to the distal axons
in compartmented cultures (1,5). The prevalent hypothesis for the
mechanism of retrograde signaling is that NGF bound to trkA, its
principal receptor, is endocytosed in the axon terminals, and vesi-
cles containing NGF in their lumens and activated trkA in their mem-
branes are retrogradely transported along axonal microtubules
to the cell body. In the cell body the cytosolic domains of activated
trkA activate signaling pathways that access the nucleus resulting
in the prevention of apoptosis and other effects on gene expres-
sion (reviewed in ref. 6). Some evidence obtained with compart-
mented cultures has supported the hypothesis of the retrograde
transport of a signaling endosome (7,8), but other evidence sug-
gests that some retrograde signals may be propagated too fast to
be carried by retrograde transport (9). It seems clear that the com-
partmented culture model will continue to play a major role in
investigations of retrograde signaling and other issues, for exam-
ple, mechanisms of slow axonal transport (10) and axonal produc-
tion of proteins (11) and lipids (12).

The detailed methods for culturing sympathetic neurons and
constructing compartmented cultures have been presented else-
where (13,14). However, the experimental and analytical techniques
applied to compartmented cultures have not been described except
as methods in research papers. Our purpose here is to describe in
some detail how these cultures are used in experimental approaches
to apoptosis and other biochemical processes occurring in the neu-
rons. The focus will be on those approaches with which we have
direct experience. There is a large area of overlap between compart-
mented culture approaches to apoptosis and other areas such as
retrograde transport and retrograde signaling. Therefore, we will
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discuss the experimental and analytical techniques in compart-
mented cultures from a broader perspective.

3. Experimental Analyses
Using Compartmented Cultures

3.1. Compartmented Cultures3.1. Compartmented Cultures3.1. Compartmented Cultures3.1. Compartmented Cultures3.1. Compartmented Cultures

Compartmented cultures have a unique geometry in which neu-
ronal cell bodies and proximal axons reside in a separate culture
compartment from the distal axons. This is achieved by dividing
a 35-mm tissue culture dish into several compartments with a
Teflon divider seated to the collagen-coated floor of the dish with
silicone grease. In the most commonly used three-compartment
configuration (Fig. 1), the dish is divided into left- and right-side
compartments, with a center compartment between them con-
sisting of a slot that is continuous with the space surrounding the
divider. Before assembling the dish and divider, 21 parallel scratches
are made in the dish floor with a pin rake after the collagen coat-
ing has dried. In this way 20 parallel, collagen-coated tracks are

Fig. 1. Schematics of compartmented cultures. (A) Three-compartment
culture with full-length scratches in the substratum. Scratches can be made
to end just inside the distal compartments (see text). The schematic has
fewer scratches, which number 21 to delineate 20 collagen strips in actual
cultures. (B) Enlargement of neurons on a single strip in a three-compart-
ment culture. (C) Five-compartment culture. (D) Enlargement of neurons
on a single strip in a five-compartment culture.
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formed between the scratches, which will guide the growing axons
to cross under the silicone grease. After making the scratches, a
drop of culture medium is placed on the dish surface, located so as
to wet the surfaces of the middle regions of the tracks. Then, sili-
cone grease is applied to the bottom surface of the divider through
a syringe with an 18-gage needle with a squared-off tip. The divi-
der is then seated onto the dish floor, oriented such that the cen-
ters of the tracks run through the center compartment normal to its
long dimension and extend into both side compartments. The sili-
cone grease that separates the center compartment and side com-
partments does not adhere to the wet collagen, while in other
regions of the divider the silicone grease adheres firmly to the dry
collagen. This results in a gasket-like seal formed by the silicone
grease against the wetted surfaces of the tracks. While this seal
effectively prevents significant diffusion of medium components
from one compartment to another, elongating axons from neu-
rons plated in the center compartments can readily grow beneath
the silicone grease and cross into the side compartments.

The methods for obtaining superior cervical ganglion neurons
from newborn animals and maintaining them in culture have been
described (15). The L15 medium used is thickened with methyl-
cellulose, and cell bodies/proximal axons are provided with medium
supplemented with 2.5% rat serum. Distal compartments are pro-
vided with L15 medium supplied with 50 ng/mL NGF. Initially
center compartments are provided with 20 ng/mL NGF to pro-
mote survival and axon growth and with cytosine arabinoside to
eliminate non-neuronal cells. After 7 d medium without NGF or
cytosine arabinoside is provided to the cell bodies/proximal axons.
At this time axons are well established in distal compartments
supplied continuously with 50 ng/mL NGF to support axon growth
and neuronal survival.

For some experimental designs it is useful to apply treatments
to intermediate regions of axons connecting between the cell bod-
ies/proximal axons and the distal axons. Ordinary three-compart-
ment dividers can be used to achieve this by plating the cell bodies
in the left compartment and having the axons grow across the cen-
ter compartment slot and into the right compartment. The method
for plating inside compartments has been described (13,14). It is
also possible to use five-compartment dividers in which left and
right intermediate compartments intervene between the center
slot and the left and right distal compartments (Fig. 1).
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3.2. Incubations3.2. Incubations3.2. Incubations3.2. Incubations3.2. Incubations
Most experiments begin with incubating cultures with medium

containing experimental agents. If filled, the side compartments
each hold 0.5 mL, the center compartment slot can hold 70 µL,
and the dish perimeter comfortably holds 1.5 mL. A subtlety that
may not be immediately evident is that the center-compartment slot
can be filled with medium without also filling the dish perimeter.
This is, in fact, how the suspension of neurons is originally plated
in the center-compartment slot. Immediately after each compart-
mented dish is assembled, a small amount of silicone grease is
applied to the collagen surface where the mouth of the slot joins
the dish perimeter. This produces a hydrophobic barrier on the dish
surface such that up to 70 µL of cell suspension can be injected
into the center-compartment slot and will not run out into the
dish perimeter. The hydrophobicity of the silicone grease at the
bottom, and the Teflon on each side, along with the surface ten-
sion, causes the column of medium to remain in the slot. After the
cells have had sufficient time to settle on the substratum, medium
is added to the perimeter of the dish and becomes confluent with
the medium in the slot. This allows the medium in the center slot
to be conveniently changed simply by aspirating and replacing
the medium in the perimeter. Cultures are routinely maintained
with medium in the dish perimeter. However, for many experi-
ments this is not desirable. For example, incubations with medium
containing radioisotopes such as [35S]methionine to metabolically
label proteins synthesized in cell bodies, would be prohibitively
expensive and involve excessive radiation levels if each culture
were supplied with 1.5 mL of medium at 100–250 µCi/mL. In such
experiments we only supply medium in the center compartment
slot, just as was done for the original plating of the neurons. The
culture medium is aspirated from the perimeter and the center-
compartment slot. The tip of the aspirator is made from a sterile,
gel-loading micropipet tip. It is helpful to cut off about half of the
length of the fine tip to increase the aperture size, since the medium
used is usually thickened with methylcellulose and aspiration
through an unmodified tip is slow. Any number of ways can be
used to attach the tip to an aspirator. It is best to insert the tip at
the closed end of the center-compartment slot, away from most
of the neurons. Immediately after aspirating each culture, the
medium in the center compartment slot is replaced with up to 70 µL
of the desired incubation medium delivered with a pipetman fitted
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with a similarly modified, sterile tip. Incubations of the side com-
partments can also involve reduced amounts of medium, such as
when [125I]NGF is given to the cultures to investigate retrograde
transport. Each side compartment is supplied with about 70 µL of
medium to ensure coverage of the distal axons. Aspiration and
replacement can be accomplished with ordinary micropipet tips
or even with Pasteur pipets. To avoid mechanical damage to the
axons, care must be taken to flow, not drip, the medium into the
compartments.

3.3. Analysis of Cell Extracts3.3. Analysis of Cell Extracts3.3. Analysis of Cell Extracts3.3. Analysis of Cell Extracts3.3. Analysis of Cell Extracts

Many experimental protocols involve harvesting of cell extracts
once the incubation is completed. If the harvested material is to
be used for immunoprecipitation of specific proteins, then the
volume is not critical. However, if the harvested material is to be
analyzed directly by SDS-PAGE, then it is advantageous to har-
vest the extracts from multiple cultures in a small enough volume
to load in a single gel lane. First, we will discuss the technique of
harvesting when the volume is not critical. Cultures are removed
from the incubator, placed on a tray of crushed ice, and the medium
is removed from all compartments by aspiration as described
above. A cut-off gel micropipet tip is used for the center-compart-
ment slot. The medium is replaced with harvesting buffer appro-
priate to the analysis, e.g., immunoprecipitation buffer. In some
experiments the medium bathing the neurons will be collected
with a pipet and retained for analysis. After the medium is removed
from each culture, the center-compartment slot and the left and
right compartments are each given 50 µL of harvesting buffer,
which remains in the cultures for the time dictated by the partic-
ular protocol (e.g., a very short time in the case of SDS sample buf-
fer; 30 min on ice on a rocker for immunoprecipitation buffer).

Collection of the cell extracts is accomplished by a combination
of scraping and trituration. A microfuge tube is set up in crushed
ice for each sample to be harvested, for example, one tube for the
cell bodies/proximal axons in the center-compartment slots and
one tube for the distal axons pooled from the left and right com-
partments. A cut-off, gel-loading micropipet tip is placed in each
centrifuge tube, and a micropipet is set at a volume of 100 µL. The
extracts that are most crucial to the experiment are collected first.
For example, if the experiment involved [35S]incubation of the cell
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bodies/proximal axons and anterograde transport of labeled pro-
teins into distal axons, then the distal axons would be harvested
first. Conversely, if the experiment involved [125I]NGF incubation of
distal axons and retrograde transport of [125I]NGF to cell bodies/
proximal axons, then the cell bodies/proximal axons would be
harvested first.

To collect left- and right-compartment extracts, the gel-loading
micropipet tip from the appropriate centrifuge tube is held with the
fingers and the tip is scraped along the floor of the left (or right)
compartment for about 15 strokes with a motion parallel to the long
axis of the center compartment slot. This process is repeated in
the opposite-side compartment. Then the micropipet tip is mounted
on the micropipet, and the fluid in the left (or right) compartment
is triturated back and forth in such a way as to remove any remain-
ing cellular debris from the entire floor of the compartment. About
5 cycles are sufficient. Then the fluid is collected in the pipet and
transferred to the microfuge tube. This process is repeated in the
opposite compartment. It is sometimes convenient after scraping
to harvest left and right compartments by first transferring the
fluid from the right compartment to the left compartment, tritu-
rating the left compartment, then pipetting all the fluid into the
right compartment, triturating the right compartment, then trans-
ferring the fluid to the microfuge tube. In this way the volume
triturated is doubled, which can make the procedure easier. Some-
times the micropipet tips become plugged with silicone grease
during this procedure. If that happens, it is usually possible to
eject any residual fluid from the pipet tip by applying positive pres-
sure with the micropipet set at an increased volume. Once the
fluid in the tip has been ejected back into the compartment being
harvested or into the centrifuge tube, replace the tip with a fresh
one, and continue the harvesting procedure.

To harvest center-compartment slots, the gel-loading micropipet
tip from the appropriate microfuge tube is held with the fingers
and the tip is scraped across the floor of the center compartment.
To avoid losing extract, the floor is scraped in the direction from
the mouth of the center slot toward the closed end. About 5 strokes
are sufficient. Then the same tip is mounted on the micropipet,
the fluid is very carefully triturated two to four times and removed
to the appropriate microfuge tube. If the micropipet tip becomes
clogged, the same procedure is followed as described in the pre-
vious paragraph.
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After the culture is completely harvested, it is examined under
the inverted microscope to verify that no cell debris remains. Then
the next culture is harvested into the same tubes following the same
procedure. This procedure is repeated until all the cultures to be
pooled have been harvested.

During this procedure, care must be taken not to disturb the
divider. If the divider is inadvertently pushed with the harvest-
ing pipet tip, the divider may slide slightly, which destroys the
separation between the compartments. If this happens, harvest-
ing must be discontinued and no further extracts from the culture
can be added to the tubes without invalidating the results. A fresh
micropipet tip is used for the next culture. After the procedure is
complete, the number of compartments harvested for each sample
is recorded. Volumes can be adjusted later to equalize the culture
numbers. For example, if six left/right compartments and five cen-
ter compartments were successfully harvested for a group, one-
sixth of the volume of the left/right extracts can be removed before
analysis. With practice, it is possible to harvest cultures reliably
without losses.

Sequential harvesting procedures are used when extract volume
must be kept low. In such cases, for example, the first culture to
be harvested in a group is given SDS sample buffer with 60 µL
supplied to the center compartment and each side compartment.
Then, the extracts are harvested as above. Instead of fresh SDS sam-
ple buffer, the extracts from the first culture are used to harvest
the second culture, and so on until all the cultures to be pooled are
harvested. There will be some increase in volume of the extracts
because residual fluid is present in each culture that is harvested.
Therefore, it is helpful to use the starting SDS sample buffer at
double strength. A high harvesting proficiency is necessary for
sequential harvesting, since disturbing the divider in a culture con-
taining extract will lose the material contributed by all the cul-
tures harvested previously into that extract. With practice sequential
harvesting can be carried out routinely.

3.4. Histochemistry3.4. Histochemistry3.4. Histochemistry3.4. Histochemistry3.4. Histochemistry
Histochemical analysis of experimental treatments offers sev-

eral advantages when working with compartmented cultures. Fore-
most is the cost of analysis: because of the limited amount of material
available to be analyzed, pooling of extracts from many cultures
is often required to assess proteins by immunoprecipitation and/or
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Western blotting techniques. Alternatively, most histochemical
analyses can give results on a “per-culture” basis. As with other
cell culturing systems, immunostaining or immunofluorescence
are convenient and effective ways to assess qualitatively the pres-
ence and/or activation state of specific proteins. DAPI or Hoechst
DNA stains, which identify DNA condensation and fragmenta-
tion, hallmarks of apoptosis, are also useful in experiments when
apoptosis is being assayed. Another convenient and useful method
for assessing cell viability is the MTT assay. This colorimetric assay
is based on the conversion of tetrazolium salt (MTT) to a visible
blue formazan product in active mitochondria of live cells. Since
mitochondria are present throughout the cell, including the distal
axons, evidence of cell death can be visualized in both the axons
and or the cell bodies. Since MTT measures the mitochondrial activ-
ity of the cell, it serves as an excellent marker for cell survival,
but does not distinguish between cell death due to apoptosis vs
necrosis.

The techniques involved in processing compartmented cultures
for histochemical analysis are, for the most part, similar to those
used for other cells in tissue culture. However, special consider-
ations do have to be made when preparing neurons grown in com-
partments for microscopy. Following experimental treatment cells
are fixed with the Teflon divider in place. Both cold acid–alcohol
and paraformaldehyde (4%) fixation have been used successfully
in our laboratory. After fixation, the divider can be gently removed
using a hemostat, although it is often advantageous to keep the
divider in place during subsequent incubations. This allows a
smaller volume to be used when reagents are limited or expen-
sive, as they can be confined to the region of the neuron that is of
interest. Mechanical stress caused by the many washing steps
involved in preparing cells for histochemical analysis can cause
“lifting off” of the cells from the substratum, even after fixation.
Distal axons seem to be especially vulnerable to this effect. To min-
imize this risk it is necessary to use extreme caution when exchang-
ing the medium bathing the cells for each incubation/washing
step. The solutions should be flowed into the compartments, not
dripped. Additionally, confining the axons between the scratches
in the side compartments seems to make them vulnerable to mech-
anical detachment. Short scratches that span the center compart-
ment but end a short distance after they emerge into the left and
right compartments allow the axons to spread out in the side com-
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partments, producing less cabling of axons and better attachment
to the substratum. As well, methyl cellulose can be dissolved into
the buffers used in the washing steps, thus increasing the viscos-
ity of the medium and reducing the shear force exerted on the axons.

