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Labeling DNA Damage with Terminal Transferase

Applicability, Specificity, and Limitations

P. Roy Walker, Christine Carson, Julie Leblanc,
and Marianna Sikorska

1. Introduction
Apoptotic and programmed cell death are characterized by, and indeed were

first discovered from observations of, remarkable morphological changes that
occur in the nucleus (see 1 for a comprehensive review of apoptosis and pro-
grammed cell death). Thus, light and electron microscopy were the first tools
for the detection of apoptosis. This characteristic collapse of chromatin and
ultimately the structural organization of the nucleus is triggered by the degra-
dation of DNA, which is an active process and occurs prior to death of the cell.
The degradation of DNA was subsequently found to be mediated by endo-
nucleolytic activity that generated a specific pattern of fragments (2). The frag-
ment sizes were multiples of approx 200 bp, the amount of DNA wound around
a single nucleosome, and the pattern became known as the DNA ladder (Fig. 1A).
Later it became apparent that DNA fragmentation is quite variable within cells
and some cell types produce only high molecular weight (HMW) fragments
(Fig. 1B, 3). The latter observations formed the basis of a convenient in vitro
biochemical technique for the routine detection of apoptosis by resolving the
fragmented DNA by conventional or pulsed field agarose gel electrophoresis.
However, this technique requires relatively large amounts of material and DNA
extraction. Subsequently, a variety of techniques have emerged to detect
apoptotic DNA fragmentation in situ by exploiting the fact that the hydroxyl
group at the 5' or 3' ends of the small DNA fragments becomes exposed. Nucle-
otide analogues can be attached to the ends by several enzymes, with Terminal
deoxynucleotide Transferase (TdT) being the most popular (4,5). The assays
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are typically fluorescence-based, either by the direct incorporation of a nucle-
otide to which a fluorochrome has been conjugated, or indirectly using fluores-
cent dye conjugated antibodies that recognize biotin- or digoxigenin-tagged
nucleotides. Radioactively labeled nucleotides can also be used. Since several
million fragments are generated during complete DNA fragmentation and low
levels of fluorescence can be readily detected by photo-multipliers and CCD
arrays, the assays are extremely sensitive. The assays have been formatted for
light and confocal microscopy as well as flow cytometry, thereby greatly facili-
tating the detection and quantitation of apoptosis in situ. In addition, end-
labeling techniques are employed in studies of the actual mechanism of DNA
fragmentation, as well as the detection and characterization of endonucleases.

Fig. 1. Patterns of DNA fragmentation in apoptosis. (A) DNA extracted from con-
trol (lane 1) and glucocorticoid-treated (lane 2) thymocytes showing the DNA ladder
of mono- and oligo-nucleosomes. (B) DNA extracted from untreated (lane 1), vehicle-
treated (lane 2) and VM26-treated (lane 3) HL60 cells and resolved by pulsed field gel
electrophoresis (see 9). Lane m is the lambda DNA ladder marker (multiples of
48.5Kb). In these cells, only high molecular weight (HMW) degradation occurs.
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1.1. The Nature of the DNA Fragments
Endonucleases cleave DNA by attacking the phosphodiester bonds of the

sugar-phosphate backbone of each strand (Fig. 2A). The phosphodiester bond
can be cleaved in two ways such that the phosphate is left on either the 3' end of
the DNA strand or the 5' end, the opposite end being a hydroxyl group in each
case. In addition, the distance between the point at which the bond is broken on
opposite strands of the DNA duplex also varies. If the breaks are exactly oppo-
site, the fragment is considered blunt-ended. If they are offset, they generate
either 3' or 5' overhangs (Fig. 2B). Thus, DNA can be cleaved by a variety of
nucleases, operating by different mechanisms, and each type of nuclease gen-
erates a characteristic “signature” in terms of nature of the ends it creates.

The DNA fragments that are produced during apoptosis are usually, but not
always, created by an endonuclease that cleaves the DNA strand at the

Fig. 2. Mechanisms of endonucleolytic attack on DNA. In A the arrows indicate the
site of attack by an endonuclease cleaving the phosphodiester bond at the same point
on each strand of the DNA duplex to generate multiple smaller fragments each with 3'-
OH and 5'-P ends. In B the endonuclease cleavage of each strand of the DNA duplex is
offset generating fragments with a 3' recess.
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phosphodiester bond such that the 5' end of the DNA retains the phosphate
group and the 3' end is an hydroxyl group (Fig. 2A). Generally there is little or
no overhang (6,7). The terminal transferase assays take advantage of this
observation, and add nucleotide analogs to the 3'-hydroxyl of the DNA frag-
ment. However, numerous exceptions to this observation have been docu-
mented. In some cells, the DNA is believed to be cleaved by DNAse II, an
enzyme that produces 5'-OH (8). Such ends would not be labeled with terminal
transferase. In addition, the cleavage of each strand is sometimes offset, leav-
ing a variety of sizes of overhang (9). The reasons for this are not clear, but
probably relate to the fact that different endonucleases cleave the DNA in dif-
ferent cell types or under different physiological conditions. Terminal trans-
ferase can still add nucleotides to the 3'-OH of many of these fragments and a
variety of other enzymes can also be used to add fluorescent or radioactive
nucelotides to those DNA strands, as discussed below.

In some cells undergoing apoptosis, the DNA is not cleaved into small frag-
ments at all. Instead, larger fragments of about 50 Kb are produced (Fig. 1B) (3).
These fragments appear to have 3'-OH groups, but since the number of fragments
per cell is orders of magnitude lower, their detection becomes more difficult.

1.2. Terminal Deoxynucleotidyl Transferase
DNA nucleotidylexotransferase. (E.C. 2.7.7.31, common name: Terminal

deoxynucleotidyl Transferase, TdT) is a DNA polymerase that catalyzes the
addition of deoxyribonucleotides to the 3'-OH end of DNA strands without the
need for a template or a primer. This is in contrast to most enzymes that incor-
porate nucleotides into duplex DNA, since they require a string of nucleotides
on the opposite strand to create a template so that the enzyme recognizes which
nucleotides to select. A reaction mixture containing all four nucleotides is
required by these enzymes. DNA polymerases and the smaller Klenow frag-
ment are typical examples and these enzymes are ideally suited to incorporate
nucleotides into DNA fragments that possess overhangs. On the other hand,
TdT requires only 1 nucleotide type (typically, deoxyuridine triphosphate,
dUTP) in end-labeling assays and will continue to add it to generate a homo-
polymer. TdT also has other advantages such as the ability to add nucleotides
to very small fragments of DNA making it ideal for labeling fragments in
apoptotic cells. The enzyme will also label single stranded DNA molecules
containing a 3'-OH and will attach nucleotides to a single-strand nick in DNA.
This is particularly useful since many single-strand breaks are also introduced
into DNA during fragmentation in apoptotic cells (10).

1.3. Nucleotides Used in Labeling Assays
Initially, radioactively-labeled nucleotides were used in DNA-labeling

experiments, but more recently, fluorescent nucleotide analogs have been
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developed. The fluorochrome, usually fluorescein isothiocyanate (FITC), can
be directly conjugated to the nucleotide and its green fluorescence readily
detected using standard filter sets (Fig. 3). The nucleotide of choice is
deoxyuridine triphosphate (dUTP) and conjugation is usually to the C-5 posi-
tion of uridine which does not participate in hydrogen bonding. A spacer is
used to decrease steric hindrance, with the length of the spacer dependent upon
manufacturer and the nature of the molecule being conjugated. In other for-
mats, the nucleotide is conjugated with biotin or digoxigenin derivatives and
these molecules are detected with fluorescently-tagged proteins. This is fluo-

Fig. 3. Nucleotide analogs used in end-labeling assays. The three compounds com-
monly conjugated to dUTP are Fluoroscein, biotin and digoxigenin. The compounds are
linked via a spacer to the C-5 of the nucleotide. Radioactively labeled dUTP is com-
monly on the alpha-Phosphate which becomes incorporated into the sugar phosphate
backbone of DNA. Also shown is the substitution that terminates polymerization by
removing the hydroxyl that interacts with the phosphate of the next nucleotide.
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rochrome-conjugated streptavidin for biotin detection and anti-digoxigenin
antibodies for digoxigenin detection. Because more than one molecule of FITC
can be conjugated to the protein, the fluorescence signal is amplified. Thus, the
indirect assays are more sensitive than direct FITC conjugation to the nucle-
otide (11). Moreover, since digoxigenin is found only in plants, its antibody
does not recognize any mammalian proteins, thereby reducing the background
that is usually caused by non-specific binding. Other non-fluorescent detection
systems have been used, particularly for tissue sections and blots, including alka-
line phosphate-colorimetry, peroxidase, chemi-luminescence and colloidal gold.

Under optimal conditions, the sensitivity of fluorescence detection approaches
that of radioactivity and the small number of fragments that occur during high
molecular weight DNA fragmentation are readily detectable (12). In addition, fluo-
rescence affords the opportunity for multicolor counterstaining and labeling proto-
cols, which are particularly useful for flow cytometry and confocal microscopy.

1.4. Assays Based on Terminal Transferase

The first end-labeling protocol developed for the detection of DNA frag-
mentation in apoptosis was the Terminal Uridine Nucleotide End Labeling
(TUNEL) technique of Gavrielli et al (4). This method exploited the ability of
the enzyme, terminal transferase, to add biotin-conjugated nucleotides onto the
3' OH of a DNA strand. By using either a fluorescently tagged or radioactively
labeled nucleotide analog, the DNA fragments become detectable. Formula-
tion of the reaction buffer with cobalt ensures that the enzyme can add multiple
bases to the 3'-end of each strand. As mentioned above, all types of 3'-end can
be labeled, including those of single and double stranded DNA as well as
recessed, protruding and blunt ends. The enzyme appears to have a preference
for single stranded and 3'-protruding ends. The method can be used on cell
suspensions and monolayers as well as frozen or paraffin tissue sections.

If only one nucleotide is to be incorporated onto each end of the double-
stranded DNA fragment in order, for example, to accurately quantitate the num-
ber of fragments, then dideoxynucleotides can be used to create strand
termination (Fig. 3). Usually, however, the objective is to increase sensitivity
by incorporating multiple nucleotides and under optimal conditions as many as
50–100 monomers may be incorporated (13). Unmodified nucleotides are
included in the reaction mixture to “space out” the modified nucelotides in
order to increase the ability of the binding protein to recognize its target. Typi-
cally, the methods use either digoxigenin-conjugated dUTP detected by stain-
ing with a FITC-conjugated anti-digoxigenin antibody or biotin-conjugated
dUTP detected by staining with FITC-conjugated streptavidin.
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If radioactivity is needed, the alpha-phosphate of dUTP is substituted with
32P, since this is the phosphate that becomes incorporated into the sugar phos-
phate backbone of the DNA (Fig. 3).

1.5. Other Enzymes That Can Label DNA

Since some endonucleases also leave an overhang (i.e. a run of nucleotides
on one strand only, Fig. 2B) the other strand can be extended or “filled in” by
the Klenow fragment of DNA polymerase. The Klenow fragment of DNA poly-
merase I is used since it retains the ability to create a polymer, but does not
possess the 5'–3' exonuclease activity which would degrade the fragment. In
other situations, it is necessary to examine the 5' end of the DNA fragments. To
confirm that the 5' end is indeed phosphorylated, the fragments can be incu-
bated in the presence of the enzyme T4 kinase and 32P-labeled inorganic phos-
phate. T4 kinase phosphorylates any 5'-OH. Thus, if the phosphate group is
already present no radioactivity can be incorporated. However, if the phos-
phate is absent, or has been removed by incubation with alkaline phosphatase,
the radioactively-labeled phosphate becomes attached to the fragment and this
can be detected by autoradiography. Since T4 kinase can add only one phos-
phate, whereas terminal transferase or the Klenow fragment can add multiple
nucleotides, the 5' labeling technique is much less sensitive than the 3' labeling
techniques and is not generally used in routine assays. However, it is very
useful for determining the nature of the ends of DNA from apoptotic cells.

1.6. Limitations

DNA fragments with 3'-OH ends can be produced in a number of situations
where apoptosis is not occurring. For example, some forms of DNA damage pro-
duce DNA breaks or nicks with 3'-OHs. Moreover, the DNA degradation that
occurs during necrosis also produces fragments with 3'-OH that would be labeled
by TUNEL or ISEL (In situ End Labeling, 14). Over-reliance on these techniques
has led to considerable controversy in studies in brain where, following some
insults, both apoptosis and necrosis occur simultaneously making it very difficult
to establish and quantitate true apoptotic cell death (15–17).

It is evident, therefore, that TdT-based labeling techniques should not be
used as the sole criterion for establishing the nature of the cell death mecha-
nism. In order to establish that apoptosis is occurring, other criteria must also
be used. Since it is possible to use multiple fluorochromes in the same experi-
ments, another marker such as the appearance of annexin on the cell surface,
can be used simultaneously. Once it has been established that the cell death is
indeed apoptotic, then the TdT-based assays can be used for routine quantita-
tion by microscopy or flow cytometry (3,18).
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1.7. Terminal Transferase Labeling Examples

In the following sections are general protocols used in our laboratory for
the detection of DNA fragmentation in situ using TdT. More detailed and
application-specific protocols are given in the subsequent chapters of this sec-
tion. Fig. 4 shows apoptotic thymocytes prepared for electron, light and confo-
cal microscopy as well as flow cytometry using the protocols described below.
The electron micrograph shows a cell exhibiting classical apoptotic morphol-
ogy alongside a normal thymocyte. The condensed apoptotic cells can easily
be seen by light and fluorescence microscopy, particularly when the condensed
chromatin is stained with Hoechst dye. The TUNEL assay labels all of the
nuclei that are condensed and also shows two cells with TUNEL-positive
fragmented DNA that have not yet undergone nuclear condensation (arrows).
The extent of DNA fragmentation is demonstrated dramatically in the confocal
image. In this example, the streptavidin is conjugated with Cy3 which fluo-
resces red and the anti-lamin B antibody is conjugated with FITC. The TUNEL
positive (+) cells can be easily quantitated and sorted from the still normal (–)
G1 and G2 populations by flow cytometry.

2. Materials
2.1. TUNEL Labeling of Cells for Light or Confocal Microscopy

1. 10× PBS: 1.31 M NaCl, 50 mM Na2HPO4, 16 mM KH2PO4. Composition per
liter: 76.5 g NaCl, 7.25 g Na2HPO4, 2.12 g KH2PO4. Adjust pH to 7.0 after dilu-
tion, as pH changes over storage time. Store at room temperature.

2. Poly-L-lysine: 0.1% (w/v) in distilled H2O.
3. Paraformaldehyde: 3% (w/v) in PBS. For 100 mL, heat 90 mL of distilled H2O

until boiling, add 3 g EM grade paraformaldehyde, 100 µL 1 M NaOH and stir to
dissolve. Cool to room temperature, and add 10 mL of 10× PBS. Adjust pH to
7.0. Make fresh just before use, do not store.

4. 0.2% Triton-X-100 (v/v) in PBS. Composition per 100 mL: 2 mL 10% Triton-X-
100 solution (Pierce, Rockford, IL), 10 mL 10× PBS, 88 mL distilled H2O. Adjust
pH to 7.0. Make fresh just before use.

5. TDT buffer: 30 mM Trizma base, 140 mM sodium cacodylate, 1 mM cobalt chlo-
ride. Available commercially from Gibco Life Technologies (Rockville, MD)
with purchase of TDT enzyme.

6. Reaction buffer: 10 µM biotin-16-dUTP (Roche Molecular Biochemicals, India-
napolis, IN), 0.3 U/µL TDT enzyme (Gibco Life Technologies, Rockville, MD)
in TDT buffer. Make fresh just before use.

7. TB buffer: 300 mM NaCl, 30 mM sodium citrate. Composition per 100 mL of 2×
stock: 3.5 g NaCl, 1.76 g sodium citrate. Store at room temperature.

2.2. TUNEL Labeling of Tissue Sections for Microscopy
1. Paraformaldehyde: 4% (w/v) in PBS. For 100 mL, heat 90 mL of distilled H2O

until boiling, add 4 g EM grade paraformaldehyde, 100 µL 1 M NaOH and stir to
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Fig. 4. Examples of the versatility of terminal transferase-based assays. Thymocytes
were treated with dexamethasone for 2 h and then prepared for electron, light or fluo-
rescence microscopy or TUNEL-labeled and examined by fluorescence or confocal
microscopy and flow cytometry.
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dissolve. Cool to room temperature, and add 10 mL of 10× PBS. Adjust pH to
7.0. Make fresh just before use, do not store.

2. Proteinase K buffer: 20 µg/mL Proteinase K (Invitrogen, Bethesda, MD) in 100
mM Tris-HCl, pH 8.0 plus 50 mM EDTA.

2.3. TUNEL Labeling of Cells for Flow Cytometry

1. 10× PBS: 1.31 M NaCl, 50 mM Na2HPO4, 16 mM KH2PO4. Composition per
liter: 76.5 g NaCl, 7.25 g Na2HPO4, 2.12 g KH2PO4. Adjust pH to 7.0 after dilu-
tion, as pH changes over storage time. Store at room temperature.

2. Paraformaldehyde: 1% (w/v) in PBS. For 100 mL, heat 90 mL of distilled H2O
until boiling, add 1 g EM grade paraformaldehyde, 100 µL 1 M NaOH and stir to
dissolve. Cool to room temperature, and add 10 mL of 10× PBS. Adjust pH to
7.0. Make fresh just before use, do not store.

3. Reaction buffer: 10 µM biotin-16-dUTP (Roche Molecular Biochemicals, India-
napolis, IN.), 0.3 U/µL TDT enzyme (Gibco life Technologies, Rockville, MD),
0.2 M sodium cacodylate pH=6.6 (from 10× stock), 25 mM Tris-HCl pH=6.6
(from 10× stock), 2.5 mM CoCl2 (from 10× stock), 0.25 mg/mL BSA. Make fresh
just before use. All stocks stored at 4°C.

4. 2× TB buffer: 600 mM NaCl, 60 mM sodium citrate. Composition per 100 mL:
3.5 g NaCl, 1.76 g sodium citrate. Store at room temperature.

5. Staining buffer: 5% (w/v) dry milk powder, 0.1% (v/v) Triton-X-100 in 2× TB
buffer. Composition per 5 mL: 50 µL 10% Triton-X-100 solution (Pierce, Rock-
ford, IL), 0.25 g milk, 5 mL 2× TB buffer.

2.4. Determining the Nature of the Ends of the Fragments

1. Nuclear buffer (NB): 15 mM Tris-HCl, pH 7.4, 60 mM KCl, 15 mM NaCl, 1 mM
EGTA, 2 mM EDTA, 0.5 mM Spermidine and 0.15 mM spermine. Composition
per liter: 1.82 g Tris-HCl, 0.38 g EGTA, 0.74 g EDTA, 0.13 g spermidine
(trihydrochloride, Sigma, St. Louis, MO), 0.05 g spermine (tetrahydrochloride,
Sigma), 4.5 g KCl, 0.9 g NaCl. Adjust pH to 7.4 and store at 4°C.

2. TdT reaction buffer: 25 mM Tris-HCl buffer, pH 6.6, 200 mM potassium cacody-
late, 5 mM CoCl2, 0.5 mM DTT, 0.25 mg/mL BSA. Composition of a 2× stock
per 10 mL: 0.06 g Tris-HCl, 0.67 g potassium cacodylate, 0.024 g CoCl2, 1.54 mg
DTT, 5 mg BSA. Adjust pH to 6.6 and store at 4°C.

3. T4 kinase reaction buffer: 50 mM glycine-NaOH buffer, pH 9.2, 5 mM DTT, 10 mM
MgCl2. Composition of a 10× stock per 100 mL: 3.75 g Glycine-NaOH, 0.77 g
DTT, 2.03 g MgCl2. Adjust pH to 9.2.

4. Lysis buffer: 5 mM Tris-HCl, pH 7.5, 5 mM EDTA and 0.5% (w/v) Triton X100.
Composition per 100 mL: 0.061 g Tris-HCl, 0.19 g EDTA, 0.5 g Triton X 100.
Adjust pH to 7.5 and store at 4°C.

5. TE buffer: 10 mM Tris-HCl + 1 mM EDTA, pH 7.5. Composition per liter: 1.26 g
Tris + 0.37 g EDTA. Adjust pH to 7.5 with HCl and store at room temperature.

6. RNase solution: 2 mg/mL RNase A (Sigma, St. Louis, Missouri) Dissolved in
10 mM Tris-HCl + 15 mM NaCl at pH 7.5. Composition per 5 mL: 6.1 mg Tris,
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4.5 mg NaCl, 10 mg RNase A . Adjust pH to 7.5, boil for 15 min and aliqout 0.5 mL
into microfuge tubes and store at –20°C.

7. Proteinase K buffer: 10 mM Tris-HCl, pH 7.8, 5 mM EDTA and 0.5% (w/v)
N-Lauroylsarcosine. Composition of a 10× stock per 100 mL: 1.21 g Tris-HCl, 1.86
g EDTA, 5 g N-lauroylsarcosine. Adjust pH to 7.8 and store at room temperature.

3. Methods
3.1. TUNEL Labeling of Cells for Light or Confocal Microscopy

3.1.1. Coating of Coverslips or Slides for Attachment of Suspension
Cells or Tissue Sections

In order to stain suspension cells or tissue sections, they must be attached to
coverslips or slides, respectively with a suitable bonding agent that maintains
them in place and can withstand the multiple wash steps of the staining proce-
dure, but does not interfere chemically with the staining or contribute to back-
ground fluorescence. We use poly-L-lysine although commercial bonding
agents are also available.

1. Place coverslips or slides in a humid chamber, but do not add water to the cham-
ber at this point (see Note 1). Coat with 0.1% poly-L-lysine solution and allow to
sit 10 min at room temperature.

2. Drain coverslips and rinse by dipping briefly in a beaker of distilled water. Drain and
return to humid chamber. Drain slides, but do not rinse. Air dry with the lid ajar (to
promote air circulation, while preventing dust contamination)—typically 10–20 min.

3. Add water to the humid chamber. Allow suspension cells (typically at concentra-
tions of 0.2–1 × 106 cells/mL) or tissue sections 10 min to adhere.

3.1.2. TUNEL Labeling of Cells for Light Microscopy

All steps carried out at room temperature unless noted otherwise.

1. Grow cells on glass coverslips, or attach suspension cells to coverslips with poly-
L-lysine or a suitable bonding agent. Rinse coverslips by immersing for 30 sec in
PBS (see Note 2).

2. Fix for 5 min in 3% paraformaldehyde in PBS. Rinse twice for 30 sec each time
in PBS.

3. Permeabilize for 20 min in 0.2% Triton X-100 in PBS. Rinse 3× for 4 min each
time in PBS.

4. Incubate with reaction buffer or control buffer (no enzyme) for 1 h at 37°C in a
humid chamber (see Notes 3 and 4).

5. Stop reaction by transferring to TB buffer for 15 min. Rinse 3× for 4 min each
time in PBS.

6. Block for 10 min in PBS + 2% BSA. Rinse 3× for 4 min each time in PBS.
7. Incubate with fluorochrome-linked streptavidin (Jackson Laboratories, 1:200 in

PBS) for 30 min in a humid chamber (see Note 5). Rinse 3× for 4 min each time
in PBS.
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8. Counterstain for 1 min with 1 µg/mL of Hoechst 33258 in PBS (see Notes 6 and
7). Mount onto slides, using 16–20 µL of mounting medium per 22 mm x 22 mm
coverslip.

9. Examine the cells on a microscope equipped with epifluorescence optics, visual-
izing the nuclear morphology seen with the Hoechst signal using a UV filter set
and the TUNEL label with the appropriate filter set for your fluorochrome (i.e.,
green for FITC, or red for CY3).

3.1.3. TUNEL Labeling of Tissue Sections for Microscopy

1. Adhere sections to poly-L-lysine coated slides.
2. Fixed samples embedded in paraffin must be deparaffinized and hydrated prior

to staining. Samples can be gently heated to remove paraffin; either 10 min at
70°C or 30 min at 60°C should be appropriate. Sections are then hydrated by
passing though a series of washes in fresh reagents: twice for 5 min each time in
xylene, then twice for 3 min each time in 100% ethanol, then once for 3 min each
in 90% ethanol, 80% ethanol 70% ethanol and 50% ethanol (see Note 8). Slides
are then rinsed 3× for 5 min each time in PBS.

3. Fresh frozen tissue sections only should be fixed for 15 min in 4% paraformal-
dehye then rinsed 3× for 4 min each time in PBS.

4. Drain slides carefully. Permeabilize sections for 15 min in proteinase K  buffer in
a humid chamber (see Notes 9 and 10). Rinse three times for 4 min each time in
PBS.

5. Incubate sections for 5 min in 3% H2O2 to inactivate endogenous peroxidase.
Rinse three times for 4 min each time in PBS.

6. Equilibrate sections for 10 min in TdT buffer in a humid chamber. Drain slides
carefully.

7. Proceed with staining as for cultured cells, as described in 3.1.2 steps 4–6, using
75 µL of reaction buffer per section.

8. Drain slides carefully. Incubate with ExtrAvidin-Peroxidase (Sigma, 1:20 in PBS)
for 30 min in a humid chamber. Rinse 3× for 4 min each time in PBS.

9. Drain slides carefully. Stain with AEC (3-amino-9-ethyl-carbazole, Sigma) or
alternate colorimetric substrate for 30 min in a humid chamber. Rinse 3× for 4
min each time in PBS. Drain slides carefully.

10. Mount coverslips onto slides if desired and examine using brightfield optics.

3.2. TUNEL Labeling of Cells for Flow Cytometry

3.2.1 Fixation of Cells

1. Spin down approximately 2 × 106 cells for 4 min at 220 g and carefully aspirate
medium.

2. Resuspend while vortexing in 1 mL of ice-cold 1% paraformaldehyde in PBS.
All vortexing is done at approximately 2/3 maximum on a variable speed vortex.
Fix for 15 min on ice. Transfer to Eppendorf tubes during this step.
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3. Spin down cells for 1 min at 1500 g at 4°C. Carefully aspirate formaldehyde (see
Note 11).

4. Resuspend while vortexing in 200 µL of ice-cold PBS. Add, while vortexing, 1 mL
of –20°C 70% ethanol. Samples may be stored in the freezer at this point for
several days.

3.2.2. TUNEL Labeling of Cells for Flow Cytometry

All steps carried out at room temperature unless noted otherwise.

1. Spin down fixed cells and aspirate fixative. All spins are done at 1500 g for 1 min.
Rehydrate for 15 min at room temperature in PBS + 1% BSA (see Notes 12 and
13). Spin down cells and aspirate wash.

2. Incubate while rocking for 30 min at 37°C in 100 µL reaction buffer or control
buffer (no enzyme). Stop the reaction by diluting the sample with 1 mL of 2× TB
buffer (see Note 14). Spin down cells and aspirate buffer.

3. Incubate while rocking for 1 h at room temperature in the dark in 100 µL of
staining buffer containing 10 µg/mL of FITC-conjugated streptavidin. Wash by
diluting the sample with 1 mL of 2× TB buffer + 0.1% TX-100. Spin down cells
and aspirate buffer.

4. Incubate while rocking for 20 min at room temperature in the dark in 1 mL of
PBS + 1% BSA, plus 100 µL of 0.1 mg/mL DNase-free RNase in PBS, plus 20 µL
of 0.1 mg/mL propidium iodide in PBS. Spin down cells and aspirate buffer.

5. Resuspend in 0.5–1 mL of PBS.
6. Examine the cells on a flow cytometer using an excitation wavelength of 488 nm,

and detecting the green TUNEL signal, indicative of the extent of DNA breaks,
using a 525 bp filter and the red propidium iodide signal, indicative of total DNA
content (cell cycle), using a 610 bp filter. The data is best analyzed on a two-
parameter histogram displaying propidium iodide signal (DNA content) on the X
axis and TUNEL labeling (DNA breaks) on the Y axis.

3.3. Determining the Nature of the Ends of the Fragments

3.3.1. Processing of Cells and Extraction of DNA

1. Each flask should contain a minimum of 107 cells. Remove the medium from
each flask and set aside. Add 2 mL of trypsin/ T75 flask (0.15% trypsin in PBS
containing 1 mM EDTA, pre-warmed to 37°C). After 1–2 min, add the medium
back to each flask, remove the total suspension into a conical centrifuge tube and
centrifuge at 200 g for 5' in a tabletop centrifuge.

2. Resuspend the pellet in 1 mL of nuclear buffer at room temperature (see Note 15).
Centrifuge the suspension at 200 g for 5' as above.

3. Resuspend the pellet in 400 µL of lysis buffer in a microfuge tube and place on
ice for 15 min.

4. Centrifuge the lysate at maximum speed in a refrigerated microfuge for 15' (see
Note 16).
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5. Discard the pellet and and add 40 µL of 2.5 M sodium acetate and 800 µL of
absolute ethanol. Precipitate at –20°C for at least 12–16 h (see Note 17).

6. Centrifuge the lysate at maximum speed in a refrigerated microfuge for 15' and
resuspend in 400 µL of 70% (v/v) ethanol. Centrifuge again and dissolve the
pellet in 400 µL of TE buffer on ice. Add 50 µL of RNase solution and incubate at
65°C for 1 h.

7. Add 25 µL of Proteinase K (Gibco Life Technologies, Rockville, Maryland, 20 mg/mL
stock in dH2O) and 40 µL of 10× Proteinase K buffer to the same reaction tube.
Incubate at 37°C for a further 2 h (see Note 18).

8. To the same tube, add 400 µL of phenol:chloroform-isoamyl alcohol 1:1 (v/v).
The chloroform:isoamyl alcohol is a 40:1 (v/v) mixture. Vortex vigorously, cen-
trifuge immediately at maximum speed in microfuge, and remove the upper layer
into a new microfuge tube.

9. Precipitate the DNA from this supernatant as in step 5. Resuspend the precipi-
tated DNA in 50 µL of TE buffer in a microfuge tube (see Note 19).

3.3.2. Labeling of 3'-OH Ends of DNA

1. Prepare a reaction tube by adding 25 µL of 2× TdT reaction buffer, 5 µL of sample
from step 9 of Subheading 3.3.1., 4 µL (60 Units) of TdT (Gibco Life Technolo-
gies, Rockville, Maryland), 1 µL (5 µci) of alpha [32P]-ATP (NEN Life Science
Products, Boston, MA) and water to a final volume of 50 µL.

2. Incubate for 1 h at 37°C.
3. Unincorporated radionucleotides are removed by transferring the reaction mix-

ture to a G-50 Micro column (Amersham Pharmacia Biotech, Piscataway, NJ).
The column is centrifuged at 750 g for 2' and the material that passes through the
column is collected at the bottom of the tube.

4. Labeled DNA fragments are separated by agarose gel electrophoresis followed
by autoradiography.

3.3.3. Labeling of 5'-OH Ends of DNA
1. Prepare a reaction tube by adding 5 µL of 10× T4 kinase reaction buffer, 5 µL of

sample from step 9 of Subheading 3.3.1., 5 µL (50 Units) of T4 Kinase (New
England BioLabs, Beverly, MA), 1 µL (5µci) of gamma [32P]-ATP (NEN Life
Science Products, Boston, MA), 5 µL of phosphate (stock solution is 10 mM
Na2HPO4\10 mM NaH2PO4 mixed at a ratio of 5:7.5 to give a pH of 9.2) and
water to final volume of 50 µL (see Note 20).

2. Incubate for 1 h at 37°C.
3. Unincorporated radionucleodides are removed using G-50 Micro columns as

described in step 3 of Subheading 3.3.2.
4. Labeled DNA fragments are separated by agarose gel electrophoresis followed

by autoradiography.

4. Notes
1. A humid chamber consists of a small box or large glass Petri dish with a lid into

which is placed a filter paper (which can be dampened to provide the source of
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humidity) covered by a piece of Parafilm, onto which coverslips can be placed.
With the lid on, cells on the coverslips can be left to incubate in small volumes of
reagent without drying out.

2. Coverslips are typically placed cell side up in multiwell plates of appropriate
size (6-well plates for 22 mm x 22 mm coverslips, 12 well plates for 15 mm
round coverslips and 24 well plates for 12 mm round coverslips), and solutions
are added from squeeze bottles and removed using a gentle water vacuum, tak-
ing care not to disturb the cells. Some suspension cells do not adhere well
enough to withstand these manipulations. As a gentler alternative, solutions
can be dispensed and coverslips moved from well to well in the plates or from
weigh boat to weigh boat. 2–5 mL of solution per sample will be required for
staining.

3. For incubations with enzymes, antibodies or steptavidin, which typically use very
small volumes, coverslips are turned cell side down over a 25–50 µL drop of
solution in a humid chamber. To remove, PBS is added to the drop so that the
coverslip floats up and can be picked up without exerting undue shearing force
on the cells. Gentle addition of PBS to the parafilm at the edge of the coverslip
will result in the liquid being drawn under the glass by capillary action.

4. Gibco supplies a 5× TDT buffer with purchase of the enzyme which is conve-
nient to use and of good quality. Alternatively, TUNEL labeling kits are avail-
able. The quality of these kits is reported to be good, but their cost is several
times more than the purchase price of the separate components.

5. Prolonging the streptavidin incubation increases the background fluorescence
markedly. Typically, attached cells display a noticeable level of background
while suspension cells stain very cleanly.

6. DAPI may be used as an alternate counterstain. Incubate cells 3 min in 0.2 µg/mL
DAPI, and rinse once in PBS.

7. To label fixed samples using both TUNEL and immunofluorescence staining for
an antigen of interest, do the antibody incubations first, then block 20 min in
0.15% gelatin in PBS, rinse and proceed with the TUNEL labeling from step 4.

8. Slides are typically placed in Coplin jars into which solutions have already been
dispensed and moved from jar to jar.

9. Slides with tissue sections are incubated cell side up in a humid chamber, with
approximately 100 µL of solution covering each section.

10. The length of the incubation in proteinase K may need to be optimized to ensure
adequate permeabilization and permit positive signals to be readily detected,
while guarding against over-digestion, which loosens sections, leading to their
loss in subsequent wash steps.

11. There is a marked loss of cells during the staining procedure. Take extreme
care when aspirating solutions above the cell pellet, removing the bulk of the
liquid with a GENTLE water vacuum and then the last 100 µL or so with a
pipetman.

12. There is a tendency for some cell types to clump, especially when apoptotic. If
this is the case, vortexing at each resuspension step usually solves the problem.
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13. Cells in suspension are fragile, hence 1% BSA is added to the PBS throughout
the protocol to enhance cell recovery.

14. In order to maximize recovery of cells from suspension, salt concentrations in the
reaction and stop buffers used for flow cytometry are higher than those required
for microscopy. This means that commercial buffer cannot be used.

15. This buffer has a relatively low ionic strength to assist in disruption of the cell
and contains EDTA and EGTA to chelate divalent cations, as well as polyamines
to bind to chromatin and protect the DNA.

16. We keep a regular microfuge in a cold cabinet for routine spins at 4°C.
17. Sodium acetate\ethanol ensures precipitation of DNA. Dry ice can also be used to

lower the temperature and the tube can be left overnight at this stage for convenience.
18. RNase removes contaminating RNA and proteinase K removes residual protein

and the RNase.
19. DNA fragments can be radioactively labeled at either the 3'-OH or 5'-OH end

using terminal deoxynucleotidyl transferase (TdT) or T4 polynucleotide kinase,
respectively. Since the presence of a phosphate group blocks both of these reac-
tions, this approach can be used to determine the nature of the ends of the DNA
fragments in apoptotic DNA, e.g. 5'P/3'-OH or 5'-OH/3'-P. This has important
implications for the mechanism of action of nucleases involved in DNA frag-
mentation in apoptosis. To assess this, divide the reaction mixture in two tubes,
one for TDT and other for the T4 kinase labeling reaction.

20. Phosphate, at 1 mM final concentration, is included in the reaction mixture to
fully activate the forward reaction (i.e. phosphorylation of the 5'-OH) and inhibit
the reverse reaction (i.e. an exchange reaction that would permit the incorpora-
tion of radioactive phosphate molecules onto 5-phosphorylated DNA).
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TUNEL Assay

An Overview of Techniques

Deryk T. Loo

1. Introduction
The study of DNA damage holds a wide interest within both basic and

applied fields of research. Elucidating the mechanisms involved in the genera-
tion of DNA damage, and the consequences of this damage, will have an enor-
mous impact on multiple fields of scientific research and will ultimately lead
to a better understanding of human disease. One of the most widely used meth-
ods for detecting DNA damage in situ is TdT-mediated dUTP-biotin nick end
labeling (TUNEL) staining (1). TUNEL staining was initially described as a
method for staining cells that have undergone programmed cell death, or
apoptosis, and exhibit the biochemical hallmark of apoptosis—internucleo-
somal DNA fragmentation (2–6). TUNEL staining relies on the ability of the
enzyme terminal deoxynucleotidyl transferase to incorporate labeled dUTP into
free 3'-hydroxyl termini generated by the fragmentation of genomic DNA into
low molecular weight double-stranded DNA and high molecular weight single
stranded DNA (1). While TUNEL staining has nearly universally been adopted
as the method of choice for detecting apoptosis in situ, it should be recognized
that TUNEL staining is not limited to the detection of apoptotic cells. TUNEL
staining may also be used to detect DNA damage associated with non-apoptotic
events such as necrotic cell death induced by exposure to toxic compounds and
other insults (7), and TUNEL staining has also been reported to stain cells
undergoing active DNA repair (8). Therefore TUNEL staining may be consid-
ered generally as a method for the detection of DNA damage (DNA fragmenta-
tion), and under the appropriate circumstances, more specifically as a method
for identifying apoptotic cells.
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The goal of this chapter is to provide the reader with step-by-step protocols
for in situ TUNEL staining of nuclear DNA fragmentation in both cultured
cells and tissue sections. These basic TUNEL protocols have been used on a
wide variety of cell types and tissues with success. Methods for both colori-
metric and fluorescent staining of cultured cells and tissues is presented thereby
allowing investigators to utilize the TUNEL staining procedure with a minimal
investment in laboratory reagents and equipment. In addition, methods to
modify and optimize the basic protocols, as well as troubleshooting and con-
trol conditions, are provided in the Notes and Troubleshooting sections.

2. Materials
2.1. Cultured Cells

1. Phosphate-buffered saline (PBS), pH 7.4.
2. 2% buffered formaldehyde: dilute high quality formaldehyde (v/v) in PBS prior

to use.
3. 70% ethanol
4. TdT equilibration buffer: 2.5 mM Tris-HCl (pH 6.6), 0.2 M potassium cacody-

late, 2.5 mM CoCl2, 0.25 mg/mL bovine serum albumin (BSA). Aliquots may be
stored at –20°C for several months.

5. TdT reaction buffer: TdT equilibration buffer containing 0.5 U/µL of TdT enzyme
and 40 pmol/µL biotinylated-dUTP (Roche Diagnostics Corp.; Indianapolis, IN).
Prepare fresh from stock solutions prior to use.

6. TdT staining buffer: 4× saline-sodium citrate (0.6 M NaCl, 60 mM sodium cit-
rate), 2.5 µg/mL fluorescein isothiocyanate-conjugated avidin (Amersham
Pharmacia Biotech, Inc.; Piscataway, NJ), 0.1% Triton X-100, and 1% BSA. Pre-
pare fresh from stock solutions prior to use.

7. Hoechst 33342 counterstain: 2 µg/mL in PBS (Molecular Probes; Eugene, OR).
Stock solution may be stored at 4°C in the dark for several weeks.

8. Vectashield antifade mounting medium (Vector Laboratories, Burlingame, CA).

2.2. Tissue Sections

1. Phosphate-buffered saline (PBS), pH 7.4.
2. 4% buffered formaldehyde: dilute high quality formaldehyde (v/v) in PBS prior

to use.
3. 20 µg/mL proteinase K (Roche Diagnostics Corp.). Stock solution may be stored

at –20°C for several months.
4. 95, 90, 80, and 70% ethanol in Coplin jars
5. 2% hydrogen peroxide . Prepare fresh from hydrogen peroxide reagent stock prior

to use.
6. 2% BSA solution: 2% BSA (w/v) dissolved in PBS and passed through a 0.45 µm

filter. Sterile stock solution may be stored at 4°C for several weeks.
7. 2× SSC buffer: 300 mM NaCl, 30 mM sodium citrate. Stock solution may be

stored at room temperature for several months.
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8. TdT Equilibration Buffer: 2.5 mM Tris-HCl (pH 6.6), 0.2 M potassium cacody-
late, 2.5 mM CoCl2, 0.25 mg/mL BSA. Prepare from stock solutions. Aliquots
may be stored at –20°C for several months.

9. TdT Reaction Buffer: TdT Equilibration Buffer containing 0.5 U/µL of TdT
enzyme and 40 pmol/µL biotinylated-dUTP (Roche Diagnostics Corp.). Prepare
fresh from stock solutions prior to use.

10. Vectastain ABC-peroxidase stock solution (Vector Laboratories, Burlingame, CA).
11. 3,3'-Diaminobenzidine (DAB) staining solution (Vector Laboratories).
12. TdT staining buffer: 4× saline-sodium citrate (0.6 M NaCl, 60 mM sodium cit-

rate), 2.5 µg/mL fluorescein isothiocyanate-conjugated avidin (Amersham
Pharmacia Biotech, Inc.), 0.1% Triton X-100, and 1% BSA. Prepare fresh from
stock solutions prior to use.

13. Hematoxylin counterstain (Sigma-Aldrich; St. Louis, MO).
14.  Hoechst 33342 counterstain: 2 µg/mL in PBS (Molecular Probes). Stock solu-

tion may be stored at 4°C in the dark for several weeks.
15. Vectashield antifade mounting medium (Vector Laboratories).

3. Methods (see Notes 1 and 2).
A flowchart of the general protocol for TUNEL staining of cells and tissues

is shown in Fig. 1. Cells or tissues are fixed with formaldehyde then permeabil-
ized with ethanol to allow penetration of the TUNEL reaction reagents into the
cell nucleus. Following fixation and washing, incorporation of biotinylated-
dUTP onto the 3' ends of fragmented DNA is carried out in a reaction contain-
ing terminal deoxynucleotidyl transferase. Depending on the specific needs of
the investigator and/or available equipment, the incorporated biotinylated-
dUTP may be visualized by (1) fluorescence microscopy or FACS analysis
following staining with fluorescent-tagged avidin or (2) light microscopy fol-
lowing staining with horseradish peroxidase-conjugated avidin-biotin complex
in conjunction with a colorimetric substrate (see Notes 3 and 4).

3.1. Cultured Cells

3.1.1. Suspension Cells

1. Collect cells by centrifugation, wash with PBS, and resuspend cells at a concentra-
tion of 1–2 × 107/mL in PBS. Transfer 100 µL of cell suspension to a V-bottomed
96-well plate.

2. Fix cells by addition of 100 µL of 2% formaldehyde in PBS, pH 7.4 (see Note 5).
Incubate on ice for 15 min.

3. Collect cells by centrifugation, wash once with 200 µL of PBS, the postfix with
200 µL of 70% ice-cold ethanol. Cells may be stored in 70% ethanol at –20°C for
several days.

4. Collect cells by centrifugation and wash twice with 200 µL PBS.
5. Resuspend cells (1 × 105 – 5 × 105) in 50 µL of TdT equilibration buffer. Incubate

the cell suspension at 37°C for 10 min with occasional gentle mixing.
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Fig. 1. General flow chart outlining the TUNEL assay protocols described in this
chapter for staining cultured cells and tissue sections.

6. Resuspend cells in 50 µL of TdT reaction buffer. Incubate the cell suspension at
37°C for 30 min with occasional gentle mixing.

7. Collect cells by centrifugation and wash with 200 µL PBS.
8. Resuspend the cells in 100 µL of TdT staining buffer. Incubate the cell suspen-

sion at room temperature for 30 min in the dark.
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9. Collect cells by centrifugation, wash twice with 200 µL PBS, then resuspend in
PBS at 2–8 × 106/mL. For fluorescence microscopy attach coverslips using
Vectashield antifade mounting medium.

10. Examine cells by fluorescence microscopy, confocal microscopy or flow
cytometry. See examples shown in Fig. 2 and 3.

3.1.2. Cytospin Preparation of Suspension Cells

TUNEL staining and subsequent fluorescent microscopic or confocal exam-
ination of suspension cells may be conveniently carried out on cells attached to
glass slides. The cell suspension protocol may be easily modified to accommo-
date cytospin samples, as described below.

1. Collect cells by centrifugation, wash with PBS, then collect on glass slides pre-
treated with aqueous 0.01% poly-L-lysine using a cytospin device. Routinely 1 ×
105 – 5 × 105 cells are collected on a single slide.

2. Fix cells by covering with a puddle of 1% formaldehyde in PBS for 15 min.
3. Rinse slides with PBS then transfer to a Coplin jar containing ice-cold 70% etha-

nol for 1 h. Slides may be stored overnight in 70% ethanol at 4°C.
4. Rinse slides with PBS and pipet 25–50 µL of TdT buffer onto the slides, enough

to cover the cells. Incubate the slides in a humidified chamber for 30 min at 37°C.
In order to conserve reagents a reduced volume of TdT buffer may be used and
carefully covered with a glass coverslip during the incubation. Take care to avoid
trapping air bubbles which may lead to staining artifacts.

Fig. 2. Confocal micrograph of TUNEL-stained Jurkat T lymphocytes. (A)
Untreated culture. (B) Fas ligand-treated culture undergoing apoptosis. Note the con-
densed TUNEL-positive chromatin within the nuclei of cells undergoing apoptosis
(see arrows).
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5. Rinse the slides with PBS then pipet 25–50 µL of TdT staining buffer onto the
slides. Incubate for 30 min at room temperature in the dark.

6. Rinse the slides with PBS, air dry, and attach coverslips using Vectashield
antifade mounting medium.

7. Examine cells by fluorescence or confocal microscopy.

3.1.3. Adherent Cells

Adherent cells may be cultured on glass chamber slides and processed for
TUNEL staining as described above for cytospin-processed cells.

3.2. Tissue Sections

3.2.1. Colorimetric Staining for Light Microscopic Examination

1. Fix tissue samples in 4% formaldehyde in PBS for 24 h and embed in paraffin.
Adhere 4–6 µm paraffin sections to glass slides pretreated with 0.01% aqueous
solution of poly-L-lysine.

2. Deparaffinize sections by heating the slides for 30 min at 60°C (or 10 min at
70°C) followed by two 5 min incubations in a xylene bath at room temperature in
Coplin jars. Rehydrate the tissue samples by transferring the slides through a
graded ethanol series: 2 × 3 min 96% ethanol, 1 × 3 min 90% ethanol, 1 × 3 min
80% ethanol, 1 × 3 min 70% ethanol, 1 × 3 min double-distilled water (DDW).

Fig. 3. FACS analysis of TUNEL-stained Jurkat T lymphocytes shown in Fig. 2.
Note the broad peak of TUNEL-positive fluorescent cells in the FasL-treated sample,
indicative of FasL-induced apoptosis.
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3. Carefully blot away excess water and pipet 20 µg/mL proteinase K solution to
cover sections. Incubate 15 min at room temperature.

4. Following proteinase K treatment, wash slides 3 × 5 min with DDW.
5. Inactivate endogenous peroxidases by covering sections with 2% hydrogen per-

oxide for 5 min at room temperature. Wash slides 3 × 5 min with DDW.
6. Carefully blot away excess water then cover sections with TdT equilibration

buffer for 10 min at room temperature.
7. Remove TdT equilibration buffer and cover sections with TdT reaction buffer.

Incubate slides in a humidified chamber for 30 min at 37°C. In order to conserve
reagents a reduced volume of TdT buffer may be carefully covered with a glass
coverslip during the incubation. Take care to avoid trapping air bubbles which
may lead to staining artifacts.

8. Stop reaction by incubating slides 2 × 10 min in 2×SSC.
9. Rinse slides in PBS then block nonspecific binding by covering tissue sections

with 2% BSA solution for 30–60 min at room temperature.
10. Wash slides 2 × 5 min in PBS then incubate in Vectastain ABC-peroxidase solu-

tion for 1 h at 37°C.
11. Wash slides 2 × 5 min in PBS then stain with DAB staining solution at room

temperature. Monitor color development until desired level of staining is achieved
(typically 10–60 min). Stop the reaction by incubating slides in DDW.

12. Lightly counter-stain tissue sections with hematoxylin stain.
13. Cover tissue sections with coverslips using Aqua-Poly/Mount mounting medium.
14. Observe sections under light microscopy. See examples shown in Fig. 4.

Fig. 4. Micrographs of TUNEL-stained mouse embryo tissue undergoing develop-
mental restructuring (E11–12). (A) Semicircular canal area. (B) Cochlear duct and
primordial cartilage. Apoptotic cells within the duct epithelium and adjacent primor-
dial cartilage exhibiting DNA damage are stained brown (see arrowheads). Sections
are counter-stained with hematoxylin (blue staining) to identify background TUNEL-
negative cells and associated morphology.
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3.2.2. Fluorescent Staining

1. Follow steps 1–9 outlined above for the colorimetric staining of tissue sections
(Subheading 3.2.1), omitting the hydrogen peroxide inactivation step.

2. Wash slides 2 × 5 min in PBS then cover tissue sections with TdT staining buffer.
Incubate slides at room temperature for 30 min in the dark.

3. Wash slides 2 × 5 min in PBS.
4. Lightly counter-stain sections with hematoxylin, Hoechst 33342 or other appro-

priate counterstain (see Note 6).
5. Wash slides with PBS, air dry, and attach coverslips using Vectashield antifade

mounting medium.
6. Examine tissue sections by fluorescence or confocal microscopy.

4. Notes

1. The protocols outlined here represent one method, together with several varia-
tions, that have been used successfully for TUNEL staining of a broad variety of
cultured cells and tissues. However, specific cell types and tissues may require
modification or optimization of the staining conditions to obtain successful
results. Two of the steps that often require optimization are formaldehyde fixa-
tion and PK treatment. A lack of observed TUNEL staining in the positive con-
trol sample may result from over-fixation (9). This result may be remedied by
using shorter fixation times and/or reducing the formaldehyde concentration.
Additionally, over-treatment with PK may cause a loss of TUNEL staining in the
positive control samples. Positive staining in the negative control sample may
also result from inadequate inactivation of endogenous peroxidase activity (colo-
rimetric detection), or non-specific binding of the FITC-conjugated avidin
reagent (fluorescent detection). In the case of colorimetric detection ensure that
the H2O2 reagent is fresh. Increasing the H2O2 concentration to 5% may also help to
reduce the endogenous peroxidase activity. In the case of fluorescent detection,
increasing the BSA concentration to 2–5% in the TdT staining buffer and/or re-
ducing the FITC-conjugated avidin concentration may reduce the background
fluorescence. It is important to optimize the staining conditions empirically with
the control samples prior to examining and interpreting data from valuable experi-
mental samples.

2. While this chapter provide the investigator with a step-by-step method for
TUNEL staining that requires a modest amount of reagents, it should be noted
that several TUNEL staining kits are now commercially available (R&D Sys-
tems, Inc., Minneapolis, MN; Roche Diagnostics Corp., Indianapolis, IN). Com-
mercial kits may be appropriate under certain circumstances, such as for use by
the casual or infrequent user or for use in a controlled clinical setting.

3. It is advisable to include control samples with each staining experiment to facili-
tate interpretation of the staining results. As a positive control, treat cells and
tissues with DNAse I (1 µg/mL in 30 mM Tris-HCl (pH 7.2), 140 mM potassium
cacodylate, 4 mM MgCl2, 0.1 mM DTT) for 10 min at room temperature. Follow-
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ing DNase I treatment, wash samples 3 × 2 min in DDW then proceed with
TUNEL staining. As a negative control, omit the TdT enzyme from the TdT reac-
tion buffer.

4. Immunohistochemical staining for cell surface or intracellular antigens may be
performed simultaneously with TUNEL staining using colorimetric, fluorescent,
or a combination of colorimetric and fluorescent detection systems. Careful selec-
tion of the detecting reagents will enable simultaneous two color staining of cells
and tissue sections that can be observed microscopically, and in the case of sus-
pension cell cultures also by FACS analysis. The reader is encouraged to consult
the primary literature to obtain further information on specific systems of interest.

5. Formaldehyde-fixed cell culture samples have been successfully stored in 70%
ethanol at –20°C for several weeks prior to TUNEL staining. The suitability of
prolonged storage should be determined empirically for the individual culture
system employed.

6. Hoechst 33342 binds to DNA and serves as a nuclear stain. Combining Hoechst
33342 staining with TUNEL staining allows one to compare TUNEL-positive
nuclei with surrounding normal nuclei and observe changes in nuclear size and
morphology. Hoechst 33342 also serves as a counterstain, allowing for the visu-
alization of anatomical structures in both TUNEL-positive and TUNEL-negative
cells in cultured cells and tissues (9).
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Electron Microscopic Detection
of DNA Damage Labeled by TUNEL

Antonio Migheli

1. Introduction
1.1. DNA Damage, Apoptosis, and Necrosis

A number of exogenous and endogenous toxic agents may damage DNA,
leading to genomic instability and transcriptional infidelity. Genetic or acquired
defects in DNA repair mechanisms also contribute to exacerbate DNA dam-
age. Progressive accumulation of DNA injury may alter the genetic control of
cell proliferation and cause cancer. Alternatively, increased cell death may be
a more likely consequence if DNA damage affects postmitotic cells, e.g., neu-
rons (1). As a matter of fact, DNA damage is suspected to play a major role in
the neuronal death that characterizes brain ischemia (2) and various neurode-
generative diseases (1,3).

At least two types of cell death are the consequence of extensive and irreversible
DNA damage, i.e., apoptosis and necrosis. Apoptosis is recognized as a major
mechanism of programmed cell death (PCD) (4). Morphologic criteria for
apoptosis include cell shrinkage, blebbing of the cell surface, chromatin condensa-
tion and margination, nuclear pyknosis and late fragmentation into apoptotic bod-
ies, with remarkable preservation of the integrity of cell membranes and organelles.
All of these changes are due to cleavage of various cytoplasmic and nuclear sub-
strates by caspases, a family of cysteine proteases that exist as latent zymogens and
activate themselves in a cascade fashion, following apoptotic stimuli (5). A major
biochemical change of apoptosis is the fragmentation of DNA into oligo-
nucleosomal fragments multiples of 180–200 base pairs, that are visualized by
agarose gel electrophoresis as a “ladder.” Several DNases appear to induce
apoptotic DNA fragmentation, including a caspase-activated DNase (CAD) (6).
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DNA damage also occurs in necrosis. At variance with apoptosis, necrosis
is not a programmed event, is characterized morphologically by early swell-
ing, disintegration of membranes and organelles and absence of chromatin con-
densation (7), and is due to activation of calpains rather than caspases (8).
Although early reports indicated that necrotic DNA fragmentation occurs in a
“random” fashion, further studies showed that oligonucleosomal fragmenta-
tion may be also a feature of necrosis. Indeed, the DNA damage that occurs in
necrosis is not easily distinguishable from that of apoptosis, as 3'-OH and
5'-OH ends of DNA strand breaks are generated in both cases, although with a
different ratio (9). Furthermore, double strand breaks with single-base 3' over-
hangs appear to be specific for apoptosis but not for necrosis (10).

1.2. DNA Damage Detection In Situ: Potentials and Pitfalls

The development of techniques for in situ end-labeling (ISEL) of fragmented
DNA has allowed the recognition of DNA damage in single cells both in vitro
and in vivo. ISEL techniques reveal the presence of DNA breaks through the
exogenous application of labeled nucleotides and incorporating enzymes such
as DNA polymerase and terminal deoxynucleotidyl transferase (TdT). In the
TUNEL assay (11), that employs TdT, only 3'-OH ends are labeled; on the
contrary, both 3'-OH and 5'-OH ends are labeled with the DNA polymerase in
situ nick translation (ISNT) assay (12,13). Comparative in vitro (14) and in
vivo (15) studies have shown that TUNEL has a greater labeling capacity than
ISNT, possibly because of differences in enzyme kinetics, TdT being faster
than DNA polymerase.

While the various ISEL assays had been originally developed to detect
apoptotic DNA breaks and help recognizing apoptotic cells in tissues, subse-
quent studies showed that both ISNT and TUNEL may detect necrosis-related
DNA fragmentation as well (16,17). The ISNT assay might be more specific
for necrosis and the TUNEL assay for apoptosis (18,19); however, the fact that
the two death processes often occur simultaneously contributes to the diffi-
culty in assessing the nature of labeled cells (9).

In addition to apoptotic and necrotic DNA fragmentation, ISEL techniques
may reveal DNA breaks that are not necessarily related to actual death of the
labeled cell. Examples of such labeling include DNA damage due to reactive
oxygen species, radiation, metals and toxins (20–24). This finding has allowed
to demonstrate the occurrence of DNA damage even in disease conditions that
had not been previously linked to genotoxicity, such as Alzheimer’s disease
(3). In such events, labeled cells do not typically display a clear-cut apoptotic
or necrotic morphology. On the other hand, it is often difficult to establish
whether the labeling refers or not to a death phenotype by examining the labeled
cell at the light microscopic level only.
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Finally, there are a number of artifactual situations in which DNA breaks
may occur and be revealed by ISEL, in the absence of a specific pathologic
event. These include postmortem autolysis (15), delay in fixation (15,25),
improper fixation (25–27), and excessive section pretreatment with proteinase
K or microwave heating, both of which are often necessary steps to allow the
access of the incorporating enzymes to the DNA breaks. In all of these cases,
ISEL will produce a significant degree of nuclear (and sometimes cytoplas-
mic) non-specific labeling.

1.3. Why an Ultrastructural Assay for DNA Damage Detection?

It should be clear from the preceding paragraph that establishing the signifi-
cance of DNA damage as revealed by ISEL may not be a trivial task, especially
if the analysis is done at the light microscopic level, where the morphologic
detail of labeled cells has often a poor resolution. These difficulties may be
overcome if the ISEL assay is performed at the electron microscopic (EM)
level. An EM-ISEL assay offers several advantages:

1. As a genotoxicity assay, it allows the visualization of DNA damage induced e.g.,
by free radicals or by radiation, metals, toxins etc.

2. As a cell death assay, by showing at the same time the nuclear labeling of DNA
breaks and the overall ultrastructural morphology of the cell, it allows to definitely
establish whether the labeling affects an apoptotic or a necrotic cell. Furthermore,
it helps identifying other types of non-apoptotic PCD, such as cytoplasmic and
autophagic PCD (28), in which DNA fragmentation is absent (29).

Several papers on the use of EM-ISEL assays have now appeared. Examples
of application of this technique include: apoptotic and nonapoptotic cell death
in neurodegenerative diseases (29,30); activation of DNA repair mechanisms
in dilated cardiomyopathy (31); metal-induced genotoxicity (22). The EM-ISEL
assay described in the present chapter (30) is both simple and advantageous, in
that it has been developed on tissues routinely processed for electron micros-
copy. For this reason, retrospective studies on archival material can be easily
performed.

2. Materials
2.1. Tissues

Tissue blocks are prepared according to routine electron microscopy proce-
dures, i.e. fixation in 2.5% glutaraldehyde for 1–3 h, postfixation in 1–2%
osmium for 1–2 h and embedding in an epoxy resin (see Notes 1–3). After
selecting the area of interest on toluidine blue-stained semithin sections, thin
sections are cut with an ultramicrotome, collected on Formvar-coated nickel
grids and stored until use.
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Fig. 1. Weaver mouse cerebellum. (A) A granule cell undergoing an advanced stage
of apoptotic cell death shows detachment from the surrounding neuropil, integrity of
the plasma membrane and condensation of both nucleus and cytoplasm. Diffuse gold
labeling can be seen over the two large nuclear fragments. Original magnification
7,000×. (B) Intense gold labeling in an apoptotic nucleus. Original magnification
20,000×. (C) Three apoptotic bodies within a phagocyte show discrete labeling of
their nuclear component. Note complete lack of labeling of the other organelles.
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2.2. Reagents

All solutions are prepared using double distilled water (DDW).

1. Terminal deoxynucleotidyl transferase (TdT) is available from Boehringer
(Mannheim, Germany) as 50 U/µL solution and is stored at –20°C.

2. Digoxigenin-11-dUTP is available from Boehringer as 1 nM/µL solution and is
stored at –20°C (see Note 4).

3. Anti-digoxigenin goat immunoglobulins coupled with 10 nm colloidal gold are
available from BioCell (Cardiff, UK) and are stored at 4°C (see Note 4).

4. TdT buffer: 25 mM Tris-HCl, 200 mM potassium cacodylate, 2.5 mM cobalt chlo-
ride, pH 6.6. This buffer is prepared using two 2× stock solutions: (A) 50 mM Tris-
HCl, 0.4 M potassium cacodylate, pH 6.6; (B) 5 mM cobalt chloride in DDW.
After autoclaving, the two stock solutions can be stored at room temperature.
Prepare the TdT buffer by mixing equal volumes of A and B just before use.

5. 2× saline sodium citrate (SSC) solution: 300 mM sodium chloride, 30 mM sodium
citrate, pH 7.0. Prepare a 20× stock solution: 3 M sodium chloride, 0.3 M sodium
citrate, pH 7.0. After autoclaving, the stock solution can be kept at room tem-
perature. Make a 2× solution with DDW just before use.

6. Tris buffered saline (TBS). Prepare a 10× stock solution: 6.055 g Tris base, 40.91 g
NaCl in 500 mL DDW, pH 7.4. After autoclaving, the stock solution can be kept
at room temperature. Make a 1× solution with DDW just before use.

7. TBS-BSA buffer. Dissolve 100 mg bovine serum albumin, fraction V, in 10 mL
TBS, pH 8.2. Store at 4°C.

8. 2% uranyl acetate in DDW. Prepare fresh before use and keep in the dark.

2.3. Other Requirements

1. Anti-static tweezers are needed to handle nickel grids.
2. Incubation chamber: to create a humid chamber, a convenient way is to use a

glass Petri dish. On the bottom, place a wet round filter paper and apply a square
sheet of Parafilm™ over the filter. Prepare two such chambers.

3. Oven: set at 37°C and used for the TdT reaction.

3. Methods
1. Collect silver-gold thin sections on Formvar coated nickel grids and store until use.
2. Place each grid over a 30 µL drop of TdT buffer inside the first humid chamber.
3. While grids are floating, prepare the labeling solution in an Eppendorf tube (keep

all tubes on ice, as TdT can be easily degraded) as follows: 1 U of TdT, 1 nM
digoxigenin-dUTP in 100 µL of TdT buffer.

4. Divide the labeling solution into 20 µL drops in the first humid chamber and
place the chamber in the oven set at 37°C for 10 min.

Fig. 1. (continued) Original magnification 20,000×. (D) A small apoptotic body
shows strong gold labeling. A normal nucleus (upper left) is completely unlabeled.
Original magnification 24,000×.
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5. Quickly transfer grids from the drops of TdT buffer to the drops of labeling solu-
tion and keep the chamber inside the oven at 37°C for 10 min (see Notes 5–6).

6. While grids are being incubated in the oven, prepare two series of 50 µL drops of
2× SSC and one series of 50 µL drops of TBS in a second humid chamber, and
keep it at room temperature.

7. At the end of the incubation in the labeling solution, remove the grids from the
first chamber and rinse them on the 50 µL drops of 2× SSC in the second chamber
(two changes, 5 min each).

8. Place each grid on the 50 µL drop of TBS for 5 min.
9. While grids are being rinsed in TBS, prepare a 1/30 solution of colloidal gold-

coupled anti-digoxigenin goat immunoglobulins in TBS-BSA, pH 8.2, and divide
it into 50 µL drops in the second humid chamber.

10. Incubate grids in the anti-digoxigenin antiserum overnight at 4°C.
11. The following day, rinse extensively the grids in several drops of TBS and DDW.
12. Stain grids with 2% uranyl acetate for 20 min.

4. Notes
1. Best results are obtained with tissues that have been routinely processed for elec-

tron microscopy. We have found that fixation in glutaraldehyde-osmium gives
more reproducible results compared to glutaraldehyde alone, or when paraform-
aldehyde is used instead of glutaraldehyde. Tissues can be fixed both by immer-
sion and by perfusion (e.g., laboratory animals). Sections of biopsy material
retrieved from paraffin blocks and re-embedded in epoxy resin have been also
found to be suitable (unpublished observations).

2. Two types of epoxy resins have been studied, i.e.,  Epon 812 and Araldite, with-
out any appreciable difference.

3. As an alternative to epoxy resins, acrylic resins such as LR White and LR Gold
can be used (30). However, the morphologic detail is greatly decreased.

4. Recently, fluorescein-12-dUTP labeled nucleotides (Boehringer) and 10 nm gold-
conjugated anti-fluorescein immunoglobulins (BioCell) have been used instead
of digoxigenin-11-dUTP and anti-digoxigenin antibodies, with an equivalent
intensity of reaction (unpublished observations).

5. No etching of the resin is needed prior to staining. In fact, etching with oxidizing
agents (10% H2O2 or 10% NaIO4) resulted in weak to absent staining, suggesting
that the 3'-OH ends of DNA breaks are altered by the oxidizing agents and are no
longer recognized by TdT (30).

6. The concentration of TdT and the length of the incubation step in the labeling
solution indicated in the protocol are those that have given the best results in
most cases. Higher TdT concentrations, or longer incubation times, generally
result in a progressive increase in the background staining of nuclei of normal
cells. The reason for the latter finding is unclear. DNA nicks might be produced
by the cutting procedure itself and be revealed under favorable staining condi-
tions. Alternatively, the labeling might refer to sites of active gene transcription,
that are located in the condensed chromatin and have been demonstrated using a
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TdT-based approach (32). The latter finding, however, usually require DNase I
pretreatment of sections. However, since differences in the labeling intensity may
occur with different tissues, it is strongly suggested that a series of grids be ini-
tially prepared, varying both TdT concentration and the incubation time in the
labeling mix.
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Quantitative Differentiation of Both
Free 3' OH and 5' OH DNA Ends Using
Terminal Transferase-Based Labeling
Combined with Transmission Electron Microscopy

Yoshinori Otsuki and Yuko Ito

1. Introduction
The initial concept of apoptosis was proposed by Kerr et al. (1972) (1) and

was based on characteristic morphological criteria. Transmission electron
microscopy (TEM) allows visualization of fine details of cellular morphology
and is one of the most reliable methods for detecting of apoptotic cells. How-
ever, TEM has a number of limitations as an apoptosis detection method. First,
apoptotic cells detected by TEM are those at the terminal stage of apoptosis.
Therefore, TEM cannot identify apoptotic cells entering early stages of
apoptotic process. For this purpose, investigators prefer to use fluorescent
probes such as a combination of Hoechst 33342 and propidium iodide (2). Sec-
ond, chromatin condensation detected by TEM does not necessarily indicate
extensive DNA fragmentation. In the thymus, thymocytes with chromatin con-
densation do not always exhibit extensive nuclear DNA fragmentation (3,4).
Recently, Sahara et al. reported the discovery of a caspase-3-activated protein
that is required for apoptotic chromatin condensation without DNA fragmenta-
tion (5). Therefore, chromatin condensation and DNA fragmentation are inde-
pendent events of apoptosis. Both agarose gel electrophoresis using extracted
DNA and in situ end labeling of DNA strand breaks (ISEL) technique using
light microscopy (ISEL/LM) have been widely used for the detecting of DNA
fragmentation. To overcome the above-mentioned limitations of TEM, we
applied the ISEL technique to TEM (ISEL/TEM technique) (Fig. 1). The pro-
cedure of the ISEL/TEM technique is fundamentally the same as that of the



42 Otsuki and Ito

Fig. 1. Principle of ISEL/TEM (A) and ALP/ ISEL/TEM (B) (Explanation in the text).
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ISEL/LM technique, except for the incorporation of immunogold particles, as
a substitution for the immunoperoxidase in the ISEL/LM technique (6,7,8).
Briefly, dideoxynucleotides labeled with digoxigenin are bound to the 3' OH
DNA ends by reacting with the TdT enzyme in ultrathin sections on a nickel
grid. After incubation with an anti-digoxigenin antibody conjugated with 10-nm
colloidal gold, the sections are then stained with uranyl acetate and lead citrate
and are examined by TEM. The ISEL/TEM technique using immunogold stain-
ing has some advantages in terms of detection of apoptotic cells and semi-
quantification of free 3' OH DNA ends. First, the ISEL/TEM technique enables
determination of apoptotic cells entering early stages of apoptosis. It is well
known that the increase in the number of sites of newly formed free 3' OH
DNA ends precedes morphological changes associated with apoptosis (6,9).
The ISEL/TEM study clearly shows apoptotic cells in the early stage of
apoptosis: the moderately increased number of immunogold particles on the
initial chromatin condensation but otherwise normal ultrastructural appearance,
and in the late stage, the typical chromatin condensation with a numerous
immunogold particles in the nuclei (6,8). Second, the ISEL/TEM technique
provides information on the mode of DNA cleavage for both apoptosis and
necrosis. More than 10 endonucleases have been identified and classified into
the following two DNA cleavage types: the 3' OH/5' P type and the 3' P/5' OH
type (8,10). There are only few studies on the mode of DNA cleavage, particu-
larly the 3' P/5' OH type, for both apoptosis and necrosis (8,11,12), although
several studies have reported that apoptotic cells possess abundant DNA ter-
mini of the 3' OH/5' P type (13,14,15). In order to detect the free 5' OH DNA
ends using a nonradioactive method, the 3' P ends located on the opposite side
which hold the 5' OH ends that were generated by cleavage, were dephospho-
rylated into 3' OH ends using alkaline phosphatase (ALP). In this chapter, we
describe two techniques for detecting both 3' OH and 5' OH ends in a nucleus
(see Subheadings 3.3.1, 3.3.2). As described in Subheading 3.3.1, the exact
number of 5' OH ends in a nucleus was determined by calculating the differ-
ence between the number of immunogold particles labeled by ISEL/TEM using
ALP (ALP/ISEL/TEM) and that by ISEL/TEM, because the ALP/ISEL/TEM
technique recognizes both inherent 3' OH ends and 3' OH ends newly formed
by dephosphorylation. As shown in 3.3.2. (Fig. 1), we can simultaneously detect
3' OH ends labeled with 5-nm immunogold particles and 3' P ends labeled with
10-nm immunogold particles in a nucleus, although the number of labeled
immunogold particles may decrease due to double staining using different sizes
of immunogold particles. Third, the ISEL/TEM technique provides objective
data due to the image analysis of quantitative changes for both the 3' OH and 5'
OH DNA ends in each apoptotic or necrotic cell, when images are processed
by employing NIH Image and Adobe Photoshop programs (6,8) (Figs. 2, 3).
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Fig. 2. Electron micrographs of an apoptotic NP3 cell stained by the ISEL/TEM
technique and the image of the nucleus on a computer. (A) The nuclei (arrow and
arrowheads) are characterized by the presence of condensed chromatin with many
immunogold particles. Bar = 1 µm. (B) The images of the nucleus (arrow in A) is
reserved using a software (Adobe Photoshop™) on a computer. (C) Both the number
of immunogold particles and area of the nucleus are automatically measured by the
NIH Image program. The labeling density of free 3' OH ends (the number of
immunogold particles/nuclear area) was 196.8/µm2.
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Fig. 3. Nuclear images of an apoptotic NP3 cell stained by both the ISEL/TEM and
ALP/ISEL/TEM techniques. The labeling density of 3' OH ends labeled with 5 nm
immunogold particles is 70.6/µm 2 (A) and that of 5' OH ends labeled with 10 nm
immunogold particles is 28.0/µm 2 (B). When you properly use “min particle” and
“max particle size” of the NIH image program, 10 nm immunogold particles indicat-
ing 5' OH ends (arrows) are not numbered in A, in contrast to no number for 5 nm
immunogold particles indicating 3' OH ends (arrowheads) in B.
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2. Materials
2.1. Fixation, Embedding, and Staining

1. Fixative:
a. Pre-fixative: 2% (w/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde in

0.1 M phosphate buffer (PB) (pH 7.4). Prepare the following reagents: [Solu-
tion A] Dissolve the 8 g paraformaldehyde in 90 mL distilled water (dH2O) at
60°C, add 40 µL of 1 N NaOH and make up to 100 mL with dH2O (see Note 1).
[Solution B] 0.2 M PB, pH 7.4 (see Subheading 2.1 item 2). Mix 25 mL of
Solution A with 10 mL of 25% glutaraldehyde and 50 mL of Solution B, and
adjust volume to 100 mL with dH2O.

b. Post-fixative: 1% (w/v) osmium tetroxide in 0.1 M PB (pH 7.4).
Dissolve the 1 g osmium tetroxide in a glass capsule in 50 mL of dH2O (see Note 2).

2. Buffer: 0.2 M phosphate buffer (PB), pH 7.4. Dissolve 5.93 g NaH2PO4·2H2O
and 58 g Na2HPO4·12H2O in dH2O, store at room temperature (RT), and make up
to 1 L with dH2O. Prepare 0.1 M PB then simply dilute 0.2 M PB with dH2O.

3. A series of graded ethanol solution: 30%, 50%, 70%, 80%, 90%, 99.5% (v/v in
dH2O), absolute 100% ethanol.

4. C3H6O: Propylene oxide
5. Embedding resin: Epoxy resin (total volume: 20.4 mL). Mix 9.4 mL of Epon 812

with 5.65 mL of methyl nadic anhydride (MNA), 4.95 mL of dodecenyl succinic
anhydride (DDSA) and 0.4 mL of 2,4,6-dimethylaminomethyl phenol (DMP-30)
(see Note 3).

6. Staining solution for electron microscopy: 2% (w/v) uranyl acetate in 70% (v/v
in dH2O) ethanol. Lead citrate staining solution: Mix 1 g Pb (NO3)2 with 1 g Pb
(CH3COO)2·3H2O, 1 g Pb3(C6H5O7)2·3H2O and 2 g Na3C6H5O7·2H2O in 82 mL
dH2O, and dissolve with adding 18 mL 1 N NaOH.

2.2. 3' OH Labeling using Terminal Deoxynucleotidyl Transferase
(TdT) for ISEL/TEM

1. Saturated NaIO4: Dissolve 1 g NaIO4 in 8 mL dH2O and store at RT.
2. Apop Tag® In Situ Apoptosis Detection Kit: Available from Serologicals Corp.

(formerly Intergen) Gaithersburg, MD (see Note 4).
3. Tris-bovine serum albumin (BSA) buffer: 0.02 M Tris-HCl, pH 7.4 containing

0.1% BSA and store at 4°C.
4. 10% normal sheep serum in Tris-BSA buffer.
5. 5 and 10 nm colloidal gold conjugated sheep IgG anti-digoxigenin antibody:

Available from British BioCell Int. (Golden Gate, UK). Dilute to 1:50 with Tris-
BSA buffer.

2.3. Dephosphorylation of 3' P Ends for ALP/ISEL/TEM

1. Calf Intestinal Alkaline phosphatase (CIAP) and 10 x CIAP buffer: Available
from Gibco-BRL (Gaithersberg, MD) and stored at –20°C. Dilute 5 µL of CIAP
with 195 µL of 1 × CIAP buffer.
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2. CIAP/Stop solution: 5 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0),
0.5% sodium dodecyl sulfate (SDS) and 100 µg/mL proteinase K in dH2O.

3. Methods
3.1. Preparation of TEM Samples

1. Fix specimens with the pre-fixative at 4°C for 2 h (see Note 5).
2. Rinse and immerse in 0.1 M PB at 4°C overnight.
3. Fix with post-fixative at RT for 2 h (see Note 5).
4. Rinse with 0.1 M PB for 5 min, 3×.
5. Dehydrate in a series of graded ethanol solutions for each 15 min.
6. Clear with propylene oxide for 15 min, 2×.
7. Immerse in 50% epoxy resin (v/v in propylene oxide) for 2 h.
8. Immerse in epoxy resin for 2 h.
9. Embed in epoxy resin at 60°C for 72 h.

10. Make ultra-thin sections by ultramicrotome (see Note 6) and mount on nickel grids.

3.2. ISEL/TEM Technique for 3' OH Ends

Several buffers for the ISEL/TEM technique described in the Note 4 are
taken from studies dealing with TdT-mediated dUTP-biotin nick end labeling
(15,16). We recommend a commercially available non-radioactive apoptosis
detection kit (see Subheading 2.2 item 2). In the reaction the droplets of the
medium are placed on Parafilm M® so that ultra-thin sections float on the sur-
face of the droplets and then are moved to the new droplets for incubation and
rinse. Do not allow sections to dry during the staining process.

1. Etch the ultra-thin sections with saturated NaIO4 for 2–3 min at RT (see Note 7).
2. Rinse with dH2O for 5 min, 3×.
3. Incubate with the equilibration buffer (Apop Tag®) for 10–15 sec.
4. Incubate with the mixture of the reaction buffer and TdT enzyme (Apop Tag®)

for 60 min at 37°C (see Note 8).
5. Incubate with the stop/wash buffer (Apop Tag®) for 30 min at 37°C (see Note 8).
6. Rinse with Tris-BSA buffer 5 min, 3× (see Note 9).
7. Incubate with normal sheep serum for 15 min.
8. Incubate with the anti-digoxigenin antibody conjugated to 10 nm colloidal gold

for 60 min.
9. Rinse with Tris-BSA buffer for 5 min.

10. Rinse with dH2O for 5 min, 3× (see Note 10).
11. Stain with uranyl acetate for 5 min and then stain with lead citrate for 2 min.

Fig. 4 (A, B) shows the localization of free 3' OH ends in the nucleus of
an apoptotic cell visualized by the ISEL/TEM technique with immunogold
particles.
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Fig. 4. Photographs of the ISEL/TEM technique. (A) An apoptotic mouse B lym-
phoma cell (NP3 cell) after treatment of heating at 43°C is characterized by frag-
mented nuclei with condensed chromatin (arrows) . (B) Higher magnification of the
boxed area of A. 3' OH ends are labeled with 10 nm immunogold particles (arrows).
Bar = 1 µm.
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3.3. ALP/ISEL/TEM for Both 3' OH and 3' P (5' OH) Ends

3.3.1. Staining for 3' OH and 3' P (5' OH) Ends Using 10 nm
Immunogold Particles

In this method, free 3' OH ends are at first stained on the right side of the
grid with ultra-thin sections as described in 3.2, and then 3' P (5' OH) ends are
detected on the opposite side of the grid (see Note 11). In an individual nucleus,
the true number of 3' P (5' OH) ends is shown as the number that is subtracted
from the number of immunogold particles labeled by the ISEL/TEM from that
labeled by the ALP/ISEL/TEM.

1. Etch the ultra-thin sections with saturated NaIO4 for 2 to 3 min at RT (see Note 7).
2. Rinse with dH2O for 5 min, 3×.
3. Incubate with the equilibration buffer (Apop Tag®) for 10–15 sec.
4. Incubate with the mixture of the reaction buffer and TdT enzyme (Apop Tag®)

for 60 min at 37°C (see Note 8).
5. Incubate with the stop/wash buffer (Apop Tag®) for 30 min at 37°C (see Note 8).
6. Rinse with Tris-BSA buffer 5 min, 3× (see Note 9).
7. Incubate with normal sheep serum for 15 min.
8. Incubate with the anti-digoxigenin antibody conjugated to 10 nm colloidal gold

for 60 min.
9. Rinse with Tris-BSA buffer for 5 min.

10. Rinse with dH2O for 5 min, 3× (see Note 10).
11. Stain with uranyl acetate for 5 min and then stain with lead citrate for 2 min.
12. Take TEM photos.
13. Count the number of the immunogold particles (see Note 3,4).
14. Etch the ultra-thin sections on the opposite surface with saturated NaIO4 for 2–3

min at RT.
15. Rinse with dH2O for 5 min, 3×.
16. Incubate with CIAP solution for 60 min at 37°C.
17. Incubate with CIAP/stop solution for 30 min at 56°C.
18. Rinse with dH2O for 5 min, 3×.
19. Incubate with the equilibration buffer (ApopTag® kit) for 10–15 sec.
20. Incubate with the mixture of the reaction buffer and TdT enzyme (ApopTag® kit)

for 60 min at 37°C.
21. Incubate with the Stop/wash buffer (ApopTag® kit) for 30 min at 37°C.
22. Rinse with Tris-BSA buffer for 5 min, 3×.
23. Incubate with normal sheep serum for 15 min.
24. Incubate with the anti-digoxigenin antibody conjugated to 10 nm immunogold

particles for 60 min.
25. Rinse with Tris-BSA buffer for 5 min.
26. Rinse with dH2O for 5 min, 3×.
27. Stain with uranyl acetate for 5 min, then with lead citrate for 2 min.
28. Take TEM photos.
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29. Count the number of the immunogold particles (see Note 3,4).
30. The labeling density is determined by subtracting the number (obtained in 13)

from the number (obtained in 29).

3.3.2. Double Immunogold Staining for 3' OH and 3' P (5' OH) Ends

This method enables us to observe both 3' OH and 5' OH ends on the same
surface of grids with ultra-thin sections: 3' OH ends labeled with 5 nm
immunogold particles and 3' P (5' OH) ends labeled with 10 nm immunogold
particles.

1. Etch the ultra-thin sections with saturated NaIO4 for 2–3 min at RT (see Note 7).
2. Rinse with dH2O for 5 min, 3×.
3. Incubate with the equilibration buffer (Apop Tag®) for 10 to 15 sec.
4. Incubate with the mixture of the reaction buffer and TdT enzyme (Apop Tag®)

for 60 min at 37°C (see Note 8).
5. Incubate with the stop/wash buffer (Apop Tag®) for 30 min at 37°C (see Note 8).
6. Rinse with Tris-BSA buffer 5 min, 3× (see Note 9).
7. Incubate with normal sheep serum for 15 min.
8. Incubate with the anti-digoxigenin antibody conjugated to 5 nm colloidal gold

for 60 min (see Note 12).
9. Rinse with Tris-BSA buffer for 5 min.

10. Rinse with dH2O for 5 min, 3× (see Note 10).
11. Incubate with CIAP solution for 60 min at 37°C.
12. Incubate with CIAP/stop solution for 30 min at 56°C.
13. Rinse with dH2O for 5 min, 3×.
14. Incubate with the equilibration buffer (ApopTag® kit) for 10–15 sec.
15. Incubate with the mixture of the reaction buffer and TdT enzyme (ApopTag® kit)

for 60 min at 37°C.
16. Incubate with the Stop/wash buffer (ApopTag® kit) for 30 min at 37°C.
17. Rinse with Tris-BSA buffer for 5 min, 3×.
18. Incubate with normal sheep serum for 15 min.
19. Incubate with the anti-digoxigenin antibody conjugated to 10 nm immunogold

particles for 60 min.
20. Rinse with Tris-BSA buffer for 5 min.
21. Rinse with dH2O for 5 min, 3×.
22. Stain with uranyl acetate for 5 min and then stain with lead citrate for 2 min.
23. Take TEM photos.
24. Count the number of the immunogold particles (see Note 3,4).

Fig. 5 shows double immunogold staining for 3' OH and 3' P (5' OH) ends.

3.4. Image Analysis Using NIH Image Program

1. Observe the ultra-thin sections by TEM and take photographs of the labeled cell
at high magnification (Figs. 2B, 4B, 5B) (see Note 12).
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Fig. 5. Electron micrographs of the double immunogold staining for the detection
of both 3' OH and 5' OH ends. (A) A necrotic NP3 cell after treatment of heating at
47°C. Bar = 1 µm. (B) Higher magnification of the boxed area of A. 3' OH ends and 3'
P (5' OH) ends are labeled by 5-nm immunogold particles (arrows) and 10-nm
immunogold particles (arrowheads), respectively. Bar = 0.25 µm.
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2. Import the images of the cell captured by a scanner from electron micrographs,
on a computer.

3. Reserve only the images of the nucleus using a drawing software (Fig. 2B).
4. Automatically, measure the nuclear area (µm2) and count the number of the

immunogold particles using the NIH Image program (see Note 13) (Fig. 2C and
Fig. 3).

5. Calculate the labeling density (the number of immunogold particles/µm2).

4. Notes
1. Cover the flask with aluminum film to avoid the vapor from paraformaldehyde in

a fume hood.
2. Dissolve OsO4 at 1~2 days before the use, because it is hard to dissolve OsO4 in

H2O within a short time.
3. Cover a beaker with Parafilm M® to prevent absorption of water and store in a

refrigerator until the nearly future use. Since epoxy resin is a potent carcinogen,
it should be handled with gloves.

4. This kit supplies equilibration buffer, reaction buffer, TdT enzyme, stop/wash buffer
and anti-digoxigenin antibody conjugated to peroxidase. Instead of anti-digoxigenin
antibody conjugated to peroxidase, we use anti-digoxigenin antibody conjugated to
immunogold particles in this chapter. This kit is convenient, but you can use 30 mM
Tris-HCl buffer (pH 7.2) containing 140 mM (CH3)2AsO2 Na·3H2O and 1 mM CoCl2
(TDT buffer) instead of the equilibration buffer, TdT (0.3 e.u./µL) and digoxigenin—
dUTP in TDT buffer instead of the reaction buffer and TdT enzyme, and 300 mM
NaCl, 30 mM Na3C6H5O7·2H2O instead of the stop/wash buffer (15,16).

5. Cut the specimen into small pieces (5 × 5 × 5 mm in maximal size). This fixation
time (2 h) is for tissue samples. The fixation time should be shortened when
culture cells are used in your study.

6. Make thicker ultra-thin sections (80 nm in thickness) than those (60–70 nm in
thickness) used in the conventional TEM, because DNA amounts contained in
60–70 nm-thick sections may be scanty.

7. If you detect only a few immunogold particles on the labeled sections, change the
time for etching (usually, only 2 min is optimal for etching time).

8. Put a small-sized petri dish into a moisture chamber, and place the chamber in the
incubator. When only a few immunogold particles are observed on the labeled
sections, try to increase the amounts of TdT enzyme or the incubation time.

9. We use locking forceps to surely grip the grids, when washing in the beaker.
Anti-capillary forceps should be used when the grid is transported to the droplet
of the different medium. A wire loop is used for the transport between the drop-
lets of the same medium. After the incubation with the medium, carefully blot the
excessive medium from both the tip of the forceps and the face of the grid, using
small pieces of filter paper.

10. Rinsing is an important step because incomplete rinse cause the contamination.
11. Check the grid under a light microscope and confirm the glossy right side of

grids, because ultra-thin sections were constantly placed on the right side of grids.
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12. We usually take photographs with the high magnification, ×20,000 which is ade-
quate to observe 5 and 10 nm immunogold particles.

13. Erase contaminants with high electron-density from the images and decrease the
density of the whole nucleus by the drawing software (Adobe Photoshop™,
Adobe Systems Inc., CA.). The NIH Image program (written by Wayne Rasband
at the U.S. National Institutes of Health and available from the Internet by anony-
mous ftp from http://rsb.info.nih.gov/nih-image/download.html) recognizes and
counts the immunogold particles based on the difference of the contrast between
immunogolds and other substances. Choose “min particle size” and “max par-
ticle size” of the NIH Image program for the detection of 5 and 10 nm
immunogold particles, respectively (see Fig. 3).
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Determination of Three-Dimensional Distribution of
Apoptotic DNA Damage by Combination of TUNEL
and Quick-Freezing and Deep-Etching Techniques

Shinichi Ohno, Takeshi Baba, Nobuo Terada, and Yasuhisa Fujii

1. Introduction
1.1. Apoptosis and Prostatic Epithelial Cells

Apoptosis is a widespread phenomenon, which plays an important role in
many physiological events as well as pathological processes (1). It was origi-
nally defined by its unique ultrastructural features, which were detected by
electron microscopy (2,3). They are cytoplasmic shrinkage, nuclear chromatin
condensation along nuclear margin, cell fragmentation into apoptotic bodies,
and phagocytosis by adjacent epithelial cells or macrophages. It is also known
that normal epithelial cell proliferation and death in mammalian prostatic
glands depend upon an appropriate level of circulating androgen in blood (4,5).
Therefore, the prostatic epithelial cells routinely undergo apoptosis by andro-
gen withdrawal following castration in experimental male animals (6,7,8).

1.2. Endonuclease Activation with Apoptosis

In apoptosis, nuclear changes such as chromatin condensation and pyknosis,
followed by budding into apoptotic bodies (2,3), are linked to activation of a
calcium-dependent endonuclease which cleaves DNA into oligonucleosomal frag-
ments (7,9,10). In some cells, a rise in cytoplasmic ionized calcium occurs in an
early phase (9). Even in the absence of the DNA ladder hallmark, some degrees of
high molecular weight DNA fragmentation first occur during the apoptosis, lead-
ing to further oligonucleosomal degradation. The leaked DNA molecules appear to
be not small molecular fragments but condensed heterochromatin clumps, which
have been seen leaking out apparently without rupture of the nuclear envelope (2).
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Although the nuclear breakdown is widely considered to be a hallmark of
apoptosis (2,3,10), its mechanism remains poorly understood. A little is known
about the correlation between the DNA cleavage and appearance of the
described ultrastructural chromatin modifications. Biochemically, the large-
scale DNA is digested into low molecular weight DNA fragments. Such a
cleavage of DNA by endonucleases is known to represent a biochemical hall-
mark of apoptosis and can be demonstrated in agarose gel DNA electrophore-
sis as a “ladder” (10).