Once the cultures are ready to be mounted, the divider must be
carefully removed with a hemostat. After the divider is removed,
any residual medium is aspirated and excess silicone grease is
removed from the surface of the dish by wiping with a lint-free
tissue wrapped around a pipette tip. Approximately 30–50 µL of
mounting medium is sufficient to cover the neurons. Once the
neurons are cover slipped, they can be examined through the cover
slip with an epifluorescence microscope. It is less favorable to view
the neurons through the plastic floor of the dish, which displays
some autofluorescence and is too thick for the working distances
of most objectives. A potential alternative approach to produce
cultures in which living neurons can be viewed from beneath is
to cut a hole larger than the diameter of the Teflon divider in each
tissue culture dish, attach a glass cover slip over the hole with
Silgard (Dow Corning), and coat the inside surface of the glass cover
slip with collagen to form the substrate for attachment of neurons.
However, it is not possible to pattern the collagen into strips with
a pin rake on glass. Some other approach to produce the collagen
strips, such as evaporating metal onto collagen surfaces covered
with a mask, would have to be used (16).

4. Preparation of Sympathetic Neurons
from Superior Cervical Ganglia of Transgenic Mice

Mouse neurons are cultured under essentially identical condi-
tions as rat neurons. If homozygous transgenic mice are viable,
then culturing homozygous litters from homozygous breeding
pairs is essentially the same as culturing wild-type neurons. How-
ever, in cases where homozygous animals are not viable to adult-
hood, cultures with neurons homozygous for a transgene are
produced from the offspring of heterozygous breeding pairs. This
is accomplished by plating the neurons isolated from ganglia of
each mouse pup into separate cultures. Then the genotype of neu-
rons in each culture is determined by polymerase chain reaction
(PCR) analysis of DNA isolated from the tails of the mouse pups.
In this way homozygous cultures, heterozygous cultures, and cul-
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tures not bearing the transgene are identified. Alternatively, pups
could be genotyped from tail samples taken before culturing, and
then ganglia from pups of like genotype could be pooled before
dissociation and plating. However, we judged this less likely to
succeed, since it involves taking the pups from their mother, tak-
ing tail samples, marking pups for identification, and then returning
them to their mothers to await genotyping. Mothers may not toler-
ate this manipulation.

To accomplish our procedure, superior cervical ganglia are dis-
sected from newborn pups no more than 2 d old as is routine for
all culturing. The ganglia pairs from each pup are placed into sepa-
rate, sterile microfuge tubes containing 1.2 mL of plating medium
(see ref. 15 for medium recipes). Throughout the procedure, sepa-
rate Pasteur pipets are used for each pair of ganglia to avoid trans-
fer of cells between the preparations. After the dissection of all
pups is complete, each pair of ganglia are transferred into sepa-
rate 15-mL sterile, disposable centrifuge tubes, washed once with
3 mL of phosphate-buffered saline (PBS), and then incubated in
500 µL of 1-mg/mL type 1 collagenase (Sigma) in PBS at 37ºC for
25 min. Then 35 µL of a 1% trypsin (Sigma) solution in PBS are
added, and the ganglia are incubated for an additional 4 min. A pro-
longed incubation with trypsin reduces cell viability. The enzyme
solution is aspirated carefully with a Pasteur pipet. Ganglia are then
washed successively with 3 mL of PBS containing 15% horse serum,
twice with 2 mL of plating medium containing 10% horse serum,
and once with 2 mL of plating medium without serum. The pair
of ganglia from each mouse should be visible throughout the
washes. Cells are mechanically dissociated in 0.8 mL of plating
medium by trituration with a plugged Pasteur pipet that has been
extended over a flame to reduce the tip diameter to approx. 0.5 mm.
The cell suspension is centrifuged for 5 min at 800 rpm in an IEC
model CL clinical centrifuge. The supernatant is removed carefully,
leaving approximately 30 µL in the tube to ensure that the cell
pellet is not disturbed. For plating in compartmented dishes, the
cell pellet is resuspended in 180 µL of culture medium. Equal vol-
umes of cell suspension (approximately 70 µL each) are plated
with a gel loading tip into the center slots of three cultures. The
cultures are maintained similarly to ordinary cultures. The geno-
types of the cultures are obtained from the tail samples before the
cultures are used in experiments.
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5. Conclusion

We have presented several detailed procedures that we have
found useful in employing compartmented cultures for investigat-
ing apoptosis and other areas. The major advantage of compart-
mented cultures is the ability to locally expose different regions of
the neurons to experimental treatments and to analyze the regions
separately. This allows local signaling mechanisms in axons and
retrograde signaling mechanisms that transmit neurotrophic sig-
nals from axon terminals to cell bodies to be investigated. Although
the use of primary neurons makes compartmented cultures expen-
sive and time-consuming to produce and small amounts of mate-
rial must be analyzed, they are used by many laboratories to address
issues that are hard or impossible to approach in other ways.
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Detection
and Analysis of Synaptosis
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1. Introduction

1.1. Alternative Modes of Synaptic Elimination1.1. Alternative Modes of Synaptic Elimination1.1. Alternative Modes of Synaptic Elimination1.1. Alternative Modes of Synaptic Elimination1.1. Alternative Modes of Synaptic Elimination
and Loss in Development, Aging, and Diseaseand Loss in Development, Aging, and Diseaseand Loss in Development, Aging, and Diseaseand Loss in Development, Aging, and Diseaseand Loss in Development, Aging, and Disease

1.1.1. Modes of Synaptic Loss
(Synaptic Stripping, Resorption, Autophagocytosis).

Essentially three modes of synaptic elimination have been
described (1): (1) loss of synapses in synaptically connected neu-
rons following physiological neuron death during development
or hormonally driven reorganization; (2) process (generally axonal)
retraction and proteolytic degradation of presynaptic elements
involving lysosomal upregulation and autophagy; (3) elimination
of intact nerve terminals by glial phagocytosis (“synaptic strip-
ping”), notably in the facial nucleus as a retrograde transneuronal
effect following axotomy—here microglial cells play a major role
(2,3). Similar phagocytosis of intact terminals can be performed
by protoplasmic astrocytes as described below.

1.1.2. Synaptic Elimination in Development
Synapses and neurons are overproduced during development,

and their selective elimination (and survival) proceeds to sculpt
and organize the final pattern of connectivity. Because the number
of connections in higher organisms is far too large to be genetically
specified in detail, other mechanisms for establishing the final
patterns of connectivity must be employed. Synaptic elimination
at the neuromuscular junction has been most intensively studied
(4). At the neuromuscular junction, activity-dependent release of
proteases and their inhibitors, notably thrombin and protease
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nexin I, have been implicated in elimination (5). In the CNS, a
careful study of lysosomal upregulation and autophagy in develop-
ing visual cortex found that “lysosomal degradation was unlikely
to be directly responsible for the majority of synapses” removed
during ontogenesis, but apparently represents a secondary mecha-
nism. The authors conclude, “it is tempting to speculate that the
majority of synapses are eliminated by a process similar to the
synaptic disconnection which has been reported for afferent syn-
apses on spinal motoneurons phagoycytosed during ontogenesis.”
That is, the majority of synapses eliminated during development
are likely removed by phagocytosis of intact terminals (mecha-
nism 3 above). Presumably, this requires the appearance of some
recognition signal for phagocytosis, for example, oxidative dam-
age to lipids of phosphatidylserine (PS) exposure to provide rec-
ognition motifs for scavenger or PS receptors. While there is scant
evidence for oxidative damage as a factor in development, there
is abundant evidence for apoptosis, possibly triggered by a loss of
trophic support.

 Competition for neurotrophic factors acquired at nerve termi-
nals and required for survival has been hypothesized to control
developmental neuron death in the CNS. In this process, plasma
membrane lysis and an inflammatory response to intracellular anti-
gens is circumvented through “programmed” apoptotic cell death
involving neuronal cell bodies—and their distal processes and
terminals. Thus, the molecules essential for proapoptotic signal-
ing should be present at nerve terminals. Evidence that they are,
and that they may be focally activated in synapses independent
of nerve cell loss, will be the focus of the following discussion. If
this process of trophic factor withdrawal were to occur at individ-
ual synapses, one could hypothesize that a focal activation of pro-
apoptotic signaling might lead to focal production of recognition
signals for phagocytosis and intact nerve terminal elimination.

1.1.3. Synaptic Loss in Aging
Synaptic loss in select vulnerable areas has been described in

aging in rodents (6) and humans (7,8). Although there are a num-
ber of papers describing region and strain-dependent losses or the
absence of losses, there is very little published information per-
taining to mechanisms involved. However, in the aging rat cor-
tex, synapse loss is accompanied by the appearance of atypical
synaptic profiles with few or distorted vesicles; these are engulfed
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intact by protoplasmic astrocytes (6). Both microglia and astro-
cytes have been implicated in the phagocytosis of degenerating
dendrites following axonal reaction in the thalamus (9). Phago-
cytosis of degenerating terminals by both protoplasmic astrocytes
and microglia has also been described after low-level excitotoxic
injury (10).

1.1.4. Synaptic Loss in Disease
with a Focus on Alzheimer’s Disease

The loss of synapses in selected regions in Alzheimer’s disease
(AD) has been documented by stereological counting at the ultra-
structural level (11,12). Frontal cortical (13) and hippocampal
synaptophysin loss has been correlated with clinical decline
(8,14,15). Postsynaptic (16) and multiple presynaptic marker loss
has been documented in AD hippocampus (17). The most egre-
gious presynaptic pathology is represented by dystrophic presyn-
aptic neurites with upregulated, lysosomally derived organelles
suggestive of the type of autophagy associated with axonal retrac-
tion (synapse elimination by process 2 above). On the postsynaptic
side, dendritic pathology includes Hirano bodies and neurofibril-
lary tangle-related tau immunoreactive curly fibers. Tangle-bear-
ing cells have reduced synaptophysin message consistent with some
relationship between tangles and synapse loss (18). There is also
evidence that tangle-bearing neurons have DNA strand breaks,
showing upregulation of pro- and antiapoptotic pathways (19,20).
The mode or modes of synapse loss in AD remains uncertain. An
ultrastructural study of synaptic pathology in biopsies of frontal
cortex of AD brain, a region known to have significant synaptic
marker loss (8), revealed several types of pathology including dys-
trophic neurites, distended terminals with swollen vesicles and
dense bodies similar to dystrophic neurites, and terminals show-
ing “moderate to severe loss of presynaptic vesicles” (21). While
this ultrastructural evidence of vesicle loss in terminals was not
quantified, several quantitative biochemical studies have found a
preferential loss of a battery of presynaptic vesicle protein markers
with relative preservation of synaptic plasma membrane markers
(22,23). These results are consistent with the generation of atypi-
cal terminals with few or distorted vesicles similar to the mode of
phagocytic synapse loss in aging rat brain as described by Adams
and discussed under Subheading 1.1.3.
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1.2. Definition of Synaptosis1.2. Definition of Synaptosis1.2. Definition of Synaptosis1.2. Definition of Synaptosis1.2. Definition of Synaptosis

The term apoptosis was coined from the Greek words to describe
a falling off of leaves on a deciduous tree, to represent a programmed
pathway for death of cells while the multicellular organism as a
whole survives. A major distinction between apoptotic and necro-
tic cell death is that the former process preserves plasma and orga-
nelle membranes that are removed intact by phagocytosis. In many
instances, a neuron, like a tree, may survive a dying back and loss
of arbor and synapses. By analogy, we have suggested the term
synaptosis to describe the falling off or loss of intact synapses via a
specialized mode of synaptic loss involving protease (caspase, cal-
pain?) activation, PS externalization and subsequent phagocytosis
of intact terminals. This process is hypothesized to take place in
ontogenesis, synaptic remodeling, aging, and disease where intact
synapses appear to be lost by a similar process involving protease
(caspase or calpain?) activation, PS exposure, and phagocytosis of
nerve terminals. Rather than laddering of DNA, the biochemical
signature of synaptosis would be the generation of proteolytically
cleaved proteins in nerve terminals. This is essentially the third
mode of loss described under Subheading 1.1.1., while examples
of nonsynaptotic nerve terminal loss would be provided by retrac-
tion and autophagic resorption or necrotic lysis. A schematic illustra-
tion of synaptosis in Alzheimer’s disease is given in Fig. 1.

1.3. Recognition Signals for Phagocytosis1.3. Recognition Signals for Phagocytosis1.3. Recognition Signals for Phagocytosis1.3. Recognition Signals for Phagocytosis1.3. Recognition Signals for Phagocytosis
and the Evolutionary and the Evolutionary and the Evolutionary and the Evolutionary and the Evolutionary VVVVValue of Selective Synaptosisalue of Selective Synaptosisalue of Selective Synaptosisalue of Selective Synaptosisalue of Selective Synaptosis

The surface markers that allow synapses to be recognized and
phagocytosed intact are presumably similar to those used to rec-
ognize apoptotic, damaged, or senescent cells. The primary modi-
fication is surface exposure of PS, which is normally on the inner
membrane leaflet but is externalized as a downstream event fol-
lowing caspase activation (24). Phosphatidylserine (PS) exposure
during apoptosis is believed to be due to both inhibition of the
aminophospholipid translocase that internalizes PS to the inner
leaflet and activation of the phospholipid scramblase responsible
for lipid exchange between leaflets. The activation of scramblase
can be triggered by caspase cleavage of PKC-delta and its subse-
quent phosphorylation. Whether or not calpain-mediated PKC
cleavage and activation can similarly stimulate synaptic scramblase
remains unknown. Externalized PS is then recognized by a recently
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Fig. 1. Synaptosis as a concept is sketched in relationship to an Alz-
heimer model in which beta-amyloid (Aβ) or its aggregates, [Aβ]n may
act to induce focal synaptic damage followed by caspase (or calpain)
activation and cleavage of cytoskeletal substrates, phosphatidylserine
(PS) externalization, and phagocytosis by astrocytes or microglia (µglia).
Several possible mechanisms for Aβ-induced damage are indicated. One
candidate pathway involves lipoprotein receptor-mediated uptake into
the endosomal lysosomal (lys) system leading to Aβ aggregation, cathe-
psin D release, and caspase activation. Other pathways involve inter-
action with scavenger receptors (SCA) on microglia or an undefined Aβ
receptor on neurons, leading to release of reactive oxygen species (ROS),
oxidative damage to mitochondria (M), and release of cytochrome-c (cyto
C), followed by caspase activation.
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cloned receptor identified by V. Fadok (25) or by scavenger recep-
tors known to recognize oxidatively modified membranes and lipo-
proteins (26).

1.4. Light Level and Ultrastructural1.4. Light Level and Ultrastructural1.4. Light Level and Ultrastructural1.4. Light Level and Ultrastructural1.4. Light Level and Ultrastructural
Appearance of SynaptosisAppearance of SynaptosisAppearance of SynaptosisAppearance of SynaptosisAppearance of Synaptosis

As described below, we generated an antibody to a neo-epitope
present on a fragment of caspase-cleaved actin (“fractin”) and
demonstrated its generation in punctate profiles during apoptosis
of cultured differentiated neuroblastoma and on neurons and their
processes in AD brain (27). At the light level this antibody labeled
swollen and fragmenting neuronal processes, suggesting that “focal
and local activation of these proteases (caspases) in neuronal pro-
cesses...could participate in the trimming and removal of processes
by a distal activation of caspase activity.” In order to test this hypoth-
esis in the absence of postmortem alterations, we used confocal
microscopy to examine aged APPsw transgenic mice and found
punctate peri-plaque neuropil staining that co-localized with syn-
aptic markers. This punctate labeling also appeared frequently to
overlap activated microglia surrounding the plaques (28), consis-
tent with microglial phagocytosis of dystrophic neurites. Examina-
tion of the ultrastructure of plaques in aged APPsw mice revealed
microglia apparently engulfing dystrophic neurites (Fig. 2). Simi-
lar pictures of phagocytic peri-plaque microglia engulfing dys-
trophic neurites have been produced using well-preserved aged
monkey brain and conventional transmission electron microscopy
(29). With our APPsw transgenics, these processes were only lightly
labeled with fractin. In collaboration with Antoine Triller and
Phillipe Rostaing, we found the most frequent fractin labeling in
APPsw transgenics was often synaptic, but largely postsynaptic
(Triller et al., unpublished). These images show a progression of
postsynaptic fractin staining apparently followed by phagocytosis
of intact synapses by protoplasmic astrocytes strongly resembling
the type of synapse loss previously described in aging rat brain
by Adams and Jones (6). Examples of this punctate synaptic fractin
staining in CA1 and CA3 hippocampus of aged APPsw transgenic
mice are illustrated in Fig. 3. Synapse and neuron loss have been
reported in these vulnerable fields of mutant APP transgenic mice
(42). At the ultrastructural level, immunogold labeling identified
dendrites and spines as the principal site of labeling (Fig. 4.).



Synaptosis 183

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

2. Methods for In Situ Detection of Caspase Activation

Several methods have been employed for the in situ detection
of caspase activation that could be used to detect apoptosis in
synapses and neurites.

Fig. 2. Preembedding immunogold labeling for the fractin neoepitope
on caspase-cleaved actin in the vicinity of a plaque in an ultrathin sec-
tion from an aged APPsw (line Tg2576) mouse brain. Dystrophic neurites
(DN) show sparse gold labeling. A microglia cell (M) with processes
juxtaposed to DN appears to be accumulating fractin label in secondary
lysosomes (arrows) consistent with phagocytosis of dystrophic neurites.
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1. Although caspase cleavage of fluorogenic substrates is typi-
cally used to assay caspase activation in extracts, the use of such
substrates for histochemical detection of in situ caspase activa-
tion has been limited. Affinity labeling of activated caspases
with biotinylated active site-directed inhibitors has been used
by several groups for in situ detection of activated caspases
(30–32). An example of the method applied to dendrites and
synapses is briefly outlined under Subheading 4.1.1.

Fig. 3. An example of subtle punctate labeling for the fractin neoepi-
tope on caspase-cleaved actin was found in a somato-dendritic label-
ing pattern using diaminobenzidine immunocytochemistry in neuronal
layers CA3 (A) and CA1 (C) of the hippocampus of an aged APPsw mouse.
Similar punctate labeling was found in or around plaques (B and D) in
both hippocampus and cortex. Orig. mag. = 1320×.
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2. End-specific antibodies to caspase cleavage products have been
developed (27) and applied. In principal, one could use end-
specific antibodies to caspase-cleaved substrates found in
neurites and synapses to detect focal distal caspase activation.
Identified caspase substrates found in synapses include actin,

Fig. 4. Punctate hippocampal CA labeling of aged APPsw mice with
the fractin antibody illustrated in Fig. 3 was determined to be in den-
drites by our collaborators P. Rostaing and A. Triller. Here we illustrate
a confirmation of this observation obtained by F. Yang in our laboratory
using preembedding immunogold labeling for fractin.
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fodrin, procaspase 9, amyloid precursor protein, presenilin, tau,
and presumably many others.

3. Confocal double labeling for synaptic markers. Although it is
possible to detect caspase activation at synaptic sites by double-
labeling for synaptic markers and antibodies to activated cas-
pases or neo-epitopes present on caspase-cleaved substrates
(28), the resolution of confocal microscopy (~0.2 µmol) typi-
cally cannot routinely distinguish between closely apposed pre-
and postsynaptic sites. Therefore, immunoelectron microscopic
approaches are required.

4. Immunoultrastructural methods. We are aware of no published
reports on the ultrastructural identification of sites of caspase
activation. However, we have used preembedding immunogold
labeling to detect caspase-cleaved actin fragment in APPsw
transgenics, and A. Triller and P. Rostaing have used both immu-
nogold and diaminobenzidine to detect the same actin neo-
epitope in primarily postsynaptic sites in aged APPsw animals
(Triller et al., unpublished observations). As is typical with
immunoultrastructural studies, a major difficulty lies in find-
ing sufficiently rapid and strong glutaraldehyde perfusion fixa-
tion protocols that adequately preserve ultrastructure while
allowing antibody and label penetration. It is essential to use
antibodies directed at the neo-epitope containing the free C
terminus of cleaved fragments rather than the N-terminal neo-
epitope, which will be destroyed by strong aldehyde fixation.

3. Evidence for In-Vivo Caspase
Activation in Nerve Terminals in AD

3.1. Fractin Staining (in Ischemia,3.1. Fractin Staining (in Ischemia,3.1. Fractin Staining (in Ischemia,3.1. Fractin Staining (in Ischemia,3.1. Fractin Staining (in Ischemia,
in AD Brain, and in an Animal Modelin AD Brain, and in an Animal Modelin AD Brain, and in an Animal Modelin AD Brain, and in an Animal Modelin AD Brain, and in an Animal Model
for AD via Confocal Microscopy and ImmunoEM)for AD via Confocal Microscopy and ImmunoEM)for AD via Confocal Microscopy and ImmunoEM)for AD via Confocal Microscopy and ImmunoEM)for AD via Confocal Microscopy and ImmunoEM)

Our group and Siman’s group developed the first end-specific
antibodies to caspase substrates (33,34) and applied these to CNS
tissue (27,35). Srinivasan and colleagues developed the first end-
specific antibody to an activated caspase, caspase-3 (36). Since
then, a number of other groups have developed end-specific anti-
bodies to activated caspases or their substrates and commercial
antibodies have been developed. Most of these antibodies strongly
overlapped conventional TUNEL labeling in perikarya of apop-
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totic neurons in animal models. These end-stage events are in
cascasdes involving multiple amplifications and frequently upreg-
ulation of caspase expression; they are readily detected with rela-
tively insensitive probes.

As discussed above, a major objective in choosing a caspase-
cleaved actin fragment as a substrate was to detect subtle initiating
caspase activation in neuritic processes and synapses. This requires
detection of small amounts of activated preformed caspase or prod-
ucts without amplification from cascade-driven increased expres-
sion in dying cells. For that goal, we chose actin because it is not
only the most prevalent and ubiquitous protein in cells, but also a
component of bundled cytoskeletal filaments, which should result
in more readily discriminated focal concentrations of antigen than
diffuse cytosolic substrates. The fractin epitope can also be gen-
erated by multiple-effector caspases definitely including 1 and 3
and possibly including 6 and 7 (37). Other caspases may also cleave
actin at the ELPD fractin site because fractin-generating caspases
1, 3, and 6 represent each of the three groups of caspases defined
by preferred substrate specificities (group I, caspases-1, 4, 5 with
substrates WEHD or YVAD; group II, caspases-2, 3, 7, and 10 with
substrates DEXD; and group III, caspases-6, 8, and 9 [I,V,L]EXD).
If multiple caspases in a cascade can generate the epitope, greater
sensitivity will be obtained. Finally, with an abundant substrate,
reasonably stable product molecules will likely outnumber the
catalyst by orders of magnitude. For all of these reasons, detection
of the fractin epitope would be expected to be a relatively sensitive
method compared with detection of a specific activated enzyme.

Fractin antibody detects apoptotic events in a number of differ-
ent systems (38). As discussed above, fractin antibody detected
punctate peri-plaque labeling in AD and APP transgenic mouse
brain where immunoultrastructural studies identified the most
common staining as postsynaptic and dendritic. This type of
postsynaptic labeling was also observed in entorhinal cortex and
hippocampal CA1 and CA3. Consistent with this, fractin also labels
Hirano body inclusions in dendrites in AD brain (39). Recently,
AMPA receptor subunits have also been identified as substrates
for caspases (40). Intriguingly, abnormal AMPA receptor immuno-
reactive inclusions have also been identified in dystrophic den-
drites in AD brain (41). These results would be consistent with an
excitotoxic component to neuritic degeneration, synapse loss, and
later neuron loss in vulnerable CA1 and CA3 in AD and at least
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some APP transgenics (42). However, at 16 mo of age in the Tg2576
APPsw transgenics in which we observe CA3 and CA1 fractin label-
ing, no quantifiable neuron loss in CA1 could be detected (43). These
results would be consistent with synaptosis preceding neuron loss
in these regions.

 In contrast, a light microscopic study with CM1 antibody to acti-
vated caspase-3 found no peri-plaque or apoptotic neuron label-
ing in AD brain or transgenic mouse models (Roth, K. ). The reason
for these apparently conflicting results may lie in the sensitivity
issue discussed above, the generation of fractin by caspases other
than caspase-3, or both. For example, unlike caspase-3, both pro-
caspase-6 and a fragment apparently representing activated cas-
pase-6 are found in postmortem AD brain and caspase-6 activation
and APP cleavage occur in cultured human neurons prior to com-
mitment to apoptosis; caspase-6 cleaves actin to generate a 32-
kDa fractin-like band (37).

3.2. Other Examples of Punctate3.2. Other Examples of Punctate3.2. Other Examples of Punctate3.2. Other Examples of Punctate3.2. Other Examples of Punctate
Peri-Plaque Caspase Cleaved Substrate LabelingPeri-Plaque Caspase Cleaved Substrate LabelingPeri-Plaque Caspase Cleaved Substrate LabelingPeri-Plaque Caspase Cleaved Substrate LabelingPeri-Plaque Caspase Cleaved Substrate Labeling

Several synaptic caspase substrates have been identified includ-
ing amyloid precursor protein (APP) (37) and presenilin 1 (44,45).
Using an end-specific antibody to a caspase-cleaved APP frag-
ment, Gervais et al. (46) demonstrated punctate peri-plaque label-
ing in AD brain. Although consistent with neuritic labeling, no
attempt to identify the profiles was made.

3.3. Analysis of Activated Caspase3.3. Analysis of Activated Caspase3.3. Analysis of Activated Caspase3.3. Analysis of Activated Caspase3.3. Analysis of Activated Caspase
iiiiin Synaptosome Preparations from AD and Control Brainn Synaptosome Preparations from AD and Control Brainn Synaptosome Preparations from AD and Control Brainn Synaptosome Preparations from AD and Control Brainn Synaptosome Preparations from AD and Control Brain

Amyloid precursor protein cleavage by activated caspases gen-
erates a C-terminal peptide product that was shown to be toxic to
cultured neurons. Although attempts to detect activated caspases
in extracts from AD brain homogenates failed to reveal detect-
able increases in activated caspase on Westerns, activated caspase-
9 was clearly detectable and elevated in synaptosome fractions
from AD brain compared with controls using Western analysis (47).
This result provides direct support for significant activation of ini-
tiating caspases in the cascade in nerve terminals in the absence
of a major upregulation of perikaryal caspases typical of apoptotic
cells.
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4. Analysis of Synaptosis In Vitro

4.1. Cell Culture Approaches4.1. Cell Culture Approaches4.1. Cell Culture Approaches4.1. Cell Culture Approaches4.1. Cell Culture Approaches

4.1.1. Primary Neuronal Cultures and Cell Lines
Some of the initial evidence that focal neuritic and synaptic acti-

vation of caspases can occur came from studies with cultured hippo-
campal neurons carried out by Mattson’s group. These investigators
exposed primary hippocampal neurons matured for 7–9 d to toxic
concentrations of staurosporine or glutamate (48) or β-amyloid
aggregates (49). The cells were affinity labeled for activated cas-
pase. They were exposed to 0.02% digitionin in the presence of bio-
tinylated DEVD and then fixed, permeabilized with Triton X-100,
and stained with fluorescently tagged streptavidin. This treatment
revealed related increases in dendritic and cell body-activated cas-
pase interpreted as caspase-3 based on DEVD specificity. Dendritic
biotin-DEVD labeling preceeded cell body labeling and focal appli-
cation of glutamate or Aβ “with a puffer pipet” resulted in increased
focal dendritic labeling.

4.1.2. Campenot Chambers
Specialized culture techniques have been developed in which

the neurites (viz., axons) of sympathetic ganglia maintained with
NGF are separated from the cell bodies by a sealed barrier (50).
These chambered cultures have been used to demonstrate focal
effects of NGF application to the neurite compartment without expo-
sure of the cell bodies (51). Using this system, Ivins, Cotman, and
collaborators applied toxic β-amyloid peptide aggregates exclu-
sively to neurites to provoke focal neuritic degeneration (52). Anne-
xin V binding detected extracellular PS exposure that was blocked
by zVAD-fmk, and caspase activation was detected in the neurites
exposed to β-amyloid. In contrast, Raff’s group used Campenot
chambers to demonstrate that although caspase activation occurred
in cell bodies and axons after NGF withdrawal, focal withdrawal
of NGF from compartmentalized dorsal root ganglia axons did
not result in caspase activation (53).

4.1.3. Organotypic Hippocampal Slice Cultures
Organotypic hippocampal slice cultures (OHSC) have many

advantages for study of phenomena related to neurodegeneration
and aging (54–58). Methods for their use have recently been reviewed
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(59). We have found extensive fractin labeling in cell bodies, and
neuronal processes occurs in the first 3 d following slice prepar-
ation (unpublished results). TUNEL-positive cell body labeling
co-localizes with fractin labeling. While there was reduced label-
ing after 1 or 2 wk in vitro, in the cultures examined the back-
ground labeling remained too high for use as a satisfactory tool
for investigating experimentally induced loss of synapses and
arbor using the relatively sensitive fractin probe.

4.2. Synaptosome Preparations4.2. Synaptosome Preparations4.2. Synaptosome Preparations4.2. Synaptosome Preparations4.2. Synaptosome Preparations

4.2.1. Gradient Purified Synaptosome Preparations
Homogenate preparations of nerve terminals have proven a use-

ful model system for the study of cellular events in neurodegen-
eration, in particular for the study of mechanisms related to the
production of reactive oxygen species by amyloid-β protein (60).
In addition to the primary culture system described under Subhead-
ing 4.1.1., Mattson and colleagues have used purified synaptosomes
to demonstrate caspase activation and increased annexin labeling
following treatment with staurosporine, glutamate, and β-amyloid
(48,49). In these papers, the authors also measured altered mito-
chondrial function in synaptosomes following apoptotic treatments
using probes for mitochondrial membrane potential and mito-
chondrial ROS levels in isolated nerve terminals.

4.2.2. Flow Cytometry of Intact Synaptosomes
Historically, a primary disadvantage of synaptosomal prepa-

rations has been the inability to distinguish measured outcomes
in intact synaptosomes from those occurring in contaminants of
the preparation (free mitochondria, myelin, membrane fragments,
etc). Additionally, the identification of neuronal vs glial popula-
tions and of neurochemical subpopulations, for example, cholin-
ergic terminals, has not been possible. The use of flow cytometry
techniques (fluorescence-activated cell sorting, or FACS) for quan-
titative study of homogenate preparations of nerve terminals was
first described by Wolf and colleagues in 1989. This group charac-
terized the purified synaptosomal preparation and used this tech-
nique for the study of dopaminergic terminals in subsequent papers
(61–64). The advantages of flow cytometry analysis of terminals
include the rapid analysis of large populations, double and triple
labeling designs, and quantitative measure of changes in bright-
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ness of fluorescence in objects that are too small to assess readily
by light microscopy.