1.3. Normal DNA Structure

A normal eukaryotic cell forms a complex higher order nuclear structure, in
which there is coiling of double-stranded nucleic acid polymers (11,12,13). In
addition, the organization of such a higher order DNA structure around histone
proteins arranges a basic architecture of intranuclear chromatin (12,13). In the
interphase nucleus, each chromosome is anchored to protein scaffolds com-
posed of a peripheral nuclear lamina and an intranuclear network. During the
cell cycle, both S and G2 stages are assumed to be the most sensitive to
apoptosis. Some deoxyribonucleases (DNases) in eukaryotic cells play impor-
tant roles in nucleic acid metabolism, such as DNA repair, recombination and
degradation. By the use of DNases, actively transcribing genes are identified,
but inactive chromatin is relatively protected from the digestion by its tight
structure and presence of associated proteins. Therefore, euchromatin domains
in nuclei are generally DNase-sensitive sites, while other heterochromatin domains
are DNase-insensitive.

1.4. Apoptosis Detection Techniques

Some methods have been described to identify apoptotic cells in animal
tissues, which are light or electron microscopy, flow cytometry, TUNEL (ter-
minal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling)
technique and agarose gel DNA electrophoresis (14,15,16,17). Morphologi-
cal features especially at the electron microscopic level were accepted as a
most reliable criterion to identify apoptosis (2,3,14). In addition to the elec-
tron microscopy, the TUNEL technique, which labels free 3'-OH ends
(14,15,17), was developed and widely used for detection of apoptotic cells.
The TUNEL technique is positive not only for apoptotic cells, but also for
necrotic cells (18). In the agarose gel DNA electrophoresis, when a sample
contains small amounts of apoptotic cells, there is no demonstration of a DNA
ladder (16). Therefore, the electron microscopy still remains an essential and
helpful technique in the study of apoptosis to characterize the form of cell
death (2,3,14).
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1.5. TUNEL Technique

The TUNEL technique has been used to identify apoptosis of cells (5,14,15,
17,18), but some apparently non-apoptotic cells are found to be TUNEL-
positive (18). Such DNA fragmentation has been formed in some cells under-
going necrosis. There had been very little data correlating TUNEL findings
with electron microscopic evaluation of nuclear chromatins. For the past sev-
eral years, the TUNEL technique has been adapted for electron microscopy,
called the EM-TUNEL method (16,18,19,20,21). The principle of the TUNEL
technique is that the DNA of apoptotic cells becomes fragmented into regular
nucleosome-sized units (15). It is based on the specific binding of terminal
deoxynucleotidyl transferase (TdT) to 3'-OH ends of DNA, ensuring a synthe-
sis of a polydeoxynucleotide polymer. Therefore, the overhanging 3'-OH ends
of the nucleosome-sized units in apoptosis can be identified by the immunohis-
tochemical detection of enzymatically incorporated digoxigenin-labeled triph-
osphates as dUTP.

The TUNEL technique relies on the presence of DNA strand fragments in
apoptotic cells caused by activation of endonucleases during the process of cell
death (7). However, it is not specific for apoptosis and its findings must be
interpreted with caution and correlated with morphological criteria of apopto-
sis. Some changes in DNA-histone interactions also represented a major modu-
lating factor of chromatin condensation (22). Such chromatin changes in
apoptosis may be characterized by a three-dimensional array of nucleosomes
different from that prevailing in the interphase nucleus (23). Therefore, our
attention has been turned to application of the QF-DE method (see next three
sections), which can define three-dimensional ultrastructures of natural chro-
matin organization (12). We have used the TUNEL technique in combination
with the QF-DE method at the electron microscopic level (8), in order to clarify
if apoptotic nuclei are indeed associated with evidence of small DNA strand
fragments in vivo.

1.6. Methodological Problems of Conventional Preparations
for Electron Microscopy

The conventional procedure to prepare biological samples for electron
microscopic study includes the following steps; chemical fixation of cells and
tissues, their dehydration and embedding in epoxy resin, ultrathin sectioning
and electron staining with heavy metals, including uranium and lead. The first
step is commonly carried out by serial double fixations with glutaraldehyde
and osmium tetroxide. These chemical fixatives are believed to preserve cellu-
lar ultrastructures in situ. It is generally accepted that the fixation mechanism
of glutaraldehyde is a cross-linking of the extracellular and intracellular proteins
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via its bifunctional aldehyde residues and that osmium tetroxide binds with
intracellular components, such as proteins and membrane lipids.

However, there are some disadvantages to using these chemical fixatives to
preserve the in vivo ultrastructures in cells and tissues. First, components such
as ions and metals cannot be immobilized by the chemical cross-linking mecha-
nism and are easily extracted during the subsequent buffer washing and dehy-
dration steps. Second, fast cellular events cannot be captured by the chemical
fixations, because the methods require at least several seconds to fix the cells
and tissues. Finally, their ultrastructures are unavoidably altered, and soluble
proteins that are not associated with cytoskeletons and membranous organelles
are translocated.

Moreover the fixed biological specimens are subjected to the subsequent
dehydration and embedding steps. In the dehydration step, ethanol is generally
used to substitute for any water in the specimens. However, considerable
amounts of lipids and other ethanol-soluble components are easily extracted at
this step. The dehydrated specimens are then embedded in viscous epoxy resin,
which is polymerized by heating up to 60°C. The highly aqueous biological
cells and tissues are thus embedded in the matrix of the resin network via these
harsh manipulations.

Next, the specimens are cut into sections 0.05–0.1 µm thick with an ultrami-
crotome and mounted on copper grids. Thus, only a two-dimensional single
plane is usually obtained from the three-dimensional cells and tissues and
observed under an electron microscope. The ultrathin section staining with lead
and uranium is necessary to enhance the contrast of ultrastructural images. In
these steps we cannot avoid the artifacts produced by coating the ultrathin sec-
tions with heavy metals or the heat damage that occurs during the final electron
microscopic observation under a high vacuum condition.

Although conventional electron microscopy with ultrathin sections has the
disadvantages described in the preceding paragraphs, such ultrastructural stud-
ies have provided much important morphological information about nuclei that
has greatly contributed to the progress in a biological field. Meanwhile, some
researchers have been trying to improve the sample preparation methods and
have been looking for other techniques to preserve the three-dimensional ultra-
structures of cells and tissues in vivo.

1.7. Quick-Freezing (QF) Method

A promising approach to studying less artificial biological morphology is
the QF method, in which cells and tissues are usually brought into contact with
copper or silver metal cooled in liquid helium or nitrogen to be quickly frozen.
The QF method has a high time resolution for dynamic ultrastructures, which
is sufficient to capture ultrastructural changes of water-rich cells and tissues. It
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has been also accepted that the QF method is the best way to preserve
antigenecity and chemical compositions of biological specimens. Therefore,
ultrastructural artifacts produced by the conventional chemical fixation and
dehydration steps can be avoided by the QF method, whose goal is to preserve
cellular ultrastructures and components in their natural states. Since the mid
1980s, the QF method has become a popular tool for the ultrastructural
study of biological specimens, followed by deep-etching or freeze-substi-
tution method.

1.8. Deep-Etching (DE) Method

To obtain three-dimensional images of cells and tissues, the previously frozen
biological specimens are generally freeze-fractured, deeply etched under vacuum
conditions to evaporate tiny ice crystal and shadowed with platinum and carbon.
The replica membranes are prepared and observed in electron microscopes (see
Subheading 3.1.). Although the three-dimensional structure of cells and tissues
is not well defined in conventional ultrathin sections (see Subheading 1.6.), the
DE method is highly versatile for visualizing three-dimensional intracellular
ultrastructures and extracellular matrices. Therefore, the three-dimensional ultra-
structure of nuclei can be clarified by the QF-DE method.

1.9. Quick-Freezing and Deep-Etching (QF-DE) Method

The QF-DE method, which is one of the useful techniques in electron micro-
scopy as described above, has an advantage of directly examining three-
dimensional ultrastructures of cells and tissues at high resolution (24,25). We
have already analyzed three-dimensional ultrastructures of apoptotic nuclear
chromatin in rat prostatic epithelial cells after the castation (8). By the QF-DE
method, the destruction of chromatin fibers, nucleosomal filaments and DNA
strands was morphologically detected in the apoptotic nuclei (Fig. 1A). Such
destruction of intranuclear chromatin networks randomly appeared and was
spotty throughout the apoptotic nucleus at an early stage (Fig. 1B). At a late
stage, the definite chromatin destruction occurred in a center of the apoptotic
nucleus, and broken chromatin networks were condensed along the nuclear
margin (Fig. 1C). These findings obtained by the QF-DE method probably
corresponded to alteration of the intranuclear chromatin (8), as observed on
conventional ultrathin sections (Fig. 1D) (19,21).

2. Materials
2.1. Animal Treatment

According to a general survey on the occurrence of TUNEL-positive cells in
prostatic tissues, the following animal samples are used for the apoptosis study (8).
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Fig. 1. (A–C) Replica electron micrographs of apoptotic nuclei. N; nuclei. Scale
bars = 0.5 µm. (A) Filamentous networks in a nucleus (N) are broken (large arrows)
and aggregated (small arrows) along its nuclear membrane (arrowheads) at late
apoptotic stages. Inset; higher magnification. (B) and (C) Replica electron micrographs
of apoptotic nuclei treated by the TUNEL technique. (B) The DAB reaction products
are scattered in an early apoptotic nucleus (arrows). (C) They are aggregated (arrows)
along the nuclear membrane (arrowhead) at late apoptotic stages. (D) Conventional
electron micrograph of an early apoptotic nucleus. The chromatin destruction is hardly
detected at this stage. N; Nucleus. Arrowheads; nuclear membrane. Scale bar = 0.5 µm.
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1. Male Wistar rats at ages of 11–15 weeks are housed in an air-conditioned room.
2. The castration of some rats is performed under intraperitoneal anesthesia with

sodium pentobarbital (50 µg/kg body weight).
3. They are sacrificed 1, 2, 3, 4, and 5 d after the castration, as described in the

following paragraphs. In the control group, non-castrated normal rats are sacri-
ficed in the same way.

4. Under anesthesia with the sodium pentobarbital, the castrated or normal rats are
perfused with 2% paraformaldehyde (PF) in 0.1 M phosphate buffer (PB), pH 7.4,
via the left cardiac ventricle.

5. Their ventral prostatic lobes are excised and weighed to check the atrophy of
prostates. In this series of experiment, the number of TUNEL-positive nuclei
rapidly increases on d 2 and gradually decreases on d 5, as reported before (8).
The percentage of TUNEL-positive nuclei was about 11% at a peak time, as
obtained from morphometric data (8).

2.2. Chemicals and Enzymes

1. DAB (3, 3'-diaminobenzidine tetrahydrochloride) solution: carcinogen and must
be freshly prepared.
a. Dissolve 25 mg DAB in ~75 mL of 0.05 M Tris-HCl buffer, pH 7.6.
b. Readjust pH to 7.6 with 0.05 M Tris-aminomethane.
c. Make up to 100 mL with 0.05 M Tris-HCl buffer, pH 7.6.

2. DAB-H2O2: make 5% H2O2 solution from concentrated (30%) H2O2 solution and
add 0.1 mL of the 5% H2O2 solution to 100 mL of DAB solution.

3. 0.05 M Tris-HCl buffer:
a. Prepare 100 mL of 0.1 N HCl and 500 mL of 0.2 M Tris-aminomethane.
b. Mix 25 mL of 0.2 M Tris-aminomethane and 40 mL of 0.1 N HCl.
c. Make up to 100 mL with distilled water.

4. Proteinase K (EM Science, Gibbstown, NJ): 1~5 µg/mL in PBS. Store at –20°C.
5. DNase (Deoxyribonuclease) I (Worthington Biochemical Corporation, Lake-

wood, NJ): 1 µg/mL in digestion buffer (see Subheading 3.3.2.).
6. Digestion buffer: 0.02 M Tris-HCl, pH 7.5, 5 mM MgCl2, 1 mM CaCl2 (see Sub-

heading 3.3.2.).
7. Paraformaldehyde and glutaraldehyde fixatives: both are toxic, which may be

absorbed by contact through skin or by respiration.
8. 10% methanol: pure methanol is flammable and poisonous. Poisoning may occur

from ingestion, inhalation or percutaneous absoption.
9. 0.5% Formvar (Ladd Research, Williston, VT) in chloroform: must be used in a

fume hood, its vapor is toxic.
10. 2% collodion in amylacetate (n-pentyl acetate) (Diatome US, Fort Washington,

PA): must be used in a fume hood, its vapor is toxic.
11. 0.1 M phosphate buffer (PB) solution, pH 7.4: dissolve 11.86 g of NaH2PO4·2H2O

and 115.99 g of Na2HPO4·12H2O in 4 L of distilled water.
12. PBS: PB containing 0.15 M sodium chloride (NaCl).
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13. 1% saponin in PB: foams strongly when shaken with PB and acts as a powerful
hemolytic after oral ingestion.

14. In Situ Apoptosis Detection Kit [ApopTag® Peroxidase; Serologicals Corp. (for-
merly Intergen) Gaithersburg, MD] (see Subheading 3.2.)

3. Methods
3.1. Quick-Freezing and Deep-Etching (QF-DE) Method

In our previous report (8), the QF-DE method clarified three types of fibrous
structures in normal nuclei of rat prostatic epithelial cells (Fig. 2A). They were
20–30 nm thick fibers, 5–10 nm filaments and also 2–5 nm fine filaments,
forming network structures. At higher magnification, the chromatin fibers
showed substructures, consisting of nucleosomal filaments (Fig. 2A, left upper
inset). In the replica membrane preparations, total thickness of platinum metal
coating is controlled as a thin layer (1~2 nm), therefore the above-mentioned
fibrous structures in the nuclear matrix are probably not much different from
their native states in vivo. By the QF-DE method (8), it is easier to recognize
such substructures of the in situ chromatin fibers than the conventional ultra-
thin section technique (Fig. 2A, right lower inset).

1. Cut the PF-perfused prostatic tissues into small pieces with razor blades and wash
in PB for 10 min (Fig. 3A–B).

2. Treat them with 1% saponin in PB for 60 min to remove cytoplasmic soluble
proteins from prostatic epithelial cells and wash in PB for 30 min (Fig. 3B).

3. Treat additionally them with 5 µg/mL proteinase K in PBS for 30 min and wash
in PB for 30 min.

4. Postfix the treated specimens with 0.25% GL in PB for 30 min and wash in PB
for 10 min.

5. Immerse them in distilled water for removal of salts and further rinse with 10%
methanol to prevent ice crystal formation during the following quick-freezing step.

6. Mount them on a specimen copper holder (Fig. 3C) and quickly freeze in a
JFD-RFA quick-freezing apparatus (JEOL, Tokyo, Japan) after removal of
excess fluid with filter paper, using a pure copper metal block cooled in liquid
nitrogen (–196°C) (Fig. 3D).

7. Freeze-fracture tissue surface areas of the frozen specimens with a scalpel in
liquid nitrogen to expose cracked nuclear matrices (Fig. 3E).

8. Transfer them onto a stage precooled at –160°C in an Eiko FD-3AS freeze-
fracture apparatus equipped with a turbo molecular pump (Eiko Engineering Co.,
Mito, Japan) and deeply etch at a temperature of –95°C under vacuum conditions
of 2–6 × 10–7 Torr for 15–20 min (Fig. 3F).

9. Shadow the specimens on a rotary stage with platinum metal at an angle of
28° without rotation for several seconds and then rotary-shadow up to a total
thickness of 2 nm (Fig. 3F). Shadow them additionally with carbon at an
angle of 90°.
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Fig. 2. Replica electron micrographs of normal nuclei (A) and DNase-treated nuclei
(B and C). N; nucleus. M; nuclear membrane. Scale bars=0.5 µm. (A) Three types of
fibrous structures are seen in the normal nucleus, including 20–30 nm fibers (arrow-
heads), 5–10 nm filaments (large arrows), and 2–5 nm fine filaments (small arrow).
Left upper inset; higher magnification. Right lower inset; ultrathin section image. (B)
and (C) The 2–5 nm fine filaments are rarely seen in nuclei after the DNase I treatment
(arrows). (C) Higher magnification.
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Fig. 3. (A) and (B) Prostatic specimen preparation. s; specimen. (C) Put on a cop-
per holder (w). (D) Quick-freezing step. LN; liquid nitrogen. Cu; cooled copper block.
(E) Freeze-fracturing step in liquid nitrogen. t; transfer carrier (F) Deep-etching and
rotary-shadowing with platinum (Pt) and carbon (Cb). (G) and (H) Replica membrane
(r) preparation. s; specimen. (I) Put on Formvar-filmed grid.

10. Coat the replica membranes with the specimens, upon being taken out of the
apparatus, with drops of 2% collodion diluted in amylacetate to prevent their
breaking into pieces during the following digestion procedure (Fig. 3G) (see Note 1).

11. Check the collodion dryness by a stereomicroscope, while the frozen tissue is
thawing. Put the whole sample into the household bleach, when the collodion is
judged to be almost dried up (see Note 2).

12. Dissolve the wet prostatic tissues with the replica membranes and dried collo-
dion film in solution of commercialized household bleach, for 15–30 min to dis-
solve away the tissue components (Fig. 3H).
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13. Pick up the replica membrane with the collodion kept in the household bleach
and transferred into distilled water using a tiny piece of filter paper held with a
pair of titanium tweezers, because the household bleach is corrosive.

14. Wash thoroughly the replica membrane in distilled water to remove the house-
hold bleach from it, at least 3×, 5 min each.

15. Wash the large replica membranes (2 mm × 3 mm) with the collodion film in
distilled water and cut into small pieces with scissors. Pick them up on Formvar-
filmed copper grids (see Note 3).

16. Dip the replica membranes with the dried collodion on the copper grid in
amylacetate solution for a few seconds and immediately dried up again at room
temperature. In such a treatment, the replica membranes are firmly attached to
the Formvar membrane.

17. Immerse them in amylacetate solution to dissolve out the dried collodion for
30 min (Fig. 3I).

18. Observe them in an electron microscope at an accelerating voltage of 75 kV.
Print electron micrographs from the inverted negative films, so that areas of plati-
num deposition look bright, in contrast with dark backgrounds. Take some elec-
tron micrographs in stereo at ±5° tilting angles.

3.2. TUNEL Technique for QF-DE Method

In Situ Apoptosis Detection Kit, ApopTag® Peroxidase [Serologicals Corp.
(formerly Intergen) Gaithersburg, MD] is commercially available (8,18), it is
based on the method developed by Gavrieli et al. (15) with minor modifica-
tions.

1. Cut the PF-perfused prostatic tissues into small pieces with razor blades, and
additionally fix with 2% PF in PB for 1 h.

2. Treat them with 1% saponin in PB for 60 min and 1 µg/mL proteinase K in PBS
at room temperature for 10 min, followed by washing in PB for 30 min.

3. Quench such treated tissues with 0.1% sodium azide in PBS for 15 min to block
endogenous peroxidase.

4. Immerse them in equilibration buffer solution after washing in PBS for 15 min,
and react with terminal deoxynucleotidyl transferase (TdT) enzyme containing
TdT and digoxigenin-labeled deoxyuridine triphosphate at 37°C for 60 min. As a
negative control, omit the TdT treatment from the labeling mixture.

5. React them with anti-digoxigenin-peroxidase conjugate for 30 min at room tem-
perature after their immersion in working strength stop/wash buffer at 37°C for
30 min and wash in PBS for 20 min.

6. Visualize them with DAB-H2O2 solution for 2 min.
7. Process them for the QF-DE method (see Subheading 3.1.5.).

3.3. DNase I Treatment for QF-DE Method

We use DNase I treatment to detect DNA strand structures. When normal
nuclei are treated with DNase I, their intranuclear networks are changed into
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some fragments resembling apoptotic ones (Fig. 2B). The number of 2–5 nm
fine filaments decreased after the DNase I treatment (Fig. 2C). The DNase I
might be different from their active DNase during apoptosis (26), but it was
assumed to act like an original DNase.

1. Process some normal PF-fixed prostatic tissues through the routine 1% saponin
and 5 µg/mL proteinase K treatments, as described before (see Subheading 3.1.2.).

2. Treat them with 1 µg/mL deoxyribonuclease I (DNase I) in the digestion buffer
for 20 min at room temperature, and then wash in PBS.

3. Process them for the QF-DE method as described before after the postfixation
with 0.25% GL in PB for 15 min (see Subheading 3.1.5.).

4. Notes
1. The liquid collodion must be quickly applied onto a replica membrane with the

frozen prostatic tissue to avoid frost attachment at low temperature (probably
the sample temperature is very low, –100 to –150°C, when it is taken out from
the freeze-fracture apparatus).

2. Please don’t dry up the tissue specimen. Because, if you dry up not only the
collodion but also the specimen, the replica membrane can be easily collapsed
and fragmented later during the collodion dissolution in amylacetate. So, it is
important to put the wet tissue specimen with the dried collodion into the house-
hold bleach.

3. When the replica membrane with the collodion is picked up from distilled water
onto a Formvar-filmed copper grid and dried again at room temperature, it is not
yet firmly attached to the Formvar membrane. In this step, the replica membrane
side, not the collodion side, must be facing the Formvar membrane.
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In Situ Detection of DNA Strand Breaks
in Analysis of Apoptosis by Flow- and
Laser-Scanning Cytometry

Zbigniew Darzynkiewicz, Elzbieta Bedner, and Piotr Smolewski

1. Introduction
The presence of a multitude of DNA strand breaks resulting from fragmen-

tation of nuclear DNA by the caspase-activated DNase is one of the most char-
acteristic features of apoptotic cells (1,2). A widely used methodology to detect
apoptotic cells, thus, relies on labeling DNA strand breaks in situ, within the
nuclear chromatin, either with fluorochromes (3–5) or absorption dyes (6–8).
The overview of the techniques (TUNEL techniques), which were developed
independently by Gavrieli et al., (6) and by us (3–5) is presented in Chapter 3.
One advantage of strand break labeling with fluorochromes is that such cells
can rapidly be analyzed by flow cytometry. When cellular DNA content also is
measured in these cells, the bivariate analysis of such data provides informa-
tion about DNA ploidy or the cell cycle phase specificity of apoptosis (3,9).

The method presented in this Chapter can be applied to cells measured by
flow cytometry, and its modification, also included here, to cells attached on
microscope slides The latter can be analyzed by a new type of the instrument,
the Laser Scanning Cytometer (LSC). LSC is the microscope-based cytofluori-
meter which allows one to measure rapidly, with high sensitivity and accuracy,
fluorescence of individual cells (10,11). The instrument combines advantages
of both flow and image cytometry. Cells staining on slides eliminates their loss
that otherwise occurs during repeated centrifugations in sample preparation for
flow cytometry. Another advantage of LSC stems from the possibility of local-
ization of cells on slide for their visual inspection or morphometry after the
initial measurement of large cell population and electronic selection (gating)
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of cells of interest. Visual examination is of particular importance because the
characteristic changes in cell morphology (12) are still considered the gold
standard for positive identification of apoptotic cells. Furthermore, the mea-
sured cells can be bleached and re-stained with another set of dyes (13). The
cell attributes measured after re-staining can be correlated with the attributes
measured before, on a cell by cell basis (13,14).

Fixation and permeabilization of the cells are the initial essential steps to success-
fully label DNA strand breaks. Cells are briefly fixed with a crosslinking fixative
such as formaldehyde, and then permeabilized by suspending them in ethanol or
using detergents in the subsequent rinses. By crosslinking low MW DNA fragments
to other cell constituents, formaldehyde prevents extraction of the fragmented DNA,
which otherwise occurs during repeated centrifugations and rinses required by this
procedure (3–5). The 3'OH-termini of the DNA breaks serve as primers and become
labeled in this procedure with BrdU when incubated with BrdUTP in a reaction
catalyzed by exogenous terminal deoxynucleotidyl transferase (TdT) (15,16). The
incorporated BrdU is immunocytochemically detected by BrdU antibody conju-
gated to FITC (15). The latter is a reagent widely used in studies of cell prolifera-
tion to detect BrdU incorporated during DNA replication (17). The overall cost of
reagents is significantly lower and sensitivity of DNA strand breaks detection is
higher when BrdUTP is used as a marker, compared to the alternative labeling with
biotin- (or digoxygenin-) or directly fluorochrome-tagged deoxynucleotides (15).
However, the alternate procedures, utilizing digoxygenin, biotin or directly labeled
deoxynucleotides, also are described in the Chapter.

2. Materials

2.1. Reagents and Glassware

1. Phosphate-buffered saline (PBS), pH 7.4.
2. 1% Formaldehyde (methanol-free, “ultrapure,” Polysciences, Warrington, PA),

in PBS, pH 7.4.
3. 70% Ethanol.
4. TdT (Boehringer Mannheim, Indianapolis, IN). TdT 5× reaction buffer: 1 M po-

tassium (or sodium) cacodylate, 125 mM HCl, pH 6.6 (this 5× reaction buffer
may be purchased from Boehringer Mannheim), 1.25 mg/mL bovine serum albu-
min (BSA, Sigma, St. Louis, MO).

5. 5-Bromo-2'-deoxyuridine-5'-triphosphate (BrdUTP) stock solution (50 µL): 2 mM
BrdUTP (Sigma) in 50 mM Tris-HCl, pH 7.5.

6. 10 mM CoCl2 (Boehringer Mannheim).
7. Rinsing buffer: 0.1% Triton X-100 (Sigma) and 5 mg/mL BSA dissolved in PBS.
8. FITC-conjugated anti-BrdU monoclonal antibody (mAb): Dissolve 0.3 µg of FITC-

conjugated anti-BrdU mAb (Becton Dickinson, Immunocytometry Systems, San
Jose CA) in 100 µL of PBS containing 0.3% Triton X-100 and 1% (w/v) BSA.
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9. Propidium iodide (PI) staining buffer: 5 µg/mL PI (Molecular Probes, Eugene,
OR) , 100 µg/mL of RNase A (DNase-free) (Sigma) in PBS.

10. Microscope slides (to be used in conjunction with LSC).
11. Coplin jars (to be used in conjunction with LSC).
12. Parafilm “M” (American National Can, Greenwich, CT) (to be used in conjunc-

tion with LSC).
13. Glycerol (to be used in conjunction with LSC).

2.2. Commercial Kits

Several kits for labeling DNA strand breaks are commercially available.
Three kits have been tested by us. The APO-BRDU kit (Phoenix Flow Sys-
tems, San Diego, CA) uses a BrdUTP methodology similar to that described
in this chapter. As mentioned, this methodology offers the most sensitive
means of DNA strand break detection (15). The APO-DIRECT kit (also
from Phoenix) offers a single-step labeling of DNA strand breaks with the
fluorochrome-tagged deoxynucleotide. Its virtue is simplicity, but it is less
sensitive than the APO-BRDU. The positive and negative control cells are
supplied with each of these Phoenix kits. Widely used is the two-step kit
utilizing digoxygenin-dUTP (ApopTag) provided by Serologicals Corp. (for-
merly Intergen) Gaithersburg, MD. A plethora of other kits for DNA strand
break labeling is available from different vendors

2.3. Instrumentation

Flow cytometers of different types, offered by several manufacturers, can
be used to measure cell fluorescence following staining according to the proce-
dures described below. The manufacturers of the most common flow cytometers
are Coulter Corporation (Miami, FL), Becton Dickinson Immunocytometry
Systems (San Jose, CA), Cytomation (Fort Collins, CO) and PARTEC (Zurich,
Switzerland). The multiparameter Laser Scanning Cytometer (LSC) is avail-
able from CompuCyte, Inc., (Cambridge, MA). Cytospin centrifuge, which is
used in conjunction with LSC, is provided by Shandon (Pittsburgh, PA).

The software to deconvolute the DNA content frequency histograms, to ana-
lyze the cell cycle distributions, is available from Phoenix Flow Systems (San
Diego, CA) and Verity Software House (Topham, MA).

3. Methods
3.1. DNA Strand Break Labeling with BrdUTP for Analysis
by Flow Cytometry

1. Suspend 1–2 × 106 cells in 0.5 mL PBS. With a Pasteur pipette transfer this sus-
pension into a 5 mL polypropylene tube (see Note 2) containing 4.5 mL of ice
cold 1% formaldehyde (see Note 3). Keep the tube for 15 min on ice.
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2. Centrifuge at 300g for 5 min and resuspend cell pellet in 5 mL of PBS. Centri-
fuge again and resuspend cell pellet in 0.5 mL of PBS. With a Pasteur pipette
transfer the suspension to a tube containing 4.5 mL of ice-cold 70% ethanol. The
cells can be stored in ethanol, at –20°C for several weeks.

3. Centrifuge at 200g for 3 min, remove ethanol, resuspend cells in 5 mL of PBS
and centrifuge at 300g for 5 min.

4. Resuspend the pellet in 50 µL of a solution containing:
• 10 µL TdT 5× reaction buffer.
• 2.0 µL of BrdUTP stock solution.
• 0.5 µL (12.5 units) TdT.
• 5 µL CoCl2 solution.
• 33.5 µL distilled H2O.

5. Incubate the cells in this solution for 40 min at 37°C (see Notes 4 and 5).
6. Add 1.5 mL of the rinsing buffer, and centrifuge at 300g for 5 min).
7. Resuspend cell pellet in 100 µL of FITC-conjugated anti-BrdUrd mAb solution.
8. Incubate at room temperature for 1h.
9. Add 1 mL of PI staining solution.

10. Incubate for 30 min at room temperature, or 20 min at 37°C, in the dark.
11. Analyze cells by flow cytometry.

• illuminate with blue light (488 nm laser line or BG12 excitation filter)
• measure green fluorescence of FITC-anti BrdUrd mAb at 530 ±20 nm.
• measure red fluorescence of PI at >600 nm.

Fig. 1 shows apoptotic cells detected by the method described in the proto-
col. Although the cell fluorescence in this Figure was measured by LSC, nearly
identical scatterplots are obtained after measurements by flow cytometry.

3.2. DNA Strand Break Labeling with Other Markers for Analysis
by Flow Cytometry

As mentioned in Subheading 1 DNA strand breaks can be labeled with
deoxynucleotides tagged with variety of other fluorochromes. For example, the
Molecular Probes, Inc., catalog lists several types of dUTP conjugates, including
BODIPY dyes (e.g., BODIPY-FL-dUTP), fluorescein, Cascade Blue, Texas Red
or dinitrophenyl. Several cyanine dyes conjugates (e.g., CY-3-dCTP) are avail-
able from Biological Detection Systems (Pittsburgh, PA). Indirect labeling, via
biotinylated or digoxygenin conjugated deoxynucleotides offers a multiplicity of
commercially available fluorochromes (fluorochrome-conjugated avidin or
streptavidin, as well as digoxygenin antibodies) with different excitation and
emission characteristics. DNA strand breaks, thus, can be labeled with a dye of
any desired fluorescence color and excitation wavelength.

The procedure described in Subheading 3.1 can be adopted to utilize any of
these fluorochromes. In the case of the direct labeling (18), the fluorochrome-
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conjugated deoxynucleotide is included in the reaction solution (0.25–0.5
nmoles per 50 µL) instead of BrdUTP, as described in step 4 of Subheading
3.1. Following the incubation step (step 5), omit steps 6–8, and stain cells
directly with PI (step 9). In the case of the indirect labeling, instead of BrdUTP,
digoxygenin- or biotin-conjugated deoxynucleotides are included into the reac-
tion buffer (0.25–0.5 nmoles per 50 µL) at step 4. The cells are then incubated
either with the fluorochrome conjugated anti-digoxigenin MAb (0.2–0.5 µg
per 100 µL of PBS containing 0.1% Triton X-100 and 1% BSA), or with fluo-
rochrome conjugated avidin or streptavidin (0.2–0.5 µg per 100 µL, as above)
at step 7 and then processed through steps 8–10 as described in the protocol.
Analysis by flow cytometry is carried out with excitation and emission wave-
lengths appropriate to the used fluorochrome.

3.3. DNA Strand Break Labeling for Analysis by LSC

1. Transfer 300 µL of cell suspension (in tissue culture medium, with serum) con-
taining approximately 20,000 cells into a cytospin chamber. Cytocentrifuge at
1,000 rpm for 6 min to deposit the cells on a microscope slide.

Fig. 1. Detection of apoptotic cells after labeling DNA strand breaks with BrdUTP.
U-937 cells were untreated (A) or treated with tumor necrosis factor-α in the presence
of cycloheximide (B, refs. 22,23). The cells were then subjected to DNA strand break
labeling and DNA staining as described in the protocol. Cell fluorescence was mea-
sured by LSC. The bivariate distributions (scatterplots) allow one to identify apoptotic
cells as the cells with labeled DNA strand breaks (strong green fluorescence inten-
sity), and also reveal the cell cycle position of cells in either apoptotic or nonapoptotic
population. The cells that showed DNA strand break labeling were relocated, their
morphology examined by microscopy and photomicrographs of three such cells are
presented. The cells show nuclear fragmentation and chromatin condensation, the typi-
cal features of apoptosis (12).
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2. Without allowing the cytospins to completely dry, prefix the cells by transferring
the slides for 15 min to a Coplin jar containing 1% formaldehyde in PBS, cooled
to ice temperature.

3. Rinse the slides in PBS and transfer to 70% ethanol; fix in ethanol for at least 1 h;
the cells can be stored in ethanol for weeks at –20°C.

4. Follow steps 4–8 of Subheading 3.1 as described for flow cytometry. Carefully
layer small volumes (approximately 100 µL) of the respective buffers, rinses or
staining solutions on the cytospin area of the horizontally placed slides. At appro-
priate times remove these solutions with Pasteur pipet (or vacuum suction pipet).
To prevent drying, place a 2 × 4 cm strip of Parafilm on the slide over the cytospin,
atop the drop of the solutions used for cell incubations (see Note 8).

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

6. Measure cell fluorescence on LSC.
• excite fluorescence with 488 nm laser line.
• measure green fluorescence of FITC-anti BrdUrd MAb at 530 ±20 nm.
• measure red fluorescence of PI at >600 nm.

The typical results are shown in Fig. 1.

3.3. Controls

The procedure of DNA strand break labeling is rather complex and involves
many reagents. Negative results, therefore, may not necessarily mean the
absence of DNA strand breaks but may be due to methodological problems,
such as loss of TdT activity, degradation of BrdUTP, etc. It is necessary, there-
fore, to include a positive and negative controls. An excellent control is to use
HL-60 cells treated (during their exponential growth) for 3–4 h with 0.2 µM of
the DNA topoisomerase I inhibitor camptothecin (CPT). Because CPT under
these conditions induces apoptosis selectively during S phase, cells in G1 and
G2/M may serve as negative control populations, while the S phase cells in the
same sample, represent the positive control.

Another negative control consist cells processed identically as described in
Subheading 3.1 except that TdT is excluded from step 4.

4. Notes

1. This method is useful for clinical material, such as obtained from in leukemias,
lymphomas and solid tumors (19,20), and can be combined with surface
immunophenotyping. The cells are first immunophenotyped, then fixed with 1%
formaldehyde (which stabilizes the antibody bound on the cell surface) and sub-
sequently subjected to the DNA strand break detection assay using different color
fluorochromes (see Subheading 3.1) than those used for immunophenotyping.
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2. If the sample initially contains small number of cells, cell loss during repeated
centrifugations is a problem. To minimize cell loss, polypropylene, or siliconized
glass tubes are recommended. Since transferring cells from one tube to another
results in irreversible electrostatic attachment of a large fraction of cells to the
surface of each new tube all steps of the procedure (including fixation) should be
done in the same tube. Addition of 1% BSA into rinsing solutions also decreases
cell loss. When the sample contains very few cells, the carrier cells, which later
can be recognized based on differences in DNA content (e.g., chick erythrocytes)
may be included. Cell analysis by LSC, of course, has no such problem.

3. Cell cell pre-fixation with a crosslinking agent such as formaldehyde is required
to prevent extraction of the fragmented DNA from apoptotic cells (3,4). This
ensures that despite the repeated cell washings during the procedure, the DNA
content of apoptotic cells (and with it the number of DNA strand breaks) is not
markedly diminished.

4. Alternatively, incubate at room temperature overnight.
5. Control cells may be incubated in the same solution, but without TdT.
6. It is generally easy to identify apoptotic cells, due to their intense labeling with

FITC conjugated anti-BrdU mAb. The high fluorescence intensity often requires
use of the exponential scale (logarithmic amplifiers of the flow cytometer or LSC)
for data acquisition and display (Fig. 1). As it is evident in this Figure, because
cellular DNA content of both apoptotic and nonapoptotic cell populations is mea-
sured, the cell cycle distribution and/or DNA ploidy of these both populations
can be estimated.

7. While the presence of extensive DNA breakage, detected following strand break
labeling, by the strong fluorescence, is a very characteristic feature of apoptosis,
a weak fluorescence may not necessarily mean the lack of apoptosis. In some cell
systems DNA fragmentation stops at 300–50 kb size DNA fragments and does
not progress into internucleosomal sections (21).

8. It is essential that the incubations are carried out in moist atmosphere to prevent
drying at any step of the procedure. Even minor drying produces severe artifacts.
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DNA Damage Detection Using
DNA Polymerase I or its Klenow Fragment

Applicability, Specificity, Limitations

Jan Hein van Dierendonck

1. Introduction
Mainly as a result of the booming interest in apoptosis and of the discovery

of the occurrence of massive DNA breaks as a major feature of this type of cell
death, during the past few years polymerase-based assays for detection of DNA
breaks in cellular nuclei have found worldwide application in many fields of
cellular biology and medicine. This interest has greatly stimulated research on
technical improvements of the assays and has led to the availability of a variety
of commercial kits for that purpose.

The basic concept is as follows:

1. Fixed cells or tissue sections are permeabilized, e.g. by using proteolytic enzymes.
2. A mixture is added of labeled nucleotides and either enzymes that, under proper

conditions, are able to incorporate these nucleotides into gaps or nicks in one of the
strands of the double DNA helix—or on recessing strands at double strand breaks—
or enzymes that do not need a single-strand DNA template, but can produce a poly-
mer of labeled nucleotides on blunt ended breaking points; this type of DNA
labeling reactions is performed in special buffers containing divalent cations.

3. A method is applied to visualize the DNA-incorporated labeled nucleotides,
appropriate either for detection of cells with DNA breaks by flow cytometry or
for in situ detection of these cells, e.g. for evaluation by microscopy.

It should not be forgotten though that this type of DNA-labeling procedures
were already in use many decades ago for quite different purposes and it is the
primary aim of this chapter to present a general overview of key publications
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on the applicability of DNA polymerases for detection of DNA breaks in vari-
ous experimental conditions. But because of its importance for apoptosis
research, a special subparagraph is devoted to the process of apoptosis in the
context of what is known about endonuclease activities, followed in Subhead-
ing 3.2 by a discussion of the relevance of these activities—and thus of the
specificity and limitations of DNA break detection in cell death research.

Subsequently it is described how different research groups rediscovered
DNA labeling assays to visualize apoptosis and studies are reviewed in which
different approaches were compared with respect to their specificities towards
different types of cell death. A special paragraph is devoted to different pre-
treatments of paraffin-embedded tissue sections.

This chapter is followed by technical reviews presenting several detailed
protocols and troubleshooting, electron microscopic modification of the label-
ing procedure, and colabeling of DNA damage and specific cellular proteins.

2. Development of In Situ DNA Labeling

2.1. Characterization of DNA Polymerase Activities
and the Invention of In Situ DNA Labeling

In the late fifties, Kornberg’s research group purified from extracts of E. coli,
an enzyme that catalyzed the incorporation of deoxyribonucleotides into DNA.
All four deoxynucleotide triphosphates (dNTPs), a certain amount of polymer-
ized DNA, and magnesium ions were required for its activity and the enzyme
was named ‘polymerase’ (1). Independently, Bollum described the partial puri-
fication of an enzyme activity from mammalian tissue with similar characteris-
tics (2); when ethanol-fixed cells on glass slides were incubated with calf
thymus polymerase and dNTPs including 3H-dATP, autoradiography revealed
activity in interphase nuclei and mitotic chromosomes, provided that low-pH
conditions had been applied prior to the polymerase reaction (3). Application
to paraffin sections from ethanol-fixed chicken embryo lenses confirmed
requirement of acid- or alkali-denaturation of DNA to detect nuclear label and
revealed that highest labeling intensity was present in pycnotic nuclei. In line
with earlier biochemical analyses that had demonstrated a net loss of DNA from
the fiber area in bovine lenses, this in situ DNA end labeling (ISEL) method
demonstrated extensive DNA strand scission in degenerating nuclei (4).

Subsequently, Modak & Bollum applied on similar sections calf thymus
deoxynucleotidyl transferase (Terminal deoxynucleotide Transferase, TdT), an
enzyme known to catalyze on single-stranded DNA with free 3'-OH an end-
addition synthesis of a deoxynucleotide homopolymer. Now they also observed
incorporation of 3H-dATP in non-denatured DNA of degenerating fiber cell
nuclei and occasionally in nuclei with no altered gross morphology. DNA dena-
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turation turned all types of nuclei positive, but again, the advanced pycnotic
nuclei showed the strongest labeling intensity (5). Was this a result of hypo-
thetical endogenous DNases that use the 3'-OH site as target? Because during
lens fiber differentiation not only the proportion of positive nuclei increased
but also the relative number of breaks per nucleus: was there a gradual loss of
DNA repair function (6)? Interestingly, determination of the size of DNA
present in central fiber cells from 15–21 d embryos revealed low molecular
weight DNA appearing as multiples of a monomeric unit and being similar to
the fragments produced by digestion of nuclei by micrococcal nuclease
(MNase). Thus, double-strand breaks indeed seemed to occur as part of a nor-
mal process of nuclear autodigestion (7).

The further characterization of activities of E. coli DNA polymerase (Pol I)
had led to the discovery that double stranded DNA serves as a template primer
when the DNA contains a single strand break (a ‘nick’) with a 3'-OH terminus.
Initiation of replication was found to entail covalent extension of the 3’OH-
terminus and a concurrent 5'→3' nuclease action by the enzyme—the primer
strand being hydrolyzed at the 5' side of the nick, while the synthetic activity
catalyzed the addition of nucleotides to the 3' side. Thus, the ability to promote
hydrolysis and synthesis simultaneously resulted in the translation of the nick
along the DNA duplex in the 5'→3' direction (8). It was also discovered that
cleavage of the polymerase by limited proteolytic action (preferably by the
enzyme subtilisin) resulted into two fragments of 76 kDa and 34 kDa, the
former still having the polymerizing but not the 5'→3' nuclease activity (9),
whereas the latter retained only 5'→3' exonuclease activity (10). This phenom-
enon was independently described by Klenow & Henningsen and the large
fragment is now generally referred to as ‘Klenow fragment’ (11).

In addition to its 5'→3' exonuclease activity, the Pol I holoenzyme can also
function as a 3'→5' exonuclease (and even has a RNase activity); the 3'→5'
exonuclease proofreading activity, which is more active on single-stranded than
on double-stranded DNA and is retained in the Klenow fragment, results in
removal of 3' protruding termini. In fact, this activity also removes nucleotides
from the double strand, but in the presence of dNTPs the polymerase activity
counteracts further degradation: the nucleotide at the 3’OH end will then be con-
tinuously replaced (12,13). Under certain conditions, the Klenow fragment can
even add a single nucleotide to the 3’OH of a blunt end—thus not requiring
coding information from the DNA template (14).

2.2. Early Improvements and Applications of Nick Translation
with Pol I or Klenow Fragment

Levitt and coworkers pioneered the use of nick translation reactions with
Pol I on intact nuclei (in situ nick translation, ISNT). It had been found that



84 Van Dierendonck

when nuclei of many types of organisms were partially digested with DNase I,
the active genes were in a special sensitive conformation; by treating DNase I-
treated oviduct nuclei with Pol I and dNTPs (including 32P-dTTP) they were
able to show that over 85% of the label was incorporated into the sequences
that were transcribed into RNA (15). Subsequently it was established that
DNase I, DNase II, and MNase preferentially nicked active chromosomal seg-
ments. The finding that active genes were sensitive to DNase I to the same
degree in mitotic chromosomes and interphase nuclei indicated that these
enzymes could be used as structural probes for gene expression (16,17).