4.2.2.1. P2 PREPARATIONS AND CLEAN-UP BY GATING

The crude synaptosomal preparation, or P-2 pellet, offers the
advantages of faster preparation time, greater yield, and increased
functional integrity. Therefore we have developed procedures for
flow cytometric analysis of crude synaptosomes (65). An antibody
directed against the presynaptic docking protein SNAP-25 labeled
66% of the particles in this fraction, indicating neuronal origin.
The glial marker GFAP labeled 35% of particles, and 90% of the
particles were shown to be intact and esterase-positive using the
viability dye calcein AM. Consistent with electron microscopy stud-
ies of synaptosomal preparations (66), the presence of both free
and intrasynaptosomal mitochondria is indicated by the labeling
of 74% of particles with nonyl acridine orange.

When an analysis gate is drawn to include only the largest par-
ticles (greater than 1 µm based on size standards), most contami-
nants are excluded and quantitative data are obtained from a
population that is both (1) greater than 95% neuronal (SNAP-25-
positive) and (2) virtually 100% intact (calcein AM-positive). In
this way, “purification” of intact synaptosomes is accomplished
during data analysis (Fig. 5). This level of purity in the analyzed
material is better than can be achieved by density gradient purifi-
cation methods. One may also use a combination of a synaptoso-
mal marker and size to achieve essentially 100% purity.

4.2.2.2. RAPID KINETICS OF CALCEIN AM
AND ANNEXIN DOUBLE LABELING OF INTACT TERMINALS

In order to study markers of apoptosis in the intact neuronal
population of interest within a synaptosomal homogenate, we
have developed a novel dual-color assay that is analogous to stan-
dard flow cytometry assays for detection of apoptosis in intact
cells (67). In our method the viability dye is calcein AM, which
stains only intact particles with esterase activity; “apoptotic” par-
ticles are positive for both calcein AM and annexin-V (Fig. 6), which
binds to externalized PS. The number of double-labeled particles
was increased after a 1 min incubation, and continued to increase
for the duration of the 3-h experiment; after 3 h, approximately
50% of the intact synaptosomes were annexin-labeled. Note that
annexin-V binding is consistent with, but does not necessarily
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Fig. 5. (A) Flow cytometric analysis of forward and side scatter of a rat P2 synaptosome preparation is used
to selectively “gate” out the small debris and focus the analysis on larger 1–4-µmol particles (box R2) with
significant internal vesicle populations reflected in side scatter. Thus, as shown (B) by SNAP-25 immunofluo-
rescence (light line), many of the smaller particles (box R1) are negative for this synaptic plasma membane
marker (overlapping the dark line showing nonspecific IgG control fluorescence). In contrast, 95% of the parti-
cles in box R2 (C) are SNAP-25 positive. This “clean-up” in the gating allows analysis of events in synaptosomes
without density gradient purification.
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Fig. 6. Scattergrams illustrate results of FACS analysis of cortical calcein
AM (a viability marker for intact membranes with fluoroscein optics)
and annexin-V rhodamine fluorescence in rat P2 fraction synaptosomes
with and without staurosporine treatment. (A) Settings for background
fluorescence of synaptosomes gated on R2 in the absence of reagents.
(B) Shows that 99.77% of freshly prepared P2 fraction gated on R2 are
positive for calcein AM fluorescence, which requires intact membranes.
Surprisingly, nearly 24% of this prep shows annexin-V labeling consis-
tent with phosphatidylserine externalization on intact terminals. (C) Shows
a 2.7-fold increase in annexin-labeled, intact terminals after a 30-min
incubation in buffer. In a 30-min incubation with staurosporine (STS) at
doses sufficient to induce apoptosis in SY5Y neuroblastoma (not shown),
buffer alone increased the number of annexin V-positive terminals to the
same degree as STS (D).
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imply, prior caspase activation as calpain and perhaps other pro-
teases may achieve the same endpoint as discussed later. Inter-
estingly, staurosporine treatment produced a larger increase than
buffer only in short incubations (less than 30 min). This suggests
that an early-feed-forward activation of protease pathways lead-
ing to PS externalization occurs during tissue homogenization.
Such a self-amplifying process is consistent with the idea that
apoptotic proteolytic cascades are a nonlinear process exhibiting
on–off switching rather than gradual activation (81). The speed
observed for the loss of membrane asymmetry is an indication of
the potential in neurites for a rapid response to toxic insults. A sche-
matic diagram illustrating the detection of annexin V labeling of
intact terminals by flow cytometry is given in Fig. 7.

4.2.2.3. CASPASE ACTIVATION

Rapid caspase activation underlying the annexin-V increase
described above is suggested by our finding that increases are
observed in caspase-1 activity and caspase-3-like activity in the
crude synaptosomal preparation (67). Moreover, peptide inhibi-
tors of caspase activity (Ac-YVAD-CHO and AC-DEVD-CHO)

Fig. 7. Summary diagram of flow cytometry of synaptosis. The trauma
involved in the synaptosome and debris preparation induces a rapid
increase in annexin-V labeling of viable terminals, which peaks at about
30 min. The rapid increase precludes density gradient purification steps.
Treatment with DEVD peptide-based caspase inhibitors can reduce but
not prevent this annexin-V labeling. Incubations longer than 30 min result
in significant losses of large viable particles to the annexin positive debris
fraction. Staurosporine (STS) promotes this loss of viability, while DEVD
caspase inhibitors only partially protect against this loss of large, annexin-
positive, intact terminals, which would normally undergo rapid phago-
cytosis in vivo.
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resulted in a partial blockade of increased annexin-V fluorescence
in a 30-min incubation (Gylys et al., unpublished observations). How-
ever, we were unable to detect a consistent increase in fractin label-
ing in these predominantly presynaptic nerve terminal preparations.

4.2.2.4. ROLE OF CASPASE ACTIVATION

IN SYNAPTOSOME DEGENERATION

Flow cytometry analysis demonstrates that larger synaptosomes
become lysed during longer incubations. Our recent experiments
(Gylys et al., unpublished observations) have shown that this degra-
dation can be blocked by addition of the broad-spectrum caspase
inhibitor z-VAD-fmk (300 µM). Because z-VAD-fmk inhibits
calpain as well as caspases (68), this result, considered in light of
the modest protection of annexin-V staining by caspase inhibi-
tors described above, may reflect the activation of multiple pro-
teases in terminals exposed to apoptotic insults.

4.2.3. Potential for Analysis
of Postmortem Human Synaptosomes

Synaptosomes may be prepared from cryopreserved postmortem
human tissue (66), and this preparation has been used to demon-
strate amyloid-B toxicity to ion-motive ATPases (69). Experiments
in our laboratory show that approximately 70% of human synap-
tosomes are viable, e.g., calcein-AM positive (unpublished obser-
vations). This compares to 90% integrity observed in freshly prepared
synaptosomes from rat brain (65). Preliminary flow cytometry stud-
ies indicate that a postsynaptic marker, PSD-95, is decreased in
AD brain compared to control brain, and that antibodies directed
against β-amyloid show increased labeling in nerve terminals from
Alzheimer’s brain, suggesting that analysis of human synaptosomes
may provide unique insights into AD-related mechanisms of ter-
minal degeneration.

5. Possible Mechanisms Leading to Synaptosis

5.1. Focal Trophic Factor Withdrawal5.1. Focal Trophic Factor Withdrawal5.1. Focal Trophic Factor Withdrawal5.1. Focal Trophic Factor Withdrawal5.1. Focal Trophic Factor Withdrawal

It is reasonable to hypothesize that because total neurotrophic
factor withdrawal leads to global caspase activation and apoptotic
death in many neural systems, focal trophic factor withdrawal
might lead to focal synaptic and axonal caspase activation. This is
consistent with a number of observations cited above. However,
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caspase activation has not been observed in sciatic and optic nerve
or retinal ganglion cells undergoing Wallerian degeneration after
axotomy or after focal withdrawal of NGF from DRG axons as dis-
cussed under Subheading 4.1.2. (53). In contrast, NGF withdrawal
from the cell body resulted in caspase-3 activation in both the cell
body and processes, suggesting that procaspases are present in pro-
cesses, but remain inactive. Wallerian degeneration is accompa-
nied by sustained elevations of free calcium and calpain activation.
As shown in models for excitotoxicity, calpain activation can block
the activation of caspases, notably caspase-3, by cytochrome-c (70).
Calpain cleaves caspase-3 (and calpastatin), and these effects on
upstream apoptotic effectors may play a role in prevention of cas-
pase activation. This preventive effect stops caspase activation
despite cytochrome-c release downstream from trophic factor with-
drawal. These events may account for the lack of caspase activa-
tion in some of the preparations (53). Whatever the explanation,
the lack of caspase activation in axons after trophic factor with-
drawal may still allow focal selective synaptosis to occur. This effect
could involve focal synaptic caspase activation, but is more likely
mediated by calpain (see below). The absence of axonal caspase
activation in other models is consistent with our in-vivo observa-
tions of selective caspase activation indicated by fractin labeling
on the postsynaptic, somato-dendritic side.

5.2.1. Excitotoxicity, Persistent Elevations
of Calcium, and Calpain Activation

As discussed under Subheading 4.1.1., there is evidence that
glutamate can induce focal dendritic caspase activation in tissue
culture and that this can be inhibited by z-VAD-fmk (48). This
inhibitor is similarly active against caspases and calpain (68) In
nucleus-free systems such as platelets, elevated calcium recapitu-
lates apoptotic events, including cell shrinkage, plasma membrane
microvesiculation, PS externalization, and proteolysis of procas-
pase-9, procaspase-3, gelsolin, and protein kinase C-δ (68). How-
ever, these events occur without caspase activation, and most can
be inhibited by calpain inhibitors. In thymocytes and neutrophils,
calpains have been implicated as essential mediators of apoptosis
(71,72). In fact, there are substantial parallels between calpain and
caspases as twin effector proteases in apoptotic signaling in a vari-
ety of cells, including neurons (73). These include major overlaps
in substrates including spectrins, actin, tau, vimentin, CaM kinases,
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focal adhesion kinase, PARP, and the endogenous calpain inhibi-
tor, calpastatin. Caspase-3 cleavage of calpain inhibitor, calpasta-
tin, and calpain cleavage of casapse-3 are channels for crosstalk
that regulate both proteases in many apoptotic preparations. Both
calpain and caspase inhibitors can offer significant neuroprotec-
tion (74,75). Thus, either or both caspase and calpain activation
may be effectors of synaptosis in different systems. For example,
presynaptic terminal loss may be primarily effected by calpain
activation leading to membrano-cytoskeletal breakdown, PS expo-
sure, and phagocytosis, while similar events on the postsynaptic
side may depend more on caspase activation or both proteases.
Evidence for spectrin breakdown to the 150-kDa calpain cleav-
age product has been observed in AD (76) and correlated with
abnormal neuritic spectrin labeling and synaptophysin loss. More
recently, calpain activation in neurotoxicity has been linked to
p35-to-p25 conversion and activation of a CdK5 tau kinase in AD
brain (77). Other evidence for a link between elevated calpain acti-
vation in AD and tangle formation has been recently reviewed (78).

5.2.2. Oxidative Damage
One probable mechanism promoting caspase activity in neuro-

degenerative conditions is oxidative damage to the mitochondria
leading to cytochrome-c release and other events initiating caspase
activation. Oxidative damage is implicated in ischemia/reperfu-
sion, Parkinson’s disease, Alzheimer’s disease, and aging (79). In
AD, oxidative damage may play a critical role (80). If this damage
is initiated in synaptic compartments, it could lead to synaptosis.
This would be consistent with mitochondria as both the primary
source of free radical generation and initiation of apoptosis (81).
Free iron, a potent pro-oxidant molecule, appeared to stimulate
apoptotic events in synaptosomes (48). Similarly, like free iron,
Aβ induces both oxidative damage to mitochondria in synapto-
somes (82) and apoptotic events (49).

5.2.3. Aβ Toxicity and Synapse Loss
There are at least four ways β-amyloid peptide could lead to syn-

aptosis and synapse loss in AD brain. Since Aβ is generated at syn-
apses, these events may take place in either the pre- or postsynaptic
compartments, resulting in synaptosis. First, direct aggregated Aβ
toxicity promotes oxidative damage in some systems (83), including
nerve terminals (84). Second, Aβ can also directly activate comple-
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ment leading to attack complex formation and calcium influxes
(85,86). Third, β-amyloid internalized may accumulate in the endo-
somal-lysosomal system (87) and potentially lead to lysosomal leak-
age of cathepsin D, a protease able to activate a caspase cascade
(88,89). Finally, soluble Aβ (possibly oligomers or ADDLs) may act
on NMDA receptor pathways and promote excitotoxic events (58).

6. Summary and Conclusions
The process of glial phagocytosis and removal of intact nerve

terminals is suggested to reflect the focal synaptic activation of pro-
teolytic steps involved in apoptosis leading to cytoskeletal break-
down, scramblase activation, PS exposure recognition by glial
receptors, and phagocytosis. Evidence that this process can pro-
ceed involving focal caspase activation in Alzheimer’s disease and
amyloid-precursor transgenic mice is discussed in relationship to
synapse loss. Although caspase activation is the signature apop-
totic pathway, both caspase and calpain can cleave an overlapping
set of synaptic substrates and the two pathways appear closely
interrelated. The proteolytic processing required to trigger PS expo-
sure and nerve terminal removal may also involve calpain activa-
tion. Evidence is accumulating that focal synaptic and neuritic
damage secondary to excitotoxicty, oxidative damage, or β-amy-
loid accumulation may serve as triggers for synaptosis and nerve
terminal removal in neurodegenerative diseases.
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In Situ Detection
of Apoptotic Neurons
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1. Introduction
Neuronal apoptosis plays a significant role in nervous system

development and in neuropathological conditions (1). Although
apoptosis is not the only type of non-necrotic, regulated cell death
observed in the nervous system, it is by far the most extensively
investigated (2,3). Studies in a variety of species, cell types, and
experimental paradigms have led to a better understanding of the
molecular pathways that regulate apoptosis and recognition of the
complexities of the apoptotic process. Apoptotic cell death was
originally defined based on cytological features including cell shrink-
age, chromatin condensation and margination, nuclear pyknosis and
fragmentation, cytoplasmic membrane blebbing, and formation of
apoptotic bodies (4). These features, which are best appreciated
by ultrastructural examination, remain the gold standard by which
any given cell can be classified as “apoptotic.” Unfortunately, it is
impractical to perform detailed electron microscopic analyses on a
large number of samples on a routine basis. For this reason, a var-
iety of histological and immunohistochemical techniques have been
developed to detect apoptotic cells in situ. These methods are based
on light microscopic visualization of apoptotic cytological features,
immunohistochemical detection of apoptosis-associated molecules,
and/or demonstration of apoptosis-related cellular events (5).

2. Molecular Characterization of Neuronal Apoptosis
The molecular pathway regulating apoptosis has been largely

conserved throughout evolution. In the nematode Caenorhabditis
elegans, apoptosis is controlled by a genetic pathway involving
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the coordinated action of EGL-1, CED-9, CED-4, and CED-3 (6).
Structural homologs of these molecules exist in mammals and con-
sist of BH3-only Bcl-2 subfamily members, anti-apoptotic Bcl-2 sub-
family members, APAF-1-like molecules, and the caspase family,
respectively (7,8). Bcl-2 family members affect a variety of intra-
cellular processes, most important of which is mitochondrial func-
tion, including cytochrome-c subcellular localization. Apoptotic
stimuli, typically through a Bcl-2 family-mediated checkpoint, cause
redistribution of cytochrome-c from mitochondria to cytosol (7).
Cytosolic cytochrome-c binds to APAF-1 in the presence of dATP or
ATP, resulting in the recruitment and activation of caspase-9 and
subsequent cleavage of caspase-3. Caspase-3 is considered an effec-
tor caspase and its activation results in the cleavage of a variety
of intracellular targets and, ultimately, extensive DNA fragmen-
tation. In most cell types including neurons, caspase-3 deficiency
and/or pharmacological inhibition of caspase activity markedly
attenuates or prevents occurrence of the apoptotic phenotype (9).
Caspase inhibition may or may not, however, prevent cell death,
depending on the apoptotic stimulus, the cell type, and the death
commitment point.

My laboratory has utilized mice with targeted gene disruptions
in specific apoptosis-associated molecules to investigate the molec-
ular regulation of neuronal cell death (1). These studies, and those
of other laboratories, have demonstrated important roles for cas-
pase-9, APAF-1, and caspase-3 in regulating neural precursor cell
death and Bcl-XL and Bax, along with caspase-9, APAF-1, and cas-
pase-3, in regulating neuron survival during embryonic develop-
ment. These and other apoptosis-associated molecules including
Bcl-2, Bak, caspase-2, caspase-6, and caspase-8 also affect neuronal
apoptosis in the mature nervous system and in a variety of experi-
mental paradigms, indicating that Bcl-2 and caspase family mem-
bers continue to play important roles in regulating neuron survival
throughout adult life. Definitive evidence of a role for specific apop-
tosis-associated molecules in human neuropathological conditions
is more difficult to obtain, but neuronal apoptosis has been impli-
cated in a variety of neurological diseases (10). During the course
of our investigations of neuronal apoptosis, we have used and/or
developed a variety of techniques to identify apoptotic cells in the
developing and mature nervous system. These techniques, partic-
ularly when used in combination, can provide strong support for
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classifying neuronal death as “apoptotic” and may give insights
into the underlying molecular regulation of neuronal cell death.

3. Histochemical Detection of Apoptotic Neurons

The first step in any investigation of neuronal apoptosis neces-
sarily involves careful histological examination of tissue sections
to identify apoptotic neurons (11,12). By definition, apoptotic cells
must have the characteristic cytological features originally used
to define the term “apoptosis.” Also implicit in this definition is
that apoptotic neurons are nonviable and their corpses will be
rapidly eliminated through phagocytosis. With rare exceptions,
neurogenesis is largely restricted to the developing nervous sys-
tem and, thus, the consequence of neuronal apoptosis in the adult
nervous system is neuron loss. Apoptosis is relatively easy to detect
in the developing nervous system, where programmed cell death
predictably occurs in specific neuroanatomical sites and cell sub-
populations. Similarly, acute neurotoxic injury in the adult brain
may affect large subpopulations of neurons in a relatively syn-
chronous fashion. More difficult to detect, however, is neuronal
apoptosis in the setting of chronic injury or neurodegenerative con-
ditions, when neurons might be expected to undergo apoptosis in
a sporadic or asynchronous fashion. No single histological method
is applicable to all investigations, and therefore I will describe
several techniques that we have used to identify apoptotic neurons
in brain sections from both humans and experimental animals.

Short of electron microscopic examination, the most reliable
method for detection of apoptotic cytological features in neurons
is light microscopic examination of optimally fixed and stained
plastic-embedded tissue sections with a high-power objective. In
experimental adult animals, this is accomplished by perfusing
anesthetized rats or mice with heparinized saline followed by 3%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) containing 0.45
mmol/L Ca2+ or with other glutaraldehyde-based fixatives. The
brain is then removed from the skull and fixed for an additional
24–48 h before further dissection, dehydration in graded ethanol
solutions, and embedding in Epon with propylene oxide as an inter-
mediary solvent. One-micrometer-thick plastic sections are cut and
then stained with toluidine blue. For embryonic brains or appro-
priately small (1–2 mm thick) samples of human brain, immersion
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fixation in glutaraldehyde fixative for 48–72 h is typically adequate
to achieve well-preserved specimens.

Figure 1A shows a toluidine blue-stained 1-µm-thick section
from the brainstem of an embryonic d 12 mouse that lacks Bcl-XL.
We have shown that targeted disruption of bcl-x results in a drama-
tic increase in apoptosis throughout the immature neuronal pop-
ulation in the developing nervous system (13). Cells at various stages
of apoptotic degeneration can be seen interspersed with viable neu-
rons. Apoptotic neurons can also be readily identified in sections
from wild-type embryos at known sites of programmed cell death
(data not shown). Possible drawbacks to this method of apopto-
tic neuron detection are that glutaraldehyde fixation and plastic
embedding may destroy antigen reactivity, precluding additional
immunohistochemical analysis of these tissues and the technically
challenging processing and preparation of 1-µm thick sections in
inexperienced laboratories.

Adequate detection of cytologically apoptotic neurons can usu-
ally be obtained from fixed paraffin-embedded brain sections cut
at a thickness of 3–5 µm. In our laboratory, we prefer Bouin’s fixa-
tive (five parts formaldehyde, 15 parts saturated picric acid; one
part glacial acetic acid) to the more commonly used 4% paraform-
aldehyde fixation, since it provides better nuclear detail in histo-
chemically stained sections. For small samples, e.g., mouse embryos,
immersion fixation for 12–24 h in Bouin’s solution at 4°C is opti-
mal. Because of the acidity of the fixative, perfusion with Bouin’s
is difficult; however, it can be used as a postfixative following 4%
paraformaldehyde perfusion of rodent brains. Alternatively, brains
can be cut into multiple blocks and immersion-fixed as with whole
embryos. Routine hematoxylin and eosin staining of sections is usu-
ally adequate to demonstrate apoptotic cells, although other histo-
chemical stains may also be used to detect apoptosis (14). Figure 1B
shows apoptotic neurons in the Bcl-XL-deficient embryonic brain
identified by hematoxylin and eosin staining. Finally, fluorescent
dyes such as DAPI, Hoechst 33,258, and propidium iodide bind
to nucleic acids and are sensitive indicators of apoptotic nuclear
morphology. Figure 2A demonstrates condensed, marginated, and/
or fragmented nuclear features in apoptotic cortical neurons in a
Hoechst 33,258-stained section (1 µg/mL for 5 min) from a neona-
tal mouse exposed to ethanol. Such fluorescent dyes are particu-
larly useful when used in combination with immunohistochemical
detection and/or TUNEL techniques (see Subheading 7.4.).
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Fig. 1. Light microscopic detection of apoptotic neurons. Apoptotic
neurons in the brainstem of embryonic d 12 Bcl-XL-deficient mice were
identified in both toluidine blue-stained, glutaraldehyde-fixed, plastic-
embedded, 1 µm-thick sections (A) and hematoxylin and eosin-stained
Bouin’s solution-fixed, paraffin-embedded, 4-µm-thick sections (B). Numer-
ous cells with condensed, marginated, and/or fragmented chromatin consis-
tent with apoptotic nuclear changes are identified. Scale bars equal 20 µm.
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Fig. 2. Fluorescence detection of apoptotic nuclei and activated cas-
pase-3 immunoreactivity. A section from the brain of a postnatal d 7
mouse exposed to ethanol 8 h previously was stained with Hoechst 33,258
(A) and immunolabeled with antibodies against activated caspase-3 (B).
Many cortical neurons show condensed and fragmented nuclear features
simultaneously with activated caspase-3 immunoreactivity, consistent
with apoptosis (examples are indicated by arrows). Scale bars equal 50 µm.
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4. Immunohistochemical Detection
of Apoptosis-Associated Molecules

Molecular characterization of apoptotic death pathways has
provided new targets for which to aim in our quest for sensitive
in situ apoptosis detection. The apoptotic nuclear phenotype typi-
cally requires caspase activity for its occurrence (15,16). Caspases
3, 6, and 7 are the best-defined effector caspases, and targeted
disruption of caspase-3 has been shown to have a marked effect
on nervous system development and neuronal apoptosis (17).
Caspases are cysteine proteases that exist in cells at baseline as
inactive zymogens (8). Upon receipt of an apoptotic stimulus, the
caspase zymogen becomes cleaved at specific aspartic residues
and generates large and small subunits that together constitute
the active caspase. Because of this cleavage event, antibodies can
be generated against the carboxyl terminus of the large caspase
subunit that will not recognize the inactive zymogen form of the
caspase. A number of antibodies have now been generated against
various active caspases, including caspases 3, 8, and 9 (18–20).
Immunohistochemical studies of neuronal apoptosis have been
performed with several of these antibodies, and they have proven
to be sensitive indicators of caspase activation and neuronal apop-
tosis. We have used antibodies against the carboxyl terminus of the
large subunit of caspase-3 to detect caspase-3 activation in both
neuropathological conditions and normal nervous system devel-
opment (Fig. 2B). More recently, identification of downstream cas-
pase substrates has led to the development of antibodies against
specific caspase-cleaved proteins including fodrin, actin, and poly
(ADP-ribose) polymerase (21–23). Some of these antibodies have
been used to infer caspase activation in the nervous system. An
important caveat to the detection of apoptosis-associated caspase
cleavage is that, in and of itself, it is insufficient to classify a cell
or process as apoptotic. To do so requires additional evidence of
apoptotic cytological features and cell death.

Cleaved caspases and their downstream substrates represent
attractive targets for in situ detection of apoptosis-associated events
since they are not typically present in neurons at baseline. Thus
their immunodetection in neurons suggests, but does not prove,
that a positive cell is in the process of undergoing apoptosis. More
difficult to demonstrate in tissue sections but equally associated
with apoptosis is a change in the subcellular localization of Bcl-2
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family members and cytochrome-c. Translocation of Bax from
cytosol to mitochondria is an important trigger for release of
cytochrome-c from mitochondria to cytosol. Translocation of Bax
and/or cytochrome-c in various experimental apoptotic paradigms
has been immunohistochemically demonstrated (24). Such stud-
ies require multilabel immunohistochemical detection so that the
intracellular localization of Bax and/or cytochrome-c can be deter-
mined in relationship to well-defined subcellular markers; laser
scanning confocal microscopy may be required to achieve ade-
quate signal resolution.

Regardless of which apoptosis-associated molecule one wishes
to localize, the keys to successful immunohistochemical detection
are appropriate tissue fixation, specific antibodies, and sensitive
signal amplification. Unfortunately, there is no single fixative or
fixation protocol that will work for all antigens and antibodies. If
an immunolabeling protocol for the antibody of interest has been
published or recommended by the manufacturer, it is usually best
to follow the established protocol. When testing new antibodies,
we typically begin with paraffin-embedded sections and compare
three different tissue fixatives, 4% paraformaldehyde (in 0.01 M
phosphate-buffered saline, PBS, pH = 7.2), Bouin’s solution, and
methacarn (6 parts methanol: 3 parts chloroform: 1 part glacial
acetic acid). Paraformaldehyde and Bouin’s fixed tissue will also
be examined without and with heat-induced epitope retrieval (0.01
M citrate buffer, pH 6.0, for 20 min in a rice steamer or pressure
cooker, followed by a 20-min cooldown). If adequate results are
not obtained, we will test cryostat sections prepared from 4% para-
formaldehyde-fixed and cryopreserved (30% sucrose in PBS for
24–48 h at 4ºC) brain. Alternatively, fresh-frozen brain sections
are prepared and fixed in one of several precipitating fixatives
such as ethanol, methanol, or acetone (air dried cryosections are
placed in the fixative at �20ºC for 10–20 min, followed by air dry-
ing). If fixation conditions cannot be altered, e.g., in a retrospec-
tive study of human brain sections obtained at surgical resection
or autopsy, antigen retrieval techniques may be necessary to achieve
adequate immunostaining results. Numerous antigen retrieval
solutions are commercially available and may be critical for
immunodetection in overly fixed tissue.

There are many different methods for localizing antibody bind-
ing in tissue sections. The investigator can decide between chromo-
genic or fluorescence detection depending on personal preference,
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equipment availability, and experimental design. The simplest
method for localizing antibody binding is to use secondary anti-
bodies that are either fluorescently labeled or conjugated to an
enzyme such as horseradish peroxidase (HRP), which can then
be used to deposit a chromogenic substrate, e.g., diaminobenzidine
(DAB). Although simple, these methods lack sensitivity. To drama-
tically increase immunohistochemical detection sensitivity, we
have made extensive use of tyramide signal amplification proce-
dures (TSA; Perkin-Elmer Life Science Products, Boston, MA). In
TSA, HRP is used to deposit labeled tyramine at sites of antibody
binding (25,26). The label can consist either of a fluorophore (TSA
direct) or an intermediate molecule such as biotin, which is subse-
quently detected with additional reagents (TSA indirect). Unlike tra-
ditional precipitating HRP substrates, tyramine is converted by HRP
into a highly reactive oxidized intermediate that binds rapidly
and covalently to cell-associated proteins at sites of HRP activity.
TSA produces a 10- to 100-fold increase in signal intensity compared
to standard immunohistochemical detection methods (27). A second
generation of TSA reagents called “TSA Plus” (Perkin-Elmer Life
Science Products) provides even greater signal amplification and
has proven extremely useful for mRNA in situ hybridization (28).
Multilabel TSA detection can be easily performed and permits a
sensitive analysis of the relationship between apoptosis-associated
molecules and/or apoptosis-associated cytological changes. Our
detailed protocol for TSA-based immunohistochemistry is pro-
vided under Subheading 7.

5. Detection of Apoptosis-Associated Cellular Events

The apoptotic process produces a variety of physical and bio-
chemical changes within a cell, including the redistribution of phos-
phatidylserine from the inner to the outer leaflet of the plasma
membrane lipid bilayer and extensive DNA fragmentation (29,30).
Phosphatidylserine externalization can be detected by annexin-V
binding, and this technique has proven to be a sensitive indicator
of apoptosis in vitro. Unfortunately, in tissue sections, annexin-V
labeling does not specifically label externalized phosphatidylserine,
since tissue processing and sectioning permits annexin-V access
to phosphatidylserine on the inner membrane surface. In-vivo per-
fusion of animals with labeled annexin-V followed by in-vitro
detection of bound annexin-V has been used successfully to detect
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apoptotic cells in tissue sections (31); however, this technique has
limited applications.

Biochemical studies have demonstrated that apoptotic cells typi-
cally show increased endonuclease activity and cleavage of their
DNA into oligonucleosomal fragments that produce a “ladder”
pattern on agarose gel electrophoresis (32). Methods for detection
of these DNA strand breaks and other apoptosis-associated bio-
chemical changes in chromatin structure have been developed and
are widely popular for in situ detection of apoptotic neurons (33).
Several investigators have developed antibodies against single-
stranded DNA and we, and others, have used them to detect apop-
totic cells in the developing nervous system and in a variety of
experimental paradigms (34,35). These antibodies can bind to rela-
tively short stretches of single-stranded DNA, including those gen-
erated during formation of oligonucleosomal ladders. For example,
Fig. 3A illustrates numerous single-stranded DNA antibody immu-
noreactive cells in the embryonic ventricular zone following intra-
uterine exposure to cytosine arabinoside. These same cells show
apoptotic nuclear features and activated caspase-3 immunoreac-
tivity (data not shown). Recently, Frankfurt and Krishan described
a method for in situ detection of apoptotic cells that utilized a
monoclonal antibody against single-stranded DNA and forma-
mide-induced DNA denaturation of condensed chromatin (36).
These antibodies require a long stretch of single-stranded DNA
for binding and do not detect single-stranded DNA ends that may
contribute to nonspecific labeling using other single-stranded DNA
antibodies and/or terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) detection. Using a com-
bination of heat and formamide, apoptotic nuclei were specifically
recognized in both frozen and paraffin-embedded sections by their
monoclonal antibody, presumably as a result of altered DNA–
histone interactions in the apoptotic cells. Additional studies are
required to determine the specificity and sensitivity of this method
for in situ detection of neuronal apoptosis.