The sensitivity and accuracy of this approach was substantially increased
with the introduction of biotinylated dUTP, that was found to be able to replace
dTTP (18), and the use of avidin-biotin-peroxidase complex in combination
with the peroxidase reaction with H2O2/diaminobenzidine, which results in
precipitation of a brown complex (19). Excellent results visualizing biotin-dUTP
in metaphase chromosomes were obtained by using streptavidin-peroxidase
complex (20), or a goat anti-biotin IgG followed by a biotinylated rabbit anti-
goat antibody and streptavidin-biotin-peroxidase complex (sABC) (21). By
using this protocol, it became evident that the specific chromosomal banding
pattern from this technique (dark D-bands) corresponded with bands obtained
by Giemsa staining (light G-bands) known to represent early replicating DNA
or potentially active gene regions (22). Because the exonuclease activity of
Pol I was thought to be an important determinant of sensitivity, it came to a
surprise that no difference in sensitivity could be detected between Pol I and
the Klenow fragment in this respect; it was conjectured that this could be due
at least in part to the lower molecular weight of the latter, a feature that would
guarantee a more easy access to the chromatin breaks (23).

An entirely different application of nick translation was introduced by Nose
& Okamoto: the detection of DNA breaks induced by DNA damaging agents.
Fibroblasts were treated with these agents, harvested with trypsin and
permeabilized with lysolecithin. Nick translation was performed in the pres-
ence of 3H-dCTP and Pol I and radioactivity was measured on sonicated and
filtrated cell samples. Performance of the procedure at different time intervals
after removal of the genotoxic agent revealed that the radioactivity rapidly
decreased to control levels, indicating loss (repair) of initial damage (24).
Application of this assay to monitor DNA damage and repair of 28 carcinogens
led to the conclusion that it had predictive capability at least equal to that of
unscheduled DNA synthesis assays, but allowed a much broader spectrum of
genotoxic effects to be analyzed (25).

A very similar approach was independently developed by Iseki and Mori:
cells treated with the genotoxic compound bleomycin were fixed in aceton/
methanol and nick translation was performed in situ on cover slips; acid-
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insoluble materials were adsorbed on glass fiber filters and radioactivity was
measured. In addition, they applied the dUTP-ABC strategy for histochemical
detection in situ (26). Subsequently, the presence of DNA stand breaks was
visualized in frozen sections from various rat tissues, comparing incorporation
of 3H-dTTP and ABC-detected biotin-dUTP, as well as the influence of vari-
ous fixation procedures. To examine if incorporation was due to ‘nick transla-
tion’ or to ‘gap filling’ of single-stranded DNA regions, also the Klenow
enzyme was tested: the latter resulted in about only 30% of the incorporation
obtained with Pol I. Strong reactivity was observed when cells were fixed in
ethanol, aceton, or their combination, and strongly reduced reactivity when cells
were fixed in methanol/acetic acid or treated with this fixative after ethanol/
acetone. But in combination with DNase I there was also a strong reactivity in the
acid-treated material, whereas tissues fixed in 10% buffered formalin were nega-
tive. Evaluation of nuclear staining in various tissues revealed that especially cer-
tain cell populations in hematopoietic tissues were strongly positive (27).

Probably unfamiliar with the above-cited work, Dawson & Lough invented
ISNT to monitor transient DNA strand breaks in differentiating chicken
myotubes. Myogenic cells were isolated, plated, fixed in methanol/acetic acid,
and nick translated in the presence of biotin-dUTP. The latter was visualized
by rabbit anti-biotin and fluorescein isothiocyanate (FITC)-labeled goat anti-
rabbit IgG; incubation with DNase I prior to nick translation was used as a
positive control. They concluded that extensive DNA-nicking occurs in nuclei
of young myotubes, followed by repair as terminal differentiation ensues (28).

Other investigators wondered if these staining patterns could be explained
by artificially induced breaks due to the exonuclease activity of Pol I. They
performed a rigorous investigation on the in situ localization of nuclear DNA
breaks in a mouse model for Duchenne muscular dystrophy: in this model,
muscle lesions contain necrotic fibres and regenerating myotubes and inflam-
matory cell infiltrate. Frozen sections of skeletal muscle were fixed in 1%
paraformaldehyde and permeabilized with Triton X-100; DNA polymerization
was performed with digoxigenin-dUTP (detectable with a FITC- or alkaline
phosphatase-conjugated specific Fab fragment of polyclonal sheep anti-
digoxigenin antibody) and either Pol I or the Klenow enzyme or a form of the
Klenow fragment lacking the 3'→5' exonuclease activity. In each case a nuclear
reaction was visible within a subpopulation of small cells in the inflammatory
infiltrate (whereas nuclei of myotubes and mature muscle fibers remained
unstained). It was concluded that labeling was due to naturally occurring DNA
breaks, presumably resulting in single-stranded gaps (29).

A remarkable feature of Pol I is its ability to incorporate dideoxynucleotides
(ddNTPs) onto the 3' end of a growing DNA strand; continued polymerization
is blocked by this reaction as the ddNTP cannot act as a primer site for further
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polymerization (30). When ddNTPs were added prior to polymerization with
dNTPs, subsequent nuclear staining was completely eradicated and this was
thought to be consistent with the presence of gaps (29). However, these inves-
tigators did not mention the possibility that nuclear staining could also result
from a significant amount of (ddNTP-blockable) double strand breaks, such as
induced by the action of endonucleases. Because endonuclease-induced DNA
damage is believed to be a major feature of apoptotic cell death and because
the majority of readers will be particularly interested in the application of in
situ labeling for apoptosis detection, in the next paragraph I will briefly sum-
marize investigations related to apoptotic nucleases as well as to studies that
have questioned the general use of DNA labeling for that purpose.

3. Apoptotic DNA Fragmentation: Cautionary Notes
3.1. The Hunt for Apoptotic Nucleases

It had been observed in the early seventies that irradiation of cells can
induce fragmentation of chromatin in a very regular pattern, implicating the
occurrence of DNA breaks between nucleosomes, and it was Wyllie who
linked these internucleosomal DNA breaks with a special form of cell death,
associated with chromatin condensation and fragmentation of the nucleus.
This type of cell death had already been described in some detail in the sec-
ond half of the nineteenth century by Flemming (“chromatolysis”) (31) and
its significance in counterbalancing mitosis and the relevance of the swift
clearance of these cells by phagocytes (either professional scavengers or
neighboring cells) was recognized 30 years later by Gräper (32). After the
World Wars, Glücksmann wrote a classic overview on many observations on
cell death in the field of embryology (33) and Lockshin & Williams realized
that death of metamorphosing larval cells should have a genetic background
(“programmed cell death”) (34).

The pathologist Kerr studied dying hepatocytes on a submicroscopical level
and noticed that many cells showed a morphology he called “shrinkage necro-
sis” (35); building on this observation, he and his colleagues Wyllie and Currie
established that most physiological forms of cell death, observed both in nor-
mal and pathological conditions, in fact follow a common morphological pat-
tern. The powerful insight that this was a “basic biological phenomenon with
wide-ranging implications for tissue kinetics” justified a special name:
“apoptosis,” to be discriminated from the type of degenerative accidental cell
death referred to as “necrosis” (36). Independently, other investigators were
aware of “active” or “suicidal” cell death in various organs after treatment with
anticancer drugs (37) and it became clear that this drug-induced cell death was
in fact indistinguishable from “physiological” apoptosis (38).
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Wyllie was the first to take a biochemical approach to apoptosis, analyz-
ing by agarose gel electrophoresis DNA isolated from thymocytes treated in
vitro with methylprednisolone succinate: the characteristic morphological
changes occurred in parallel with excision of nucleosome chains from nuclear
chromatin, as evidenced by a characteristics 180–200 bp repeat-ladder pat-
tern on the gels (39). This pattern appeared to be in sharp contrast with DNA
isolated from cells with a typical necrotic morphology, as the latter produced
a smear of DNA debris likely reflecting totally random DNA degradation
(40). Further studies revealed that in thymocyte apoptosis, double-stranded
cleavage of DNA generated two classes of chromatin fragments: 70% of DNA
existing as long, histone H1-rich oligonucleosomes bound to the nucleus,
and 30% comprising short oligonucleosomes and even mononucleosomes,
which were depleted in H1 and not attached to the nucleus. The finding that
the whole phenomenon was closely mimicked by MNase digestion of normal
thymocyte nuclei hinted at the activation of an endogenous endonuclease
(41), possibly dependent on Ca2+ and/or Mg2+ ions (41–44). As condensation
of chromatin and its margination at the nuclear periphery was now generally
considered to be a cardinal feature of apoptotic cell death, the implication
that this condensation was due to internucleosomal cleavage made the ‘DNA
ladder’ a biochemical hallmark (45).

These findings stimulated the search for the responsible nucleases. Freshly
isolated nuclei from intact and castrated rats were assayed for Ca2+/Mg2+-
dependent endonuclease activity and this was found to parallel the emergence
of nucleosomal oligomers (46). Circumstantial evidence was provided for a
role of DNase I, an enzyme requiring Mg2+ an Ca2+ for maximal activity and
having a strong preference for internucleosomal sites (47).

DNase I first binds at the minor groove, cutting one DNA strand, and this
mechanism is subsequently repeated for the other strand, resulting in sticky-
end like fragments. It was assumed that if such fragmentation products even
leave free 3'-OH ends, the nucleosomal ladder should be detected by simply
end-labeling the purified DNA by Klenow enzyme in the presence of 32P-dCTP
or 32P-dATP; it was shown that this method indeed substantially enhanced the
detectability of the apoptotic ladder sports and thus that at least a portion of the
DNA fragments should have 5'-protruding ends (48). Together with data from
experiments with S1-nuclease, known to cleave the second strand opposite of
nicked DNA (49), this strongly suggested the DNA fragmentation to be the
result of single-strand cleavage and that two single strand nicks on opposite
strands within 14 bases (in nucleosomal linker regions) were sufficient for dis-
sociation of the DNA molecule. Further studies revealed that the DNAse activ-
ity extracted from apoptotic nuclei could be immunoprecipitated with antibodies
specific for DNase I and was inhibitable by actin (50).
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A somewhat different Ca2+/Mg2+-dependent endonuclease, not inhibitable
by actin, but capable of producing a ladder, was purified from human spleen
(51), and from apoptotic rat thymocytes a calcium-dependent, Zn2+ -inhibitable
nuclease was purified (NUC18) showing similarity to the cyclophilins, ubiqui-
tous proteins first identified as the intracellular receptors of the immunosup-
pressant drug cyclosporin A (52,53). Subsequently it was described that
cyclophilins in fact can degrade both single and double stranded DNA, produc-
ing 3'-OH termini in linear double-stranded substrates, and being stimulated
by Ca2+ and/or Mg2+ (54).

Barry and Eastman advocated that intracellular acidification rather than Ca2+

concentrations correlated with apoptotic DNA digestion (55) and that cleavage
probably resulted from a cation-independent endonuclease active below pH 7,
possibly DNase II (56). However, this nuclease produces 5'-OH ends, being
inconsistent with labeling by Klenow fragment. Bortner et al. proposed that the
predominant subcellular localization of DNase II in acidic lysozymes would
make it to work well under conditions of necrosis. But they also stressed that
DNase I contains a signal peptide for extracellular transport; access to nuclei
would probably require the type of rupture of the nuclear membrane seen in
necrotic cell death (57).

Another interesting candidate was identified by Shiokowa and coworkers in
rat thymocyte nuclei; apart from DNases α and β, which appeared to have
properties similar to DNAase II, they described DNase γ, being Ca2+/Mg2+-
dependent, Zn2+-inhibitable, and producing 3'-OH and 5'-P ends (58).

Recently, two independent research groups have discovered still another
candidate that seems to fit nicely in the concept of apoptosis. It is now well
established that most of the apoptosis-related morphological changes are induced
by a set of apoptosis-specific cystein proteases that belong to the family known
as caspases, which has over a dozen members in humans. The enzymes selec-
tively cleave a restricted set of target proteins and always after an aspartate
residue. This may lead to inactivation of the target protein, but can also acti-
vate proteins, either directly, by cleaving off a negative regulatory domain, or
indirectly, by inactivating a regulatory subunit. Liu and colleagues identified
and purified a protein (DNA Fragmentation Factor, DFF) that after its activa-
tion by caspase-3 induces DNA fragmentation in coincubated nuclei (59). Oth-
ers described the mouse homologue, caspase-activated DNase (CAD) and its
inhibitor (ICAD). ICAD is complexed with CAD to inhibit its DNase activity
and cleavage of ICAD allows CAD to cause internucleosomal DNA degrada-
tion (60,61).

Of course, it may well be possible that a variety of different nucleases is
involved in apoptosis. E.g., recent analyses of ISEL performed on nuclear spreads
provided data suggesting that also the initial larger chromatin loops are cut off
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from their underlying matrix by the action of caspase-activated endonuclease
activity (62). Despite all this progress, a variety of studies have questioned the
dogma that the morphology of apoptosis depends on DNA fragmentation.

3.2. Is Apoptotic DNA Fragmentation a Dispensable Phenomenon?

In the presence of Zn2+, thymocytes could be made apoptotic according to
all morphological criteria but without evidence of internucleosomal fragmen-
tation (63). A similar observation was made for murine fibroblasts: as targets
for cytotoxic T lymphocytes, these cells show apoptotic morphology and
genome digestion, but a mutant was cloned that lacked the Ca2+-dependent
DNase activity, showed no signs of excessive DNA fragmentation, but had
still an apoptotic morphology (64).

Despite the observation of chromatin condensation in leukemia cells treated
with staurosporin, no DNA ladders could be detected (65). Ladders were also
absent in DNA from interdigital embryonic mouse limbs or from the labial
gland and intersegmental muscle of metamorphosing insects; only by enhanc-
ing the sensitivity of ladder detection by using DNA end-labeling, DNA frag-
mentation was found at a very late stage in cell death in the labial glands (66).
This end-labeling had been developed by Tilli and coworkers: isolated DNA
was 3'-OH end-labeled by TdT with α32P-ddATP, leading to a more than 100-
fold increase in sensitivity compared to the widely used ethidium bromide
staining method (67).

In fibrosarcoma cells, apoptosis could be induced while DNA fragmentation
was blocked by the presence of the DNase inhibitor aurintricarboxylic acid and
cells enucleated with cytochalasin B were demonstrated to undergo apoptosis by
a variety of triggers (68). Also induction of apoptosis in cultured hepatocytes by
treatment with TGF-β1 was not associated with excessive DNA fragmentation,
while activation of endonuclease activity by Ca2+ in isolated nuclei led to almost
complete degradation of the chromatin to mononucleosomes—but not to chro-
matin condensation, dissolution of the nucleolar structure, and/or nuclear frag-
mentation (69).

In thymocytes, zinc completely inhibited the generation of oligonucleosomal
fragments, but not of high molecular weight fragments. Latter fragments,
induced by an activity other than Ca2+/Mg2+-dependent endonuclease, seemed
to correlate with the earliest morphological features of apoptosis (70). Appli-
cation of field inversion gel electrophoresis with DNA of a number of epithe-
lial and mesenchymal cells in which apoptosis was induced by a variety of
treatments provided data indicating that internucleosomal fragmentation, if
occurring at all, was a relatively late step and always preceded by cleavage to
300.000 and/or 50.000 kb fragments: could release of chromatin loop domains
be more fundamental to apoptosis than cleavage at internucleosomal sites (71)?
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More recently, changes in cell surface and nuclear morphology of cultured
ovarian and carcinoma cells treated with either taxol or ricin were studied by
time-lapse video phase contrast: whereas the first signs of apoptosis, such as
cell rounding (presumably through loss of substrate adhesion) and intense sur-
face blebbing occurred almost simultaneously with nuclear morphological
changes, DNA fragmentation was clearly a very late event in the apoptotic
process (72). The question was raised if major DNA fragmentation detected at
the terminal lytic stage of apoptosis would really be fundamentally different
from that of necrosis, except for the fact that in the former process the nuclear
DNA had been previously condensed. Some systems would show clear early
‘laddering’ with late ‘smearing,’ but other systems more smearing than
laddering. The presence of a ladder would imply apoptosis, but its absence
would not rule it out.

However, even the ladder does not seem to stand up in all circumstances.
Conditions were described in which DNA extracted from P815 cells forced to
die by necrosis showed a clear ‘apoptotic’ ladder pattern (73). This issue was
investigated in depth by Dong and coworkers in cells treated with compounds
that led to ATP depletion, necrotic morphology, and, surprisingly, progressive
fragmentation of DNA in a ladder pattern. DNA breakdown was immediately
preceded by increased permeability of the plasma membrane to macromol-
ecules and this process was found to be prerequisite for activation of a Ca2+/
Mg2+-dependent, Zn2+ and aurintricarboxylic acid inhibitable endonuclease.
Additional data suggested that this DNase is not activated by a caspase, but by
a serine protease, and that it may also play a role in apoptosis (74).

The morphology of programmed cell death of cells in which caspases have
been inactivated often shows great resemblance with classical necrotic cell
death (75,76). It seems therefore that the distinction between apoptosis and
necrosis is not as absolute as originally thought and that, eventually, classifica-
tion will be determined by molecular pathways rather than by morphology. If
left undisturbed, the death program would predominantly yield an apoptotic-
like morphology, whereas when elements of the program are disturbed or
inhibited, or when the insult is so high that some of the subroutines cannot be
terminated, the shape of death can change (77).

Although DNA breakdown certainly represents an irreversible step in
apoptotic cell death, it has not proven to be a mandatory feature of apoptosis in
all cell systems and it may well be that it rather has a clean up function, rel-
evant in some instances and at specific locations (78). DNA fragmentation
ensures irreversibility and prevents the spread of possibly infectious or mutated
DNA. In immune cells or in cells killed by immune mediators, DNA fragmen-
tation is generally extensive and rapid, but for instance not after the size regres-
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sion that follows liver hypertrophy (79). Nevertheless, the use of ISEL to detect
in situ DNA damage is still one of the most frequently used techniques with
which to highlight apoptotic cells in tissues (80).

4. Detection of Cell Death by Labeling DNA Breaks
4.1. Independent Development of Several Protocols

One of the first reports on the application of Pol I and biotin-dUTP with
the intention to detect apoptosis-related DNA damage was from Fehsel and
colleagues; the reaction (referred to as in situ nick translation, ISNT) was
performed on TNFα-treated mouse fibroblasts fixed in acetone and metha-
nol. But although the presented images demonstrated excessive DNA breaks,
starting about 3 hours after TNF-treatment, the lack of apoptotic morphology
would be more in line with a necrosis-type of lysis (81). Subsequently these
investigators applied ISNT on acetone-fixed frozen sections from thymus
tissue and on cultured thymocytes and validated the method for apoptosis
detection by making electron micrographs (82).

Jonker et al. used both biotin- and digoxigenin-labeled nucleotides subse-
quently labeled for flow cytometry to detect apoptosis in haemopoietic cells
and cell lines after irradiation or treatment with various apoptosis-inducing
compounds. The method allowed detection of a fraction of apoptotic cells down
to 0.01% and double staining with a cell surface marker allowed for further
analysis of subpopulations (83). Using a similar approach with TdT, bio-
tinylated dUTP, and fluorescinated avidin, Gorczyca et al. were able to demon-
strate in thymocytes and leukemia cells that apoptotic DNA degradation was
preceded by a proteolytic step, probably catalyzed by a serine protease (84).

A great advantage of the flow cytometric approach is that both the incorpo-
rated dUTP and cellular DNA content can be measured in individual cells
simultaneously, making it possible to estimate the kinetics of the labeling reac-
tion and relate DNA breaks to cell position in the cell cycle. Comparing the
TdT and Pol I assays on leukemia cells treated with cytostatics, a somewhat
better distinction of cells with DNA breaks was obtained with TdT. It was also
confirmed that these methods did not detect the protein-associated DNA breaks
in the ‘cleavable’ DNA-topoisomerase complexes as resulting from treatment
with topoisomerase inhibitors (85).

Several research groups independently worked on the application of end
labeling for sections from paraffin embedded tissues fixed in 4% buffered form-
aldehyde. Gavrieli and colleagues applied TdT, biotin-dUTP, and avidin-
peroxidase on sections mildly digested with proteinase K to allow penetration
of the enzyme; this procedure became known as TdT-mediated dUTP-biotin
nick end labeling (TUNEL) (86).
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Wijsman and coworkers used Pol I or its Klenow fragment and named their
method in situ end labeling (ISEL). They compared proteinase K pretreatment
with the effect of pepsin (pH 2) and in addition evaluated if incubation in the
chaotropic agent NaSCN or in 2 × SSC at 80°C before protease treatment
enhanced the effect. Best results were obtained with 2 × SSC at 80°C followed
by pepsin digestion as a pretreatment and no differences in staining intensities
or frequency of positive events were observed between the use of Pol I and
Klenow fragment. Large apoptotic bodies occasionally remained unstained in
their center, even in case sections had been treated with DNase I; as stronger
protease digestion increased the stainability of these bodies, this indicated poor
accessibility. Most often the cytoplasm of apoptotic cells was stained too, sug-
gesting leakage of DNA fragments out of the nucleus. Because apoptosis is
relatively easily recognized in haematoxylin & eosin-stained sections of invo-
luting prostates of castrated rats, this was used as a model system to validate
ISEL for the quantification of apoptotic cells (87).

A very similar approach was followed by another research group, leading to
similar conclusions; in addition they compared biotin-dATP, biotin-dUTP, and
digoxigenin-dUTP (the latter detected with alkaline phosphatase-conjugated
Fab fragments) and reported equivalent sensitivity (88).

A third validation of ISNT/ISEL for apoptosis, both for irradiated thy-
mocytes in flow cytometry and for the application on (4% paraformaldehyde-
fixed) tissue sections, was reported by Gold et al. They also evaluated a model
for excitotoxic nerve cell necrosis and concluded that DNA fragmentation is a
very late event in this type of cell death (89).

4.2. Comparison of Different Protocols

A number of investigators started to compare Pol I/Klenow-based end label-
ing (ISNT) with TUNEL, both in conditions of apoptosis and necrosis. Migheli
and his team observed that in physiological and pathological conditions of the
nervous system, TUNEL detected a higher fraction of cells, including cells
without a clearcut apoptotic morphology (90). Gold and coworkers claimed
that in the early phase of thymocyte apoptosis in vitro, DNA breaks were more
efficiently labeled by TUNEL, whereas early stages of necrosis in vivo were
more efficiently labeled by ISNT. They theorized that if necrosis was associ-
ated with a lot of single strand breaks, the signal at these breaks would be
amplified by the exonuclease activity of Pol I (91).

However, these statements have been criticized (92), as Wijsman did not
detect any difference between Pol I and its Klenow fragment in that respect
(87), and others failed to discriminate between apoptosis and necrosis and/or
autolytic cell death when using TUNEL (93–96). In case of focal brain ischemia,
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somewhat larger areas were detected by ISNT and very similar results were
obtained by Pol I and Klenow fragment (97).

Mundle and coworkers found that ISNT and TUNEL had similar levels of
detectability in biopsies from lymphomas or squamous cell carcinomas, but
that breast cancers were only labeled by TUNEL. Moreover, etoposide-treated
HL60 cells showed a higher apoptotic index determined by TUNEL. They
hypothesized that different endonucleases could result in fragments with either
3' recessed, 5' recessed or blunt ends and that whereas TUNEL could label all
three types, ISNT would label only those with 3' recessed ends (98).

However, comparison of Pol I and TdT in anti-Fas antibody-induced
apoptosis in leukemia cells lines revealed that only Pol I strongly reacted with
nonfragmented nuclei of early apoptotic cells (99) and Mainwaring and coau-
thors concluded that ISNT (Klenow fragment) and TUNEL were not signifi-
cantly different when applied on human breast cancer; the methods gave an
excellent correlation, both in case of ‘physiological’ apoptosis and in material
from patients who had received chemotherapy. They stated that disappointing
results with ISNT could be due to the absence of full optimization of the ISNT
technique (100).

4.3. Attempts to Differentiate Between Different Types of Cell Death

A number of researchers attempted to elucidate the nature of the DNA breaks
in the context of apoptotis versus necrosis and autolysis. One approach was
based on pretreatment with alkaline phosphatase (AP), which dephosphory-
lates both 3'-P ends and 5'-P ends. Using both TdT and T4 polynucleotide
kinase (which labels 5'-OH ends) and agarose gel electrophoresis, Shiokawa
and coworkers were able to demonstrate that apoptotic thymocytes contain
3'-OH/5'-P cleavage ends and no 3'-P/5'-OH ends (58) and Lucassen and col-
leagues applied AP pretreatment in ISEL to establish that post mortem autoly-
sis was not associated with phosphorylation of 3'-OH ends (101).

In contrast, in a more recent study in which AP was applied in a study com-
bining ISEL and transmission electron microscopy it was shown in a model of
heat-induced apoptosis and necrosis in mouse lymphoma cells that in apoptotic
cells the labeling intensity of both 5'-OH and 3'-OH ends increased, that cells
in early stages of necrosis had higher levels of 3'-OH/5'-P than 5'-OH/3'-P, but
that at late stages this ratio reversed (102). DNase I gives rise to double strand
cuts with 1, 2, or 3 bases of 3' overhang, whereas DNase II cleavage of DNA
yields 3' overhangs of an average of 4 bases (103); these staggered cleavage
patterns result from the helical twist of the DNA in chromatin (104). TdT and
Pol I and Klenow fragment can easily label protruding 3'-OH termini, the latter
two by virtue of their 3'→5' exonuclease activity which removes the protrud-
ing 3' tails and creates a recessed 3' terminus. Double stranded DNA fragments
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synthesized by Taq DNA polymerase in the polymerase chain reaction have a
single 3' base extension beyond the templated sequence (105) and thus can be
ligated to double strand breaks with single-base 3' overhangs. Similarly, the
blunt-ended fragments prepared by Pfu polymerase can be ligated to blunt
ended DNA breaks. Using labeled double-stranded DNA fragments, Didenko
& Hornsby elegantly showed by in situ DNA ligation with T4 DNA ligase that
both single-base 3' overhangs and blunt ends were detectable in apoptotic rat
thymocytes. However, DNA from nuclei with non-apoptotic DNA damage
(necrosis, in vitro autolysis, peroxide damage, and heating) hardly showed
single-base 3' overhangs and much lower intensity of blunt end staining com-
pared to DNA from apoptotic cells (106).

By contrast, others observed strong labeling with blunt-ended fragments in
necrotic areas in human placental tissue (107). Because a major problem
encountered with these DNA probes was ligase-independent binding to tissue
sections, biotin-labeled hairpin oligonucleotides have been prepared that
resulted in a substantial reduction of non-specific background (108,109).

Recently, Kanoh and colleagues used the Taq Pol-based ligation assay to
verify if TUNEL positive myocyte nuclei in hearts with dilated cardiopathy
should be considered apoptotic or not; based on the negative results with the
ligase assays they conjectured that TUNEL in fact detected increased activity
of DNA repair (110).

Finally, two other DNA-based apoptosis-detection techniques are worth
mentioning. One is based on the fact that nuclear DNA of early apoptotic cells
shows an increased susceptibility to denaturation (111), especially A-T rich
regions, which have lower melting temperatures than regions with a higher
G-C content. A-T-rich Alu repeats are present in many thousands of copies and
are excellent targets for in situ hybridization with poly(A) oligonucleotide
probes that hybridyze to poly(T) repeats. It has been claimed that application
of 30 bp probes (labeled with dUTP by TdT) on formalin fixed tissue sections
was more specific than ISEL in detecting apoptosis (112).

The other method is basically a modification of the random oligonucle-
otide primed synthesis (ROPS) assay: single stranded DNA fragments gener-
ated by endonuclease-mediated strand breaks are initially separated by a
denaturation step. Subsequently the strand are (randomly) reassociated; the
DNA fragments serve as a primer and the excess high molecular weight DNA
serves as a template. The Klenow fragment is then used to polymerase from
3'-OH ends and incorporate radiolabeled dNTPs; provided that strictly
defined conditions are being used (time, temperature, concentration of pre-
cursors) the measured radioactivity will be proportional to he initial number
of 3’OH breaks (113).
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5. ISEL Retrieval Methods for Paraffin-Embedded Tissue Sections
5.1. Use of Protein Digesting Enzymes

One of the enormous advantages of ISEL is that it can be applied on archival
material, i.e., on tissues fixed in 4% formaldehyde solutions (formalin) and
embedded in paraffin. Formaldehyde is required to preserve tissue morphol-
ogy and to render it non-infectious. The aldehyde molecule reacts with tissue
nucleophiles to produce a methylene bridge with other molecules and it also
disrupts hydrogen bonds. The process of cross-linking is time dependent, so it
matters if tissue is fixed for several hours or for many weeks.

It is believed that in the apoptotic nucleus, both the progressive DNA
hypercondensation (pyknosis) and the protein environment of DNA (histones)
seriously impair the accessibility of ISEL reagents and that these condition are
markedly worsened by crosslinking (and precipitating) fixatives. Therefore, to
make the formalin-fixed tissues amenable to ISEL, protein-digesting enzymes
were introduced. However, excess digestion may disrupt the excellent mor-
phology and result in considerable DNA extraction, leading to a diffuse non-
specific staining with a “washed-out” aspect of nuclei (90).

In fact, a variety of different proteolytic enzymes can be used, such as pro-
teinase K (PK), pepsin, trypsin, protease XIV, and protease XXIV—provided
of course that these preparations are absolutely free of nucleases. The effect of
the latter three enzymes was reported to be enhanced by subsequent treatment
with hydrochloric acid (114). Davidson and coworkers investigated the conse-
quences of fixation duration for apoptosis detection with Klenow enzyme after
pretreatment with PK. They found that the time of digestion with PK is crucial
is case material is fixed for several hours, but not if fixed overnight, and that
apoptotic cells become indetectable after several weeks of fixation. They attributed
this to irreversible crosslinking between different DNA strands and between
DNA and amino acids. In case of overnight fixation the DNA exposed by pro-
teolysis would not be an ideal template for polymerases: free ends and single-
strand regions would be rendered inaccessible by prolonged fixation (115).

Once properly fixed, storage duration of the material—even if lasting for
decades—does not seem to affect staining results (116).

5.2. Application of Heat

Approaches used to enhance the detectability of DNA breaks in long-term fixed
cells were essentially the same as used in antigen retrieval and based on breaking
the formaldehyde linkages by high temperature. It is believed that the quality of
heating is superior in case microwave (MW) radiation is used for that purpose,
because microwaves would cleave peptide bonds in a more selective fashion than
simple heating, probably by increasing molecular agitation (117–119).
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Lucassen et al. reported that a marked increase in apoptosis-specific label-
ing could be obtained by MW heating of prolonged-fixed tissue sections in
citrate buffer (up to 90–100°C) and best results were achieved when perform-
ing this under acid conditions (pH 3). The same method applied on shortly
fixed material resulted in strong nonspecific labeling (101).

A potential drawback of MW heating is the possible occurrence of local
superheating, resulting in non-uniform heating of the buffer. Assuming that
these temperature variations could be large enough to affect the efficiency of
antigen retrieval, the high-pressure cooker was introduced in immunohis-
tochemistry: this not only assured uniform heat distribution, but also a higher
temperature (up to 130°C) (120). Cooking under pressure (for 2 min) has been
successfully applied both for ISNT and TUNEL, generating very similar and
consistent results (121).

Negoescu and coworkers confirmed that for TUNEL, combined MW-PK
pretreatment was never more efficient than MW alone. Testing cultured cells
fixed by a variety of fixatives, they found a 4–30-fold increase in the percent-
age of labeled cells with apoptotic morphology as compared with no pretreat-
ment. They proposed that the pretreatment modality for ISEL should become
standardized, that labeling should only be accepted as specific when being
strong as compared to general background, and that cells devoid of apoptotic
morphology should be accepted as preapoptotic—provided that they are asso-
ciated with strongly stained elements with classical apoptotic features on the
same cell or tissue preparation (122).

Further studies revealed that sections from formalin-fixed material were maxi-
mally stained by TUNEL if MW heating was performed in extreme pH-value
solutions (pH 3), but material fixed in Bouin’s fixative was optimally stained
after heating in pH 10.6. This indicates that optimalization not necessarily
comes from retrieval reenforcement, but rather from qualitative adaptations of
retrieval techniques (123).

The major problems with ISEL can be summarized as follows: (i) without
pretreatment sensitivities are far too low; (ii) pretreatments with acknowledged
efficiency (PK, MW) easily induce general labeling of morphological normal
nuclei (90,101,106,124); (iii) ISEL is very sensitive to fixation, which makes
sample size critical: in large samples—which are rule in archives—fixation is
uneven from the periphery to the central area; (iv) altogether this may lead to
the presence in the same tissue of blank areas, together with specifically labeled
spots and areas in which all nuclei are stained (125).

6. Final Remarks
There are many known causes of DNA breaks apart from apoptosis-associ-

ated endonuclease activities (7), including DNA recombination, replication,
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repair, compaction-relaxation during mitosis, RNA synthesis and splicing (127),
tissue electrocoagulation, autolysis (postmortem interval) (128), fixation, paraf-
fin embedding, cutting, and pretreatments with H2O2, detergent, PK, microwaves,
etc. ISEL can be a convenient method for demonstrating genotoxic insults unre-
lated to apoptosis- or necrosis-associated DNA fragmentation. The idea to use
TdT to label radiation-induced DNA strand breaks goes back to the early 70s
(129) and in the mid-80s, Pol I and 3H-dCTP were used to monitor DNA dam-
age by genotic agents and the repair thereof (24,25,130).

Maehara and coworkers subsequently applied Pol I and 3H-dTTP in situ on
cultured cells to evaluate the effects of heat (131), γ-irradiation (132), and
adriamycin (133) and the method was used to prove that asbestos is a genotoxic
agent (134) and to demonstrate an increase in single strand breaks in small
samples of human ultraviolet-irradiated skin (135). Kodym and Hörth intro-
duced digoxigenin-dUTP to study in situ radiation-induced DNA strand breaks
and their repair (137) and Coates and coworkers used Pol I and biotin-dATP to
demonstrate UV light-induced DNA damage/repair, both in vitro and in vivo
(137). More recent examples of the in situ application of Pol I or Klenow frag-
ment and biotin-labeled nucleotides unrelated to apoptosis detection are stud-
ies on the mutagenic effects of biomaterials (138), on the protective effects of
mineral sunscreen against ultraviolet radiation (139) and on the kinetics of
bleomycin-induced DNA damage in the lung (140).

However, in the overwhelming majority of studies from the past decade in
which ISEL was applied it was done with the aim to verify, localize and/or
even quantitate apoptosis. In fact, ISEL owes its popularity mainly to the phe-
nomenon that many cell types at some point in the execution phase of their
apoptotic process are subjected to a degree of DNA fragmentation by far
exceeding the amount of DNA breaks resulting from transcription, replication,
and mitotic activities, or from factors related to tissue preparation. Moreover,
many companies introduced ‘apoptosis detection’ kits relying on labeling DNA
breaks, the majority of which being based on TdT, probably because earlier
reports had suggested that TdT had a greater specificity towards apoptotic DNA
breaks than Klenow fragment (91).

But whatever kind of enzyme is being applied, it is clear that the reliability
and specificity of ISEL-kits as advocated by these companies are simply not
justified. As has been repeatedly stressed in the literature, it is fair to say that
ISEL methods assist with the identification and quantification of apoptosis,
but must be employed in conjunction with (simple) morphological examina-
tion to exclude artifactual staining caused by technical aspects and staining as
a result of DNA strand breaks resulting from other physiological or pathological
processes (127,141). To some extent a similar argument holds for all other cur-
rent methods to detect cell death, such as in situ detection with biotin-Annexin V
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(142) and with antibodies against activated caspase-3 (143) or against epitopes
that emerge from specific caspase-induced protein cleavage (144).

A major advantage of ISEL is that it can easily be combined with immuno-
staining on the same tissue section, even if it involves nuclear antigens (145).
Although at present no single technique seems fully adequate to unequivocally
determine under all conditions both the presence and nature of dying cells, the
increasing choice of different methods available (146–149) may provide ample
opportunity to combine a number of complementary techniques that are suited
to any individual situation.
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Labeling DNA Breaks In Situ by Klenow Enzyme
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1. Introduction
The Klenow fragment of DNA polymerase I, first described by Klenow and

Henningson in 1970 (1), consisted of a 75 kDa proteolytic fragment of the
Kornberg polymerase of Escherichia coli. Klenow is now usually obtained as a
recombinant protein expressed from a truncated polA gene (2). To polymerize
the addition of nucleotides to the 3'-OH end of DNA, Klenow requires a single
stranded DNA template and a DNA or RNA primer with a 3'-hydroxyl termi-
nus. Klenow lacks the 5'–3' exonuclease activity of DNA polymerase I, but
retains both the 3'–5' exonuclease activity, which degrades single stranded or
double stranded DNA from a 3'-OH terminus, and the displacement activity of
the intact polymerase (3). Applications using Klenow include: end-filling and
end-labeling DNA with a 5'-overhang, labeling single stranded DNA by ran-
dom priming, chain termination sequencing, second strand cDNA synthesis,
second strand synthesis in site directed mutagenesis, and production of single
stranded probes by primer extension. Of these applications, end-labeling DNA
with a 5'-overhang by Klenow has been developed into an in situ technique for
the detection of DNA breaks using incorporation of modified nucleotides that
may then be detected and visualized by a variety of direct and indirect methods.

The most common use of Klenow in situ has been for the detection of DNA
fragmentation associated with apoptosis (4–6). DNA fragmentation during
apoptosis is a common, although not universal, event in cells and tissues, (7,8).
DNA fragmentation is induced by caspase mediated cleavage of the inhibitor
of caspase-activated DNase (ICAD) which in turn allows DNA cleavage by the
caspase activated DNase (CAD) (9). The cascade commonly leads to the char-
acteristic double stranded breaks in the internucleosomal regions of DNA. The
cleavage is not sequence specific and occurs randomly within the exposed
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linker regions generating up to a million DNA breaks per cell or more. The
majority of the internucleosomal breaks leave a free 3'-hydroxyl group. For
detection of DNA fragmentation associated with apoptosis, no difference has
been observed between labeling with Klenow and DNA polymerase I, suggest-
ing that the 5'–3' exonuclease activity is not required for labeling apoptotic
cells in situ (10,11).

In addition to apoptosis, there are other circumstances when DNA fragmen-
tation occurs in situ, although DNA breaks during physiological processes other
than apoptosis are usually limited and of insufficient number to be detected
directly using Klenow. However, necrotic cells contain a high number of ran-
dom single stranded breaks. Since the nick translation activity of polymerase I
can improve labeling of single stranded breaks, necrotic cells may be preferen-
tially labeled by DNA polymerase I and this would be the enzyme of choice for
identifying necrosis (10). DNA breaks occur normally during mitosis, meiosis,
DNA damage, and DNA repair but at levels too low to be detected routinely in
situ. In an adaptation of the basic in situ technique, Klenow has also been used
to detect abasic sites in DNA: after treatment of DNA with Exonuclease III to
convert abasic sites to single stranded DNA breaks, Klenow is used to label the
DNA ends (12).

Damage to DNA can also be introduced during sample fixation, processing,
and handling (13). Accurate interpretation of the results of in situ labeling for
DNA breaks using Klenow can only be made with data obtained from positive
and negative controls included in each study. Similarly, the conclusions drawn
from a positive result with in situ labeling using Klenow should be supported
with data obtained using other techniques such as morphological methods, to
determine the biological relevance of the DNA breaks detected, e.g. electron
microscopy to determine apoptosis versus necrosis.

The typical labeling reaction to detect DNA breaks in situ using Klenow
involves sample preparation, fixation and immobilization, followed by
permeabilization and Klenow-based labeling at the sites of DNA breaks, and
finally detection of the incorporated label, and visualization. The method pre-
sented here describes a detailed protocol for the detection of DNA breaks in
tissue sections, using Klenow to incorporate a biotinylated nucleotide. The
incorporated biotinylated nucleotides are bound by a streptavidin-horseradish
peroxidase conjugate that is detected by the conversion of diaminobenzamide
tetrahydrochloride (DAB) to an insoluble brown precipitate at the sites of per-
oxidase activity. The samples are viewed with a standard light microscope after
counterstaining. There are a variety of options available for the specific label
and detection method used that are discussed in the notes section at the appro-
priate point in the protocol.
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2. Materials
See Note 1. The majority of solutions should be prepared on the day of use,

therefore, a list of stock solutions is provided.

1. For sample preparation, access to standard facilities and equipment for tissue
fixation and processing, and for preparation of frozen sections or paraffin embed-
ded sections will be required.

2. For cryosectioning: sucrose, Optimum Cutting Temperature (OCT) Matrix, e.g.,
from TissueTEK, isopentane, dry ice.

3. For paraffin embedding; absolute alcohol (100% ethanol), xylene, low or middle
point melting temperature paraffin.

4. For fixation of tissues: 37% formaldehyde, 10× phosphate buffered saline (pH 7.4),
magnesium and calcium free (75 mM disodium hydrogen phosphate, 25 mM
sodium dihydrogen phosphate, 1.45 M sodium chloride). The 10× phosphate buff-
ered saline (PBS) is diluted with water to prepare the 1× PBS that is used through-
out the labeling procedure.

5. Autoclaved deionized water (18 mΩ) should be used for dilutions of all reagents
unless otherwise indicated. Molecular biology grade reagents should be used for
the labeling reaction.

6. For permeabilization: stock solutions of 100 mM Tris-HCl (pH 7.5), 200 mM
EDTA, 10% SDS, 1 mg/mL proteinase K (20 units/mg) in water (store at –20°C).

7. For DNase I treatment: stock solutions of 1 mg/mL DNase I (2000 Kunitz units/
mg) prepared in 10 mM CaCl2, 50% glycerol and stored at –20°C, 100 mM
MnCl2, 200 mM CaCl2, 100 mg/mL bovine serum albumin (BSA).

8. For peroxidase quenching: 30% hydrogen peroxide, methanol.
9. For labeling reaction: Klenow enzyme (2 unit/µL), stock solutions of 1 M Tris-

HCl (pH 7.5), 100 mM MgCl2, 10 mM 2-mercaptoethanesulfonic acid (MESNA),
100 mg/mL BSA, 1 mM dATP, 1 mM dTTP, 1 mM dGTP, 1 mM biotin-14-
dCTP, 3 M NaCl, and 300 mM sodium citrate.

10. For detection and visualization: streptavidin-horseradish peroxidase (1 mg/mL),
diaminobenzamide tetrahydrochloride (DAB), Harris modified hematoxylin solution,
Tween-20, ammonium hydroxide, mounting medium, e.g. Permount, 30% hydrogen
peroxide, 10× PBS, absolute alcohol or denatured alcohol, and xylene. Do not reuse
the ethanol or xylene left after paraffin embedding or deparaffinization of sections.

3. Methods
3.1. Sample Preparation

It is essential to control the quality of the sample during harvesting and
preparation for labeling. False positives can be generated by the introduction
of DNA breaks through excessive heating, e.g. during paraffin embedding, by
certain fixatives, e.g. picric acid, and by physical shearing, e.g. during section-
ing. In analysis of post mortem tissue using DNA polymerase I for the detection
of DNA damage, there was no change in the number of labeled cells when
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rodent tissue was harvested up to 24 h post mortem (12), however, caution
must be used when interpreting samples harvested at later times post mortem
or from other species. Cell or tissue samples should be harvested quickly and
efficiently but without undue physical handling, and be frozen or fixed as soon
as possible to halt the actions of endogenous nucleases and to prevent autolysis.

3.1.1. Frozen Samples and Fixation of Small Tissue Pieces or Biopsies

1. Rapidly freeze sample by dropping into liquid nitrogen, followed by embedding
in optimum cutting temperature (OCT) matrix and immersion into isopentane
prechilled on dry ice. Alternatively, the sample can be quickly blotted dry on
gauze, placed directly on OCT matrix and rapidly frozen by immersing into
isopentane prechilled on dry ice.

2. Attach the frozen embedded sample to a cryostat chuck (pre-chilled to below –20°C)
using OCT matrix. Position the chuck and sample in the cryostat and allow to equili-
brate to the temperature of the cryostat (approximately –18°C) before sectioning.

3. Cut sections of approximately 10–15 microns and collect onto slides pretreated
for electrostatic adherence. Allow slides to dry thoroughly for 1–2 h at 45°C on a
slide drier or overnight at room temperature (see Note 2).

4. Fix the dried sections by immersion in 3.7% formaldehyde in 1× PBS for 10 min
at room temperature, followed by washing in 1× PBS to remove traces of fixa-
tive. Proceed with labeling (see Section 3.2).

3.1.2. Fixed Tissues

Klenow may be used for in situ detection of DNA fragmentation on
tissues fixed in formaldehyde, paraformaldehyde, glutaradehyde, with or
without alcohols. Strong acids or bases should be avoided. Formaldehyde
is the most commonly used fixative in the published literature using
Klenow in situ. After fixation, samples may be processed for paraffin
embedding or for frozen sectioning. The latter may be of benefit if immu-
nohistochemistry is to be performed in addition to the detection of DNA
fragmentation when paraffin embedding is known to interfere with the
antigen of interest.

Fresh tissue or material from perfused specimens should be fixed in 4%
formaldehyde in 1× PBS at room temperature for up to 24 h. Change the fixa-
tive every 2 h for a minimum of two changes. Proceed with either paraffin
embedding or cryosectioning.

3.1.3. Cryosectioning of Fixed Tissues

Freezing of fixed tissues, unless they are small pieces, usually requires
cryoprotection before freezing to reduce artifacts due to the formation of ice.
This is achieved by equilibration into sucrose prior to freezing.
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1. Immerse the fixed sample into a large excess of 30% sucrose in water at room
temperature. Leave for a minimum of 12 h or until the sample floats to the top.
Rinse briefly in water.

2. Freeze and cut sections according to the procedure in Subheading 3.1.1 (Steps 1–4).

3.1.4. Paraffin Embedding and Sectioning

The process of embedding is commonly automated. It is important to note
that the temperature of the paraffin should not exceed 65°C otherwise DNA
breaks may be introduced. For manual processing:

1. Place the fixed tissue in a cassette and immerse in an excess volume of 95%
ethanol for 30 min. Repeat.

2. Immerse the sample in an excess volume of absolute ethanol for 30 min.
3. Immerse the sample in an excess volume of absolute ethanol for 60 min.
4. Immerse the sample in an excess volume of a 1:1 mix of xylene:absolute ethanol

for 60 min.
5. Immerse the sample in an excess volume of xylene for 30 min.
6. Immerse the sample in an excess volume of xylene for 60 min.
7. Immerse the sample in an excess volume of molten paraffin at 65°C for 30 min.
8. Immerse the sample in an excess volume of molten paraffin at 65°C for 60 min.

Repeat.
9. Place tissue in the required orientation in a mold and fill with molten paraffin

at 65°C.
10. Chill for a few seconds on a freezer plate.
11. Position cassette on top of mold and fill with molten paraffin at 65°C.
12. Chill at –5°C on freezer plate for 15 min.
13. Remove cassette and tissue block from mold and allow to warm to room tem-

perature (for storage see Note 3).
14. Cut sections from block at 3–6 microns and collect onto slides pretreated for

electrostatic adherence (for storage see Note 4).
15. Just prior to labeling with Klenow, remove paraffin from specimen by immersing

for 5 min sequentially in 2 changes each of xylene, 100% ethanol, 95% ethanol,
then 70% ethanol.

16. Wash twice in 1× PBS to remove traces of ethanol then proceed with labeling
(see Subheading 3.2).

3.2. Labeling Reaction

The labeling reactions are performed on fixed samples, immobilized on glass
slides. For washing, buffer equilibration, and counterstaining steps when
reagents are not limiting it is convenient to immerse the slide vertically in
Coplin jars designed for this purpose. Small volumes of reagents are pipetted
directly on top of the specimens without touching the specimen with the pipet
tip but ensuring the entire specimen in covered. Volumes of between 50 and
100 µL are usually sufficient. A cover slip may be used for coverage of large sections.
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The protocol is broken down into separate steps to indicate convenient stop-
ping points in the procedure: the samples may be left in the last buffer used in
each section for several hours. Optimal labeling will be obtained if the proce-
dure is carried out in its entirety in the same day.

3.2.1. Permeabilization

Based on results from a wide variety of laboratories, permeabilization of the
tissue to allow access to the nucleus by the DNA labeling reagents is crucial.
Although some samples do not require a permeabilization step, controlled treat-
ment with a permeabilization reagent, combined with the use of appropriate
positive and negative controls, will generate the optimal results. A wide vari-
ety of agents have been used including solvents, detergents, heat (antigen retrieval),
and enzymatic digestion. Optimal labeling will require empirical determina-
tion of this step for the tissue under investigation, although a brief digestion
using proteinase K will be appropriate for the majority of samples. Frozen sec-
tions (fixed after sectioning) typically require little permeabilization, if any,
after fixation. For a summary of alternative permeablization methods, see (14).

1. Prepare on ice a 20 µg/mL solution of proteinase K in 10 mM Tris-HCl (pH 7.5),
0.05 mM EDTA, 0.5% SDS from stock solutions.

2. Remove slide from 1× PBS and blot away excess buffer from around sample.
3. Lay slide flat and immediately pipet the prepared proteinase K solution on top of

sample and incubate for 5–30 min at 37°C in a humidified chamber to prevent
evaporation and sample drying. Empirical determination of incubation time will
be needed (see Note 5).

4. Wash slide in 1× PBS.
5. Generate a positive control with DNase I on at least one sample (see Note 5).

3.2.2. Quenching Endogenous Peroxidase Activity

Some specimens will naturally contain peroxidase activity, e.g. spleen. When
using a peroxidase-based detection system, it is important to remove endogenous
peroxide. This step is not required for non-peroxidase detection methods.

1. Immerse slide in a freshly prepared solution of 3% hydrogen peroxide in metha-
nol for 5 min at room temperature. Do not leave samples in hydrogen peroxide
solution for longer periods because hydrogen peroxide will cause DNA breaks
via free radical production.

2. Rinse slide briefly in 1× PBS.

3.2.3. Labeling of DNA Breaks

Typical incubation times are 60 min at 37°C in a humidified chamber. Pre-
pare the solutions just prior to use. Controls must be included to validate the
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data obtained. These controls include: an experimental negative control, e.g.,
normal tissue, prepared in the same way as the experimental sample (see Sub-
heading 3.1.), to control for tissue handling and processing; a negative labeling
control in which the Klenow enzyme is omitted from the labeling mix (see Step
3, Subheading 3.2.3.) to confirm specific labeling; a positive control generated
on an experimental sample using DNase I (see Step 5, Subheading 3.2.1., and
Note 5) to confirm that permeabilization was optimal; and a standard positive
control obtained from an alternate source e.g. commercially available sections of
tissues containing apoptotic cells (see Subheading 2) to confirm that all the re-
agents were functioning and that the procedure was carried out correctly.

1. Equilibrate sample by immersing slide in 1× Klenow labeling buffer (50 mM Tris
(pH 7.5), 5 mM MgCl2, 60 µM 2-mercaptoethanesulfonic acid (MESNA), 50 µg/mL
BSA for 2 min.

2. Meanwhile, prepare the enzyme labeling mix on ice consisting of 0.15 mM dATP,
0.15 mM dGTP, 0.15 mM dTTP, 5 µm biotinylated dCTP, in 1× Klenow labeling
buffer, and 0.04 units/µL Klenow. Generate a labeling negative control by omit-
ting the Klenow from the mixture applied to at least one experimental sample.
Alternative labeled nucleotides are also available (see Note 6).

3. Remove equilibrated slide and blot excess buffer from around sample with a tis-
sue. Immediately, pipette the enzyme labeling mix onto the sample, ensuring the
entire sample is covered, and incubate for 1 h at 37°C in a humidified chamber.

4. Immerse for 2 min in 300 mM NaCl, 30 mM sodium citrate to stop the reaction,
then rinse briefly in PBS.

3.3. Detection and Visualization of Incorporated Label

Biotin is recognized and bound by streptavidin. A convenient and well char-
acterized method for the detection of biotin is the use of streptavidin conju-
gated to horseradish peroxidase. Since endogenous peroxidase activity is
readily quenched, peroxidase based systems are more commonly used over
phosphatase based systems (see Note 7). The peroxidase is then visualized
using DAB to generate a dark brown precipitate in cells that have incorporated
the biotin. A variety of commercial proprietary peroxidase substrates are avail-
able that may be used instead of DAB: follow the manufacturers’ guidelines
for buffers, incubations, selection of counterstain etc.

1. Blot excess buffer from around sample, then cover specimen with 2 µg/mL
streptavidin-horseradish peroxidase in 1× PBS, 0.05% Tween-20 for 20 min at
room temperature.

2. Wash slide three times in an excess volume of 1× PBS, 0.05% Tween-20, then
once in 1× PBS. The presence of Tween helps reduce non-specific interaction of
the streptavidin-conjugate with the specimen.
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3. Prepare a solution of 50 mg/mL diaminobenzamide tetrahydrochloride (DAB),
0.03% hydrogen peroxide, in 1× PBS (see Note 8). Immerse washed slide from
step 2 and incubate for 3 to 10 min. View periodically during development under
microscope (see Note 9).

4. Stop the color development by washing in 1× PBS.
5. Immerse slide in hematoxylin for up to one min. Rinse briefly in tap water then

dip ten times in 0.01% ammonium hydroxide tap. Rinse briefly again in tap water.
Care is needed not to counterstain the specimen too darkly or the DAB will be
obscured (see Note 10).

6. Dehydrate by passing through two changes each of 95% ethanol then 100% ethanol.
7. Clarify by passing through two changes of mixed xylenes for 5 min each.
8. Lay slide horizontally and place two drops of Permount onto specimen. Lay glass

cover slip onto Permount and press gently to expel any bubbles. Allow sample to
harden overnight.

9. View at up to 400× magnification. See Note 11 for data interpretation. Store
slides in the dark.

4. Notes

1. Some of the reagents that are used for in situ Klenow labeling of DNA may be
hazardous, therefore, wear gloves, lab coat and eye protection when handling any
of the reagents. Use of a chemical fume hood is recommended for certain reagents,
e.g. xylene. Refer to the appropriate materials safety data sheets prior to use.

2. Optimal labeling is obtained if the sections are labeled immediately after section-
ing and drying. If necessary, store the sections at –80°C after sectioning for short
periods of time, dry for 2 h at 45°C on a plate drier, then rinse with 1× PBS before
proceeding with the labeling reaction.

3. Specimens are ideally stored in paraffin blocks. Store them at room temperature.
4. The quality of labeling of DNA breaks with Klenow is optimal when the sections

are freshly cut and labeled within 48 h. If necessary, store paraffin embedded
sections for up to one month at room temperature in a sealed box with desiccant.

5. A brief treatment with DNase I will generate DNA breaks that are substrates for
Klenow end-labeling. If the tissue was permeabilized adequately, each nucleus
in the DNase I treated sample will be labeled. The inclusion of Mn+2 in the DNase
I buffer causes double stranded DNA breaks (3). If single stranded breaks are
required Mg+2 may be substituted.
a. After permeabilization, incubate the sample in 1 µg/mL of DNase I in 50 mM

Tris-HCl (pH 7.5), 10 mM MnCl2, 20 mM CaCl2, 0.1 mg/mL BSA (prepared
fresh from stock solutions) for 10 min at 37°C.

b. Wash twice in 1× PBS. Proceed with quenching step.
6. Other labels include digoxigenin-labeled nucleotides, and FITC-labeled nucle-

otides. The detection method used will be dependent upon the label utilized.
FITC-labeled nucleotides incorporated by Klenow can be viewed directly after
labeling by epifluorescence microscopy. Incorporation of digoxigenin-labeled
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nucleotides require use of an anti-digoxigenin antibody conjugate for detection.
Follow the manufacturers’ recommendation for use.

7. If preferred, phosphatase-based detection systems may be used, e.g. substitute
the streptavidin-horseradish peroxidase conjugate for a streptavidin-phosphatase
conjugate. Organic phosphate buffers should not be used with phosphatases,
therefore, substitute the 1× PBS used throughout the procedure for 1× Tris buff-
ered saline. A variety of phosphatase substrates can be used: follow the manufac-
turers recommendations for use. Note that the counterstain must be compatible
with the detection system, e.g. do not use hematoxylin if the phosphatase reac-
tion product is blue or black.

8. DAB should be disposed of according to local, state and federal regulations.
9. The color reaction product may be monitored by rinsing the slide briefly in water,

and viewing the slide with a light microscope at 100–200× magnification. Posi-
tive cells will appear pale brown. If a longer time is needed, return the slide to the
DAB solution and continue the incubation.

10. To ensure that the counterstaining is appropriate, it is worthwhile staining one or
two specimens prior to labeling the sections to determine the immersion times
needed for a pale blue staining of all cells.

11. The presence of DNA breaks in a cell is indicated by a dark brown coloration
(DAB) usually confined to the nucleus, visible against the pale blue of the coun-
terstain. The staining may be diffuse or punctate, indicating whether the chroma-
tin (with DNA breaks) is also condensed.

The DNase I treated positive control allows for the investigator to determine
that the permeabilization was adequate: this sample should contain nuclei that
are universally labeled with a brown diffuse DAB stain. If few or no nuclei are
stained this suggests that the permeabilization is inadequate and the incubation
time in proteinase K should be increased. No staining in this sample could also
indicate that one of the reagents has failed, e.g. the Klenow enzyme was stored
incorrectly, or the protocol was not carried out correctly e.g. a reagent was omit-
ted by mistake.

Confirmation that the procedure was carried out correctly is ruled out using a
standard positive control, e.g. a sample known to contain cells with DNA breaks
for which optimal conditions have been determined. There are commercial
sources for these positive controls, e.g. murine thymus (positive for apoptotic
cells) available from Trevigen Inc. It is important to note that commercially avail-
able controls allow novice users to become familiar with the technique but they
can confirm only that all the reagents are working and that the procedure was
carried out correctly. Each experimental specimen will require optimization.

A negative control allows for the investigator to determine the background
level of staining. The negative labeling control must be treated in an identical
manner to the positive control sample and the experimental sample except the
Klenow enzyme is omitted from the labeling reaction. After labeling, the nega-
tive labeling control should not contain any brown DAB staining. Labeling over
the entire sample (nuclei and cytoplasm) indicates that the streptavidin-conjugate
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has bound non-specifically. This background staining can be reduced by decreas-
ing the concentration of the streptavidin-conjugate, or by increasing the numbers
of washes. Bovine serum albumin (1%) may be added to the washes prior to the
incubation with the streptavidin-conjugate to block non-specific binding sites.
Cytoplasmic DAB staining in the negative control may also be observed with
inadequate quenching of endogenous peroxidases. Patches of DAB staining in
the negative control usually indicates that the sample may have dried out during
the labeling procedure.

An experimental negative control can be very important for troubleshooting
and data interpretation. In normal adult tissue very few cells will contain DNA
breaks, although some neonatal and embryonic tissue may contain high numbers
of apoptotic cells with DNA breaks, e.g. cerebellum in neonatal mice. The inclu-
sion in the assay of normal tissue, e.g. from untreated animal, that is harvested,
prepared and labeled in the same way as the experimental material helps validate
the data. Labeling of the majority of nuclei in the experimental negative control
usually indicates that the permeabilization with proteinase K was too aggressive
and should be reduced. Less commonly, high numbers of stained nuclei in the experi-
mental negative control may indicate hydrolysis of the DNA during storage, improper
fixation, autolysis, or heat damage during paraffin embedding, which would render
the samples useless for end-labeling under most circumstances.
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In Situ Nick Translation
at the Electron Microscopic Level

Marc Thiry

1. Introduction
The nick translation procedure has been introduced in 1977 by Righy et al.

(1). It is commonly used to label purified DNA in vitro. This technique relies
on combined 5'→3' polymerase and 5'→3' exonuclease activities of Escheri-
chia coli DNA polymerase I. If a nick or single strand break with a 3' hydroxyl
terminus is present in a duplex DNA molecule, the enzyme will translocate it,
removing nucleotides ahead of it by 5'→3' exonuclease activity and synthesiz-
ing the new DNA strand behind it using 5'→3' polymerase activity (2). When
labeled deoxyribonucleotides are used as substrates, the original unlabeled
nucleotides in the DNA template are replaced by the labeled ones.

In addition to DNA damage detection (3) the method was adapted to study the
location of DNase I-sensitive regions within cellular DNA. In this case, the breaks
are introduced into an undamaged DNA duplex by adding trace amounts of
DNase I to study active regions of chromatin. Initially, Levitt et al. (4) selec-
tively labeled nuclease-sensitive sites in DNA in isolated nuclei by nick-
translation using treatment with low concentrations of DNase I. Later this method
was successfully used to study the location of DNase I-sensitive sequences within
chromosomes and cells (5–14). It was recently adapted to the electron micro-
scopic level in order to discriminate between active and inactive regions of inter-
phase chromatin (15–16).

The technique is applied to the ultrathin sections of biological material and
includes two successive steps, the enzymatic labeling reaction followed by an
immunocytochemical detection step (Fig. 1). In the enzymatic reaction, pancre-
atic DNase I introduces single-strand breaks with 3' hydroxyls in susceptible
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Fig. 1. Schematics of the in situ nick-translation-immunogold technique.
1. Step 1—nick formation: DNA exposed by sectioning at the surface of ultra-

thin sections (hatched lines) is nicked by DNase I.
2. Step 2—nick translation: E. coli DNA polymerase I (Pol I ) recognizes the

nicks and synthesizes a new DNA strand using the opposite strand as a tem-
plate. The newly synthesized DNA strand is labeled using biotin-11-dUTP (B).

3. Step 3—detection: The incorporated nucleotide analogues are reacted with
anti-biotin antibody (H) and visualized using secondary antibody coupled to
colloidal gold (G).
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sites in DNA. These breaks are subsequently labeled by the nick translation
procedure with DNA polymerase I and modified nucleotides. In the detection
step, the newly synthesized DNA strands are visualized by an indirect
immunogold labeling technique.

Nick translation using mild digestion with DNase I allows preferential label-
ing of actively transcribing DNA regions. In case when DNase I treatment is
omitted the technique detects the pre-existing single-stranded DNA breaks and
can be used for visualization of DNA damage in situ at the electron micro-
scopic level (17).

2. Materials
2.1. Equipment

1. Material for ultramicrotomy.
2. Material for embedding at low temperature in Lowicryl K4M (see Note 1).

2.2. Reagents

2.2.1. Fixatives

1. Sörensen’s buffer : 0.1 M Na2HPO4, 0.1 M NaH2PO4, pH 7.4, store at 4°C, stable
for up to 3 mo.

2. 0.2% glutaraldehyde in Sörensen’s buffer , store at 4°C, stable for up to 3 months.
3. 4% formaldehyde or paraformaldehyde in Sörensen’s buffer, store at 4°C, stable

for 15–21 d.
4. Mixture: formaldehyde 4% and 0.1% glutaraldehyde in Sörensen’s buffer, store

at 4°C, stable for 15–21 d.

2.2.2. Resin

1. Lowicryl K4M (Chemische Werke Lowi, Waldkraiburg, Germany), store at room
temperature (see Note 1).

2. We currently use the following mixture: 2.7 g crosslinker A, 17.3 g monomer B,
0.1 g initiator C.

2.2.3. Nick Translation

1. Nick translation buffer: 50 mM Tris-HCl, 5 mM MgCl2, 10 mM β-mercapto-
ethanol, 50 µg/mL bovine serum albumin (BSA; Fraction V, Sigma-Aldrich
Chemie, Steinheim, Germany), pH 7.9, stable at 4°C for up to one year.

2. Bovine pancreatic DNase I (Sigma-Aldrich): a stock solution of 1 mg DNase I/
100 µL H2O, store at –20°C in small aliquots, use once.

3. Nucleotides : a 0.4 mM stock solution of dGTP, dATP (BRL, Pomona, NY),
store at –20°C in aliquots; a stock 0.4 mM solution of biotin–11-dCTP (Enzo
Diagnostics, Farmingdale, NY), store at –20°C; a stock 0.4 mM solution of biotin–
11-dUTP (Roche Molecular Biochemicals, Indianapolis, IN), store at –20°C.
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2.2.4. Immunocytochemical Detection

1. PBS buffer stock : 0.17 M NaCl, 3.35 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, stable at 4°C for up to one year.

2. PBSB buffer : 1 volume of PBS buffer stock, 4 volumes of H2O, add extempora-
neously 1% BSA and adjust the pH to 7.2 or 8.2.

3. Goat anti-biotin antibody (Sigma-Aldrich) 1 mg/mL, store at –20°C in aliquots.

2.2.5. Contrasting

1. 50% ethanolic uranyl acetate: 0.5 g uranyl acetate, 12.5 mL boiled H2O, 12.5 mL
ethanol, store at 4°C in a brown glass container or otherwise protected from direct
light, stable at 4°C for up to one year, filter (0.22 µm in pore size) before use.

2. Aqueous lead citrate: 4.2% sodium citrate, 2.6% lead nitrate, add concentrated
NaOH until clearing up of mixture, stable at 4°C for up to one year, filter (0.22 µm
in pore size) before use.

3. Methods

3.1. Preparation of Cells for Electron Microscopy

1. Fix cell pellets (< 0.5 mm3) at 4°C in either glutaraldehyde or formaldehyde (or
paraformaldehyde) or mixture for 15 min or 60 min or 30 min respectively (see
Note 1).

2. Wash samples three times in Sörensen’s buffer.
3. Dehydrate samples in a graded series of ethanol solutions:

• Ethanol 30° 4°C 30 min
• Ethanol 50° –20°C 30 min
• Ethanol 70° –20°C 2 × 30 min
• Ethanol 95° –20°C 30 min
• Ethanol 100° –20°C 3 × 30 min,

4. Infiltrate samples in Lowicryl K4M at –30°C (see Note 2) as follows:
• Ethanol/Lowicryl K4M 2/1 60 min
• Ethanol/Lowicryl K4M 1/1 60 min
• Ethanol/Lowicryl K4M 1/2 60 min
• Pure Lowicryl K4M 2 × 60 min
• Pure Lowicryl K4M overnight.

5. Transfer samples to the BEEM capsules, fill capsules with fresh pre-cooled resin
and close, fill capsules to the top, to minimize dead space over the resin.

6. Polymerize resin for 24 h at –30°C, then for another 2–4 d period at room tem-
perature by indirect (diffuse) ultraviolet irradiation from a Philips TLAD 15W/
05 fluorescent lamp (Wavelength peak at 360 nm).

7. Cut ultrathin sections (60–90 nm) of Lowicryl K4M-embedded cells with a dia-
mond knife.

8. Mount sections on 200–400 mesh nickel grids having a collodion film.
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3.2. Nick Translation Reaction

1. Incubate grids for 5 min at room temperature on a drop of nick translation buffer
(see Note 3).

2. Transfer grids for 5–45 min at 37°C on a drop (5–10 µL) of nick translation
buffer containing 0.1–1,000,000 ng/mL pancreatic DNase I (see Notes 4 and 5),
10 U/mL Escherichia coli DNA polymerase I, 4 µM dGTP, dATP, biotinylated-
11-dCTP and biotinylated-11-dUTP (see Note 6).

3. Rinse grids in five 15 mL-beakers filled with bidistilled water.

3.3. Immunolabeling Procedure

1. Incubate grids for 30 min at room temperature on a drop of PBSB buffer (pH 7.2)
containing normal rabbit serum diluted 1/30.

2. Transfer grids for 60 min at room temperature on a drop of goat anti-biotin anti-
body diluted 1/500 in PBSB buffer containing normal rabbit serum diluted 1/50.

3. Rinse grids in four 15 mL-beakers filled with PBSB buffer (pH 7.2).
4. Rinse grids in a 15 mL-beaker filled with PBSB buffer (pH 8.2).
5. Incubate grids for 60 min at room temperature with medium containing rabbit

anti-goat IgG coupled to gold particles either 5 or 10 nm diameter (see Notes 4
and 7), the gold-coupled IgG being diluted 1/50 in PBSB buffer (pH 8.2).

6. Rinse grids in four 15 mL-beakers filled with PBSB buffer (pH 8.2).
7. Rinse grids in four 15 mL-beakers filled with bidistilled water.
8. Blot and dry grids.

3.4. Staining of Sections

1. Transfer grids into a Petri dish with reduced CO2 concentration (sodium hydrox-
ide pellets in a Petri dish). Incubate for 30 sec at room temperature in darkness,
on drops of 50% ethanolic uranyl acetate.

2. Rinse grids in three 25 mL-beakers filled with boiled bidistilled water.
3. Dry grids on filter paper.
4. Transfer grids into a Petri dish with reduced CO2 concentration (sodium hydrox-

ide pellets in a Petri dish) for 30 sec at room temperature, on drops of aqueous
lead citrate.

5. Rinse grids in three 25 mL-beakers filled with boiled bidistilled water.
6. Dry grids on filter paper.
7. Examine sections in a transmission electron microscope at 60–80 KV (see Notes

8 and 9).

4. Notes
1. Sterilize glassware, tools and H2O to be used in the procedure. When the cells are

fixed in 1.6% glutaraldehyde, no labeling occurs.
2. Lowicryl K4M is prepared in a brown glass container the day before use. The

resin is a skin and eye irritant. All manipulations are carried out in a well-
ventilated fume hood. We use gloves for all steps involving use of this resin.
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We use a low-temperature embedding in Lowicryl K4M, which is suitable for
immunocytochemistry (18) because it provides optimal conditions for preserv-
ing fine cellular structure and for locating antigenic cellular material. In addition
to Lowicryl sections (15–16,19–22), in situ nick translation-immunogold tech-
nique has been applied successfully to cryosections (23). It reveals with great
precision specific DNA-containing structures in various biological materials,
including animal and plant cells. Examples of sensitive, high-resolution detec-
tion include the DNA present in mitochondria and DNA viruses (16,22).

3. Each step is performed on drops of medium placed on parafilm in a moist Petri
dish, the face of the grid with ultrathin sections is floated or incubated on the
drops of the medium. The washing procedure is performed in beakers by agitat-
ing the grids for 10 sec using anticapillary forceps. Before each incubation of
grids on drops, the edge of grids and the face of grids devoid of ultrathin sections
have to be blotted on filter paper to avoid dipping of grids.

4. The labeling pattern depends on the DNase I concentration in the nick transla-
tion medium (15,16): whereas small nuclear sites at and/or near the border of
condensed chromatin blocks are labeled at 1 ng/mL of DNase I concentrations
for 5 min (see Fig. 2, upper), labeling of the condensed chromatin requires
higher concentrations in the nick-translation medium (Fig. 2, middle). Very
high DNase I concentrations cause the label to disappear (Fig. 2, below), most
likely because the DNA sequences are digested rapidly and solubilized. The
evolution of labeling in these experiments thus appears to reflect the selective
nicking activity of DNase I. Since DNase I acts preferentially on active chro-
matin (4,24), the procedure can be used to distinguish active from inactive
sequences of DNA in cells.

In practice, for each new biological material used, it is recommended to use a
graded series of DNase I concentration in nick-translation medium (between 0.1–
1,000,000 ng/mL), to discriminate between active and inactive regions.

5. EM-level in situ nick-translation reveals DNase I-sensitive sites within in the cell
similar to the direct DNase I-colloidal gold labeling technique described by
Bendayan (25). However the direct approach has several disadvantages compared
to our procedure. DNase activity in it may be reduced if the active site of the
enzyme is involved in the binding with the gold particle, in addition steric hin-
drance problem can arise when the enzyme is coupled to gold particles. Another
limitation of the DNase-gold technique is the affinity of the complex for actin
and chitin (26,27). The indirect method avoids such undesirable labeling because
only nucleotides incorporated into DNA at nicked sites are detectable.

6. The signal is more intense when two different biotinylated deoxyribonucleoside
triphosphates are used.

7. Label is distributed identically regardless of the diameter of the gold par-
ticle, although the labeling intensity is lower for 10 nm particles than for 5 nm
particles. However, considering that results are more visible with the larger
gold particles, we have frequently illustrated our results with 10 nm gold
particles.
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Fig. 2. The distribution of gold particles in the Ehrlich tumor cell nucleus depends
on the concentration of DNase I in nick translation medium. At a low concentration of
DNase I (1 ng/mL of DNase I for 5 min; upper) only a few labeled sites are present at
or near to the blocks of condensed chromatin (C) associated with the nuclear envelope
(NE). The labeling of condensed chromatin required higher DNase I concentrations
(500 ng/mL for 45 min; middle). At a very high DNase I concentration (1,000,000 ng/
mL for 30 min; below) no label occurs, most likely because the DNA sequences present
at the surface of ultrathin sections are digested rapidly and solubilized.
(T—cytoplasm; Bar represents 0.2 µm)
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8. To verify the specificity of the labeling obtained by in situ nick-translation-
immunogold procedure, various controls are necessary. The following controls
are recommended:
• Pretreatment of sections with RNase, RNase should not affect labeling.
• Omission of DNase I from the nick-translation medium. It is worth mentioning that

some very scant labeling of DNA-containing structures occurs when ultrathin sec-
tions are incubated in a DNase I-free nick-translation medium (28). This signal
probably results from the 3'→5' exonuclease activity of DNA polymerase I., in this
reaction the enzyme degrades double-stranded DNA from the 3'-hydroxyl terminus
and creates a recessed 3 ‘terminus which can then serve as a primer for DNA syn-
thesis catalyzed by DNA polymerase I. By this exchange reaction, labeled nucle-
otides can be incorporated into blunt-ended DNA present at the surface of sections.
On the other hand, all the naturally occurring DNA breaks such as those generated
during apoptosis or by DNA repair systems can also be detected.

• Omission of DNA polymerase I from the nick-translation medium.
• Omission of modified nucleotides from the nick-translation medium.
• Omission of the primary antibody.
• Substitution of the secondary antibody coupled colloidal gold with a solution

of gold lacking the antibody tag.
• Biological control. No positive label should be found in structures devoid of DNA.

9. Troubleshooting.
No labeling:
• Inadequate fixation; fixative concentration is high.
• Insufficient DNase digestion; increase the incubation time or the amount of

enzyme.
• Check the quality of reagents.

High background:
• Insufficient washing.
• Care must be taken not to dry up samples, when you blot excess buffer around

specimens.
• Immunolabeling conditions are inappropriate; decrease the immunolabeling

time and/or temperature; increase the dilution of antibodies.
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In Situ DNA Ligation as a Method for
Labeling Apoptotic Cells in Tissue Sections

An Overview

Peter J. Hornsby and Vladimir V. Didenko

1. Introduction
In 1992 Gavrieli et al. published a seminal article showing that apoptotic

cells could be detected by an in situ assay (1). The labeling method depends on
the ability of terminal deoxyribonucleotidyl transferase to add nucleotides to
breaks in DNA, and has generally been termed TUNEL (terminal dUTP nick
end labeling), although ISEL (in situ end labeling) would be a more appropri-
ate description. During the late stages of apoptosis, nucleases are activated that
cleave DNA with the production of double-strand breaks. Terminal transferase
is used in this in situ assay for apoptosis to add labeled nucleotides to the 3'
ends of DNA molecules, thus providing a sensitive assay for detecting
apoptotic cells in tissues. Since the publication of this method, this work has
been cited in over 4,300 publications, attesting to the usefulness of the assay.

After the initial publication of the TUNEL method, it was recognized that
the assay was very sensitive, but not as specific for apoptosis as is ideally desir-
able (2). Because the method is capable of labeling any free 3' end in DNA,
other forms of damage to DNA, apart from apoptosis, produce positive signals.
Over the years since the publication of this work, there have been various use-
ful modifications to the TUNEL assay which have improved its specificity for
apoptotic cells (3). Moreover, under uncomplicated circumstances the original
TUNEL method gives unambiguous results. In particular, this is true of label-
ing in embryonic tissues where apoptosis is expected and other sources of DNA
damage are unlikely. On the other hand, in pathological conditions it is by no
means certain that the presence of DNA damage in a tissue can be reliably
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interpreted as the occurrence of apoptosis. First, necrotic cells contain a vari-
ety of DNA strand breaks. Second, cells may have sublethal forms of DNA
damage, giving rise to single-strand breaks that can be labeled. DNA damage
in these cells could be repairable (although it could also be a precursor to
apoptosis) and such cells need to be distinguished from actual apoptotic cells.

2. Biochemical Background and Principle of In Situ Ligation Method
With these observations in mind, we considered ways to improve the in situ

detection of apoptosis. We thought of adapting the concept of in situ detection
of DNA strand breaks by using a process that did not depend on terminal trans-
ferase end labeling. The distinctive feature of apoptosis is the presence of
double-strand breaks, which may have either blunt or staggered ends. We
wanted to label double-strand breaks in such a way that the double-stranded
nature of the DNA ends would become an essential part of the labeling pro-
cess—single-stranded DNA ends would not be labeled. We developed the idea
that double-strand breaks could be labeled by ligation of a double-stranded
DNA tag. This method is in essence an in situ adaptation of ligation methods
used commonly in molecular biology, both during subcloning procedures and
in analytical procedures, such as ligation-mediated PCR (4). In fact, at about
the same time as we developed the in situ ligation method, a PCR-based method
was developed for biochemical detection of double strand breaks in apoptotic
cell DNA (5).

The biochemical literature on apoptosis suggested the involvement of a
DNase I-type of endonuclease with restricted access to DNA in chromatin (6).
This kind of nuclease would produce double-strand breaks with short (e.g.
single-base) 3' overhangs. Our reasoning is as follows. Random cleavage by an
endonuclease producing multiple single-strand nicks within internucleosomal
DNA would not be expected to produce large numbers of single-base 3' over-
hangs, which are predicted only when the DNA is protected by bound protein
(7–9). However, apoptotic cleavage of DNA has been shown to produce an
abundance of DNA fragments not only of the intranucleosomal length (~140 bp)
but also of the length of the intranucleosomal DNA plus linker DNA (~195 bp)
(10). Thus it is predicted that the endonuclease involved in apoptosis does not
initially have access to the entire internucleosomal region, but preferentially to
the sites at the junction of the nucleosome and the internucleosomal region.
This may arise from the higher order structure of chromatin in the nucleus (11).
When DNA is bound to histones or other proteins in chromatin, it is partially
protected from the action of endonucleases, which are able to cleave the DNA
at approximately 10 bp intervals, the distance of a single helical turn of the
DNA (7). Because of the helical twist of DNA, the two strands are accessible
to endonucleases with production of staggered ends as well as some blunt ends.
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Thus, DNase I cleavage of nucleosome-bound DNA gives rise to double strand
cuts with 1, 2, or 3 bases of 3' overhang (8,9). In contrast, DNAse II cleavage
of DNA in chromatin yields longer 3' overhangs of an average of 4 bases (7,9).
The presence of single-base 3' overhangs in apoptotic cells thus is consistent
with limited access of chromatin to a DNAse I-type apoptotic endonuclease.

It was reasonable to think that a method based on detection of single-base 3'
overhangs would specifically label double-strand breaks of apoptotic cells and
would not label double-strand breaks that happen to be present for other rea-
sons. In particular, blunt-ended strand breaks could be present in necrotic cells.
The presence of large numbers of accessible 3' ends in necrotic and autolytic
tissue is predictable if, during necrosis, DNA is digested by a mixture of lyso-
somal nucleases (12,13). The destruction of DNA in necrosis is thought to be a
late rather than an early event (14). In this case, the bulk of the destruction of
the DNA may occur when the chromatin is in a more relaxed form, and the
supposed greater variety of enzymes involved in destruction of the cells may
give rise to a more random pattern of DNA fragmentation. Nevertheless, it has
been noted that necrosis can give rise to a nucleosome-length DNA ladder
(15,16). Some blunt ends in necrotic and autolytic cells could result from the
combined action of endonucleases followed by exonucleases that flush stag-
gered double-strand fragments. There would be a much lower level of 3' single-
base overhangs, which, if produced, would be transient in the presence of this
mixture of nucleases.

3. Probe Designs for In Situ Ligation
We set out to design a probe that could be ligated to double-strand breaks

with single-base 3' overhangs. In doing so we took advantage of the known
ability of Taq DNA polymerase to synthesize double-stranded DNA with
single-base 3' overhangs in the polymerase chain reaction (PCR), an activity
termed terminal transferase or “extendase” (17). This activity of Taq poly-
merase is the basis for use of the well-known T vectors in the cloning of PCR
products (18). To make a PCR product that would be useful in in situ ligation
we performed PCR using digoxigenin-labeled or fluorescent deoxyribonucle-
otide triphosphates (dNTPs) (19). The probe was then incubated with a
deparaffinized or frozen section of tissue in a mix of buffer, T4 DNA ligase
and ATP (required for the ligase reaction). The probe was allowed to become
covalently attached to available sites on the section, and unattached probe was
then washed away. The attached probe was detected by an antibody against
digoxigenin or was directly observed by fluorescence microscopy.

Practical tests of the method showed that it did indeed label apoptotic cells
specifically. As a positive control, we used rat thymus 24 h after administra-
tion of glucocorticoid, a model for apoptosis well established by previous
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investigators (20). Fig. 1 shows in situ ligation labeling in glucocorticoid-
treated and control thymus. This series of experiments also showed that necro-
tic cells in a sample of Wilms’ tumor were not labeled, thereby validating the
specificity of the labeling for apoptotic cells.

As we gained more experience with in situ ligation, we realized that the
major practical problems were to make sufficient amounts of the PCR product
and to purify it away from unincorporated labeled dNTPs, which can produce
increased background on the section. We thought that making a probe chemi-
cally rather than enzymatically might solve these problems. To that end, we
thought about designing a double-stranded oligonucleotide that could be used
to label double-strand breaks. We also realized that using oligonucleotides
would give us the opportunity to design any kind of double-stranded DNA
ends, both for apoptotic cell labeling and for labeling any types of double-
strand breaks in other biological materials. In the first type of oligonucleotide
that we designed we retained the single A 3' overhang, as found in the PCR
products. As we thought about creating an oligonucleotide, we were aware that
only a double-stranded oligonucleotide would be suitable. Single-stranded oli-
gonucleotides could label many different kinds of DNA breaks, and labeling

Fig. 1. Comparison of patterns of apoptotic cells, detected by the presence of differ-
ent types of DNA ends, in control and glucocorticoid-treated thymus. Thymus from
control (A, B) and glucocorticoid-treated (C, D) rats were fixed and processed as
described in Figure 1. The figure shows the reaction products resulting from (A, C)
ligation of Taq polymerase fragment, 15 minutes of alkaline phosphatase reaction;
(B, D) TdT reaction, 7 min of alkaline phosphatase reaction. Bar, 2 mm. Reproduced
with permission from ref. 19.
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would not depend on the presence of double-stranded ends on the section. To
ensure that the oligonucleotides existed only in a double-stranded form we
designed hairpin oligonucleotides that fold back on themselves; in accordance
with the laws of thermodynamics, they exist in solution only in a double-
stranded form (21). The hairpin oligonucleotides were modified with covalently
attached biotin to enable detection with avidin conjugates (Fig. 2A). They proved
to be specific and convenient for in situ ligation and thereby rapidly replaced the
use of PCR products. As shown in Fig. 3, these oligonucleotides sensitively
labeled apoptotic cells.

Hairpin probes are structurally uniform, stable in the assay environment,
and easy to prepare in large quantities. However, the in situ labeling procedure
still requires lengthy washing steps to remove unligated probe. The reason for
the relative stickiness of the probe was unclear, as in theory the short
nonattached oligonucleotides should be easily removed from the section. We
reasoned that the cause of this stickiness was the single-stranded loop region.
The oligonucleotide probes were synthesized with 20-base loops that contained
five nucleotides modified by the attachment of biotin. The probes also had a

Fig. 2. Configuration and sequence of biotin-labeled oligonucleotide probe for
detection of double-strand breaks. (A) looped hairpin and (B) loopless hairpin. Both
probes are designed so that the terminus of the stem has a characteristic structure, in
this case, a single 3' A overhang. The loop (A) contains 5 deoxythymidine derivatives
(t) labeled with biotin. The loopless probe (B) contains a single biotin positioned at the
end of the hairpin opposite the ligated end. X in the sequence represents a biotinylated
nucleotide (see text). Reproduced with permission from ref. 22.
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10 bp stem, with a short 3' overhang, which could be ligated to double-strand
breaks in DNA. The placement of a nonradioactive label in the loop away from
the stem of the hairpin was intended to prevent potential interference of the
large biotin groups with the enzymatic linkage of the probe to the section. How-
ever, nonspecific binding could be caused by interactions between the nega-
tively charged single-stranded loop of the probe and positively charged protein
molecules, or by nonspecific hybridization to cellular RNA or single-stranded
regions in cellular DNA, present in damaged or necrotic cells. In addition, the
flexible loop structure could easily twist, preventing tagged nucleotides from
being efficiently detected. The presence of several closely-positioned biotinylated
nucleotides might also create steric hindrance problems.

With these issues in mind, we designed a new oligonucleotide probe (Fig. 2B)
(22). In the new probe design, the reactive single-stranded loop was elimi-
nated. This modification virtually eliminated nonspecific binding of the probe to
tissue sections. In order to avoid steric hindrance problems and to create better
conditions for the reaction between biotin and streptavidin in probe detection,
the number of biotins was reduced from five to one. The single biotin was
positioned at the end of the hairpin, at a maximal distance from the ligated end.
The biotin was incorporated into the probe either by using amino modifier C6
deoxythymidine, with subsequent reaction with biotin bis-aminohexanoyl-N-

Fig. 3. Confocal microscope images of apoptotic nuclei successively labeled by
ligation of a single A overhang hairpin oligonucleotide probe (green) and by terminal
transferase (red). The computer-generated combined green and red images are also
shown. Above, a single apoptotic nucleus in mouse kidney; below, dexamethasone-
treated rat thymus. Reproduced with permission from ref. 21.
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hydroxysuccinimide ester (Synthetic Genetics, San Diego, CA), or by chemi-
cal insertion of a biotin TEG phosphoramidite or biotinylated thymidine ana-
logues (Glen Research, Sterling, VA) [performed by Serologicals Corp.
(formerly Intergen), Gaithersburg, MD]. All types of labeling gave similar
results. This new design substantially reduces the cost of the probe prepara-
tion, making in situ ligation a convenient and robust methodology to detect
apoptosis and DNA damage in tissue sections.

The earlier probe designs can still be used for apoptosis detection, if their
limitations are considered. The PCR-derived probes are the cheapest to pre-
pare. The disadvantages of this type of probe include the difficulty of getting
medium- and large-scale probe preparations, the unknown percentage of single-
base overhangs, the presence of truncated products and the absence of unifor-
mity in different probe preparations. In addition, the background can be a
problem if the probe is not purified away from unincorporated labeled precur-
sors and single-stranded DNA. Thorough control of the probe quality using
PCR purification columns is needed. The High Pure PCR Product Purification
Kit (Roche Molecular Biochemicals, Indianapolis, IN) gave good results in our
experiments. Careful controls using sections with and without apoptotic cells
are recommended because some tissues might still require extensive washing
and additional blocking.

The looped hairpin probes can also be used if adequate washing of the sec-
tion is done. However, the loopless hairpin proved to be the easiest to use, does
not suffer from background problems, and provides a time- and cost-saving
alternative to the other probe designs.

4. Conclusions
In situ ligation selectively labels a single type of DNA damage. At the basic

biochemical level, the in situ ligation procedure detects double-strand DNA
breaks of different configurations. Ends that can be detected include both blunt-
ended breaks and those with one or two base 3' overhangs.

Blunt ends are abundant in apoptosis and probes with blunt ends give the
strongest signal in in situ ligation. Although some blunt ends can be present in
necrotic degradation, the probes with blunt ends can complement the overhang
probes in detection of apoptotic cells in situations where apoptosis is the pri-
mary cellular response, or where both probes give the identical staining pattern
and the stronger signal is preferred for detection purposes.

Overhangs longer than two bases are impractical to detect using this approach
because of background problems and loss of ligation specificity of probes with
longer 3' protruding ends. Breaks detected by this approach should have 5'
phosphate groups on the DNA ends; the presence or absence of 3' hydroxyls
does not influence the ligation reaction. Thus the combination of this tech-
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nique with the TUNEL method in double-staining experiments can provide
more information about the structure of the breaks.

The in situ ligation approach was first applied to detect apoptosis in fixed cells
and tissues. However, double-strand breaks are not limited to apoptosis and can
be produced by free radical oxidation, radiation exposure, and DNA recombina-
tion. The method has not yet been applied to the study of these processes.