Apoptotic nuclear changes can also be detected in situ with TdT-
dependent incorporation of labeled dUTP onto the 3’OH ends of
fragmented DNA that are generated during the apoptotic pro-
cess (Fig. 3B). The major caveat to TUNEL detection is that it may
lack specificity, i.e., it may label necrotic cells and/or cells that
are not obviously undergoing apoptosis (37–39). TUNEL detec-
tion is significantly affected by fixation conditions, tissue type,
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Fig. 3. Detection of apoptosis-associated DNA fragmentation. Sections
of brains from embryonic d 12 mice, 8 h posttransplacental exposure to
cytosine arabinoside, were immunostained with antibodies against sin-
gle-stranded DNA (A) or labeled using a modified TUNEL protocol (B).
Extensive labeling of apoptotic neural precursor cells is observed in the
ventricular zone. Scale bars equal 50 µm.
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reaction conditions, and method of dUTP detection (40). Despite
these caveats, sensitive protocols for in situ detection of fragmented
DNA are available, including protocols for the simultaneous detec-
tion of TUNEL-positive nuclei and immunoreactivity for apopto-
sis-associated molecules ([41], see Subheading 7.4.). The multilabeling
technique that we developed permits simultaneous detection of
TUNEL positivity, apoptotic nuclear features (Hoechst 33,258 stain-
ing), and activated caspase immunoreactivity. Under such labeling
conditions, a cell can confidently be classified “apoptotic.” Finally,
a variety of other techniques have been described to detect apop-
totic cells in situ, and these may have significant utility in some
experimental paradigms (42–44).

6. Conclusions

Neuronal apoptosis is the focus of intense scientific investiga-
tion. The ability to detect and accurately classify apoptotic neurons
in tissue sections is essential for defining the molecular pathways
of neuronal cell death and for determining the significance of this
process in nervous system development and neuropathological
conditions. By using a combination of techniques to identify apop-
tosis-associated molecules, cellular events, and cytological changes,
apoptotic neurons can be readily identified in situ. This approach,
particularly when complemented by careful ultrastructural stud-
ies, represents an effective and sensitive means for analysis of
neuronal apoptosis.

7. Detailed Methods

7.1. Tyramide Signal Amplification (TSA)7.1. Tyramide Signal Amplification (TSA)7.1. Tyramide Signal Amplification (TSA)7.1. Tyramide Signal Amplification (TSA)7.1. Tyramide Signal Amplification (TSA)
Immunohistochemical ProtocolImmunohistochemical ProtocolImmunohistochemical ProtocolImmunohistochemical ProtocolImmunohistochemical Protocol

1. Prepare sections.
a. Frozen sections: remove sections from freezer, set at room

temperature for 3–5 min, rehydrate in PBS (10 mM, pH 7.2;
8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4

.2H2O and 0.2 g
HK2PO4 in 1 L of dH2O).

b. Paraffin-embedded sections: deparaffinize (2 × 10 min in
xylene, or xylene substitute, e.g., Hemo-De; 3 × 3 min in iso-
propanol, or graded ethanol dilutions; 3 × 3 min in water).
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2. If necessary, perform antigen retrieval. We use various anti-
gen retrieval methods. One method is to incubate sections in
0.01 M citrate buffer, pH 6.0, for 20 min in a rice steamer (or in
gently boiling water), followed by a 20-min cooldown.

3. If necessary, reduce endogenous peroxidase activity by incu-
bating sections in a H2O2 solution. The concentration of H2O2

and the length of incubation will depend on the amount of
endogenous peroxidase activity present in your tissue and tis-
sue integrity. I typically use room-temperature incubation in
either 0.3% H2O2 in PBS for 30 min or 3.0% H2O2 in PBS for
5 min. The H2O2 can be diluted in water or methanol instead
of PBS if desired. Following the H2O2 incubation, wash sec-
tions 3 × 3 min in water (or place in running tap water for
5 min) and for 3 min in PBS.

4. Incubate sections in PBS-BB (PBS with 1% bovine serum albu-
min, 0.2% powdered skim milk, and 0.3% Triton X-100) for
30 min to block nonspecific antibody binding.

5. Dilute primary antibody in PBS-BB and apply to sections. Incu-
bate sections at 4ºC overnight or for 1 h at room temperature.

6. Wash 3 × 5 min in PBS.
7. Apply horseradish peroxidase (HRP)-conjugated secondary

antibody diluted in PBS-BB for 1 h at room temperature. Alter-
natively, apply biotin-conjugated secondary antibody for 1 h,
wash 3 × 5 min in PBS, and apply HRP-conjugated streptavidin
in PBS-BB for 30 min. (Similarly, ABC methods may be substi-
tuted here as well.)

8. Wash 3 × 5 min in PBS.
9. TSA

a. Direct TSA: Dilute fluorescent tyramide conjugate to the
manufacturer’s recommended dilution in amplification dilu-
ent. Incubate on slides for 3–10 min. Prolong the TSA deposi-
tion step for thicker sections. We use 30- to 60-min deposition
times for free-floating brain sections (100 µm).

b. Indirect TSA: Deposit biotin-conjugated tyramide as described
in step A. Wash 3 × 5 min in PBS. For fluorescence detection
of the deposited biotinyl tyramide, incubate sections for
30 min in fluorophore-conjugated streptavidin diluted in
PBS-BB. For chromogenic detection, incubate sections for
30 min in enzyme (HRP or alkaline phosphatase)-conjugated
streptavidin, wash 3 × 5 min in PBS, and perform appropri-
ate chromogen deposition.
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10. Wash 3 × 5 min in PBS and cover slip with appropriate mount-
ing medium.

7.1.1. Notes
1. If you use biotin-conjugated secondaries and/or indirect TSA

with biotinyl-tyramide deposition, it may be necessary to block
endogenous biotin in your tissue. If so, endogenous biotin
masking is performed between steps 3 and 4.

2. Tris buffer may be substituted for PBS.
3. Tween-20 (0.05%) may be substituted for Triton X-100 (0.3%)

in the blocking buffer.
4. No detergent should be added to the blocking buffer if you are

trying to detect membrane-bound antigens in frozen sections.

7.2.7.2.7.2.7.2.7.2. Sequential Fluorescent TSA Detection Using TwoSequential Fluorescent TSA Detection Using TwoSequential Fluorescent TSA Detection Using TwoSequential Fluorescent TSA Detection Using TwoSequential Fluorescent TSA Detection Using Two
Unlabeled Primary Antibodies Raised in Separate SpeciesUnlabeled Primary Antibodies Raised in Separate SpeciesUnlabeled Primary Antibodies Raised in Separate SpeciesUnlabeled Primary Antibodies Raised in Separate SpeciesUnlabeled Primary Antibodies Raised in Separate Species

Co-incubate sections with both primary antibodies and detect the
first antigen by following steps 1–10 of the standard TSA protocol.

1. Destroy the activity of the HRP-conjugated secondary antibody
used to perform the initial TSA deposition. This can be done by
boiling the sections for 1 min in H2O or incubating them for 30
min in 0.3% H2O2 or 5 min in 3.0% H2O2. Alternatively, dilute
HCl or NaOH can be used to destroy residual HRP activity.

2. Wash 3 × 5 min in PBS.
3. Repeat steps 5–10 of the standard TSA protocol for the second

primary antibody.

7.2.1. Notes
1. Obviously, the two TSA detections must be performed with dif-

ferent fluorophores, i.e., fluorescein and rhodamine, coumarin
and rhodamine, fluorescein and cyanine-3, etc., to distinguish
the two immunoreactivities.

2. A control section in which the second primary is omitted should
be included to ensure adequate destruction of the HRP activ-
ity in step 1.

3. The simplest way to perform this protocol is to use HRP-con-
jugated secondaries and direct TSA detection for both primary
antibodies. This minimizes potential crossreactivity between
the two TSA detections.
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4. If required to increase signal intensity, biotinylated secondar-
ies and/or indirect TSA detection can be performed for one or
both of the primary antibodies. However, this may necessitate
the use of excess avidin and biotin to mask unreacted biotin
molecules between detection steps and requires additional
control sections, thus complicating the protocol.

7.3.7.3.7.3.7.3.7.3. Detection of Two Unlabeled PrimaryDetection of Two Unlabeled PrimaryDetection of Two Unlabeled PrimaryDetection of Two Unlabeled PrimaryDetection of Two Unlabeled Primary
Antibodies Raised in a Single Species by SequentialAntibodies Raised in a Single Species by SequentialAntibodies Raised in a Single Species by SequentialAntibodies Raised in a Single Species by SequentialAntibodies Raised in a Single Species by Sequential
TSA and Conventional Fluorescence DetectionTSA and Conventional Fluorescence DetectionTSA and Conventional Fluorescence DetectionTSA and Conventional Fluorescence DetectionTSA and Conventional Fluorescence Detection

For a detailed description of this method, see Shindler and Roth,
J. Histochem. Cytochem. 1996; 44:1331–1335. Briefly, this protocol
is predicated on the fact that TSA dramatically decreases the anti-
body concentration required to detect antigen. Thus, a primary
antibody dilution can be found that is below the detection limit
of conventional fluorescence detection but is sufficient for TSA
detection. Performance of TSA detection with this concentration
of an initial primary antibody permits the subsequent application
of a second primary antibody raised in the same species as the
first without any detectable recognition of the first primary anti-
body by the second conventional fluorescence detection system;
i.e., because of the low concentration of the first primary anti-
body it is effectively neglected by the conventional fluorescence
detection system used to detect the second primary antibody. To
perform this method, you must first experimentally determine a
concentration of the first primary antibody that will generate a
signal with TSA but not conventional fluorescence techniques.
Typically, primary antibody concentrations can be decreased 10
to 100 times for TSA compared to detection with fluoresceinated
secondary antibodies.

Using the first primary antibody at an appropriate concentra-
tion, detect the first antigen by following steps 1–10 of the stan-
dard TSA protocol.

1. Dilute the second primary antibody in PBS-BB and apply to
sections. Incubate sections at 4ºC overnight or for 1 h at room
temperature.

2. Wash 3 × 5 min in PBS.
3. Apply fluorescently conjugated secondary antibody diluted in

PBS-BB for 1 h at room temperature.



220 Roth

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

4. Wash 3 × 5 min in PBS and cover slip with PBS/glycerol (1/1)
or other appropriate mounting medium.

7.3.1. Notes
1. Obviously, the fluorophores used to detect the two primary

antibodies must be distinct.
2. A control section in which the second primary is omitted should

be included to ensure that the first primary is sufficiently diluted
to escape detection during step 3.

7.4.7.4.7.4.7.4.7.4. Tyramide Signal Amplification of TUNEL StainingTyramide Signal Amplification of TUNEL StainingTyramide Signal Amplification of TUNEL StainingTyramide Signal Amplification of TUNEL StainingTyramide Signal Amplification of TUNEL Staining

The TSA/TUNEL protocol is described by Shindler, Latham,
and Roth, J. Neurosci. 1997; 17:3112–3119, and was modified from
a TUNEL protocol described by Tornusciolo, Schmidt, and Roth,
BioTechniques 1995; 19:800–805. The protocol described below is
designed for paraffin-embedded sections but can be readily modi-
fied for use with frozen sections and cells in tissue culture.

7.4.1. TUNEL Buffers
1. TDT buffer (pH 7.2; 100 mL): 30 mM Tris-base (0.36 g), 140 mM

cacodylic acid (3.0 g), 1 mM cobalt chloride (23 mg).
2. Stop buffer (100 mL): 300 mM NaCl (1.76 g), 30 mM Na-

citrate (0.88 g).
3. TDT reaction mix: digoxygenin-conjugated dUTP (0.25 nmol/

100 mL TDT buffer), terminal deoxynucleotidyl transferase
(25 U/100 mL TDT buffer), TDT buffer.

7.4.2. TSA TUNEL Protocol
1. Deparaffinize appropriately fixed tissue sections.
2. Incubate sections in 0.5% Triton X-100 (in PBS) for 10 min at

room temperature.
3. Wash 3 × 3 min in PBS.
4. Incubate sections in TDT buffer for 3 min.
5. Tip off TDT buffer, apply TDT reaction mix, and incubate for

60–90 min at 37ºC. The reaction time can be altered to maxi-
mize the signal-to-noise ratio.)

6. Wash 3 × 5 min in stop buffer at room temperature.
7. Wash 3 × 3 min in PBS.
8. Incubate sections with HRP-conjugated anti-digoxygenin anti-

bodies (diluted in PBS-BB) overnight at 4ºC, or for 1 h at room
temperature.
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9. Wash 3 × 5 min in PBS.
10. Direct TSA: see step 9 of standard TSA protocol.
11. Wash 3 × 5 min in PBS and cover slip with appropriate mount-

ing medium.

7.4.3. Notes
1. Fluorescein conjugated dUTP and anti-fluorescein HRP or bio-

tin-conjugated dUTP and streptavidin HRP can be used instead
of digoxygenin dUTP and anti-digoxygenin HRP.

2. Following TUNEL staining, sections can be immunohistochem-
ically labeled for multiple antigens. See Tornusciolo, Schmidt,
and Roth, BioTechniques 1995; 19:800–805.

3. When TUNEL labeling cells in tissue culture, decrease the
concentration of the dUTP conjugate to 0.10 nmol/100 µL TDT
buffer.

4. We have successfully performed TUNEL staining with the fol-
lowing fixatives: 10% formalin, 4% paraformaldehyde, Bouin’s
solution (at 4ºC), Methacarn (60% chloroform, 30% methanol,
10% acetic acid), and Histochoice fixative (Amresco, Solon, OH).
Do not use room-temperature Bouin’s solution as a fixative,
since it will dramatically increase nonspecific nuclear labeling.
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Introduction

Dogma suggests that cell death mechanisms can present with
either a necrotic or an apoptotic phenotype. Recent evidence, how-
ever, seems to point to a far more complex picture, in which apop-
totic and necrotic phenotypes might present simultaneously (1).
For example, TUNEL positivity in cardiomyocytes does not neces-
sarily entail the presence of cell death that has an apoptotic pheno-
type (2). Complicating the matter further is the promiscuous use
of the same term, apoptosis, to mean different things at different
times, by conflating process (a cell death program) with product
(the apoptotic phenotype). Cell death can be classified into pro-
grammed cell death, which entails a global/extrinsic program of cell
death, and a cell death program(s), which entails a local/intrinsic/
cellular death program (3). The latter can present in a variety of
phenotypes ranging from necrosis to apoptosis or as a combination
phenotype (1), while the former is seen primarily during develop-
ment and presents with an apoptotic phenotype. These ideas are
useful when we come across novel phenomena or in situations
where there is ambiguity as to the nature of cell death, i.e., Alz-
heimer’s disease (AD), where the earliest perceptible event is the
presence of oxidative stress (4,5). Indeed, the presence of oxidative
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stress markers in AD parallels neuronal susceptibility to cell death
in AD (4,6,7). Here we will review methods to detect both the
proximal event (oxidative stress) as well as the most distal event
(cell death) in AD.

2. Mechanisms of Cell Death in Alzheimer’s Disease

A great deal of the research in AD over the last several decades
has concentrated on the precise mechanisms responsible for the
death of susceptible neurons. This is complicated by the fact that
the nature and time-course of neuronal cell death in AD is con-
troversial (8,9). The two cellular events that are a feature in AD
include oxidative stress and apoptosis, with oxidative stress pre-
ceding apoptosis. As evidence supporting an apoptotic mechanism
was continually increasing, questions began to be asked about the
plausibility of this claim. Although various studies point to neu-
ronal death in AD as being the result of a cell death program that
results in an apoptotic phenotype, the stereotypical manifesta-
tions that characterize the terminal phases of this apoptotic cell
death program, such as detachment, chromatin condensation, nuclear
segmentation, blebbing, and apoptotic bodies, are not seen either
together or by themselves in AD and not for lack of trying. Further-
more, apoptosis requires only 16–24 h for completion and there-
fore, in a chronic disease like AD with an average duration of almost
10 yr, less than one in about 4000 cells should be undergoing apop-
tosis at any given time; i.e., observation of apoptotic events should
be rare (10,11). Indeed, if all the neurons that are reported as hav-
ing DNA cleavage were undergoing apoptosis, the brain would
rapidly be stripped of neurons and the symptomatology would
be abbreviated to months and not years—this is certainly not the
case in AD.

A vast array of putatively apoptogenic stimuli present in neurons
in AD can act alone and/or synergistically with reactive oxygen
species (ROS) (12), amyloid-β (13), energy failure (14), and HNE
oxidants (7,15). Added to this is the apoptotic risk posed in familial
AD (16). However, although internucleosomal DNA fragmenta-
tion and end-labeling techniques have been used as absolute indices
of apoptotic cell death in AD (17,18), it is now apparent that DNA
fragmentation, in addition to being inferentially related to apop-
tosis, is also seen secondary to oxidative stress (6,19,20) and post-
mortem autolysis (21). Indeed, unlike DNA fragmentation, the
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hallmark end-stage signs of an apoptotic cell death program such
as nuclear chromatin condensation and apoptotic bodies are not
seen in AD (10). Added to this mechanistic and biochemical ambig-
uity of neuronal death mechanisms in AD is the already-men-
tioned temporal dichotomy between the acuteness of an apoptotic
cell death program and the chronicity of AD (11). Finally, it is
puzzling as to why we plainly can locate mitotic substages in most
tissues and yet fail to see substantive evidence of a cell death pro-
gram with an apoptotic phenotype, given that in an adult envi-
ronment, mitosis takes only about an hour to complete.

In light of these arguments, it becomes important to revisit the
nature of neuronal cell death in AD, by considering the methodol-
ogy used in determining cell death. Given the lack of adherence
to standards, it is easy to comprehend how contradictory reports
regarding the nature of cell death in novel scenarios can arise.

Methods of detecting apoptotic mechanisms have been developed
that assay for markers all along the apoptotic pathway, including
the presence of death receptors, changes in the plasma membrane,
activation of the caspase protease cascade, changes in mitochon-
drial integrity, and fragmentation of nuclear DNA. However, for
the purpose of this discussion, it is most convenient to separate
all of these methods into two categories, those that detect changes
in cell populations and those that detect changes in individual
cells. Each of these procedures has its own sets of advantages and
disadvantages, but what remains consistent is that no single cri-
terion can be used to definitively establish the presence of apop-
totic processes. Only when evidence from several of the currently
available methods is pooled is it possible to conclude either the
presence or absence of apoptotic cell death.

3. Apoptosis Detection
Based on Morphological Criteria

The first established criterion for cell death via an apoptotic mech-
anism was the characteristic cell morphology including blebbing
and nuclear condensation and segmentation. The nuclear features
of the apoptotic process that have been identified include con-
densation of chromatin around the periphery of the nucleus and
fragmentation of the nucleus into multiple chromatin bodies sur-
rounded by nuclear envelope remnants. Ironically, enucleation
does not prevent apoptosis from going forward in the cytoplasm.
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These changes, which can be detected by either light or electron
microscopy, are the most accurate indicators for the involvement
of apoptosis in the death of any given cell. This is true in spite of
the fact that the exact time-course of these nuclear characteristics
remains unclear and that these changes do not seem necessary
for the completion of apoptosis given that enucleated cells can
complete the process (22). The fact that such morphological changes
are considered the gold standard for the presence of apoptosis calls
into question the claim that cell death in AD is apoptotic given
that these hallmark end-stage signs of an apoptotic cell death pro-
gram such as nuclear chromatin condensation and apoptotic bodies
are not seen (10).

Electron microscopy conclusively reveals the presence of apop-
tosis, although it cannot quantify this since apoptosis is in most
cases asynchronous. Other microscopic techniques involve fluo-
rescent microscopy, after staining with propidium iodide or 4,6-
diamidino-2-phenolindole, while labeled annexin-V (23) can show
phosphatidyl serine externalization. Finally, light microscopy can
be used during hematoxylin and eosin staining, which involves
primarily pattern recognition by a neuropathologist of the pyknotic
and hyperchromatic nucleus. Nuclear segmentation can also be
seen using this inexpensive technique.

4. Apoptosis Detection Based on DNA Fragmentation

Apoptosis detection using DNA fragmentation is among the
most widely used criteria for detection of apoptosis based on the
fact that in apoptosis cation-dependent endonucleases cleave geno-
mic DNA between nucleosomes. DNA fragmentation laddering
depends on the fact that, in the case of apoptotic cell death, one
expects to see mono- and oligonucleosomal-sized DNA fragments
as opposed to the high-molecular weight-species normally seen with
genomic DNA, creating a distinctive electrophoretic banding pat-
tern in agrose gel systems. While this method can be used effec-
tively when evaluating cells in vitro and in biopsy tissue, its value
in establishing apoptotic processes in AD is limited. In fact, assays
based on DNA fragmentation may represent the greatest source
of misunderstanding in associating AD with apoptosis, because
similar mono- and oligonucleosomal patterns can be seen in a var-
iety of conditions in which histones protect DNA from a variety of
insults, including necrosis and oxidative damage. Another confound-
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ing issue in the use of DNA laddering is that this type of alteration
can also be characteristic of postmortem autolysis (21), a problem
that is unavoidable when studying neuronal death in AD.

In situ DNA fragmentation can also be detected by end-labeling
techniques that detect the degradation of DNA by taking advan-
tage of DNA repair enzymes to add labeled nucleotides, either nicked
strands according to the opposite strand template or addition of
nucleotides independent of a template, either at nick sites or the
blunt-end double-strand breaks. Respectively, these techniques
are called in situ nick translation (ISNT) and TUNEL (TdT-medi-
ated X-UTP nick end labeling). Of these techniques, TUNEL is cur-
rently the most commonly used. The principle behind terminal
end labeling is that the enzyme terminal deoxyribonucleotidyl trans-
ferase (TdT) will catalyze the addition of nucleosides at free 3'
hydroxyl groups produced by apoptotic endonucleases. Under
the appropriate conditions, including the divalent cation Co2+, the
TdT will add nucleotides nonspecifically to blunt 3' ends, 3' pro-
truding ends, or a 3' end that is recessed within a DNA strand
(24). In the case of in situ TUNEL, tissue sections are fixed and per-
meabilized and then treated with TdT in the presence of deoxy-
uridine coupled to a chromogenic or fluorescent label that is then
detected by light microscopy (25).

The advantage of these techniques is that it allows the investi-
gator to determine the number and specific populations of cells
that are undergoing an apoptotic process at any given time and
determine the time-course of DNA fragmentation and other
nuclear morphological changes. Although this has proven to be a
powerful technique in understanding the process of apoptosis, it
must be used with a clear understanding of its limitations and
confounding complications. First and foremost, the results of
TUNEL assays are highly dependent on the manner in which the
tissue is preserved and prepared (26). This is of great importance
in the study of AD tissue, which often is not fixed until many hours
postmortem. Additionally, nuclear DNA fragmentation caused
by other modes of cell death can lead to false positive results in a
large number of neurons in a given population (27), while false
negative results can be obtained if the fragmentation is not acces-
sible to the TdT enzyme after permeabilization (28). The former
has led some investigators to pretreat sections with proteases so
as to expose inaccessible sites, which has unknown consequences
on the TUNEL results (29).
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5. Detection of Apoptosis
Based on Effectors of Cytoplasmic Changes

Despite the extremely highly conserved nature that has been
described for the apoptotic process, the upstream effectors of this
mode of cell death have proven highly variable. One aspect, how-
ever, that has proven to be fairly conserved is the activation of
a cascade of proteases of the caspase family, which are thought
to mediate the very early stages of apoptosis. Although caspases
are known to cleave a large number of cellular substrates after
aspartate residues, their main action in apoptosis is to cleave other
caspase family members. All of the caspases are synthesized as
proenzymes that are activated by autocleavage mediated by one
of a number of extracellular stimuli or by cleavage performed by
another caspase family member that lies upstream of it. Caspases
are generally classified into one of two groups, the initiator (cas-
pases 8 and 9) as well as the executioner proteins (caspases 3, 6,
and 7) of apoptosis. The initiator caspases are those that lie directly
downstream of extracellular or intracellular activators, while the
activation of the executioner capases are thought to lead directly
to the commencement of the apoptotic cell death program. Due
to their role as the most important effectors of apoptosis, a great
deal of effort has been focused toward using these proteases to
detect apoptosis in both cells and cell populations. Also, because
activation of caspases is thought to be the earliest known stage
in the apoptotic process, detection of caspase activation is often
favored over characterization of nuclear and cytoplasmic pheno-
typic changes.

The effector of the proximal caspase machinery includes the
cleavage of the 116-kDa poly (ADP-ribose) polymerase (PARP)
molecule into an 85-kDa fragment. PARP is thus prevented from
entry into the nucleus and affecting its DNA repair activity. Other
effects of the caspase amplification system include removal of the
inhibitor subunit from inhibitor of caspase-activated deoxyribo-
nuclease to yield caspase-activated deoxyribonuclease, which is
involved in DNA fragmentation, lamanin A, actin, Gas 2, and fod-
rin, each of which can be detected.

The classic way to assay for the presence of activated caspases
has been to incubate homogenates with known substrates of these
proteases and subsequently to detect cleavage products of these
same substrates. The most significant problem with this type of
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assay is that caspases tend to be rather promiscuous proteases,
capable of cleaving a large number of substrates on the C-termi-
nal side of the aspartate residues. Also, many different caspase
members are capable of cleaving any given substrate at the same
residues.

Our laboratory saw the immunocytochemical detection of cas-
pases as an important tool that could be used to clarify some of
the confounding issues plaguing our understanding of apoptotic
processes in AD. We undertook a systematic study of the caspase
cascade proteins in AD by evaluating the key initiator (caspases 8
and 9) as well as the executioner proteins (caspases 3, 6, and 7) of
apoptosis (30).

Our results show that while upstream caspases are present in
association with the pathological lesions in all cases of AD, down-
stream caspases including 3, 6, and 7 that signal completion of
the apoptosis pathway remain unchanged in such neurons. This
lack of downstream amplification of signaling via the caspase path-
way may well account for the lack of an apoptotic phenotype in
AD. Furthermore, the neurons that are present and viable at latter
stages in AD must have employed survival compensations to the
presumptive proapoptotic environment encountered in AD (30).

The presence of caspase-8, a downstream component of the Fas/
FADD pathway and a specific activator of caspase-3 (31), along
with caspase-9, which through the downstream mitochondrial
pathway also leads to caspase-3 activation, argues for the recruit-
ment of the initiator components of the caspase pathway in neu-
rons of AD. However, the lack of increased caspase-3 and 7 in the
neuropathology of AD and the sporadic incidence of other crucial
downstream events of the caspase cascade (32) indicates incom-
plete or effectively absent amplification of the upstream apoptotic
signal. Indeed, since such downstream caspases and their prote-
olytic products are recognized as markers of apoptotic irrevers-
ibility (33), their avoidance or sporadic appearance in AD indicates
an absence of effective distal propagation of the caspase-mediated
apoptotic signal(s). Indeed, caspase 3 and 9 activity are important
proapoptotic regulators of postmitotic neuronal homeostasis (34).

Recently, activated caspase-3 has been shown to be present within
autophagic granules and rarely within neurons in AD and Down
syndrome cases (35,36) as well as in association with senile plaques
(37). However, the localization of caspase-3 activity, like that of cas-
pase-6 in our study (30), within a select subcellular compartment,
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i.e., autophagic granules (36) or the extracellular compartment (37),
does not necessarily indicate a global, effective caspase amplifi-
cation. Moreover, modulation of distal substrates of activated
caspase-3 may lead to further modification of this cell death path-
way and may explain the lack of an apoptotic death pathway. This
may explain the lack of evidence demonstrating the acute end
stages, including nuclear compensation and blebbing, in AD-sus-
ceptible neurons (10,11).

Apoptosis can be prevented by antiapoptotic members of the
Bcl-2 family, many of which have been reported in AD, including
Bcl-xl and Bcl-w (reviewed in ref. 38; Zhu et al., unpublished data).
Interactions of activated caspases with XIAPs as well as SMAC
(DIABLO) provide for postactivation regulation of the death signal
(39). Additional evidence for the antiapoptotic nature of the intra-
neuronal environment in AD includes the expression of GADD
45, a growth-arrest DNA-damage-inducible protein in select neu-
rons in AD, where its early expression is associated with the expres-
sion of Bcl-2. Thus, this may in turn confer survival advantages
in AD (40). Furthermore, the hyperphosphorylated intraneuronal
state that exists in AD acts to inhibit downstream substrate pro-
teolysis and thus can promote neuronal survival. Indeed, accumu-
lating evidence points to dephosphorylation being associated with
increased capability to cleave PARP (41). Additionally, chronic oxi-
dative stress, a major component of early AD pathophysiology (42),
would further inhibit downstream propagation of caspase-medi-
ated apoptotic signals (43).

The upregulation of individual caspases, while seemingly not
leading to apoptosis, could have great significance related to the
pathogenesis of AD. For example, caspase-6, found in association
with amyloid-β senile plaques (30), cleaves amyloid-β protein
precursor (AβPP), resulting in a 6.5-kDa amyloid fragment, and is
proposed as an alternative AβPP processing pathway (44). The lack
of caspase-6, a downstream effector caspase, in neuronal pathology,
however, argues against a specific role in the apoptotic cascade.

Given that execution of apoptosis requires amplification of the
caspase-mediated apoptotic signal, our results indicate that, in
AD, there is a lack of effective apoptotic signal propagation to
downstream caspase effectors. AD represents that first in-vivo
situation reported in which the initiation of apoptosis does not lead
directly to apoptotic cell death, an interpretation consistent with
earlier reports (45–49). Obviously, in certain brain areas in AD,
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while many neurons do degenerate, it is unclear whether this is
through successful propogation of the apoptotic cascade or by
another pathway such as paratosis (1). However, in those surviv-
ing neurons, it is clear that neuronal viability in AD is, in part,
maintained by the lack of distal transmission of the caspase-medi-
ated apoptotic signal(s). This novel phenomena, which we term
abortosis (30), leads to apoptotic avoidance and hence selects for
neuronal survival rather than a caspase-induced cell death pro-
gram that presents as apoptosis.

6. Neurons are Vulnerable to Oxidative Stress

Neurons of the central nervous system are subject to a number
of unique conditions that make them particularly vulnerable to
oxidative stress and its sequelae that can culminate in cell death.
This vulnerability is a consequence of the excessive oxygen utili-
zation, the high unsaturated lipid content of neuronal membranes
as compared to normal plasma membrane, and the postmitotic
nature of primary neurons. Due to their unique status, a balance
between the production of ROS and antioxidant defenses is of
particularly significance in neurons. Under normal physiological
conditions, damage produced by oxygen radicals is kept in check
by an efficient array of antioxidant systems that display an impres-
sive level of redundancy, which provide multiple lines of defense.
However, in cases of age-related neurodegeneration, like that
observed in AD, this balance between oxidative radicals and anti-
oxidant defenses is altered, allowing various forms of cellular and
molecular damage. This disequilibrium is intensified by the simul-
taneous low levels of the major neuronal antioxidant, glutathione
(50). Additionally, neurofilaments and cytoskeletal proteins such
as tau, which are particularly abundant in neurons, have relatively
long half-lives and contain high proportions of lysine residues.
The presence of lysine residues makes these proteins particularly
susceptible to modification by carbonyl-containing products of
glycoxidation and lipoxidation. Such modifications or direct oxi-
dation results in neutralization of the charge and consequent alter-
ation of protein–protein electrostatic interactions. The latter provides
a key noncovalent mechanism for aberrant protein aggregation/
deposition even in the absence of covalent crosslinking.