There have been many exciting new developments in apoptotic DNA detec-
tion in recent years. The versatility and variety of these methods give greater
power to the researcher wishing to search for and characterize apoptotic cells,
and to the researcher wishing to distinguish different forms of DNA damage in
tissues. The in situ ligation technique should play an important role in this
panoply of new methods, to be used alongside both the well-established
TUNEL technique as well as new methods described in this volume.
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Detection of Specific Double-Strand DNA Breaks
and Apoptosis In Situ Using T4 DNA Ligase

Vladimir V. Didenko

1. Introduction
Specific DNA breaks underlie many morphological changes in normal and

damaged cells. They can serve as important markers in cell and tissue research.
Yet historically, the labeling of DNA breaks in situ was most often limited to
the identification of apoptotic cells. Consequently, the major techniques for
analysis of DNA cleavage in tissue sections were initially developed for the
visualization of apoptotic death. These assays rely on enzymatic labeling of
DNA breaks to detect the characteristic DNA fragmentation seen in apoptosis.
One of two methods is typically employed: a) terminal transferase (TdT)
digoxigenin dUTP nick end labeling (TUNEL), or b) the Klenow fragment of
DNA polymerase I based in situ end labeling. In order to identify various patho-
logical states in situ based on structural DNA changes, a technique to selec-
tively detect the various types of DNA damage is required. However, due to
the properties of the enzymes involved in these assays, multiple types of DNA
breaks are labeled. The terminal transferase-based assay labels free 3' hydroxyl
groups, which can be present in different types of breaks. As a result, it can
detect stretches of single-stranded DNA (gaps) and also both single- and
double-stranded breaks of various configurations (blunt-ended, 3' and 5' over-
hangs) (1). The Klenow polymerase-based assay in turn labels gaps and vari-
ous 5' overhangs (2). This prevents the selective visualization of specific types
of DNA breaks in situ using these approaches.

To address this issue, the in situ ligation technique was developed to label a
particular type of DNA damage, namely, full double strand breaks, directly in
fixed tissue sections (3,4,5). The technique uses double-stranded oligoprobes
with specific ends, which are attached by T4 DNA ligase to the ends of DNA
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breaks (Fig. 1). Though the PCR derived probes were introduced first (3), most
often the hairpin-shaped oligonucleotides are used as probes (4,5). They have
terminal 3' and 5'OH groups, which allow them to be ligated only to the double
strand breaks in cellular DNA with 5'PO4 at the end. This approach allows
detection of blunt-ended breaks and breaks with single base 3' overhangs.
Breaks with two base-long 3' overhangs as well as various breaks with 5' over-
hangs can also be detected.

Nevertheless, blunt-ended breaks and breaks with 3' single base extensions
are the preferable targets for this technique. Though the 2 base-long 3' over-
hangs were successfully labeled using probes with 3'NN (random nucleotide
extensions), higher levels of nonspecific background staining were observed
(4). This nonspecific binding of the probe to sections probably occurred because
of the “sticky” single-stranded part of the probe.

Probes with 5' overhangs can be designed to enable detection of 5' overhang
breaks. However, in this case, binding to single-stranded DNA fragments will
occur because the recessed 3' hydroxyl on the oligonucleotide would bind to 5'
phosphates on the section, which could be at the end of a single-stranded DNA
fragment as well as a double-strand break with a 5' overhang (Fig. 2). Thus, the
detection of 5' overhangs would require dephosphorylation of the tissue sec-

Fig. 1. Principle of in situ ligation assay. The assay detects double strand DNA
breaks by ligation of hairpin oligonucleotide probes to the ends of the breaks directly
in tissue sections. Due to the properties of T4 DNA ligase the probes can only be
attached to the breaks with 5' phosphate groups. T4 DNA ligase needs a terminal 5'
phosphate to create a phosphodiester bond between the 3' OH end of the probe and the
free 5' end of cellular DNA.



Detection Using T4 DNA Ligase 145

tion before ligation and the use of a 5' phosphorylated probe. The hairpin probes
with 5' overhangs and 3'OH/5'OH ends applied to sections without these treat-
ments will label various 5'PO4 overhangs and single stranded DNA.

In situ ligation can be combined with TUNEL, allowing co-detection of free
3'OH groups in situ, and with immunohistochemical staining of cellular proteins.

The types of double-strand breaks which can be detected by in situ ligation
occur in various cellular processes, the majority of which are related to cell
damage and death. The basics of in situ ligation labeling of apoptotic cells
were discussed in the previous chapter and rely on the fact that double-strand
breaks produced by apoptotic endonucleases are either blunt-ended or have
short 3' or 5' extensions.

Although a single apoptotic endonuclease has not been definitively identi-
fied, and might not exist, as various nucleases can perform the function in
different tissues, the ends of the generated fragments almost exclusively were
found to be of 3'OH/ 5' PO4 configuration (6). Several candidate nucleases
have been identified in apoptotic DNA cleavage. They include DNase I, DNase
I-like nucleases (DNase Y, DNase γ, DNL1L, DNase X, DHP1/DNAS1L2,
DNP2/DNAS1L3, (reviewed in 7) and caspase-activated deoxyribonuclease
(DFF-40/CAD) (8). In a small number of cases, DNase II-like endonucleases

Fig. 2. Selective detection of 3'- and nonselective detection of 5'-overhangs using
in situ ligation. Probes with 3' single base extensions are selectively ligated to the
complimentary 3' single base overhangs in cellular DNA. Probes with 5' single base
extensions are ligated nonspecifically to any 5' overhang or single-stranded DNA with
terminal 5'PO4 and a complimentary terminal nucleotide.
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producing breaks with 3'PO4/5'OH end configuration were implicated in
apoptotic cleavage (9). In their action on chromatin, different endonucleases
produce specific double strand breaks (10). These breaks can serve as molecu-
lar targets for in situ ligation.

DNase I and nucleases with a similar “double-hit” mechanism of DNA
cleavage initially produce single-stranded cuts (11), however DNase I cleav-
age of chromatin results in double-strand breaks with terminal 3'OH/5'PO4
groups, created when two single-stranded cuts superimpose (12). These breaks
are either blunt-ended or have short 1–3 bases-long 3' overhangs, which are
created due to unequal protection of two DNA strands wound around a nucleo-
somal histone core (10,12).

The other apoptotic nuclease—caspase-activated deoxyribonuclease (CAD,
or DFF 40) (8,13)—also produces 3'OH/5'PO4 DNA cuts, which are either
blunt-ended or have 5' single base overhangs (14). The enzyme is kept inactive
by the binding of an inhibitor (ICAD, or DFF 45). Activation of the nuclease
occurs when the inhibitor is cleaved by caspase-3 (8).

Although the majority of DNA breaks in many cases of apoptosis are blunt-
ended with the 3'OH/5'PO4 at the ends (15,16), the less frequent 3' single-base
overhangs were shown to be more specific for apoptotic cleavage (compared
to necrosis) and can serve as a convenient marker of apoptotic cells (3).

DNase II-type (3'PO4/5'OH) double-strand breaks can be produced by
acidic endonucleases. They were identified in a small number of cases of
apoptosis (9,17). In principle, this type of break can be labeled by in situ
ligation using 5' phosphorylated probes and the dephosphorylation of 3'PO4
ends in the section.

It is important to mention that though in situ ligation can label apoptotic
cells with high selectivity, the actual marker it detects is a 5' phosphorylated
double-strand break. That is why this assay detects apoptosis when it is accom-
panied by internucleosomal DNA cleavage with the production of multiple
double strand breaks. Blunt-ended DNA breaks as well as electrophoretic lad-
der-type DNA fragmentation can occur in necrosis (3,18), though with less
frequency than in apoptosis.

Although in principle the in situ ligation assay can detect not only the breaks
self-inflicted by the cell proceeding towards apoptosis, but also the breaks pro-
duced by the exogenous damaging agents, its current applications are limited
to apoptosis detection.

Applications of in situ ligation to the investigation of the other sources of double-
strand breakage in DNA are currently lacking. These other sources of double strand
breaks include free radicals, ionizing radiation and various radiomimetic and che-
motherapeutic agents, capable of inducing the breaks directly, or indirectly as a
result of the damaged DNA repair, recombination and replication.
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In addition, two physiological forms of intentional double-strand breakage,
generating a small number of breaks, occur in lymphoid cell differentiation
during V(D)J recombination and class switch recombination (19). However
detection of these breaks, using the described approach, is problematic unless
specialized methods of signal enhancement are used.

The quantitation of double-strand DNA breaks is yet another presently under-
used feature of the assay. In situ ligation places a single fluorophore at the end of
each detectable break, which makes it a potentially quantifiable procedure, where
the intensity of signal is directly proportional to the number of breaks.

The technique presented in this chapter is applicable to labeling of apoptotic
cells in tissue sections in a fluorescent format (see Note 1) and can be com-
bined with immunohistochemical detection of cellular proteins and with
TUNEL. For the dual-detection of cellular proteins or TUNEL labeling, in situ
ligation is performed first and is followed by immunohistochemistry or the
terminal transferase assay. No changes in their regular protocols are necessary.

The described protocol was successfully used to detect apoptotic cells in
various human, rat and bovine tissues including thymus, brain, heart and adre-
nal gland.

2. Materials

1. The 5–6 µm-thick sections cut from paraformaldehyde-fixed, paraffin-embedded
tissue blocks onto ProbeOn™ Plus charged and precleaned slides (Fisher Scien-
tific, Pittsburgh, Pa). Other slide brands can also be used if they retain tissue well.

2. Xylene
3. 80 and 96% Ethanol.
4. T4 DNA ligase 5 U/µL (Roche Molecular Biochemicals, Indianapolis, IN) (see

Note 2).
5. 10 × reaction buffer for T4 DNA ligase: 660 mM Tris-HCl, 50 mM MgCl2, 10 mM

dithioerythritol, 10 mM ATP, pH 7.5 (20°C) (Roche Molecular Biochemicals,
Indianapolis, IN) (see Note 3).

6. 30% (w/v) solution of PEG-8000 (Sigma, St. Louis, MO) in bidistilled water (see
Note 4).

7. Proteinase K (Roche Molecular Biochemicals, Indianapolis, IN) 20 mg/mL stock
solution in distilled water. Store at –20°C. In the reaction use 50 µg/mL solution
in PBS, prepared from the stock. Do not reuse (see Note 5).

8. Oligonucleotide hairpin probe biotin-labeled (Synthetic Genetics, San Diego,
CA) (see Note 6). The probes sequences:
1. The probe with a 3' single dA overhang (for detection of double-strand breaks

with 3'single T overhangs): 5' GCG CTA GAC GtC GTC TAG CGC A 3'
2. The blunt-ended probe (for detection of blunt-ended DNA breaks): 5' GCG

CTA GAC CtG GTC TAG CGC 3'. t represents biotinylated deoxythymidine
or biotin-TEG spacer (Glen Research, Sterling, VA).
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9. Phosphate-buffered saline (1× PBS): dissolve 9 g NaCl, 2.76 g NaH2PO4·H2O,
5.56 g Na2HPO4·7H2O in 800 mL of distilled water. Adjust to pH 7.4 with NaOH,
and fill to 1 L with distilled water.

10. Sodium bicarbonate buffer: 50 mM NaHCO3, 15 mM NaCl, pH 8.2.
11. Streptavidin-fluorescein conjugate or streptavidin-Texas Red conjugate (Molecu-

lar Probes, Eugene, OR) or TSA™ Fluorescence Systems (NEL701-TSA with
fluorescein or NEL702-TSA with tetramethylrhodamine) (NEN™ Life Science
Products, Boston, MA) (see Note 7).

12. Fluorescent microscope with appropriate filters and objectives.
13. Vectashield (Vector Laboratories, Burlingame, CA) antifading-counterstaining

solution with DAPI (1 µg/mL). Store at 4°C in the dark. DAPI is a potential
carcinogen.

14. 22 × 22 mm or 22 × 40 mm glass or plastic coverslips.

3. Method
1. Place the sections in a slide rack and dewax in xylene for 15 min, transfer to a

fresh xylene bath for additional 5 min.
2. Rehydrate by passing through graded ethanol concentrations: 96% Ethanol—2 ×

5 min; 80% Ethanol—5 min; water—2 × 5 min.
3. Digest section with Proteinase K. Use 100 µL of a 50 µg/mL solution per section.

Incubate 15' at room temperature in a humidified chamber (see Note 8).
4. Rinse in distilled water for 4 × 2 min.
5. Apply 100 µL per section of the pre-incubation solution. Incubate for 15 min at

room temperature (23°C). The pre-incubation solution consists of a 1 × T4 DNA
ligase reaction buffer supplemented with PEG-8000 to the final concentration of
15%. It contains 66 mM-Tris HCl, pH 7.5, 5 mM MgCl2, 1 mM dithioerythritol,
1 mM ATP, and 15% polyethylene glycol (see Note 9).

6. Aspirate the preincubation solution and apply the full ligase reaction mix with
the hairpin probe (750 ng/µL stock) and T4 DNA ligase (see Note 10).
In situ ligation labeling solution (20 µL per section):
Prepare on ice in this order:
5 µL—bidistilled water
10 µL—PEG8000 (30% stock solution)
2 µL—10× buffer for T4 DNA ligase
1 µL—biotin labeled hairpin probe
2 µL—T4 DNA ligase (5U/µL) (see Note 2)
The total volume of the labeling solution can be scaled up to accommodate the
bigger sections. Incubate for 18 h (overnight) at room temperature (23°C) (see
Note 11) in a humidified chamber with a plastic coverslip.

7. Next day remove coverslips by gently immersing the slides vertically in a coplin jar
containing water at room temperature. Then wash section 3 × 10 min in distilled water.

8. Dilute 2 µL of streptavidin-fluorescein or streptavidin-Texas Red conjugate in 1 mL
of sodium bicarbonate buffer. Add 100 µL of this solution to the section. Incubate
45 min at room temperature in a covered humidified chamber (see Note 7).
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9. Wash 3 × 10 min in distilled water.
10. Add Vectashield with DAPI and a coverslip.

4. Notes
1. In situ ligation-based labeling and detection in a nonfluorescent format can

be performed using the ApopTag® Peroxidase In Situ Oligo Ligation kit
[Serologicals Corp. (formerly Intergen), Gaithersburg, MD].

2. T4 DNA ligase in lower stock concentrations (1 U/µL) can also be used. The
labeling reaction is only marginally less efficient at lower concentrations of ligase
in labeling solution (125–250 U/mL). However the highly concentrated (5 U/µL)
(Roche Molecular Biochemicals, Indianapolis, IN) ligase preparation gives the
best signal.

3. ATP in ligase reaction buffer is easily destroyed in repetitive cycles of thawing-freez-
ing. Aliquot the buffer in small 15–20 µL portions and store at –20°C. Use once.

4. 15% PEG-8000 in the ligation mix strongly stimulates the ligation reaction
increasing the effective concentrations of the probe and ligase by volume exclu-
sion (20). Use water of the highest quality for all solutions, which come in con-
tact with T4 DNA ligase.

5. Proteinase K is a very stable enzyme, when stored at concentrations higher
than 1 mg/mL. However autolysis of the enzyme occurs in aqueous solutions at
low concentrations (~ 10 µg/mL) (21).

6. The probes contain a single internal biotin and can be synthesized by many com-
mercial oligonucleotide producers. The biotin could be incorporated into the
probe either by using an amino modifier C6 deoxyuridine with subsequent attach-
ment of biotin bis-aminohexanoyl-N-hydroxysuccinimide ester, or by chemical
insertion of a biotinTEG phosphoramidite directly into the oligonucleotide back-
bone. PAGE purification is advised. We primarily use the probe with a TEG
linker. Dilute with bidistilled water to 750 ng/µL stock concentration. Store at
–20°C. Direct fluorophore labeling (FITC, Texas Red, Alexa, etc.) instead of
biotin is possible. However in our experiments, the directly labeled probes pro-
duced somewhat higher background staining compared to biotinylated probes.

7. TSA™ Fluorescence Systems (NEN™ Life Science Products, Boston, MA) signifi-
cantly increase fluorescent signal. Use instead of streptavidin-fluorescein conjugates
(at step 8 in Method) if increase in fluorescence is needed. Follow instructions of the
manufacturer. We found these systems advantageous in staining brain tissue.

8. Proteinase K digestion time may need adjustment depending on the tissue type.
Hard tissues might require longer digestion. Times of 15–25 min are usually used.
Insufficient digestion may result in the weaker signal. Overdigestion on the other
hand results in signal disappearance and section disruption.

9. Pre-incubation with ligation buffer ensures even saturation of the section prior to
addition of the enzyme and the probe, and was shown to increase the ligation
efficiency. Prepare pre-incubation solution by adding 10 µL of the 10× ligase
buffer (Roche Molecular Biochemicals, Indianapolis, IN) to 40 µL of bidistilled
water and 50 µL of 30% PEG-8000.
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10. A mock reaction is recommended as a regular control in order to rule out nonspe-
cific background staining. In a mock reaction solution an equal volume of 50%
glycerol in water is substituted for T4 DNA ligase.

11. Lowering of the temperature to 16°C reduces the signal; the temperature increase
to 37°C completely eliminates the signal.
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In Situ Detection of Double-Strand
DNA Breaks with Terminal 5'OH Groups

Vladimir V. Didenko, Hop Ngo, and David S. Baskin

1. Introduction
DNA fragmentation is often used as a marker of programmed cell death in

tissue sections. It is a sensitive indicator of apoptosis, particularly when utilized
in combination with morphological verification. At least two types of DNA
breaks are present in apoptotic cells: 1. Breaks with 3'OH and 5'PO4 groups at the
ends of the break, which can be generated by DNase I and DNase I-like nucleases;
2. Breaks with the inverted distribution of these chemical groups—3' PO4/5'OH,
produced by DNase II and DNase II-like nucleases (1–4).

Although in various cells enzymes other than the classical DNase I and II
can generate these breaks, both of the original deoxyribonucleases were also
directly implicated in apoptosis in at least some cells (2,5). Their role in
apoptosis was intensively studied in determining the nature of the “execu-
tioner” nuclease responsible for apoptotic DNA fragmentation.

Several DNase II-like nucleases were identified in apoptotic cells (1,6,7). One
example is NUC-1, the C. elegans apoptotic nuclease that is closely related to
DNase II in both sequence and activity (8). Another important case is L-DNase
II, which participates in caspase-independent cell clearance (LEI/L-DNase II
pathway) (7). Beyond apoptosis DNase II was recently shown to be indispens-
able for definitive erythropoiesis in mouse fetal liver (9).

Analysis of the structure of breaks in apoptotic DNA fragmentation demon-
strates that in many instances blunt-ends or short 3'overhangs are generated
(10–12). TUNEL and in situ ligation are methods capable of detecting breaks
with blunt-ends or short 3' overhangs in tissue sections (13,14). However, both
of these techniques visualize breaks with 3'OH/5'PO4 groups. They can not
detect DNA fragmentation produced by nucleases generating 3'PO4/5'OH
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breaks, because the terminal deoxyribonucleotidyl transferase enzyme used in
TUNEL does not react with 3' PO4 ends and T4 DNA ligase in the ligation
assay is unable to attach the probe to 5'OH ends in DNA (15,16).

Here we present a protocol developed in our laboratory for selective in situ
labeling of double-strand DNA breaks with terminal 5'OH groups. The proce-
dure is a modification of the standard in situ ligation approach (14) and allows
fluorescent detection of 5' hydroxyl-bearing double strand breaks with blunt
ends or short 1–2 base long 3' overhangs.

The assay is based on the conversion of 5' hydroxyls into 5' phosphates with
the help of the enzyme T4 polynucleotide kinase and their subsequent detec-
tion by in situ ligation. The procedure is performed in three stages. In the first
stage, the unlabeled hairpin oligonucleotides are ligated to the section, block-
ing available 5' phosphates, which may be present on the ends of DNA as a
result of DNase I type nuclease activity. In the second stage, phosphate groups
are added to the 5' OH ends by T4 polynucleotide kinase. In the third stage, an
in situ ligation reaction is performed again using the hairpin probes.

The assay can be modified to simultaneously visualize both 5' phosphates and
5' hydroxyls using two different fluorophores. In this case, biotinylated hairpin
probes (instead of unlabeled hairpins) are used in the first and third stages of the
labeling reaction and visualized using different fluorophores (Fig. 1). This
double-detection modification is described in the following protocol.

2. Materials
1. 5–6 µm-thick sections cut from paraformaldehyde-fixed, paraffin-embedded tissue

blocks. Use slide brands which retain sections well such as ProbeOn™ Plus charged
and precleaned slides (Fisher Scientific, Pittsburgh, Pa) or similar product.

2. Xylene.

Fig. 1. Principle of the assay for in situ detection of double-strand DNA breaks with
terminal 5'PO4 and 5'OH groups. (Description in the text).
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3. 80 and 96% Ethanol.
4. T4 DNA ligase 5 U/µL (Roche Molecular Biochemicals, Indianapolis, IN)

(see Note 1).
5. 10 × reaction buffer for T4 DNA ligase: 660 mM Tris-HCl, 50 mM MgCl2, 10 mM

dithioerythritol, 10 mM ATP, pH 7.5 (20°C) (Roche Molecular Biochemicals,
Indianapolis, IN) (see Note 2).

6. T4 polynucleotide kinase 10 U/µL (New England Biolabs, Inc., Beverly, MA).
7. 10 × reaction buffer for T4 polynucleotide kinase: 700 mM Tris-HCl, 100 mM MgCl2,

50 mM dithiothreitol, pH 7.6 (at 25°C) (New England Biolabs, Inc., Beverly, MA).
8. 100 mM ATP solution (Roche Molecular Biochemicals, Indianapolis, IN).
9. 30% (w/v) solution of PEG-8000 (Sigma, St. Louis, MO) in bidistilled water

(see Note 3).
10. Proteinase K (Roche Molecular Biochemicals, Indianapolis, IN) 20 mg/mL stock

solution in distilled water. Store at –20°C. In the reaction use 50 µg/mL solution
in PBS, prepared from the stock. Do not reuse (see Note 4).

11. Oligonucleotide hairpin probe with biotin label (Synthetic Genetics, San Diego,
CA) (see Note 5) and unlabeled oligo of the same sequence as the probe. The
probes sequences:
1. The probe with a 3' singe dA overhang (for detection of double-strand breaks

with 3' single T overhangs): 5' GCG CTA GAC CtG GTC TAG CGC A 3'
2. The blunt-ended probe (for detection of blunt-ended DNA breaks): 5' GCG

CTA GAC CtG GTC TAG CGC 3'. t represents biotinylated deoxythymidine
or biotin-TEG spacer (Glen Research, Sterling, VA).

12. Phosphate-buffered saline (1× PBS): dissolve 9 g NaCl, 2.76 g NaH2PO4·H2O,
5.56 g Na2HPO4·7H2O in 800 mL of distilled water. Adjust to pH 7.4 with NaOH,
and fill to 1 L with distilled water.

13. TE buffer: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA.
14. 10 mM, 30 mM and 100 mM EDTA solutions, pH 8.0.
15. Sodium bicarbonate buffer: 50 mM NaHCO3, 15 mM NaCl, pH 8.2.
16. Streptavidin-fluorescein conjugate and streptavidin-Texas Red conjugate

(Molecular Probes, Eugene, OR).
17. Fluorescent microscope with appropriate filters and objectives.
18. Vectashield (Vector Laboratories, Burlingame, CA) antifading-counterstaining solu-

tion with DAPI (1 µg/mL). Store at 4°C in the dark. DAPI is a potential carcinogen.
19. 22 × 22 mm or 22 × 40 mm glass or plastic coverslips. Plastic coverslips are

preferable as they are easier to remove from the section.
20. DNase II 1500 U/mg (solid) (Sigma, St. Louis, MO) used in positive control

reaction (see Note 6).

3. Method

1. Place the sections in a slide rack and dewax in xylene for 15 min, transfer to a
fresh xylene bath for an additional 5 min.

2. Rehydrate by passing through graded ethanol concentrations: 96% Ethanol—2 ×
5 min; 80% Ethanol—5 min; water—2 × 5 min.
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3. Digest section with Proteinase K. Use 100 µL of a 50 µg/mL solution per section.
Incubate 15' at room temperature in a humidified chamber

4. Rinse in distilled water for 4 × 2 min.
5. Apply 100 µL per section of the pre-incubation solution. Incubate for 15 min at room

temperature (23°C). The pre-incubation solution consists of a 1× T4 DNA ligase reac-
tion buffer supplemented with PEG-8000 and EDTA to the final concentrations of 15%
and 1 mM, respectively (see Note 7). It contains 66 mM Tris-HCl, pH 7.5, 5 mM MgCl2,
1 mM dithioerythritol, 1 mM ATP, 1 mM EDTA, 15% polyethylene glycol.

6. Aspirate the preincubation solution and apply the full ligase reaction mix with
the hairpin probe (750 ng/µL stock) and T4 DNA ligase.
In situ ligation labeling solution (20 µL per section):
Prepare on ice in this order:
3 µL—bidistilled water
2 µL—10 mM EDTA
10 µL—PEG8000 (30% stock solution)
2 µL—10× buffer for T4 DNA ligase
1 µL—biotin labeled hairpin probe
2 µL—T4 DNA ligase (5U/µL) (see Note 2)
The total volume of the labeling solution can be scaled up to accommodate big-
ger sections.
Incubate for 18 h (overnight) at room temperature (23°C) in a humidified cham-
ber with a plastic coverslip (see Note 8).

7. Remove coverslips the next day by gently immersing the slides vertically in a
coplin jar containing TE buffer at room temperature. Then wash section 3 × 20 min
in TE buffer.

8. Dilute 2 µL of streptavidin-fluorescein conjugate in 1 mL of TE buffer. Add 100 µL
of this solution to the section. Incubate 45 min at room temperature in a covered
humidified chamber.

9. Wash 3 × 10 min in TE buffer.
10. Add T4 polynucleotide kinase equlibration solution (100 µL/section):

69 µL—water
1 µL—EDTA (100 mM)
20 µL—30% PEG
10 µL—10× buffer for T4 polynucleotide kinase (see Note 9).
Incubate 10 min at 37°C in a humidified chamber.

11. Aspirate equilibration solution and apply T4 polynucleotide kinase reaction solu-
tion (30 µL/section):
16 µL—water
1 µL—EDTA (30 mM)
5 µL—30% PEG
3 µL—10× buffer for T4 polynucleotide kinase
1 µL—100 mM ATP
4 µL (40 units)—T4 polynucleotide kinase
Incubate 30 min at 37°C in humidified chamber (see Note 10).
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12. Wash in TE buffer for 3 × 10 min.
13. Repeat steps 5–7.
14. Dilute 2 µL of streptavidin-rhodamine conjugate (see Note 11) in 1 mL of TE

buffer. Add 100 µL of this solution to the section. Incubate 45 min at room tem-
perature in a covered humidified chamber.

15. Wash 3 × 10 min in sodium bicarbonate buffer.
16. Cover section with an antifading solution (Vectashield with DAPI), coverslip and

analyze the signal using a fluorescent microscope. Double-strand DNA breaks with
5'OH will fluoresce red, 5'PO4 breaks—will fluoresce green (see Note 12).

4. Notes
1. The highly concentrated (5 U/µL) (Roche Molecular Biochemicals, Indianapolis,

IN) ligase preparation gives the best signal.
2. ATP in the ligase reaction buffer is easily destroyed in repetitive cycles of thawing and

freezing. Aliquot the buffer in small 15–20 µL portions and store at –20°C. Use once.
3. 15% PEG-8000 in the ligation mix stimulates the ligation reaction increasing the

effective concentrations of the probe and ligase by volume exclusion.
4. Proteinase K is a very stable enzyme, when stored at concentrations higher

than 1 mg/mL. However, autolysis of the enzyme occurs in aqueous solutions at
low concentrations (~ 10 µg/mL) (17).

5. The probes contain a single internal biotin and can be synthesized by many com-
mercial oligonucleotide producers. The biotin could be incorporated into the
probe either by using an amino modifier C6 deoxyuridine with subsequent attach-
ment of biotin bis-aminohexanoyl-N-hydroxysuccinimide ester, or by chemical
insertion of a biotinTEG phosphoramidite directly into the oligonucleotide back-
bone. PAGE purification is advised. We primarily use the probe with a TEG
linker. Dilute with bidistilled water to 750 ng/µL stock concentration. Store at
–20°C. Direct fluorophore labeling (FITC, Texas Red, Alexa, etc.) instead of
biotin is possible. Sometimes in our experiments the directly labeled probes pro-
duced somewhat higher background staining compared to biotinylated probes,
but their usage can be advantageous in simultaneous detection of 5'PO4 and 5'OH
DNA breaks because they shorten the time of the procedure and thus lessen the
probability of artifactual DNA damage.

6. DNase II treated sections can be used as positive controls. We use sections of
normal bovine adrenals or rat heart because normal rat brain sections display
high background levels after treatment with DNase II.

Make the DNase II stock by diluting DNase II powder (Sigma, St. Louis, MO)
in water to the concentration of 1 mg/mL, aliquot in small volumes and keep the
stock at –20°C. To run a reaction, dilute the stock solution 1:1 with the DNase II
reaction buffer. DNase II reaction buffer: 80 mM Potassium Acetate, 0.8 mM
MgCl2 (pH 4.2–5.5 at 23°C).

To produce DNase II type breaks, incubate the tissue section with DNase II
(100 µL of 0.5 mg/mL DNase II solution per tissue section) for 30 min at 37°C in
humidified chamber.
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7. The double-detection procedure is longer than regular in situ ligation. EDTA in a
final concentration of 1 mM is added to the incubation, reaction and washing
solutions as a precautionary measure to prevent activation of nonspecific nucleases,
which could be present in these solutions or in commercial enzymatic prepara-
tions of T4 polynucleotide kinase. If present they could result in additional DNA
cleavage, detectable in the second ligation reaction.

8. A mock ligase reaction is recommended as a regular control in order to rule out
nonspecific background staining. In a mock reaction solution an equal volume of
50% glycerol in water is substituted for T4 DNA ligase. More details of a regular
in situ ligation procedure are presented in Chapter 12 in this volume.

9. T4 polynucleotide kinase is fully active in 1×T4 DNA ligase buffer, which can be
substituted for T4 polynucleotide kinase buffer. No need to add ATP in kinase
reaction mix in this case, because 1× ligase buffer contains 1 mM ATP.

10. A mock kinase reaction is recommended as a regular control to make sure that the
first ligation reaction blocks all detectable 5'PO4 ends, which otherwise will be
detected as 5'OH ends in the second ligation reaction. In the mock reaction, the first
and the second ligations are performed without change, but an equal volume of 50%
glycerol in water is substituted for T4 polynucleotide kinase. No signal from the
second fluorophore should be observed. The negative controls are recommended for
every new tissue type to ensure the absence of nonspecific staining. Commercially
available T4 polynucleotide kinase may contain small amounts of nucleases. This
can be tested by applying the kinase solution to the normal section without prior
DNA damage for 60 min at 37°C and then performing the in situ ligation assay.

11. Rhodamine conjugates sometimes display more “stickiness” in the sections with
considerable tissue damage showing more background staining. To reduce this
effect fluorescein can be used instead as a second fluorophore, where the first
ligation reaction is visualized by rhodamine.

12. If the first ligation reaction detects no 5'PO4 breaks, it can be omitted and the
procedure starts with T4 kinase treatment (perform Steps 1-4, 9-16 only).
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The Comet Assay

Principles, Applications, and Limitations

Andrew R. Collins

1. Introduction
Over the past decade, the comet assay, or single cell gel electrophoresis

(SCGE) has become one of the standard methods for assessing DNA damage,
with applications in genototoxicity testing, human biomonitoring and molecu-
lar epidemiology, ecotoxicology, as well as fundamental research in DNA dam-
age and repair. The assay attracts adherents by its simplicity, sensitivity,
versatility, speed and economy, and the number of publications it spawns rises
each year. It is sometimes used without too much thought as to how it works or
what sort of information it provides; the fact that it is so successful at demon-
strating DNA damage is enough to justify its use. This is a shame, as it is
capable of subtle manipulation to tell us not just how much damage is present
in cells, but what form it takes. Although it is essentially a method for measur-
ing DNA breaks, the introduction of lesion-specific endonucleases allows
detection of, for example, UV-induced pyrimidine dimers, oxidized bases and
alkylation damage.

The purpose of this introductory review chapter is to clear up some miscon-
ceptions about the comet assay and to show how its special features can best be
exploited.

2. How the Comet Assay Works and What It Measures
2.1. Background

In the 1970s, Peter Cook and colleagues (1) developed an approach to inves-
tigating nuclear structure based on the lysis of cells with non-ionic detergent
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and high molarity sodium chloride. This treatment removes membranes, cyto-
plasm and nucleoplasm, and disrupts nucleosomes (almost all histones being
solubilized by the high salt). What is left is the nucleoid, consisting of a nuclear
matrix or scaffold composed of RNA and proteins, together with the DNA,
which is negatively supercoiled as a consequence of the turns made by the
double helix around the histones of the nucleosome. The survival of the super-
coils implies that free rotation of the DNA is not possible; Cook et al. proposed
a model with the DNA attached at intervals to the matrix so that it is effectively
arranged as a series of loops, rather than as a linear molecule. When the nega-
tive supercoiling was unwound by adding the intercalating agent ethidium bro-
mide, the loops expanded out from the nucleoid core to form a ‘halo’.  A similar
effect was seen when ionizing radiation was used to relax the loops—one
single-strand break being sufficient to relax the supercoiling in that loop.

The comet assay, too, in its most commonly used form, involves lysis with
detergent and high salt—after embedding cells in agarose so that the DNA is
immobilized for subsequent electrophoresis. The first demonstration of “com-
ets” (though they did not use the word) was by Östling and Johanson (2), who
describe the tails in terms of DNA with relaxed supercoiling and refer to the
nucleoid model of Cook et al. Essentially, the comet tail seems to be simply a
halo of relaxed loops pulled to one side by the electrophoretic field. Östling
and Johanson employed a pH of less than 10. It needs to be clearly understood
that although the most common variant now employed is alkaline SCGE, a
high pH is not essential to detect single strand breaks.

2.2. Common Comet Assay Variants.

2.2.1. Alkaline Single Cell Gel Electrophoresis

The procedure of Östling and Johanson was not widely adopted. A few years
later, two research groups independently developed procedures involving treat-
ment at high pH. Singh et al. (3) lysed cells at pH 10 with 2.5 M NaCl, Triton
X-100 and sarkosyl for 1 h, following this with a treatment with alkali (0.3 M
NaOH) and electrophoresis at the resulting high pH (>13). Olive et al. (4) sim-
ply lysed cells in weak alkali (0.03 M NaOH) for 1 h before electrophoresis.
Thus the idea has grown up that the comet assay is in the same category as
alkaline unwinding, alkaline elution or alkaline sucrose sedimentation, where
separation of two DNA strands around a break by alkaline denaturation is
essential to reveal the break. For the reasons stated in Section 2.1, I believe this
to be a profound misunderstanding. The use of alkali makes comet tails more
pronounced and improves the resolving power of the assay (5), but does not
affect the sensitivity (i.e., the lowest dose of damage detected). Östling and
Johanson (2) detected the effect of ionizing radiation from a fraction of a Gy
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up to 3 Gy; Singh et al. (3) reported tails increasing in length over the range
0.25 to 2 Gy.

2.2.2. Neutral Single Cell Gel Electrophoresis

Following the example of Östling & Johanson (2), we demonstrated the abil-
ity of a neutral procedure to detect low levels of DNA breaks (5). We later used
a variant in which, after a period of alkaline treatment, conditions were restored
to neutral for the electrophoresis (6). This modification decreased the sensitiv-
ity and extended the useful range of the assay, but it was clear (from the kind of
damaging agent used) that we were still detecting single strand breaks.

A radically different kind of neutral comet assay was developed earlier by
Olive et al. (7) to facilitate detection of double strand breaks without interfer-
ence from single strand breaks. Their procedure employs extended treatment
of lysed cells in agarose at 50°C, and under these conditions it is likely that the
nuclear matrix is disrupted so that we are truly looking at the behavior of
double-stranded pieces of DNA (or the free ends of these fragments).

2.2.3. Use of Lesion-Specific Enzymes

Measuring DNA strand breaks gives limited information. Breaks may rep-
resent the direct effect of some damaging agent, but they are generally quickly
rejoined. They may in fact be apurinic/apyrimidinic sites (i.e., AP-sites, or
base-less sugars), which are alkali-labile and therefore appear as breaks. Or
they may be intermediates in cellular repair, since both nucleotide and base
excision repair processes cut out damage and replace it with sound nucleotides.

To make the assay more specific as well as more sensitive, we introduced
the extra step of digesting the nucleoids with an enzyme that recognizes a par-
ticular kind of damage and creates a break. Thus, endonuclease III is used to
detect oxidized pyrimidines (8), formamidopyrimidine DNA glycosylase
(FPG) to detect the major purine oxidation product 8-oxoguanine as well as
other altered purines (9), T4 endonuclease V to recognize UV-induced
cyclobutane pyrimidine dimers (10), and Alk A incises DNA at 3-methyladenines
(10a). In each case, the increased DNA break frequency increases tail intensity.

Oxidized bases are readily detected with endonuclease III or FPG in cells that
have been treated with H2O2, or with photosensitizer plus visible light. They
are also present in significant numbers in normal human lymphocytes (see Sub-
heading 4.3.4).

2.3. Some Less Common Variants
2.3.1. Bromodeoxyuridine Labeling to Detect Replicating DNA

DNA breaks associated with replicating DNA would be expected to give
rise to comet tails. However, it is normally impossible to distinguish S-phase
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from non-S-phase cells in this way—perhaps because the amount of DNA tak-
ing part in replication at any one time is exceedingly small, or because the
replication apparatus stabilizes the replicating fork in some way so that the
break does not behave as a normal damage break. If cells are labeled during
replication with bromodeoxyuridine (BUdR), which is then visualized with
anti-BUdR antibody, labeled comet tails are seen; maturation of replicating
DNA during a post BUdR-labeling chase results in ‘retreat’ of the labeled
material into the head (11).

2.3.2. Detecting Intermediates in DNA Repair

The breaks that occur as intermediates in nucleotide excision repair of UV-induced
damage or bulky adducts are normally short-lived—at least in proliferating cells.
Incubation of UV-irradiated cells with DNA synthesis inhibitors hydroxyurea, cy-
tosine arabinoside or aphidicolin blocks repair patch synthesis and causes incision
breaks to accumulate, and this provides a sensitive way to detect the effects of the
damaging treatment (12). (In non-dividing cells such as peripheral lymphocytes,
incision breaks accumulate without inhibitors, as the rate of religation is limited by
the poor supply of deoxyribonucleoside triphosphates (13).)

2.3.3. FISH Comets

The appearance of a comet reflects damage in the cellular DNA overall. It
would be extremely informative to locate specific chromosomes, or regions of
chromosomes, classes of DNA or specific genes within the comet. Fluorescent
in situ hybridization (FISH), using probes of cDNA or oligonucleotides to rec-
ognize the sequences of interest is the normal approach to this, but hybridiza-
tion to DNA with the fine structure of comets in a slide-mounted agarose matrix
that melts at normal hybridization temperatures presents technical difficulties.
These have been solved, and it is possible to identify DNA of a particular chro-
mosome, telomeric DNA, centromeric DNA and single copy genes (14–16).
Little by way of useful information has emerged so far (though the pictures are
pretty), but the approach is promising. For example, it is possible to measure
gene-specific repair rates after low doses of DNA-damaging agent (A.R.
Collins, E. Horváthová and M. Dušinská, in preparation).

2.4. Does the Comet Assay Detect Apoptosis?

When almost all the DNA is in the tail of a comet, the head is reduced in
size, and the image has fancifully been referred to as a ‘hedgehog’ comet. For
some reason, the idea has grown that hedgehog comets represent apoptotic
cells. It is possible, of course, that some of these relatively severely damaged
cells will subsequently go through programmed cell death, but they cannot be
described as apoptotic, for two reasons:
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• Apoptosis is irreversible, but cells with damage revealed as ‘hedgehog’ comets
can repair their damage so that hedgehogs are no longer seen. (The explanation is
not that the damaged cells die and disappear from the experiment, as the density
of comets in the gel indicates that all cells are still present.)

• Apoptosis is characterized by fragmentation of DNA to the size of nucleosome
oligomers. Such small pieces of DNA would certainly disappear during lysis or
electrophoresis; the ‘ghosts’ of comets that are sometimes seen, with a few per-
cent of normal DNA fluorescence, may represent a residue of high MW DNA in
apoptotic cells.

Singh (17) recently described a visualization method for apoptotic cells in
which cells were embedded in agarose and lysed as for the normal comet assay,
and then—instead of electrophoresis—the DNA was precipitated with ethanol.
Cells treated with an agent known to induce apoptosis appeared with a halo of
granular DNA and a hazy outer boundary—as one would expect from diffus-
ing small fragments.

2.5. Are AP Sites Seen as DNA Breaks in the Comet Assay?

AP sites are alkali-labile—but are the pH and treatment time commonly
used for alkaline SCGE enough to convert some or all of them to breaks? It
seems likely that the methods employing strong alkali (0.3 M NaOH) convert
more AP sites to breaks than do the methods employing only 0.03 M NaOH,
and this may account in part for the apparently lower sensitivity of the mild
alkali methods, but pH is not the only variable, and a direct comparison of
methods is difficult.

It should be possible to use AP endonucleases to clear up this question;
under specific conditions of pH, and after treatment of cells with an agent
known to induce base loss from DNA, does digestion of nucleoids with AP
endonuclease increase the yield of breaks? However, AP endonucleases are
often associated with glycosylases that remove particular damaged bases, pro-
viding AP substrate, and there is also the possibility of non-specific contami-
nating nuclease activity, so attempts to give decisive answers often leave a
suspicion of ambiguity. Experiments with methyl methanesulphonate-treated
Vicia faba root tip cells indicated that there certainly are some AP endonuclease-
sensitive sites that are not converted to breaks under strongly alkaline condi-
tions (0.3 M NaOH) (6).

3. Quantitation

3.1. Visualizing Comets

DNA is visualized by fluorescence microscopy after staining with a DNA-
binding dye. Ethidium bromide (EB) is probably most commonly used, followed
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by 4,6-diamidino-2-phenylindole (DAPI). EB is an intercalating dye which
binds more efficiently to double-stranded DNA than to single-stranded DNA.
DAPI binds to the major groove and fluorescence should therefore be depen-
dent on double-stranded structure. DNA strand separation occurs during alka-
line treatment, and even if intact, supercoiled loops in the head renature readily
on neutralization, at least the DNA in the tail should be thoroughly single-
stranded. Staining with acridine range (AO) confirms this. AO gives red fluo-
rescence with single-stranded nucleic acid and yellow/green fluorescence with
double-stranded DNA. We found (5) that AO staining produced red comet tails
and predominantly yellow/green heads. So what can we make of the EB and
DAPI fluorescence? It should, at least, be less intense with single-stranded DNA
compared with double-stranded DNA, so the higher the proportion of DNA in
the tail, the less the total fluorescence detected in the whole comet should be.
We measured this, with DAPI staining, and found little decrease in total fluo-
rescence (Fig. 1). Perhaps there is a fortuitous compensation, self-quenching
of fluorescence in the densely-packed DNA of the head detracting from the
more efficient staining of double-stranded DNA. Whatever the reason, it al-
lows us to obtain additional information from the comets. Total fluorescence
reflects DNA content, and a cell in G2 should give rise to a comet with
more fluorescence than a cell in G1. Thus levels of damage in individual

Fig. 1. Relationship between total DAPI fluorescence and % of DNA in the tail.
Typical results, with comets from H2O2-treated lymphocytes.
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comets from a cell population can be related to cell cycle phase (18). In
effect, comets are sorted according to DNA content in the same way as in flow
cytometry.

3.2. Measuring Comets: Image Analysis

There are numerous software packages to choose from which will compute
fluorescence parameters for comets selected by the operator. The most impor-
tant parameters are tail length, relative fluorescence intensity of head and tail
(normally expressed as % of DNA in tail), and tail moment. Tail length, in my
experience, is not very useful, as it increases only while tails are first becoming
established, at relatively low damage levels. Subsequently, the tail increases in
intensity but not in length as the dose of damage increases. Tail length is also
sensitive to the background or threshold setting of the image analysis program,
as the end of the tail is defined by a certain excess of fluorescence over back-
ground. Relative tail intensity is the most useful parameter, as it bears a linear
relationship to break frequency (see below), is relatively unaffected by thresh-
old settings, and allows discrimination of damage over the widest possible
range (in theory, from 0%–100% DNA in tail). It also gives a very clear indica-
tion of what the comets actually looked like. In contrast the third parameter,
tail moment (essentially the product of tail length and tail intensity) is not lin-
ear with respect to dose, and does not give any idea of the comet’s appearance.
It is hard to understand why this method of quantitation is so popular.

Analysis of 50 comets per slide is recommended.

3.3. Measuring Comets: Visual Scoring

It is possible to compute DNA damage from comets without sophisticated
image analysis programs. The human eye is easily trained to discriminate degrees
of damage according to comet appearance (Fig. 2). We find that 5 classes,
from 0 (no tail) to 4 (almost all DNA in tail) give sufficient resolution. If 100
comets are scored, and each comet assigned a value of 0–4 according to its
class, the total score for the sample gel will be between 0–400 ‘arbitrary units’.
Visual scoring is rapid as well as simple, and should appeal to those exploring
the usefulness of the technique without wanting to invest in expensive analyti-
cal equipment.

3.4. Selection of Comets

This is an issue for both computer-based analysis and visual scoring. Com-
ets must be selected without bias and must represent the whole gel, so it is
necessary to scan the gel in a systematic way. The edges, as well as areas around
air bubbles, should be avoided, as they often display comets with anomalously
high levels of damage. Analysis of overlapping comets is impossible, at least
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with computer analysis, but the most likely comets to overlap are those with
big tails. If too many large overlapping comets are rejected, there may be a
significant bias towards undamaged, tail-less comets. It is important not to have
gels too densely packed with cells.

3.5. Calibration

The usual method of calibration is to irradiate samples of cells with gamma-
or X-rays to induce known numbers of single-strand breaks in DNA. The breaks
tend to be rapidly repaired, so cells should be irradiated on ice—preferably
already embedded in agarose to minimize post-irradiation handling.

Comets show a linear increase in % DNA in tail (or in visual score) over a
range of 0–8 Gy, which corresponds to DNA damage up to about 2.5 breaks
per 109 daltons. It is important to keep this figure in mind when considering the
behavior of DNA under SCGE conditions: it corresponds to a ‘fragment’ length
of about 160 µm—far longer than the comet tail itself—and so it is clearly
nonsense to represent the tail as made up of DNA fragments migrating accord-
ing to their size. This point was recognized by Östling and Johanson (2) who
stated that “. . . the molecular weight of DNA is . . . certainly many magnitudes
higher than the molecular weight of DNA used in conventional electrophoretic
separations and any comparison with separation of DNA of 109 daltons or less
is not relevant.”

Fig. 2. Images of comets (from lymphocytes), stained with DAPI. They represent,
in sequence, our classes 0–4, and are representative examples used for visual scoring.
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When the same comet slides are checked by computer image analysis and
by visual scoring, the correspondence is excellent (19).

4. Applications
4.1. Genotoxicity Testing

The comet assay has achieved the status of a standard test in the battery of
tests used to assess the safety of novel pharmaceuticals or other chemicals. It is
readily applied to in vivo experiments; tissues that can be disaggregated to
single cell suspensions, as well as white blood cells, provide the material. The
assay is normally used in its simple form to measure strand breaks; increased
sensitivity, as well as additional information on mechanisms of action, would
accrue from including repair endonucleases to measure specific types of lesion.

Genotoxicity is also assessed in cell culture systems, on their own or in con-
junction with the microsomal ‘S9’ fraction from liver which provides enzymes
to metabolize chemicals to more reactive forms.

Chemoprotection is the other side of the coin: the comet assay is eminently
suitable for assessing the ability of phytochemicals, for example, to protect
cells against genotoxic insult.

4.2. Ecological Monitoring

Suitable organisms can be used in combination with the comet assay as
biosensors for contamination of the environment with genotoxins. This work is
at an early stage, but promising results have been reported with marine organ-
isms such as mussels, with earthworms and even mice.

4.3. Human Studies

The comet assay is ideally suited for human investigations, since it requires
no prelabeling with radioactivity, or other harmful procedures, and can be applied
to easily obtainable cells (normally white blood cells).

4.3.1. Biomonitoring

Applications include monitoring occupational exposure to genotoxic chemicals
or radiation (20); assessment of oxidative stress associated with various human
diseases (21); and detection of DNA damage associated with smoking (22). In
general, though significant differences are seen between exposed and control
groups of subjects, there is a wide inter-individual range of damage levels within
any group—as well as intra-individual variability resulting from changes in diet,
stress or infection—and attempts to assess individual risk of diseases such as can-
cer from comet assay results would be premature and unjustifiable.
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4.3.2. Nutritional Studies

The comet assay is ideal for investigating nutrient/micronutrient effects at
the level of DNA damage in humans. Diets differing in lipid content lead to
changes in oxidative DNA damage in lymphocytes—polyunsaturated fatty
acids apparently causing an increase (23). On the other hand, the protective
effects of in vivo supplements of antioxidants, or of foods rich in antioxidants,
are very readily demonstrated in lymphocytes as either a decrease in endog-
enous base oxidation (measured with endonuclease III or FPG) or a decreased
sensitivity to H2O2-induced damage in vitro (24,25).

4.3.3. Diagnosis

In a few cases, it may be possible to use the comet assay as an aid to diagnosis.
The Nijmegen breakage syndrome is an autosomal recessive condition associated
with genetic instability and cancer proneness. Heterozygote carriers are identifi-
able by an abnormally high level of strand breakage in lymphocyte comets (26).

4.3.4. Assessing Background Levels of Damage

Oxidative base damage in DNA is a possible factor in cancer etiology, and
yet we do not know how much damage is present. Estimates of the content of
8-oxoguanine in human DNA vary over 3–4 orders of magnitude. High values
provided by GC-MS and HPLC + electrochemical detection are affected by the
serious artefact of oxidation of guanine during sample preparation: limiting the
possibilities for oxidation has brought estimates down. The comet assay—used
in a quantitative way, with FPG—suggests that the frequency of 8 oxoguanine
is only about 0.5 per 106 guanines—several times less than the lowest of the
HPLC estimates (27)

4.4. Measuring DNA Repair

Surprisingly, we know very little about the variation in capacity for DNA
repair between individuals, even though this is likely to be an important deter-
minant of individual susceptibility to cancer. To date, a suitably robust and
sensitive assay has not been available, but the comet assay has the potential to
fill this gap.

4.4.1. Cellular Repair

Theoretically, a sound approach to measuring repair capacity is to inflict
DNA damage on cells and to monitor the speed with which they remove the
lesions. Thus, lymphocytes can be treated with ionizing radiation, or H2O2,
and rejoining of breaks followed; or, after treatment with base-damaging
chemicals, and incubation, the remaining lesions can be assayed by use of an



Comet Assay 173

appropriate endonuclease on the gel. We have found strand break rejoining
after H2O2-treatment of lymphocytes to be very slow, and it seems that sudden
exposure of cells freshly isolated from blood to atmospheric oxygen causes
substantial additional damage, which seriously compromises the analysis.

4.4.2. An In Vitro Repair Assay

As an alternative, the repair activity of a cell extract can be assessed in an in
vitro assay (28) which is the converse of the normal enzyme-linked comet assay.
A simple extract is prepared from cells, such as lymphocytes, by freezing, thaw-
ing, adding Triton X-100, and centrifuging to remove cell debris. A damaged
DNA substrate is prepared in the form of gel-embedded nucleoids from (cul-
tured) cells treated with whichever damaging agent is appropriate for the repair
being measured—for instance, UV radiation, or photosensitizer plus visible light
to induce base oxidation. The substrate is then presented to the extract, and the
rate at which breaks accumulate indicates the capacity of the extract to incise at
damage sites. Incision is normally regarded as the rate-limiting step of repair.

Fig. 3 illustrates the use of this approach to measure the repair capacity of
lymphocyte extract given DNA containing oxidized bases.

Fig. 3. DNA repair activity of extract from lymphocytes from three subjects (solid
symbols) given substrate of gel embedded nucleoids from cells treated with Ro
19–8022 (Hoffmann-La Roche) and visible light to induce 8-oxoguanine. Open sym-
bol: substrate incubated without extract.
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4.5. Practical Considerations for the Use of the Comet Assay
in Human Population Studies and in Animal Trials

The comet assay is eminently suited for use in molecular epidemiology and
animal experiments, but care must be taken to ensure its reliability and to make
it truly quantitative.

4.5.1. Study Design

Human studies should be designed according to standard epidemiological
considerations. Power calculations are required to establish the size of groups
to be studied; a pilot study may be necessary to estimate the range of intra- and
inter-individual variation in the kind of damage being measured.

4.5.2. Standardization of the Comet Assay

Standards should be included in the analysis; for example, lymphocytes pre-
pared from several individuals can be pooled and frozen as aliquots, to be
thawed as needed. The standard should give a similar measure of damage each
time, and deviation or drift gives warning that some aspect of the assay has
changed.

4.5.3. Storage of Lymphocytes

Samples of lymphocytes from a trial can be frozen and stored in liquid nitro-
gen for months. However, the cells must be suspended in medium that will
preserve viability (for human lymphocytes, 90% fetal calf serum/10% dim-
ethyl sulphoxide is recommended), and they must be frozen slowly—at 1°C/
min or less; this is achieved by placing vials of the suspended cells in a
styrofoam box in a –80°C freezer overnight before transferring them for long-
term storage in liquid nitrogen.

4.5.4. Checking Cell ‘Viability’

Integrity of cells—whether used fresh or thawed—can be checked by trypan
blue staining (so-called viability test) and should be >90%. Excessive back-
ground damage is associated with poor quality cells; however, we have found
that even with 50% of cells showing membrane damage (i.e. allowing entry of
the dye), acceptably low background damage levels are seen.

4.5.5. Storage of Gels After Electrophoresis

It is often impracticable to score slides immediately after performing the
comet assay. If the gels are prepared on ordinary glass slides (rather than fully
frosted ones), they can be dried and stored indefinitely. Dried gels are easier to
score than fresh ones, as all comets are in the same plane and there is no need
for constant refocusing.
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4.5.6. Statistical Analysis

This can be carried out at different levels. For instance, a single gel might be
analyzed in terms of the levels of damage recorded in different comets, and the
way in which they are distributed; or we might be interested in the CV for
replicate determinations of the same sample. But when we are analyzing differ-
ences between groups in human or animal experiments, or effects of treatment, all
we are interested in is the overall mean comet score for each individual (whether it
is expressed as % DNA in tail, or arbitrary units by visual examination).

4.5.7. Assay Saturation

DNA break frequency is linearly related to % tail DNA—up to a certain
level. Saturation obviously occurs once all the DNA is in the tail, and a devia-
tion from linearity is seen as this level of damage is approached. Particular care
is needed when the sites revealed with lesion-specific endonucleases are
`superimposed on already high levels of strand breakage; there is a tendency
for the damaged bases to be underestimated.

5. Conclusions
The comet assay, in various guises, is now well established as a sensitive

method for detecting strand breaks in the DNA of single cells. Once calibrated,
it can be used in a quantitative way. Lesions other than strand breaks can be
detected with the inclusion of a step in which nucleoid DNA is incubated with
a lesion-specific endonuclease. The comet assay promises to provide answers
to important questions concerning, for example, background levels of DNA
damage in normal cells, the variation in DNA repair capacity within human
populations, and the regulation of DNA repair at the molecular level within the
nucleus.
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The comet assay: what can it really tell us? Mut. Res. 375, 183–193.
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The Comet Assay

An Overview of Techniques

Peggy L. Olive

1. Introduction
The comet assay is a gel electrophoresis method that is used to visualize and

measure DNA strand breaks in individual cells using microscopy. In its sim-
plest form, cells are embedded in agarose on a microscope slide, immersed in a
lysis solution to remove lipids and proteins, and exposed to a weak electric
field to attract broken, negatively-charged DNA towards the anode. After elec-
trophoresis, DNA is stained using a fluorescent dye, and viewed using a fluo-
rescence microscope. Individual images can then be digitized and analyzed for
informative properties such as the distance the DNA has migrated and the per-
cent of DNA that has migrated. These features give an indication of the num-
ber of strand breaks present in the cell.

The original method described by Ostling and Johanson (1) has been modi-
fied in several significant ways to improve reproducibility and sensitivity, and
to provide objective ways of measuring DNA damage (2). Different approaches
have been devised to expand the range of DNA damage types that can be
detected with this technique (Fig. 1). In addition to DNA single-strand breaks,
the comet assay can be used to measure DNA double-strand breaks, damage to
DNA bases, DNA inter-strand crosslinks, and apoptotic fragments (for reviews
see (3–6)). Use of antibodies to detect DNA adducts (7,8) or fluorescence in
situ hybridization to label specific DNA sequences (9,10) extend the applica-
tions even further.

The popularity of the method is largely due to its ability to measure DNA
damage in virtually any population of monodispersed cells. A drop of blood,
an early embryo (11) or a fine needle aspirate biopsy of a tumor (12) provide
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enough cells for analysis. A unique feature of this method is that it describes
the response of individual cells, so that information can be obtained on
heterogeneity in DNA damage or repair within a population of cells. Sub-
populations that respond differently to treatment can then be identified.
Examples from our work are cells in different phases of the cell cycle (13),
cells with different ploidy (14), cell populations with different abilities to
activate a toxic drug (15) or cells that lack specific drug targets (16). Fig. 2
illustrates heterogeneity in response using the alkaline method for 5 cells
showing various degrees of DNA damage. Comet 4 shows the most damage
with little DNA remaining in the comet head. This is the typical appearance
for an apoptotic cell in this assay since most of the DNA is highly frag-
mented. Comets 1 and 3 show similar levels of damage, but more than com-
ets 2 and 5. In fact, this population is a mixture of cells that had been
exposed to either 2 Gy or 6 Gy X-rays.

Application of this single cell gel electrophoresis method in genetic toxicol-
ogy has stimulated the need to standardize the procedures so that different labo-
ratories can more easily intercompare their data. Standardized methods for lysis
and electrophoresis are possible, and recommended procedures for comet
preparation have been published (17,18). However, image analysis methods

Fig. 1. Indication of the types of DNA damage (and their repair) that can be detected
using various adaptations of the comet assay.



Comet Techniques 181

vary considerably from one lab to another, and results with different systems
have not been rigorously intercompared. Depending on the question or require-
ment, the relative importance of sensitivity, speed of analysis, automatic data
collection, or ability to detect a wide spectrum of damage may influence the
choice of image analysis system.

Fig. 3 is a computerized analysis cells exposed to ionizing radiation. Tissue from
the mouse cerebrum was rinsed, dissected and finely chopped. Cells were fil-
tered and centrifuged before exposure, on ice, to X-irradiation. Cells were then
embedded in agarose, and slides were submersed in lysis solution. Average
DNA content shows a small decline with radiation dose, as previously observed
(19). This 30% drop in fluorescence is believed to be due to incomplete rena-
turation of the damaged DNA duplex, a conclusion supported by observations
of DNA in solution, where calf thymus DNA denatured by heat, then rena-
tured, shows a 50% drop in fluorescence (20). Two measures of DNA damage,
mean tail moment and percent DNA in tail, increase in proportion to dose over
this range (for these electrophoresis conditions), however, the signal to noise
ratio is higher for tail moment than for percentage of DNA in tail. This is not
surprising since tail moment includes a measure of both tail length and per-
centage of DNA in the tail. Tail length shows a plateau above about 2 Gy and is
therefore a useful endpoint only for low damage levels. The plateau simply
reflects the fact that maximum DNA migration distance is largely dependent on

Fig. 2. Digitized comet images of TK6 human lymphoblast cells exposed to either
2 Gy or 6 Gy X-rays, mixed together, and analyzed using the alkaline comet assay. A
single field (at higher density than normal) is shown. The field width is 370 microns.
Individual comets are numbered clockwise, starting at the top.
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electrophoresis voltage and time, not DNA size. Even small fragments in
apoptotic cells migrate the same distance as much larger fragments in cells
exposed to radiation doses that produce only 2000 breaks/cell (Fig. 2). All of
the responses shown in Figure 3 are relatively homogeneous for X-irradiation,
and can be adequately described by a normal distribution. Therefore mean val-
ues of each feature are good approximations of the overall response of these
populations. However, when cells show a wide range in responses to a DNA
damaging agent, the mean values become less reliable and less useful as
descriptors of response. In this situation, information on the range of responses
(e.g., variance divided by mean) is helpful, and analysis of tail moment histo-
grams can be used to identify the percentage of cells that respond (or fail to
respond) to a drug (21).

Fig. 3. Single cells were obtained from the cerebrum of a C3H mouse, then exposed
to X-rays and examined for DNA damage using the alkaline comet assay using an
overnight lysis. Approximately 400 images were analyzed for 4 comet features. A tail
length of 40 using our software corresponds to a tail length of 160 microns. Exposure
to 1 Gy X-rays produces about 1000 single-strand breaks per cell. Values in each
panel are the mean values for the distributions.
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2. Materials
2.1. Single Cell Preparation

1. Approximately 10,000 single cells for each slide (trypan blue excluding cells are
preferable).

2. Enzymes for tissue disaggregation: trypsin (1.5 mg/mL, Difco Laboratories,
Detroit, MI), collagenase (0.25 mg/mL, Sigma C-9891) and DNAse (0.6 mg/mL,
Sigma DN-25). Enzymes are prepared as individual frozen stocks in phosphate
buffered saline (PBS) without calcium or magnesium, and thawed and mixed
immediately before use.

3. Nylon mesh to filter cell suspensions (20–30 micron pore Nitex screening fabric)
is obtained from B & SH Thompson, Toronto, ON, Canada, and is cut to fit 25 mm
Gelman syringe-type filter holders (Fisher Scientific).

2.2. Microscope Slides

1. For alkaline lysis, single end frosted slides are appropriate for most applications.
2. For detection of double-strand breaks using high temperature lysis, fully frosted

slides (Fisher Scientific) are generally necessary to keep the agarose firmly attached
to the slide.

3. To reduce the possibility of detachment of the agarose during the procedure,
slides are pre-coated with 50–100 µL liquid agarose and the agarose is allowed to
dry to a thin film. For overnight lysis, scoring the edges of the pre-coated slide
with a diamond-tipped pen provides even stronger attachment (see Note 1).

2.3. Agarose

1. Low gelling temperature agarose (e.g., Sigma type VII, Owl Scientific or equivalent).
2. Once dissolved, the agarose is kept in a water bath at 40°C, and it is made

fresh daily.

2.4. Lysis Solutions

1. Lysis solution A for detection of single-strand breaks, crosslinks, and base
damage: 1.2 M NaCl, 0.3 M NaOH, 0.1% sarkosyl and 100 mM Na2EDTA
(pH 13.3). This solution is freshly prepared for each experiment and equili-
brated at �5°C in a refrigerator or cold room. Typical lysis chambers are 1.5 L
Pyrex glass storage containers with fitted covers, and we use 200 mL of lysis
solution for up to 10 slides.

2. Lysis solution B for detection of double-strand breaks: 30 mM Na2EDTA and
0.5% SDS, pH 8.0. This solution can be kept for several weeks and stored at
room temperature.

3. Lysis Solution C for permeabilizing cells before base damage detection with
endonuclease III (endo III) and formamidopyrimidine glycosylase (fpg): 2.5 M
NaCl, 10 mM Tris, 100 mM Na2EDTA and 1% TX-100 (pH 10.0). This solution
is freshly prepared for each experiment.
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2.5. Electrophoresis Equipment and Solutions
1. A horizontal bed gel electrophoresis chamber with a power source that can sup-

ply a constant voltage (�20 V for a large chamber). The size of chamber is not
critical, with the obvious caveat that larger chambers accommodate more slides.
The chamber bed should be level. If slides are pre-equilibrated in electrophoresis
solution before transfer to the chamber containing fresh electrophoresis solution,
a re-circulation pump is not necessary.

2. Electrophoresis solution A for alkaline assay: 0.03 M NaOH and 2 mM Na2EDTA,
pH 12.3, equilibrated at room temperature. Re-use of this solution beyond the
day of preparation is not recommended, except to rinse and equilibrate slides
before electrophoresis.

Fig. 4. Analysis of DNA damage in irradiated cells as a function of DNA content.
The percentage of DNA in the tail was measured for V79 cells exposed to 1.5 Gy at
4°C, and analyzed for damage using the alkaline comet assay (A,B) or HT144 mela-
noma cells exposed to 25 Gy and analyzed using the neutral method (C,D). Although
X-rays produces the same amount of damage independent of DNA content, for techni-
cal reasons S phase cells appear to be more sensitive to damage using the alkaline
method and less damage using the neutral method (see Note 13).
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3. Electrophoresis solution B for neutral assay (TBE buffer): 90 mM Tris, 90 mM
boric acid, 2 mM Na2EDTA, pH 8.5. This buffer can be reused several times.

2.6. DNA Staining and Image Analysis

1. Propidium iodide (or ethidium bromide from Sigma Chemical Co., St. Louis
MO) dissolved in 0.1 M NaCl at a concentration of 2.5 µg/mL. As this stain
tends to bind to the glass container, it should be made fresh daily. Propidium
iodide is mutagenic and should be handled with caution. SYBR gold (Molecu-
lar Probes, Eugene, OR), a less mutagenic dye, can be diluted 1:10,000 in TBE.
Silver staining kits for comet assay are available from R&D Systems (Minne-
apolis, MN).

2. Epifluorescence microscope equipped with 50–100 watt mercury arc lamp and
power supply.

3. For propidium iodide-stained DNA, a green light (546 nm) fluorescent filter set
including excitation, reflector and emission filters. SYBR gold shows an excita-
tion peak at 488 nm (blue light), with an emission peak at 520 nm.

4. Depending on light intensity and camera sensitivity, a neutral density filter in the
excitation path may also be necessary to minimize comet bleaching.

5. Good quality microscope objectives suitable for fluorescence images.
6. Black & white camera suitable for collecting comet images in “real time”. This

can be an image intensified camera or a high sensitivity integrating camera.
7. Software, preferably operating on the images in real time, not on stored images.

3. Methods

3.1. Single Cell Preparation

1. Prepare a single cell suspension. When using tissues from animals, chop the tissue
(�50 mg) with scalpels in a small amount of ice-cold solution of PBS containing
20 mM Na2EDTA and 2% DMSO. At this point, tissue may also be digested by
adding enzymes such as trypsin and collagenase, typically for 30 min at 37°C with
agitation. Enzymes provide a higher cell recovery but the decision to use enzymes
may depend on whether DNA repair during enzyme digestion could compromise
results (see Note 2).

2. Filter the solution through 30 micron pore nylon mesh.
3. Centrifuge at 800 g and resuspend the single cells in PBS.
4. Count the cells using a Coulter counter or hemocytometer, and dilute accord-

ingly in cold PBS (e.g., so that 0.4 mL contains 10,000 cells).
5. If the goal of the experiment is to determine whether DNA interstrand crosslinks

are present, a sample of the cells can also be exposed, on ice, to X-rays to pro-
duce a known number of single-strand breaks (i.e., exposure to 5 Gy should pro-
duce approximately 5000 strand breaks/diploid cell). If many fewer X-ray strand
breaks are observed than expected, this is taken as an indication of the presence
of crosslinks that prevent DNA from unwinding.
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3.2. Mixing Cells with Agarose
1. Prepare 1% low gelling temperature agarose in distilled water (see Note 3).
2. Mix 0.4 mL cell suspension with 1.2 mL agarose and rapidly pipette 1.2 mL onto

the surface of the pre-coated slide (see Note 4).
3. Allow the agarose to gel for 3 minutes, either at room temperature or in a cold

room. Consistency in technique is important.

3.3. Lysis for Detection of Single-Strand Breaks and Crosslinks

1. After gelling, submerse slides horizontally in a covered container with the alka-
line lysis solution (see Note 5). Since fluorescent lights in combination with alkali
treatment of DNA can create DNA breaks (22), it is important to protect slides
from room light during alkaline lysis, rinse and electrophoresis.

2. After lysis at 5°C for 18–24 h, carefully submerse slides in rinse buffer (identical
in composition to the electrophoresis buffer A).

3. Transfer slides to a second rinse container after 30 min. Discard rinse buffer after use.
4. After another 30 min rinse, transfer slides to the gel electrophoresis chamber that

is pre-filled with the required amount of freshly made electrophoresis solution A.

3.4. Lysis for Detection of Double-Strand Breaks (see Note 6)

1. Place slides in lysis solution B that has been equilibrated in a 50°C incubator.
2. After lysis at 50°C for 4 h, remove slides to the room temperature rinse solution

(identical to the electrophoresis solution B).
3. After 4 h or an overnight rinse, transfer slides to the gel electrophoresis chamber

that is pre-filled with the required amount of electrophoresis solution B.

3.5. Lysis for Detection of Base Damage (see Note 7)

1. Mix single cells with low gelling temperature agarose dissolved in PBS to pro-
duce a final agarose concentration of 0.75%, and spread 150 µL on an agarose
pre-coated microscope slide.

2. Cover slides with a coverslip and allow agarose to gel for approximately 3 min.
at about 8°C.

3. In preparation for enzyme treatment, remove the coverslip and carefully sub-
merse slides for 1 h in lysis buffer C at 4°C.

4. To rinse slides after permeabilization, carefully submerse slides 2–3 × for a total
of 1 h in 10 mM Tris-HCl, pH 7.5, 1 mM Na2EDTA and 100 mM KCl.

5. Incubate slides with 50 µL Tris buffer (for measurement of strand breaks only) or
Tris buffer containing endonuclease III and formamidopyrimidine-DNA glycosylase
(dilute enzyme to the appropriate concentration according to methods recom-
mended by the supplier, or determine optimum concentration). Cover the enzyme
solution with a coverslip and incubate samples for 20 min at 37°C.

6. After enzyme treatment, remove the coverslips and rinse slides briefly in 1 M
KCl at room temperature.

7. Place slides in lysis buffer A for 45 min.
8. Place slides in electrophoresis buffer A for 45 min.
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3.6. Electrophoresis and DNA Staining

1. Fill electrophoresis tank with a specified volume of electrophoresis buffer cho-
sen so that the level of buffer is about 2–3 mm above the agarose on the slide.

2. Adjust voltage for 0.6 V/cm for 25 min (see Note 8). Between runs, the buffer in
the electrophoresis chamber should be stirred to redistribute ions.

3. After electrophoresis, rinse slides by submersing in a large volume of distilled
water or neutralizing solution.

4. Stain DNA by submersing slides in 2.5 µg/mL propidium iodide for 15–30 min
(see Note 9).

5. Rinse slides briefly in distilled water, and place slides in a humidified, covered
box and store in a cold room. Slides can also be dried for storage or transport (see
Note 10).

3.7. Comet Analysis

1. Examine comet images with green light excitation if DNA is stained with
propidium iodide or blue light excitation if stained with SYBR green.

2. The light intensity must be adjusted for even illumination across the field (see
Note 11).

3. Collect and analyze comet images for several useful features (see Note 12).
Remember that cells actively replicating their DNA show anomalous migration
in agarose (see Note 13 and Fig. 4)

4. Avoid analyzing images at edges of slides, overlapping images, debris and cell
doublets. If using a visual scoring method, code the slides first so they can be
read in a blinded fashion.

3.8. Statistical Analysis

1. When the average amount of DNA damage is required, determine the mean and
standard deviation from 3 or more independent experiments. Generally 50 com-
ets per point is adequate.

2. When heterogeneity within a sample is examined, the ratio of the mean/variance
can be a useful measure of variability. Curve fitting programs can be used to
define the proportion of cells that are sensitive or resistant to treatment. The good-
ness of fit will improve as more comets are collected, and analysis of 400–800
comets per slide is not atypical. A normal distribution of values about the mean(s)
is assumed for each population (23). Alternatively, non-parametric methods may
also be used.

3. ANOVA and paired t-tests can be used for data analysis. It is generally useful to
have positive and negative controls.

4. Notes
1. One of the major complaints of those new to the method is that the agarose

detaches from the slide at some point during the procedure. Precoating with aga-
rose, scoring the edges of the slide, and maintaining the slides horizontally at all
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times, prevents most problems. The use of GelBond polyester film (BioWhittaker
Molecular Applications, Rockland, ME) greatly improves attachment of agarose.
Since this material produces a high background when used with propidium iodide,
SYBR green is a more appropriate stain with GelBond (24).

2. Preparation of a single cell suspension from tissues may introduce significant
DNA damage, either by tissue mincing or enzyme digestion. Freezing/thawing
procedures can also introduce breaks (25) and should be avoided if possible.
Although trypan blue excluding cells are likely to show the lowest background
damage, even membrane damaged cells or nuclei, if collected appropriately, may
be adequate for many studies (26). If studying tissues, efforts should be made to
remove as much blood as possible from a tissue, by draining, rinsing or perfusing
the tissue before mincing. This is particularly important when a mechanical dis-
aggregation method is used since white cells can constitute a variable but signifi-
cant proportion of cells recovered from many tissues using this method. Cell
sorting procedures or magnetic bead cell separation, based on antibody labeling
of cell surface markers (27,28), may also be useful in removing “contaminating”
white blood cells.

3. Careful preparation of the agarose, and adequate mixing with the cells are critical
since small differences in the percentage of agarose can influence comet tail
length. It is important to ensure that the agarose is completely dissolved. A micro-
wave oven is used at low power to produce minimal bubbling and evaporation
during the 1–2 min required to dissolve the agarose. The homogeneity of pore
structure within the agarose is also dependent on the temperature during gelling
(29). Therefore, this step should be performed in a way that can be reproduced
easily (i.e., it is important to maintain a constant time and temperature of gelling
before placing the slides in lysis solution).

4. The slide preparation method originally described by Singh et al. (30) uses 3 layers
of agarose, generally no more than 250 µL in total. The first layer is used to pre-
coat the slide to enhance attachment, the second layer contains the cells in 75 µL
0.5% LGT agarose, and the third layer of 1% agarose, also 75 µL, covers the
second layer (30). The advantage is that all of the cells are in a thin layer pro-
tected by an overlay of agarose, and the overall thickness of the gel is small. The
disadvantage is that preparing the slides is more time consuming and technically
more difficult since coverslips must be placed and removed for each step.
Although the method we describe is simpler, slides are covered by 1.2 mL agar-
ose to avoid manually spreading the agarose, and this thicker gel may necessitate
purchase of a long working distance objective for the microscope.

5. Many different alkaline lysis solutions have been described in the literature, often
leading to some confusion about which method is best to use. All alkaline methods
include NaOH (0.03–0.3 M) and NaCl (1–2.5 M), with or without Triton X-100,
sodium sarcosine, Tris, EDTA, DMSO, and proteinase K. The addition of the
radical scavenger, DMSO, is necessary when red blood cells are present since
lysis of red cells in alkali appears to produce reactive species that damage neigh-
boring nucleated cells. DMSO can be included in the agarose (2%) or lysis solu-
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tion (up to 10%). Proteinase K added to the lysis solution (0.5–1 mg/mL) may
reveal DNA-protein crosslinks for those chemicals where detergents and alkali
are not adequate for this purpose. Since a higher pH lysis solution (> 13) has been
found to be more sensitive for detecting DNA damage by many agents (some
types of base damage are alkali-labile), our recommended general purpose alka-
line lysis solution contains 0.3 M NaOH. A one hour lysis is probably adequate
for most studies, however, the longer lysis at 5°C allows more time for DNA
unwinding, and therefore increases sensitivity for detecting breaks (usually by a
factor of 2 or so for lysis times greater than 6 h). An important point to appreciate
is that once DNA is denatured in alkali, it should not be allowed to renature
before electrophoresis. This leads to partial reannealing of the strands, probably
causing tangling around agarose fibers and inability to migrate efficiently during
subsequent electrophoresis.

6. Several extra steps are required for the measurement of oxidative base damage, as
originally described by Collins et al. (31,32). Initial permeabilization, and treat-
ment with enzymes requires extra care to avoid losing the gel during preparation
and electrophoresis. Although endonuclease III is commercially available from
Trevigen Inc. (Gaithersburg, MD), the efficiency of enzymes for this application
needs to be high and may require independent purification (33,34). It is important
to optimize the concentration of enzymes to obtain maximum numbers of breaks at
sites of base damage. It should also be noted that the presence of large numbers of
strand breaks can reduce sensitivity for detecting base damage by this method
(31,35). The use of external references (31), or comparisons with HPCL using elec-
trochemical detection (36) is required for accurate quantitation of lesions.

7. DNA double-strand breaks are produced much less frequently than single-strand
breaks, and only by a few selected agents (e.g., ionizing radiation, topoisomerase
inhibitors, bleomycin, carcinostatin). Most of these agents produce several times
more single-strand breaks than double-strand breaks. When slides are first placed
in the neutral lysis solution, single-strand breaks cause loss of DNA supercoil-
ing. This allows DNA to relax and diffuse to a greater extent than if single-strand
breaks were not present. The result is the presence of small tails on the comets
which might be falsely attributed to double-strand breaks. Once all of the DNA
supercoils have been relaxed (about 2000 single-strand breaks or 2 Gy will relax
most supercoils), then only double-strand breaks will increase the amount of DNA
able to migrate. Therefore the slope of the initial part of the dose response curve
in the neutral assay is steep and should not be interpreted as a measure of double-
strand break induction (37). In fact, Ostling and Johanson used a neutral lysis
buffer to measure radiation-induced single-strand breaks, and this explains why
their dose- response relationship appeared to plateau above 2 Gy (1). Neutral
lysis and electrophoresis can also be used to detect apoptotic cells (38) and may
be more appropriate than the alkali lysis methods especially if average DNA frag-
ment size is small (< 50kb).

8. The choices of voltage and time of electrophoresis are largely arbitrary, and are
chosen primarily to give an appropriate comet size for image analysis. A typical
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voltage for an electrophoresis chamber is determined by measuring the perpen-
dicular distance in cm between the positive and negative electrodes in the elec-
trophoresis chamber, and multiplying this distance by 0.6. With this voltage,
electrophoresis for 20–25 min provides a useful image.

9. The original paper describing the single cell gel electrophoresis method employed
the DNA and RNA stain, acridine orange, that shows a high background fluores-
cence. Since then, a variety of DNA stains have been used including those com-
monly applied in flow cytometry, propidium iodide and ethidium bromide, which
are economic to use and have a much lower background than acridine orange.
YOYO-1 (Molecular Probes, Eugene, OR), another intercalating DNA dye, binds
to DNA with higher efficiency but does not necessarily improve resolution (2).
SYBR-green 1 and SYBR-gold (Molecular Probes) also have higher affinity for
double-stranded DNA than propidium iodide (39). SYBR-gold shows a 1000 fold
enhancement of fluorescence upon binding to DNA versus only 50 fold for
propidium iodide. However these dyes are subject to photobleaching, as are the
UV-excited DNA binding dyes, DAPI and Hoechst 33342. In our experience, we
have not seen a significant improvement of any of the newer stains over
propidium iodide using image analysis methods, although, in theory, a dye that
binds with high efficiency to single-stranded DNA should increase sensitivity in
the alkaline method. The use of silver staining (40) or other non-fluorescent meth-
ods for detecting DNA are also possible, although as with any stain, DNA bind-
ing should be confirmed to be stoichiometric if one wishes to measure tail
moment or percent in tail (24). In other words, cells in G2 phase should bind
twice as much stain as cells in G1 phase. Finally, alkali treatment degrades RNA
so that it does not contribute to the staining intensity in the comet. For the neutral
method, RNAse treatment of slides (40 µg/mL for 2 h) after electrophoresis and
before PI staining did not change the dose-response relationship for ionizing
radiation.

10. Slides can be dried after electrophoresis and staining, and viewed even months
later (41). Before viewing, slides are re-hydrated in water, and we pipette up to
1 mL agarose onto the slide to reduce background fluorescence. Generally, only
a small amount of comet shrinkage occurs, and the percentage of DNA in the
comet tail remains fairly constant. Dipping slides in ethanol before drying will
reduce the possibility of microbial contamination, but re-staining will be neces-
sary. Drying agarose on fully frosted slides can lead to problems in measuring
damage when comets dry partially in and out of the grooves on these slides.

11. The intensity and duration of illumination should not produce noticeable bleach-
ing of the image. Therefore the camera should be sufficiently sensitive that a
long integration time is not required. Alternatively an image intensified camera
that allows real time image capture is appropriate. In either case, it is important
that the image not be saturated, that is, that the intensity of fluorescence in any
part of the image not exceed the dynamic range of the camera. For example, as
one increases the camera gain or integrating time, the tail will appear more sub-
stantial, but at some point, the intensity in the head will saturate, and measuring
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an accurate tail moment or percent DNA in tail will no longer be possible. [Notes
provided for NIH image software for comet analysis recommend saturating the
nucleus, but this means that total DNA and tail moment cannot be accurately
described.] Once a camera gain has been chosen, it should be kept constant for
that experiment. Many comet image analysis programs are commercially avail-
able, and often the camera, computer and software can be purchased as a package.
Given the issues described above, it is highly recommended that the camera/soft-
ware “linearity” be experimentally verified for the standard measurement condi-
tions. For example, one should not observe a decrease in DNA content as DNA
damage increases, except in the extreme situation of an apoptotic or necrotic cell.

12. Useful features of the comet image include the total image intensity (DNA con-
tent), comet length or tail length, head diameter/tail length, percentage of DNA
in the comet tail, and tail moment (42). We define tail moment as percentage of
DNA in the tail multiplied by the distance between the means of the head and tail
distributions. The length of the comet image or comet tail is a function of electro-
phoresis voltage and time. However, as more DNA enters the tail, average tail
length will increase until it eventually plateaus for cells with more than about
2000 breaks. Actually, maximum tail length is relatively invariant for a specific
voltage/time of electrophoresis, and it is the increase in amount of DNA in the
tail makes the tail length appear, to the camera, to gradually increase with dam-
age. Therefore tail length is a qualitative indicator of damage at low damage
levels only, and tail length measurements are highly dependent on the image
analysis system. In contrast, the percentage of DNA in the tail is a robust end-
point, much less dependent on electrophoresis voltage or time and therefore easier
to compare between different laboratories. However, this endpoint is less sensi-
tive for detecting changes at low damage levels because it does not take into
account the distribution of DNA damage in the tail. In Figure 3, the percentage
DNA in tail increases only 2 fold over the range of 0–2 Gy, but tail length
increases 3 fold, and tail moment increases more than 5 fold over the same range
(because it is a measure of both length and percentage in tail). In addition to the
commercial and “home-built” image analysis systems for comet analysis, cap-
tured comet images can also be analyzed with NIH image software by using a
macro program available on the Internet (43). However, speed of analysis
becomes a limitation if images must be saved and then recalled for analysis by a
different program. Systems that allow rapid on-screen image analysis make it
possible to identify and analyze 600 or more comets per hour. A visual scoring
system is also acceptable in some instances, but coded slides should be used to
avoid bias. Pooling results from separate experiments to generate DNA damage
histograms is generally not recommended since outliers may come from a single
experiment.

13. Cells in S phase contain replication bubbles and forks that respond differently
than non-replicating DNA during gel electrophoresis (Fig. 4). Under alkaline
conditions, replication forks act as single-strand breaks, and denature and un-
wind. This promotes migration so that untreated S phase DNA can display the
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equivalent of up to 2000 single-strand breaks (13). Therefore, under alkaline con-
ditions, S phase cells are most easily identified in populations with minimal dam-
age. Conversely, when lysis and electrophoresis occur under neutral conditions,
the replication bubbles inhibit DNA migration, and S phase DNA migrates 2–3
times more slowly (44). Therefore, for comparison of DNA damage between
different samples containing S phase cells, it is important to ensure that the S
phase fraction is constant, or to adjust for these differences (e.g., by omitting S
phase cells from analysis or using synchronous cells).
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Ultrasensitive Detection of DNA Damage
by the Combination of the Comet and TUNEL Assays

Andrei L. Kindzelskii and Howard R. Petty

1. Introduction
The assessment of cellular DNA damage is crucial in many areas of biology

including immunology, developmental biology, aging, cancer, and environ-
mental science. A variety of experimental techniques including alkaline sucrose
gradient centrifugation, alkaline elution, nucleoid sedimentation, viscoelastic
measurements of DNA, alkaline unwinding, and gel electrophoresis (1–4) have
been developed to detect DNA damage in large cell populations. However,
these methods can only detect the average amount of DNA damage over mil-
lions of cells. These approaches do not reveal the heterogeneity of DNA dam-
age within a sample; some cells may experience extensive damage whereas
others may display no damage at all. Moreover, one might want to analyze the
amount of DNA damage in variety of cell subpopulations within a sample. In
more specialized applications (e.g., a specific target cell undergoing immuno-
logic recognition and destruction) the extent of DNA damage in a particular
cell may be required. Furthermore, there are some clinical experiments where
the amount of sample is severely limited (e.g., biopsy material) and therefore
large-scale assays are impossible. Thus, there are many biological circum-
stances that require the use of small cell samples. To extract DNA damage
information from these samples, techniques that rely upon the evaluation of
DNA damage at the level of single cells is required. The single cell gel electro-
phoresis (SCGE) or “comet” assay is the most widely applied method for the
detection of DNA damage in single cells. In this approach damaged DNA in
individual cells is electrophoresed away from a nucleus into an agarose gel
followed by staining.
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1.1. Overview of Microscopic Methods and Strategies
to Detect DNA Damage

The analysis of DNA damage in single cells was first reported in the studies
of Rydberg and Johanson (5). In this technique DNA damage was detected by:
1) lysing cells embedded in agarose on slides, 2) promoting partial DNA
unwinding, and 3) staining DNA with a dye. This method was improved by the
subsequent addition of an in situ agarose gel electrophoresis step (6) to allow
easier discrimination between damaged and undamaged DNA. This approach
was further refined by Singh et al. (7) who included exposure to alkaline/high
salt conditions, which allowed a direct correlation between electrophoretic
migration distance and the extent of DNA damage. This comet assay is a con-
venient method for the visualization of DNA damage within single cells and is
now widely employed (8).

In addition to the SCGE assay, DNA strand breaks in single cells can also be
detected by directly labeling the break using terminal deoxynucleotidyl trans-
ferase (TdT) and radioactive dAMP or biotin-dUTP (9,10). Recently, a conve-
nient protocol to directly tag 3'-hydroxyl groups of DNA has become available
(11,12). In this method, 3'-hydroxyl groups are labeled with biotinilated-dUTP
or fluoresceinated-dUTP via TdT. The tagged 3'-hydroxyl is then visualized by
standard fluorescence techniques. This procedure, termed TdT-mediated fluo-
rescein-dUTP nick end labeling (TUNEL) is now widely employed to detect
DNA fragmentation (13).

In this chapter we discuss modifications of the SCGE assay to increase the
microscopic contrast of damaged DNA and, hence, its sensitivity. Two approaches
are employed: 1) the use of TdT-mediated fluorescein-dUTP nick end labeling and
2) optical occultation of the nucleus or “comet head” to improve the sensitivity of
the SCGE assay. By specifically labeling 3'-hydroxyls of strand breaks in the comet
tail, the contrast is improved in comparison to less specific intercalating dyes rela-
tive to the background. Moreover, the contrast of the tail is improved by passing an
opaque disk into a field-conjugated plane near the lamp. By occluding a comet’s
head, the tail appears brighter since the ICCD (intensified charge-coupled device)
camera can operate at maximal gain. This latter approach is somewhat analogous
to other optical methods wherein the sun’s disk is occluded to image its corona.
These modifications of the comet assay are reported below.

2. Materials
1. Hanks Balanced Salt Solution (HBSS) is obtained from BRL-Gibco (Grand

Island, NY).
2. Lysing Solution: Ingredients per 1000 mL: 2.5 M NaCl—146.1 g, 100 mM

EDTA—37.2 g, 10 mM Trizma base—1.2 g. Add ingredients to about 700 mL
dH2O, and begin stirring the mixture. Add ~8 g NaOH pellets and allow the mix-
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ture to dissolve (about 20 min). Adjust the pH to 10.0 using concentrated HCl or
NaOH. Add dH2O to 890 mL (the Triton X-100 and DMSO will increase the
volume to the correct amount), store at room temperature.

3. Final lysing solution: Add fresh 1% Triton X-100 and 10% DMSO to the lysing
solution above. This should be refrigerated for at least 30 min prior to slide addi-
tion (see Note 1).

4. APO-DIRECT™ kit (PharMingen, San Diego, CA).
5. 0.5% agarose (normal melting temperature) from Sigma Chemical Co. (St.

Louis, MO).
6. 0.5% low melting temperature agarose (Sigma Chemical Co., St. Louis, MO).
7. The staining solution is prepared from the APO-DIRECT™ kit as follows: 60 µL

of reaction buffer, 4.5 µL of TdT enzyme solution, 48 µL of FITC-dUTP, and
distilled water 192 µL (see Note 2).

8. 1% paraformaldehyde in PBS.
9. 70% ethanol.