Oxidative stress appears to be a common contributor to both
pathological protein deposition and irreversible cellular dysfunction
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leading to neuronal death, although there is a complex interplay
of biochemical mechanisms in force in neurodegenerative disease
that suggests several possible investigative avenues. By taking
advantage of the increasing availability of immunochemical tools
that recognize specific oxidative markers on pathological deposits,
the question of whether oxidative stress is contributory to, or merely
a consequence of, the long-term presence of abnormal protein
deposition characteristic of AD, including neurofibrillary tangles
(NFT) and senile plaques, may very well be answerable on the
basis of spatio-temporal patterns of epitope appearance. Although
the various neurodegenerative diseases are connected by the pres-
ence of cytoskeletal abnormalities, it is unlikely that the vulner-
able neurons (pyramidal neurons in the hippocampus/cortex in
AD, pigmented neurons in the substantia nigra in Parkinson dis-
ease, and motor neurons in amyotrophic lateral sclerosis) respond
identically to oxidative stresses. Thus, while a certain degree of
overlap among these diseases in associated oxidative stress bio-
chemistry might be expected, each individual disease will likely
show a distinct oxidative profile and therefore no individual marker
should be relied upon as diagnostic of oxidative stress.

Here we expand upon in situ detection methods that can be
used for qualitative and semiquantitative measurement of various
oxidative stress markers in tissue sections obtained postmortem.
Though the presence of oxidative stress damage implies cytotox-
icity, it is not our intention to suggest that the presence of partic-
ular markers correlates with a specific mechanism of toxicity. Any
such correlation requires a consideration of whether the damage
represents a primary or secondary event in the cascade of biochem-
ical processes leading to neuronal death.

7. The Role of In Situ Methodology

The value of using in situ methods rather than bulk analysis of
tissue samples cannot be overemphasized when considering a
system as structurally and cellularly complex as the nervous sys-
tem. In addition to the fact that vulnerable neurons comprise only
a small percentage of the affected brain region, it is essential to
consider other cell types that may be compromised by the disease
state, such as glia. It is quite possible that, while neurons may
display one type of damage or response, other support cells may
demonstrate compensatory responses disparate from those dis-
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played by neurons. While at present this point is far from being
established, it is enough of a theoretical concern to undertake con-
sistent in situ studies in parallel with bulk analysis experiments.
Further, the results of bulk analysis of oxidative damage are compli-
cated by the contribution of long-lived proteins that are modified
constantly by the process of normal physiological aging. There-
fore, the same properties that make neurofilaments and other cyto-
skeletal proteins ideal monitors for the oxidative changes associated
with aging limits their sensitivity to detect disease-specific changes.
While isolation of neurons or other cell fractions may increase
relative specificity, this is not generally sufficient in brain tissue,
where there is always the concern of vascular contamination. There-
fore, the information acquired using in situ is very different quali-
tatively from that which is attainable using bulk analysis methods
and provides valuable data regarding the spatio-temporal aspects
of disease pathogenesis.

8. The Biochemistry of Oxidative Stress

Direct protein oxidation, mediated by diffusible hydroxyl radi-
cal (•OH) or metal-catalyzed “site-specific” oxidation at the sites
of metal-ion binding (51,52), are the most obvious form of protein
damage resulting from oxidative imbalance. This type of interac-
tion can result in backbone cleavage events or in the specific oxi-
dation of side-chain moieties, sometimes involving crosslinking
reactions. Since oxidative stress is associated with high local con-
centrations of both superoxide and nitric oxide, produced by the
inducible isoform of nitric oxide synthase, the product of their com-
bination, peroxynitrite, has become an important secondary oxi-
dative stress marker. The formation of peroxynitrite can then lead
to the nitration and/or oxidation of Tyr and Trp residues (53,54).

The large majority of oxidative-stress-dependent protein modi-
fication, however, involves the adduction of products following
the oxidation of carbohydrate or lipid moieties (glycoxidation and
lipoxidation, respectively). Modification of protein-based lysines
and arginines by reducing sugars initiates a complex sequence of
oxidation, rearrangement, condensation, and fragmentation reac-
tions, known collectively as the Maillard reaction (55), which ulti-
mately results in the formation of stable adducts called advanced
glycation end products (AGEs). The modification of proteins by
lipoxidation products, such as 4-hydroxy-2-nonenal (HNE) and
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malondialdehyde (MDA), form adducts that are initially unstable
but subsequently evolve over time to give stable advanced lipoxi-
dation end products (ALEs) (56,57). While it is widely recognized
that protein modification and the formation of carbohydrate and
lipid adduction products can be of great importance individu-
ally, substantial evidence now suggests that each of these mecha-
nisms can synergistically promote the others, accelerating damage
due to oxidative imbalance. It is hypothesized that this may be
the result of condensation of reducing sugars with amino groups
that form moieties capable of redox cycling (58).

9. Markers of Oxidative Stress

9.1. Detection of Peroxynitrite Damage9.1. Detection of Peroxynitrite Damage9.1. Detection of Peroxynitrite Damage9.1. Detection of Peroxynitrite Damage9.1. Detection of Peroxynitrite Damage

The complex chemistry of peroxynitrite has been the subject of
intense recent study, and it has become clear that there are two
principal pathways for protein modification: one involving homo-
lytic hydroxyl radical-like chemistry that results in protein-based
carbonyls, and the other involving electrophilic nitration of vul-
nerable electron-rich aromatic ring side chains, particularly those
of Tyr and Trp (53,54). The activity of peroxynitrite can be aug-
mented by forming a CO2 adduct, which augments its reactivity
when in the presence of bicarbonate. Formation of 3-nitrotyrosine
by this route has become the classical protein marker for the pres-
ence specifically of peroxynitrite (6). Affinity-purified rabbit anti-
serum or mouse monoclonal antibodies (7A2 or 1A6), raised to
nitrated keyhole limpet hemocyanin (59), can be used to detect
nitrotyrosine modifications immunohistochemically.

9.2. Advanced Glycation9.2. Advanced Glycation9.2. Advanced Glycation9.2. Advanced Glycation9.2. Advanced Glycation
and Lipoxidation End Products (AGEs and ALEs)and Lipoxidation End Products (AGEs and ALEs)and Lipoxidation End Products (AGEs and ALEs)and Lipoxidation End Products (AGEs and ALEs)and Lipoxidation End Products (AGEs and ALEs)

The glycation of proteins by reducing sugars (Maillard reaction)
is a key posttranslational event and can result in time-dependent
adduct formation that becomes especially susceptible to oxida-
tive elaboration. In addition, oxidative stress can result in oxidized
sugar derivatives that can subsequently modify proteins through
a process known as glycoxidation. Similarly, and of more general
importance, oxidative stress results in lipid peroxidation and the
production of a range of aldehydes capable of modifying numer-
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ous proteins. Although there are a number of chemical events that
occur early and rapidly, these are of less pathophysiological impor-
tance due to their reversible nature. Therefore, identifying more
stable proteins that accumulate over time, such as AGEs and ALEs,
has proved much more efficacious. Protein modification can result
in both noncrosslink and crosslink AGEs and ALEs, the latter aris-
ing from the potential bifunctional reactivity, such as of the lipid-
derived modifiers HNE and malondialdehyde. Examples of crosslink
adducts that can be detected are fluorescent Arg-Lys AGE cross-
link pentosidine (60), fluorescent Lys-Lys ALE crosslink pyrro-
lidinone iminium (61), fluorescent 3-(1,4-dihydropyridin-4-yl)
pyridinium, 1-amino-3-iminopropene Lys-Lys crosslinks arising
from MDA (57), and the imidizolium Lys-Lys crosslinks GOLD
and MOLD arising from glyoxal and methylglyoxal, respectively
(62). These modifications are associated with the chemistry of both
AGEs and ALEs. Examples of noncrosslink modifications are lysine-
derived AGE pyrraline (63), HNE-derived 2-pentylpyrrole (56,64),
carboxymethyllysine (CML) (65), resulting from glyoxal or from
fragmentation of a glycated precursor, and the fluorescent argin-
ine-based argpyrimidine arising from methylglyoxal (66).

We and others (67–69) have determined that AGE modifications
are present on both NFT and senile plaques in AD. These studies
employed antibodies not only to the specific structures pentosi-
dine and pyrraline, but also less defined AGE antibodies raised
to carrier proteins treated with reducing sugars for long periods
of time. AGE modification is likely an early in-vivo event, since
both diffuse senile plaques (67) and paired helical filaments of
τ (68,69), considered two of the earliest pathological changes in
AD (70,71), are specifically recognized by anti-AGE antibodies.
The sensitivity of detection of protein-based carbonyls can be opti-
mized by derivitizing them with 2,4-dinitrophenylhydrazine. This
permitted the in situ detection of carbonyl reactivity not only within
NFT but also within vulnerable neurons in AD (42,72).

Immunostaining using antibodies to lipoxidation-derived modi-
fications has exhibited more distinctive patterns. Antibodies to
characterized HNE adducts are localized exclusively to neuronal
cell bodies and neurofibrillary pathology (7,73). The fact that anti-
bodies to the HNE-lysine-derived pyrrole, an ALE, stain not only
intraneuronal and extraneuronal NFT, but also apparently nor-
mal hippocampal neurons, points to the early role that oxidative
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processes play in AD pathogenesis. This same profile of staining is
seen using antibodies to markers of direct protein oxidation, includ-
ing nitrotyrosine and protein-based carbonyls (6,42,72).

9.3. Nucleic Acid Damage9.3. Nucleic Acid Damage9.3. Nucleic Acid Damage9.3. Nucleic Acid Damage9.3. Nucleic Acid Damage

Examination of the spatiotemporal relationship between the
presence of these classical markers of oxidative stress and the hall-
mark lesions of AD revealed an apparent paradox. Namely, we
found that while stable alterations such as glycation products are
associated predominantly with NFT and senile plaques (67), whereas
reversible or rapidly degraded adduction products are largely
restricted to the cytoplasmic compartment of susceptible neurons.
This indicates that oxidative damage is not limited to prolonged
lesions and represents one of the earliest detectable events in the
cellular disease course of AD. Therefore, like previously discussed,
the crosslink modification of proteins, which slow their turnover,
do not accurately assess the recent state of affairs in the tissue of
interest, but instead provide an assessment tool for long-term his-
tory of disease. Another avenue to explore is oxidative modifica-
tion of nucleic acids, which are cellular components that can be
altered in a number of ways including base modifications, substi-
tutions, and deletions. This can involve direct oxidation (such as
the addition of •OH to purine and pyrimidine rings, and the •OH-
mediated cleavage of the sugar backbone) or adduction of lipox-
idation products such as MDA and HNE.

The key to specifying the spatiotemporal aspects of the oxida-
tive imbalance in AD was resolved using a specific antibody to 8-
hydroxyguanosine (8OHG), which is a modification of nucleic
acids derived largely from hydroxide (•OH) attack of guanidine.
By examining the modification of cytoplasmic RNA, which is by
definition a short-lived molecule, it is therefore possible to develop
a clearer picture of the present state of the cell. Our studies of this
marker in AD revealed that not only is 8OHG-modified RNA
greatly increased in the cytoplasm of vulnerable neurons, but also
that its presence is inversely correlated with the deposition of
amyloid-β plaques and the presence of NFT (4). This has allowed
for a new line of thought to develop, which maintains that the
hallmark lesions associated with AD may reflect the presence of
a protective mechanism in addition to, or in fact in opposition to,
a pathogenic role.
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9.4. Cellular Response Factors9.4. Cellular Response Factors9.4. Cellular Response Factors9.4. Cellular Response Factors9.4. Cellular Response Factors

Cells are not passive to increased oxygen radical production but
rather upregulate protective antioxidant defenses in response to
oxidative stress. It is the failure to do so effectively that leads to
cellular and molecular damage that can eventually lead to irrever-
sible mitochondrial damage and cell death. In neurodegenerative
diseases, heme oxygenase-1 (HO-1), an enzyme that converts heme,
a pro-oxidant, to biliverdin/bilirubin (antioxidants) and free iron
and induction is coincident with formation of NFT (74). The over-
expression of HO-1 has been established as among the most sensi-
tive and selective indicators of cellular oxidative response (75). Both
HO-1 and its mRNA have been shown to be increased in the brains
of AD patients when compared to age-matched controls (67,74,76).
Furthermore, quantitative immunocytochemistry of AD brains sec-
tions shows a complete overlap between those neurons overexpress-
ing HO-1 and those that contain oxidatively modified τ (77,78). Seen
in the context of arresting apoptosis, HO-1 and τ may coordinately
play a role in maintaining the neurons free from the apoptotic
signal cytochrome-c, since τ has strong iron-binding sites (79).

Activation of stress-induced signal transduction pathways, such
as p38 and JNK/SAPK, is also a cardinal feature of stressed cells.
In this regard, it is notable that both of these pathways are acti-
vated in neurons in AD (80,81). Additionally, since p38 is also a
cell cycle-regulated phenomena, such findings provide crucial a
link between the triad of cell cycle reentrant phenotype, cytoskel-
etal phosphorylation, and oxidative stress in AD (82).

9.5. Redox Metal Imbalance9.5. Redox Metal Imbalance9.5. Redox Metal Imbalance9.5. Redox Metal Imbalance9.5. Redox Metal Imbalance

Free iron, more than any other transition metal, has been impli-
cated in undergoing redox transitions in vivo with the consequent
generation of oxygen free radicals. Given the importance of iron
as a catalyst for the generation of ROS, changes in proteins asso-
ciated with iron homeostasis can be used as an index of a cellular
response. One such class of proteins, the iron regulatory proteins
(IRP), responds to cellular iron concentrations by regulating the
translation of proteins involved in iron uptake, storage, and utili-
zation (83,84).

Additionally, several studies have implicated imbalances of trace
metals in AD, including aluminum, silicon, lead, mercury, zinc,



240 Raina et al.

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

copper, and iron. Zinc(II), iron(III), and copper(II) are also signif-
icantly increased in AD neuropil, and these metals are further
concentrated within the core and periphery and senile plaques (85).
In situ methods for detection of iron(II) and iron(III) demonstrated
a significant association with both NFT and senile plaques in AD
(86), which may be due partly to the ability of iron to bind to their
primary protein constituents, τ and amyloid-β, respectively (87,88).
We recently reported that the direct detection of redox active iron
in AD lesions is prevented by first exposing tissue sections to iron-
selective chelators and can be reinstated by reexposure to iron salts
(89). Therefore, it is probable that the accumulation of redox active
metals is a major source of ROS in AD and that the detection of
these metals represents a valid measure of oxidative stress in vivo.

10. Conclusion

This brief overview highlights many of the recent developments
in the area of oxidative stress and apoptosis with special refer-
ence to AD. Overall, the panel of in situ methods for localizing
apoptosis and oxidative stress damage in AD is permitting an asses-
sment of the spatio-temporal aspects to neuronal degeneration
that define the disease process. One question that will ultimately be
answered through better characterization of the cellular response
to AD lesions is why certain oxidative stress markers show up
only in the neurofibrillary pathology of neurons, whereas others
are associated in vulnerable neurons without pathology.

The biochemical cell death pathways that lead to the morpho-
type, which we call apoptosis (“falling off”), are many. As of yet,
there is no single type of evidence that by itself will form the suf-
ficient and necessary criteria that lead to the conclusion of cell
death by a particular apoptotic mechanism. However, if we do
not conflate mechanism with end-stage histopathological features,
we think that confusion can be diminished as well as novel environ-
ments such as AD better understood, where our evidence argues
for neurons trying to avoid apoptosis—a process that we have
termed abortosis.
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