10. Platinum electrodes (0.1–0.4 mm in diameter).
11. Fluorescence Microscope. Stained samples are examined using an axiovert fluo-

rescence microscope (Carl Zeiss, New York, NY) with mercury illumination
(HB0 100). A 100 W lamp is recommended since it produces four times the out-
put of an HBO 50 lamp (see Note 3). Fluorescence emission is detected using a
fluorescein filter set (see Note 4). Since the fluorescence intensities are low com-
pared to a typical epi-fluorescence sample, sensitive detectors are required. An
intensified charge-coupled device (ICCD) camera is required. Dage-MTI, Inc.
(Michigan City, IN) and Hamamatsu Photonics, Inc. (Bridgewater, NJ) ICCD
cameras can be used in this application. Images were captured using a Scion SG-7
video card (Vay-Tek, Fairfield, IA) and a Dell 410 workstation. Imaging was
managed with ScionImage software and stored as TIFF files.

12. Nuclear Occlusion. To provide enhanced contrast of the comet tail, the “head” of
the comet can be occluded. By occluding the head of the comet, the “tail”
becomes the brightest object in the field of view. This allows the ICCD to operate
at maximal gain; hence, the contrast with respect to the background and the num-
ber of grey levels of the tail are enhanced. For example, this strategy has been
used to detect small amounts of cytoplasmic components leaking from bright
tumor cell targets (14). To occlude the head of the comet, a special adapter for the
fluorescence light source was obtained from Zeiss, Inc. A small opaque disk was
cut from aluminum foil then attached to a glass slide. An aluminum slider to
contain the glass slide and fit into the port of the Zeiss special adapter was con-
structed in the machine shop. A schematic illustration of the method is shown in
Fig. 1. With the slider inserted into the field-conjugated plane in the adapter, a
shadow in the shape of the disk appears over the sample. The position of the
comet head can be adjusted by translation of the stage whereas the position of the
shadow can be adjusted by the slider. Fig. 2, panels A and B, illustrate the micro-
scopic appearance of a comet using the modified SCGE assay in the presence and
absence of an optical occlusion of the comet head.
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3. Methods
3.1. Modified SCGE Assay

1. Warm container with 0.5% agarose (normal melting temperature) to 50°C in a
water bath.

2. Cover microscope slides with thin layer of warm 0.5% agarose (normal melting
temperature).

3. Resuspend cells (1.0–5.0 × 103) in 25 µL of 0.5% low melting temperature agar-
ose at 37°C.

4. Place cell suspension (in low melting temperature agarose) atop the first (nor-
mal) agarose layer on the microscope slide.

5. Immediately cover this “sandwich” with a No. 1 coverglass.
6. Cool to 4°C to promote agarose solidification.

Fig. 2. Images of representative data. All cells were exposed to 30 µM H2O2 for
60 min at room temperature. Panels A and B show the same cell without and with
occultation of the comet head, respectively. Note that the detection of bands within
the tail improves with occultation. Panel C shows a different cell using the conven-
tional comet assay. (×890)

Fig. 1. Schematic illustration of the illumination system.
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7. Prepare coverglass with thin layer of 0.5% agarose (low melting temperature) as
described above (Subheading 3.1, Steps 1–2).

8. Carefully replace standard coverglass with the one covered with low melting
temperature agarose.

9. Dip the “sandwich” into the alkaline lysing buffer for 1 h at 4°C.
10. Attach platinum electrodes (0.1–0.4 mm in diameter) to the microscope slide at

opposite sides of the “sandwich.”
11. Apply electric field (25V) for 20 min using Grass SD9 power supply unit.
12. Carefully remove coverslip and rinse cell layer with ice-cold 70% ethanol.
13. Rinse twice with of Wash Buffer (blue cap), provided in APO-DIRECT™ kit.
14. Incubate slides with 100 µL Staining Solution (Subheading 2, Step 7) for 60 min

at 37°C.
15. Wash “sandwich” with Rinse Buffer (provided with kit, red cap) at room temperature.
16. Add 1 mL of PI/RNase A solution (amber bottle) to the top of the “sandwich” for

30 min at room temperature.
17. Cover “sandwich” with new coverslip.
18. Proceed with fluorescence microscopy.

3.2. Microscopy of DNA Damage

1. The samples are now placed in a fluorescence microscope, as described under Sub-
heading 2.3. Optical filters appropriate for fluorescein are employed. If the sample
is only labeled with FITC-dUTP, a long-pass emission filter will increase the inten-
sity of the fluorescence emission. Since the comet tails can be rather long, observa-
tions are of fluorochrome-stained DNA are made using a 25× objective.

2. In some cases, observations are being made of a cell previously imaged in during
the experiment (for example, given a specific treatment using a micropipette). To
locate the same cell before and after staining for DNA damage, it is important to
record the position of the cell(s) using the vernier calibration points for both the
x and y axes of the microscope stage. It is also useful to record a “before” picture
on the computer to assist in locating the “after” image of DNA damage.

3. In many cases, it will not be necessary to individually identify each cell. Thus, it
is only important to obtain an appropriate statistical sample, which has been
described for the conventional comet assay. In general, the comets of 25–50 cells
should be evaluated in any particular experiment on every day. When evaluating
microscope slides, it is important to avoid counting the same cell twice. Hence,
do not retrace your steps in an experiment. These experiments can also be con-
ducted “blind.” That is, the person reading the comets does not know which par-
ticular experiment is currently being read.

4. To obtain the highest level of sensitivity, TUNEL labeling should be combined
with occlusion of the nucleus, as described in Subheading 2, item 11. A comet is
selected then centered in the field of view. The slider is then inserted into the
back focal plane of the microscope. The slider and/or the x- and y-translation
knobs are adjusted to occlude the image of the comet head. Fig. 2A and B show
micrographs of the same comet in the absence and presence of the occultation
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slider. As this illustrates, the comet tail is longer and its component bands are
much better resolved in the presence of occultation. Fig. 2C shows a comet from
a different cell treated in exactly the same way as the cell show in panel B.

3.3. Evaluation of DNA Damage

1. Several methods are available to evaluate the extent of DNA damage. One key
variable used in most of these analyses is the length of the comets’ tails, which is
roughly proportional to the amount of DNA damage. This can be performed by
manually measuring of the comet tail length. It may be performed on black and
white prints or as displayed on video or computer screens. The general rule for
the measurement is to find length between center of the comet head and the vis-
ible end of the “tail”.

2. A second group includes automated methods of comet evaluation. This may be
computer software or software/hardware systems.

4. Notes
1. The purpose of the DMSO in the lysing solution is to scavenge radicals generated

by the iron released from hemoglobin when blood or animal tissues are used. It is
not needed for other solutions or where the slides will be kept in lysing buffer for
a brief time only.

2. The staining solution must be used within 24 h of preparation. Therefore, prepare
only enough solution for use during a single day.

3. Carefully follow the manufacturer’s guidelines. Never look directly at the high
intensity source; its intensity and ultraviolet component can cause blindness.
Similarly, always insure that the filters are in place before looking into the micro-
scope.

Carl Zeiss, Inc. now produces an adjustable HBO100 lamp, which is very
stable. The ability to adjust its intensity is useful in prolonging the lifetime of the
bulb and in preventing photobleaching of the sample.

4. We have found that the AF filter series available from Omega Optical offers
superior performance in these experiments.
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Application of FISH to Detect DNA Damage

DNA Breakage Detection-FISH (DBD-FISH)

José Luis Fernández and Jaime Gosálvez

1. Introduction
Chromatin structure can affect the level of induced DNA damage and/or

repair, and so these effects may vary within different DNA sequence areas of a
cell, as well as between different cell types. DBD-FISH is a procedure that
allows both intragenomic and intercellular heterogeneity in DNA breakage
induction and repair to be assayed (1). Thus, besides whole cellular DNA, the
behavior of different specific DNA sequence areas may be simultaneously ana-
lyzed within a specific cell. Cells contained within a very thin inert agarose
layer on a glass slide are briefly incubated in an alkaline unwinding solution
that transforms DNA breaks (2,3) into single-stranded DNA (ssDNA) motifs.
These motifs are initiated from the end of the DNA breaks, serving as targets
for hybridization of DNA probes. DNA melting is then stopped and proteins
are removed with subsequent incubations in neutralizing and lysing solutions,
to yield DNA in a residual nucleus-like structure, known as the nucleoid. After
washing and dehydration in increasing ethanol baths, the microgel containing
the nucleoids collapses and dries, thereby allowing DNA probes to be hybrid-
ized and detected, as in current FISH procedures (4). As DNA breaks increase
within a specific nuclear target area, the alkali produces more ssDNA in the
region and more DNA probe hybridizes, giving rise to a more intense and/or
widely distributed FISH signal, which can be captured and quantified with a
digital image analysis system. The specific DNA probe determines the chro-
matin area to be analyzed. In summary, DBD-FISH integrates the microgel
techniques habitually employed in the “nuclear halo” (5,6) or “comet tail” tests



204 Fernández and Gosálvez

(7,8), the alkaline unwinding assays for the detection of DNA breaks currently
used in radiobiological studies (9,10), and FISH (11).

2. Materials

2.1. Reagents and Technical Equipment

1. Normal melting point agarose.
2. Low melting point agarose.
3. Epifluorescence microscope with appropriate filters and objectives.
4. High-sensitivity CCD camera coupled to a computer.
5. Image analysis software (Visilog 5.1, Noesis Vision Inc., Ville St-Laurent, Que-

bec, Canada).

2.2. Solutions

2.2.1. Slide Preparation

1. Alkaline unwinding solution: 0.03 M NaOH, 1 M NaCl, pH 12.2. Make fresh and
keep cold at 4°C. It is used at 7°C.

2. Neutralizing and lysing solution 1: 0.4 M Tris-HCl, 0.8 M DTT, 1% SDS, 0.05 M
EDTA, pH 7.5. Store at 4°C and use at room temperature in a hood. DTT is an
irritant, with an unpleasant odor and is neurotoxic. SDS is an irritant and is harm-
ful if swallowed.

3. Neutralizing and lysing solution 2: 0.4 M Tris-HCl, 2 M NaCl, 1% SDS. Store at
4°C and use at room temperature.

4. Neutralizing solution: 0.4 M Tris-HCl, pH 7.5. Store at 4°C and use at room
temperature.

5. Isotonic saline solution: 0.9% NaCl. Store at 4°C.
6. TBE buffer: 0.09 M Tris-borate, 0.002 M EDTA, pH 7.5. Store at room temperature.

Wear gloves and mask when preparing and using these solutions.

2.2.2. FISH

1. DNA probes for FISH directly labeled with fluorochromes or with hapten (e.g.,
biotin or digoxigenin).

An increasing variety of human DNA probes are available from, for example,
Serologicals Corp. (formerly Intergen) Gaithersburg, MD; Vysis Inc., Downer’s
Grove, IL; Roche Molecular Biochemicals, Indianapolis, IN. They include whole
genome probes, chromosome-specific classical satellite DNA probes, chromo-
some-specific alphoid and pancentromeric DNA probes, chromosome specific
“painting” probes, cosmid or YAC probes, telomeric probes, and oligonucleotide
probes. All are supplied with their specific hybridization buffer. Suppliers pro-
vide information on preparation, incubation, washing and detection conditions.

A small number of examples of human DNA probes in hybridization buffer
are presented (Figs. 1 and 2):
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• Chromosome-specific classical or alpha satellite DNA probes (0.5 ng/µL final
concentration) in 65% formamide/2×SSC, 10% dextran sulfate, 100 mM cal-
cium phosphate, pH 7.0 (1×SSC is 0.015 M NaCitrate, 0.15 M NaCl, pH 7.0).

• Whole genome (4.3 ng/µL final concentration), or Pancentromeric: all alphoids
(0.5 ng/µL final concentration) DNA probes, in 50% formamide/2×SSC,
10% dextran sulfate, 100 mM calcium phosphate, pH 7.0.

Formamide is a potential carcinogen. It should be used in a deionized form.
2. DNA probe washing solutions. All should be freshly prepared and used at spe-

cific temperatures, depending on the stringency of the probe washings, as described
in the methods (see Subheading 3.2.2., Step 2).

3. Blocking solution: 5% BSA, 4×SSC, 0.1% Triton X-100. Store in aliquots at –20°C.
4. Detection reagent, e.g. streptavidin-Cy3 (Sigma, St. Louis, MO) for biotin-

labeled probes, freshly diluted (1:200) in antibody detection buffer (1% BSA,
4×SSC, 0.1% Triton X-100), and (if both biotin and digoxigenin labeled probes
were incubated in the same slide)/or anti-digoxigenin-FITC (Roche Molecular
Biochemicals, Indianapolis, IN) (1:100) in the same buffer. The antibody detec-
tion buffer is stored in aliquots at –20°C.

Fig. 1. Human blood leukocytes processed for DBD-FISH. Cells were first lysed
and then exposed to the alkaline unwinding solution for 2.5 min at 7°C. (A) Unir-
radiated cell. (B) Leukocyte exposed to 2Gy of X-rays. A pseudo-3D representation of
the fluorescence intensity of each pixel, following a color code, is presented alongside
the original image.
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Fig. 2. Human blood leukocytes processed for DBD-FISH. (A and B) cells initially
lysed and then exposed to the alkaline unwinding solution for 2.5 min at 7°C. (A)
Untreated control. (B) Cell exposed to 2Gy of X-rays. A sequential hybridization of
two different probes within each cell is shown. Cy3-red signal corresponds to a
pancentromeric probe (all alphoid sequences), whereas FITC-green signal belongs to
the 5bp classical satellite DNA of chromosome 1 (D1Z1 locus). DAPI counterstaining



DBD-FISH 207

5. Antibody washing solution: 4×SSC, 0.1% Triton X-100, pH 7.0. Store at 4°C.
6. Counterstaining-Antifading solution: DAPI (1 µg/mL) in Vectashield (Vector

Laboratories, Burlingame, CA). Store at 4°C in the dark. DAPI is a potential
carcinogen.

3. Methods
3.1. Slide Preparation

3.1.1. Coating of Slides

1. A coplin jar with 0.65% standard normal melting point agarose in water is kept in
a water bath at 70°C after preheating in the microwave.

2. Standard glass microscope slides are immersed vertically for 2 sec and then
immediately deposited horizontally on a cold metallic plate to solidify the agar-
ose layer.

3. The slides are incubated at 80°C until the agarose layer is completely dry, giving
rise to a thin film that is firmly attached to the slides. The coated slides can be
used immediately or stored in a tightly closed box at room temperature for sev-
eral months (see Note 2).

3.1.2. Microgel Embedding of Cell Suspension

1. 1% low melting point agarose in water is prepared by microwave heating and
kept at 37°C within a glass tube, in a water bath.

2. Cells in suspension, like human leukocytes or isolated lymphocytes or granulo-
cytes, in buffy coat, or cells in culture medium, are gently mixed using a micropi-
pette with the low melting point agarose solution at 37°C, to arrive at a final
concentration of 0.7%.

Fig. 2. (continued) is blue. Taking into account the relative size of target DNA, the
background signal of D1Z1 is stronger than that of all alphoid sequences (A). (C and
D) Leukocytes unexposed (C) and irradiated with 10Gy of X-rays (D), first treated
with the alkaline unwinding solution for 5 min at 22°C, and then lysed. The specific
alpha satellite DNA sequences of chromosome X (DXZ1 locus) are assayed. Under
these conditions, a faint background signal (C) is detected in about 60% of cells,
whereas all cells appear labeled after 10Gy (D), showing highly dispersed spots. More
restricted unwinding conditions reduce both the cells with background signal as well
as the dispersed spots in the irradiated cells. (E and F) Apoptotic nucleus. DAPI fluores-
cence (E) shows very residual staining compared with the adjacent nucleus (arrow).
Only fragments containing the specific 5bp classical satellite DNA sequences of chro-
mosome 1 are detected after hybridization with the specific probe (F). (G) An extended
fiber shows the spot-like appearance of the DBD-FISH signals, in this case resulting
from DNA breaks within the D1Z1 locus. Probably, these spots correspond to unwound
ssDNA motifs that curl up and tangle.
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3. 50 µL of the cell-agarose suspension are pipetted onto the coated surface of a
glass slide and covered with a 24 × 60 mm glass cover slip, taking care to avoid
trapping any bubbles.

4. The slide is cooled at 4°C for 5 min to allow the agarose to solidify.
5. Cell density can be checked by phase-contrast microscopy (see Notes 3–6).

3.1.3. Alkaline Unwinding

1. The alkaline unwinding solution is freshly prepared, kept at 4°C, and then trans-
ferred to a tray on ice, until the temperature stabilizes at 7°C.

2. The cover slip is removed and the slide immediately immersed horizontally in
the tray with the alkaline unwinding solution for 2.5 min at 7°C. During this
incubation, the tray is covered with a sheet of aluminum foil to avoid light-
induced DNA damage (10) (see Notes 7–9).

3.1.4. Neutralization and Lysis

1. The slide is horizontally immersed in a tray with abundant neutralizing and lys-
ing solution 1 at room temperature, and left for 20 min.

2. The slide is horizontally immersed in abundant neutralizing and lysing solution 2
at room temperature, for 10 min (see Notes 10, 11).

3.1.5. Washing and Dehydration

1. The slide is removed and left horizontally on a box with abundant TBE buffer for
15 min at room temperature.

2. The slide is sequentially transferred to 70%, 90% and 100% ethanol baths, 2 min
each, at room temperature.

3. After the 100% ethanol bath step, the slide is left to dry horizontally at room
temperature or at 37°C for 10–15 min. This causes the agarose layer to flatten,
turning into a very thin film with the nucleoids inside. After drying, the slides can
be used immediately for hybridization or may be stored at room temperature in
darkness for at least a month.

3.2. FISH

3.2.1. DNA Probe Hybridization

Denatured or single-stranded DNA probes, either directly labeled with fluo-
rochromes or hapten-labeled, are incubated on dried slides. All types of probe
are susceptible to being hybridized.

1. Double-stranded DNA probe is denatured at 70°C for 8 min in an Eppendorf
tube, with its specific hybridization buffer, in a water bath, and is then immedi-
ately put on ice for 2–3 min.

2. 15 µL of probe solution are distributed on the slide from a pipette and are covered
with a cover slip (10 × 60 mm). At least two probes or probe combinations may
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be hybridized on the same slide, as long as their hybridization, incubation and
washing conditions are the same.

3. The slide with the probe is incubated overnight, in darkness, in a moist chamber,
lined with two sheets of wet filter paper. We incubate all probes at 37°C, except
whole genome and telomeric probes, which are kept at room temperature (see
Note 12).

3.2.2. DNA Probe Washings

1. The glass cover slip is removed by gently immersing the slides vertically in a
coplin jar containing isotonic saline solution at room temperature.

2. Unbound DNA probe is washed out by incubation in coplin jars containing
formamide/SSC solutions and then in SSC solutions, with gentle agitation, their
stringency being that appropriate for the chosen probe.
• Specific human alphoid satellite DNA probes: two washes in 60% formamide/

2×SSC, pH 7, 42°C, 5 min each, followed by two washes in 2×SSC, pH 7,
37°C 3 min each.

• Specific human classical satellite DNA probes: two washes in 50% formamide/
2×SSC, pH 7, 42°C, 5 min each, followed by two washes in 2×SSC, pH 7,
37°C, 3 min each.

• Human pancentromeric probe: two washes in 50% formamide/2×SSC, pH 7,
37°C, 5 min each followed by two washes in 2×SSC, pH 7, 37°C, 3 min each.

• Whole genome probe: similar to the latter, but with all solutions at room
temperature.

3. After probe washings, the slide is briefly transferred to a coplin jar containing
antibody washing solution.

4. The slide is removed from the antibody washing solution and excess fluid is
briefly blotted from the edge. Slides incubated with directly fluorescent-labeled
probes are directly counterstained, whereas those with hapten-labeled probes are
subjected to the detection steps (see Notes 13–15).

3.2.3. DNA Probe Detection

1. 90 µL of blocking solution are pipetted onto the slide and then covered with a
plastic cover slip, incubating for 5 min at 37°C in a moist chamber.

2. The cover slip is carefully removed and the slide tilted briefly to allow excess
fluid to drain.

3. 90 µL of detection reagent solution (streptavidin-Cy3 for biotin-labeled probes
and/or anti-digoxigenin-FITC for digoxigenin-labeled probes) are applied to the
slide, placing a plastic cover slip on top of the solution, and then incubated for
30 min in a humidified chamber at 37°C.

4. The cover slip is pulled off and the slides are gently agitated in three volumes of
antibody washing solution at room temperature, 2 min each.

5. The slides are removed from the antibody washing solution and the excess fluid
is blotted from the edge (see Note 16).
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3.2.4. Nucleoid Counterstaining and Microscope Visualization

1. 20 µL of Counterstaining-Antifading solution is distributed from a pipette over
the slide and covered with a 24 × 60 mm glass cover slip, avoiding trapping air
bubbles.

2. DAPI-stained nucleoids are visualized under an epifluorescence microscope
using 10×, 40× and 100× objectives and a specific “blue” fluorescence filter.
DBD-FISH signal is observed under 40× or 100× objectives, but using the appro-
priate fluorescence filter for the fluorochrome (“red” filter for Cy3, “green” filter
for FITC).

3.3. Image Capture

Fluorescent images are captured and digitized using a high-sensitivity CCD
camera, such as the Ultrapix-1600 (Astrocam, Microphotonics Inc., Allentown,
PA), which has a 1536 × 1024 pixel spatial resolution format and distinguishes
more than 16000 grey level values.

1. Images are acquired using an intermediate resolution level (e.g. 3 × 3 binning
factor).

2. The exposure time for image capture is determined by taking the highest and
lowest signal intensities of the whole experiment into account. The highest signal
intensity should be captured without grey level saturation within its field and the
lowest signal intensity should be clearly discriminated. Always use the same
objective (100×) and zoom magnification (1.5×) with the microscope. All subse-
quent images are taken at the same resolution level and exposure time.

3. Two calibration steps are necessary before fluorescent images can be captured:
• A reference image from the current black level is obtained, corresponding to

the electronic noise detected by the CCD camera under the specific condi-
tions of image acquisition.

• A flatfield image is captured from a dark area of the glass slide, without a
FISH signal. This image must be acquired using the same filter, objective and
magnification as are the DBD-FISH signals. It is a reference image of illumi-
nation variation within the visualization field in the sample due to the
autofluorescence microscope optics, CCD sensitivity or external sources.
Each glass slide should have its own flatfield image.

4. A sequence of 25–150 randomly selected images from DBD-FISH signals per
experiment point is captured.

5. The black level and flatfield calibration images previously taken are subtracted
from the images of the sequence, thus correcting them for background noise and
illumination variation.

6. The sequence of images is saved in a file in the format of the camera (.apf).
7. A new sequence of images from a different experimental point is then captured,

corrected for black level and flatfield images, saved, and so on.
8. Each sequence of images to be analyzed is exported from .apf into .img files

(imager 2), in our case, since our digital image analysis system cannot operate
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with the file type of the camera. The transformation does not modify the grey
levels, and each image appears separately and numbered (see Notes 17, 18).

3.4. Digital Image Analysis

The images captured with the CCD camera are analyzed using image analy-
sis software. We have designed two semiautomatic routines that can run within
an open system such as Visilog 5.1 (Noesis). One routine is dedicated to the
analysis of the large extended DBD-FISH signals from the whole genome
probe, while the other analyzes spot-like signals typical of those obtained with
the rest of the probes. The main difference between the two routines is that the
latter incorporates a “top-hat” transformation to highlight the spots.

The main steps in the digital image analysis are:

1. Selection of the area of interest within the whole image. This is usually a rect-
angle selected by the operator in the region containing the specific signal to be
analyzed, and includes surrounding background fluorescence.

2. Thresholding to obtain a binary image. A fixed grey level of segmentation is
chosen so the DBD-FISH signal is separated from the background. Higher grey
levels correspond to DBD-FISH fluorescence, while lower grey levels correspond
to background fluorescence.

3. The mean grey level from the background is automatically subtracted from the
grey level corresponding to each pixel from the DBD-FISH signal.

4. Three main variables are measured for each DBD-FISH signal image, and are
exported as .txt files to an Excel spreadsheet for statistical analysis.
• Surface area (A): number of pixels. DNA breaks relax the DNA loops of the

nucleoids, thus increasing the surface of the signal (Fig. 1, Fig. 2A,B; C,D).
• Mean Fluorescence Intensity (MFI): average pixel grey level.
• Whole Fluorescence Intensity (WFI= A × MFI): This is the sum of the grey

levels from all pixels comprising the DBD-FISH signal. It should correspond
to the entire quantity of hybridized probe, and therefore be the most informa-
tive variable in the analysis (Fig. 1).

(see Notes 19–21).

4. Notes
1. Time considerations: DBD-FISH is a simple procedure. Slide preparation may

take less than 1.5 h. DNA probes are incubated overnight and then washed in
under 20 min. If probes are not directly fluorescent-labeled, detection is per-
formed in around 45 min. A group of 50 images can be captured and stored in 10
or 20 min (assuming 0.5 s or 2 s camera exposure per image, respectively for Cy3
signals) and processed in 25 min, although this time may be shortened by the use
of more powerful computers.

2. Slide preparation is carried out to promote the firm attachment of the low melting
point agarose layer to the slide. In our experience, a layer of dried normal melting
point agarose is simple and rapid, avoiding the loss of the low melting point
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agarose layer in subsequent incubations. Standard glass slides may be used, and
so the more expensive fully frosted glass slides or polystyrene slides employed in
other protocols are not necessary.

3. Only one layer of low melting point agarose with the cells inside is necessary.
Other protocols for microgel preparation include an additional low melting point
agarose layer extended over the layer with cells once it has solidified and the
cover slip has been removed. This microgel is thicker and probably modifies the
time for diffusion of the unwinding solution to more deeply located cells.

4. Virtually any cell type may be assayed if a single cell suspension is generated. It
is important to mix the cell suspension with the liquid agarose when the latter has
stabilized at 37°C, to avoid cell damage by heat.

5. Cell density within the agarose matrix should be not excessively high in order to
avoid the overlapping of DBD-FISH signals, and not too broadly spread, to facili-
tate rapid signal capture. When using human leukocytes in buffy coat, i.e., after
1 h sedimentation in vertical heparinized blood in a 5 mL tube, we extract 0.6 mL
directly without further dilution, for mixing with the agarose, in order to achieve
an appropriate cell density consistently. The cell concentration in buffy coat from
a normal healthy subject is usually 6000–12000 leukocytes/µL, most of them
being granulocytes polymorphonuclear neutrophils and lymphocytes. These spe-
cific cell types may be separated by centrifugation in Polymorphprep or
Lymphoprep (Nycomed, Oslo, Norway) and the cell layer washed and diluted in
plasma from the same individual or in culture medium.

6. Cells can be exposed to the DNA-damaging agent either before mixing with the
liquid agarose, in suspension or monolayer, or when included within the microgel
monolayer. We prefer to expose the cells to X-rays when they are in the gel on
the microscope slide. To avoid DNA repair, a cold plate is placed under the slide,
taking care not to freeze the agarose layer as this disrupts the gel and damages the
cells. Only a fraction of each slide is exposed to the X-rays. An area is always left
unexposed, either by protecting it or by keeping it out of the irradiated field, in
order to act as an unirradiated control. At least three doses may be applied on a
single slide, in addition to the unirradiated area. If cooled cells are exposed to
X-rays in suspension, mixing with agarose at 37°C could provide enough time at
the appropriate temperature to initiate the repair of induced DNA damage, given
that single-strand breaks are quickly repaired.

7. The ssDNA produced by the alkali may arise by single-strand breaks, double-
strand breaks, alkali-labile sites (i.e. DNA lesions or modifications that turn into
strand breaks by alkaline treatment) (12), and chromosome telomeric ends.
Except in the case of telomeres, all of them can either be spontaneous or induced
by exposure to DNA-damaging agents or through internal cellular processes such
as excision repair, apoptosis or the action of topoisomerases.

8. Unwinding begins on both sides of each break and proceeds along the DNA helix
(Fig. 2G). The rate of production or length of ssDNA produced from a break of
origin will be dependent on the time, temperature and ionic strength of the alka-
line unwinding solution (10). These variables may be manipulated for each
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experimental situation (Fig. 2A,B; C,D). When analyzing the DNA breakage
level exclusively induced within a specific DNA region, it is important to restrict
the length of the ssDNA extended from the break as far as possible. This reduces
the possibility of ssDNA being generated from DNA breaks relatively close to the
probed sequence, as these could extend into the probed area with the consequence
that DBD-FISH would not be absolutely restricted to the specific area. We prefer
an incubation time of 2.5 min at 7°C since shorter times do not allow the alkali to
diffuse homogeneously to all cells within the gel matrix (13).

9. DNA breaks or other possible lesions capable of being transformed into DNA
breaks that could be produced by experimental manipulations after neutralizing
the alkali do not affect the DBD-FISH results since they are not transformed into
ssDNA that is susceptible to hybridization.

10. The unwinding incubation preceding the lysis steps probably detects only those
DNA breaks induced initially (e.g. by ionizing radiation) if performed immedi-
ately after exposure, so as to avoid possible additional DNA breaks by manipula-
tion before the unwinding step. Nevertheless, it is also possible to perform the
lysing incubation before the alkali treatment. In this case, after incubation in lys-
ing solutions 1 and 2, nucleoids are washed by horizontally immersing the slide
in abundant isotonic saline solution (0.9% NaCl) for 15 min at room temperature.
It is then transferred to the alkaline unwinding solution, followed by an incuba-
tion in abundant neutralizing solution (0.4 M Tris-HCl, pH 7.5) for 10 min at
room temperature. After a brief wash in TBE buffer, the slide is dehydrated.
Carrying out this experimental variant increases the background DBD-FISH sig-
nal. Furthermore, the recognition of multifragmented apoptotic nuclei is not as easy
because of the extensive dispersion of the spotted labeled DNA fragments within
the gel (Fig. 2E,F). This technical variant is of great value for the analysis of
DNA lesions that may be hidden by the chromatin organization, such as the con-
stitutive alkali-labile sites from human mature sperm DNA (14).

11. Though lysing solution 2 is sufficient for effective protein extraction in most cell
types, it is totally ineffective in sperm cells. We recommend the routine use of both
lysing solutions. DTT breaks disulfide bonds, so SDS and the high salt solutions
remove nearly all the proteins (15). Lysing solution 1 is probably sufficient, but the
appearance of nucleoid fibers is cleaner and tighter when using the lysing solution 2
afterwards, allowing a better discrimination of the “core” and “halo” of the nucleoid.

12. During probe incubation it is not advisable to apply cover slip sealant along the
perimeter of the glass cover slip. Removal of the rubber cement after the incuba-
tion period could damage the microgel.

13. Incubation in DNA probe washing solutions at high temperature can destroy or
damage the microgel or nucleoids. It is recommended not to exceed 42°C in the
washing solutions. When necessary, increasing the formamide concentration and/
or decreasing the ionic strength can decrease the washing temperature while
maintaining high stringency (e.g. chromosome-specific “painting” probes should
be washed twice in 50% formamide/1×SSC, pH 7, 5 min each, 42°C, and twice in
1×SSC, pH 7, 42°C, 3 min each).
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14. Several probes with different haptens or fluorochromes can be simultaneously
hybridized, washed and detected, if their hybridization buffer and washing con-
ditions are similar. If the hybridization buffer and/or the DNA probe washings
are different, the probe with most stringent hybridization and washing conditions
can be hybridized first. After the specific washings, the slide with the microgel
film is immersed in increasing ethanol baths (70%, 90%, 100%, 2 min each) and
then air-dried. The new DNA probe with less stringent hybridization and wash-
ing conditions is then hybridized and washed. Once the final wash is finished, the
detection step may be initiated with a mixture of the different fluorochrome-
conjugated antibodies to each different hapten-labeled DNA probe, if necessary.

15.  Do not allow the slide surface to dry after washing the probe, since this will
cause non-specific binding of the detection reagent, resulting in high background
fluorescence.

16. No amplification of the signal is necessary, even when using small cosmid probes.
Though the alkali incubation lyses the cell, extensive protein removal in lysing
steps greatly improves the accessibility of DNA probes and detection reagents to
the target, resulting in intense signals.

17. CCD camera technology is progressing rapidly, with products offering more
advanced features. Nevertheless, it is not necessary to use megapixel images.
They require an excessive amount of RAM and magnetic storage, and increase
the processing time (16).

18. If it is necessary to transform images from one file format to another, it is impor-
tant to ensure that the range of grey levels is maintained after the transformation.

19. Interslide and interexperimental variation is evident in DBD-FISH results, as in
all DNA unwinding techniques (2). In each X-ray-irradiated slide, it is important
to preserve an unirradiated area to provide a control signal to which that of the
exposed area is compared (Fig. 1, Fig. 2A,B; C,D). It is also desirable to incu-
bate two different probes on the same slide. This aids the more accurate evalua-
tion of the relative differences in labeling between the different targets, in a
similarly processed cell population. If the probes are labeled with the same fluo-
rochrome, they may be hybridized in separate areas of the slide, including both
unirradiated and irradiated regions. Moreover, if differentially labeled, they may
be simultaneously or sequentially hybridized in the same area, and then the same
cell measured with different filters to establish the fluorescence ratio between the
signals (Fig. 2A,B).

20. Replicating structures behave as DNA strand breaks when denatured in alka-
line assays (17). Thus, cells in S-phase could appear with strong labeling after
DBD-FISH.

21. Extensive DNA breakage could lead to the generation of very small DNA frag-
ments that would spread within the agarose matrix and dissolve in the incubation
solutions, thereby decreasing the target available for probe hybridization and the
subsequent fluorescent signal. In fact, apoptotic nuclei sometimes appear as small
but widely distributed, faintly labeled residual spots (Fig. 2E,F).
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Simultaneous In Situ Detection of DNA
Fragmentation and RNA/DNA Oxidative Damage
Using TUNEL Assay and Immunohistochemical
Labeling for 8-Hydroxy-2'-Deoxyguanosine (8-OHdG)

Alexander E. Kalyuzhny

1. Introduction
Analysis of DNA fragmentation using Terminal deoxynucleotidyl Transferase

(TdT)-mediated nick end-labeling (TUNEL) is a very sensitive technique for in
situ detection of various types of DNA breaks in cells undergoing apoptosis and/
or necrosis (1–6). TUNEL technique is widely used, for instance, to study mecha-
nisms underlying early development and morphogenesis (7–14), aging (15–24),
cancer (25,5,25–35) and neurodegenerative diseases (36,20,21,36–44). TUNEL
detects the DNA fragmentation, which represents the end point of DNA degrada-
tion in apoptosis but does not depict primary stimuli that caused irreversible dis-
ruption to the integrity of DNA. Oxidative stress is one of such primary stimuli
and there is a great deal of research aimed at unraveling the molecular mecha-
nisms underlying oxidative damage to DNA by so-called reactive oxygen spe-
cies (ROS) and oxygen radicals. Oxidative damage has been implicated in a
wide variety of neurodegenerative disorders including Alzheimer’s dementia,
amyotrophic lateral sclerosis, Huntington’s disease and Parkinson’s disease
(45–55). Formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) is the most
common modification of DNA caused by oxidative stress. Therefore, immu-
nohistochemical quantification of 8-OHdG would be a valuable tool in deter-
mining the extent of oxidative DNA damage caused by ROS. On the other
hand, methods analyzing the oxidative damage to the DNA, are not sufficient
alone either, since they do not reveal whether oxidative stress will result in
apoptosis and cell death or not. Thus, it appears that limitations of each individual
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assay may be overcome if both techniques are combined in a single assay that
is applied to the same cytological of histological specimen.

Here we describe two protocols to be used either on cultured cells or tissue
sections. These protocols are based on double-staining immunohistochemistry
that allows detection of both fragmentation and oxidative damage to DNA/
RNA in the same specimen. Since oxidative damage to the DNA appears to
precede DNA fragmentation (5,15), the sequential application of both detec-
tion techniques allows in situ monitoring of the ratio of cells representing the
early phase (8-OHdG-immunoreactive cells) to cells in the late phase (TUNEL-
positive) of the cell death process within the specific anatomical region. On the
other hand, it also appears that oxidative damage does not necessarily cause
cell death (2) and hence quantification of double-labeled, TUNEL-positive and
8-OHdG-immunoreactive, cells allows to establish a threshold of cellular sen-
sitivity to oxidative stimuli at which DNA oxidation will induce irreversible
DNA damage resulting in cell death.

Our protocol combines TUNEL assay and immunohistochemical labeling
for 8-OHdG in both cultured cells and tissue sections. First, cells and tissues
are stained with antibodies against 8-OHdG and after that TUNEL assay is
employed on the same specimens. This double-staining technique can be eas-
ily optimized for the majority of cells and tissues, and may be further com-
bined with other molecular techniques.

2. Materials
1. Primary culture of rat dorsal root ganglia (DRG) neurons from 3-day-old

Sprague-Dawley rats.
2. DRG dissociation reagent: solution of 10 mg/mL of collagenase/dispase (Roche

Molecular Biochemicals, Indianapolis, IN) in Hank’ Balanced Salt Solution
(HBSS; Gibco BRL, Grand Island, NY).

3. DRG culture medium (all reagents except NGF are from Sigma, St. Louis, MO):
Ham’s medium (F-12; Gibco BRL, Grand Island, NY) supplemented with 5%
heat-inactivated horse serum and 5% fetal bovine serum, 50 ng/mL nerve growth
factor (R & D Systems, Minneapolis, MN), 4.4 mM glucose, 2 mM L-glutamine,
penicillin (50 µg/mL) and streptomycin (50 µg/mL).

4. Fixative: 4% paraformaldehyde in phosphate-buffered saline (PBS). Wear mask
and gloves and use the hood when preparing paraformaldehyde fixative.
a. Solution A, PBS: Fill 1 L beaker with 900 mL of distilled water and dissolve

0.23 g of NaH2PO4 (anhydrous), 1.15 g Na2HPO4 (anhydrous) and 9 g NaCl.
Adjust pH to 7.4 using 1 M NaOH and/or 1 M HCl;

b. Solution B, 8% paraformaldehyde: Dissolve 8 g of paraformaldehyde powder
(Sigma, St. Louis, MO) in 100 mL of deionized water using heating stir plate.
Heat this solution during stirring. Turn the heat off after temperature reaches
56–58°C and add 1–2 drops of 1 M NaOH to clear solution. Continue stirring
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for another 20–30 min and then filter this solution using regular filter paper
(for example Whatman #1);

Avoid overheating of the paraformaldehyde solution by using thermom-
eter to monitor the temperature. If accidentally heated above 58°C, discard it
and prepare a new paraformaldehyde solution;

c. Fixing solution: 4% paraformaldehyde—made by mixing 1 part of Solution A
with 1 part of Solution B. Store at 4°C. Avoid using this fixative after being
stored longer than three weeks.

5. Cell culture tools and accessories: Multi-well (4 or 8 wells) chamber slides and
sterile 35 mm Petri dishes (Nalge Nunc International, Rochester, NY), 70% alco-
hol (Fisher Scientific, Pittsburgh, Pa), Pasteur pipettes, scissors and forceps for
microdissection of DRG neurons, dissecting microscope, sterile hood, cell cul-
ture incubator.

6. Oxidative stress reagent: prepare 1 mM solution of H2O2 by adding 0.5 µL of
30% H2O2 (Sigma, St. Louis, MO) to 8.8 mL of Hank’s Balanced Salt Solution
(HBSS; Gibco BRL, Grand Island, NY). Prepare 10 µM solution of H2O2 by
adding 100 µL of 1 mM H2O2 solution to 9.9 mL of HBSS. Store at 4°C. Volume
of each reagent should be sufficient to stimulate cells in 2 multi-well chamber
slides.

7. Dilution buffer: PBS containing 1% bovine serum albumin, 1% normal donkey
serum, 0.3% Triton X-100 (v/v) and 0.01% sodium azide.

8. Primary, anti-8-OHdG antibodies: Make working dilution of 5 µg/mL of mouse
monoclonal anti-8-OHdG antibodies (QED Bioscience Inc., San Diego, CA) in
dilution buffer. This antibody solution may be used to stain DRG neurons and
tissue sections. May be stored at 4°C for at least 3 months.

9. Fluorescent secondary antibodies for 8-OHdG detection: Donkey anti-mouse
conjugated with fluorescein isothiocyanate (FITC; Jackson ImmunoResearch
Laboratories, West Grove, PA). Make 1:100 working dilution with antibody dilu-
tion buffer. May be stored at 4°C for at least 1 month.

10. Fluorescent detection reagent for TUNEL: Make 1:100 working dilution of
Streptavidin conjugated with cyanine 3.18 (Cy3; Jackson Immunoresearch Labo-
ratories, West Grove, PA) with dilution buffer. May be stored at 4°C for at least
1 month.

11. Mounting medium for fluorescent labels: ProLong antifade kit (Molecular Probes,
Eugene, OR). This medium minimizes loss of fluorescence by FITC and Cy3 due
to photobleaching during examination under the fluorescence microscope.

12. TUNEL assay: TACS 2 TdT DAB kit (Trevigen, Gaitherburg, MD.).
13. Chromogenic system for 8-OHdG detection: HRP-AEC Cell and Tissue Staining

kit (CTS 002; R&D Systems, Inc., Minneapolis, MN);
14. Chromogenic system for TUNEL detection: HRP-DAB Cell and Tissue Staining

kit (CTS 003; R&D Systems, Inc., Minneapolis, MN) combined with DAB
enhancer (CTS010; R&D Systems, Inc., Minneapolis, MN);

15. Mounting medium for chromogenic labels: Aqueous mounting medium (CTS011;
R&D Systems, Inc., Minneapolis, MN).
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16. Pen to label slides: SHUR/MARK pen (Fisher Scientific, Pittsburgh, Pa).
17. Wax-like pen to outline tissue sections: ImmEdge pen (Vector Laboratories,

Burlingame, CA). Used to create a hydrophobic barrier around the tissue section
to retain incubation reagents.

18. Humidity incubation chamber for cell and tissue staining: Staining tray of 5-slide
capacity with humidity cover (Signet Laboratories, Dedham, MA).

19. Microscopy: Bright field/fluorescence microscope (Provis; Olympus, Melville,
NY) equipped with cooled CCD color digital camera (Spot; Diagnostic Instruments,
Sterling Heights, MI) and fluorescence filter set to visualize FITC (460–490 nm
excitation and 510–550 nm emission) and Cy3 (541–551 nm excitation and
572–607 nm emission).

3. Methods
Unless otherwise stated, all procedures are performed at room temperature. If

protocol calls for incubation at room temperature, reagents stored at 4°C should
be adjusted to room temperature before they added to cell and tissue samples.
Since AEC (3-amino-9-ethylcarbazole) and DAB (3,3’Diaminobenzidine) are
potential carcinogens wear gloves to avoid contact of these reagents with skin.
It is recommended to perform each staining experiment at least in duplicate in
case some of samples dry out during the incubation and cannot be used to
complete experiment.

3.1 Double-Staining of Cultured Cells

1. These studies were conducted on rat neonatal dorsal root ganglia (DRG) neurons
in a sterile hood (see Note 1). Culture cells in the 37°C/CO2 for 2–3 d and then
use them for double-staining experiments.

2. Transfer chamber slides with cells from the 37°C/CO2 humidified incubator into
the sterile hood. Wait for approximately 20 min to allow temperature of the cul-
ture medium in the chamber slide to decrease from 37°C to ambient.

3. Using a sterile pipet, gently remove the culture medium from each well: position
the tip of the pipette into the corner of the well to avoid disturbing cells. Collect
a removed culture medium into a sterile tube. This culture medium will be
reused later.

4. Add oxidative stress reagents into designated wells. Add plain HBSS into at least
one of the wells that will serve as a control group (see Note 2). Return the cham-
ber slide into the 37°C/CO2 humidified incubator and incubate for 30 min.

5. Transfer the chamber slides into a sterile hood from the CO2 incubator, discard
oxidative stress reagents and rinse each well three times with sterile HBSS. Dis-
card HBSS and add culture medium that has been collected in Step 3. Return cells
into the 37°C/CO2 humidified incubator and incubate for 18–24 h (see Note 3).

6. Remove the chamber slides from the incubator, discard the culture medium and
add 4% paraformaldehyde into each well. Fix for 10 min and then wash 3 × 15 min
with PBS.
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7. Using the Slide Separator provided with chamber slides lift the upper chamber
from slide.

8. Place slides horizontally into humidity chamber, add anti-8-OHdG antibodies
and incubate 3 h. Alternatively, cells may be incubated overnight at 4°C.

9. Wash slides 3 × 15 min in PBS and incubate with anti-mouse FITC-conjugated
antibodies for 1 h.

10. Wash 3 × 15 min in PBS and start TUNEL assay.
11. Rinse slides with DNase-free water and permeabilize cells for 30 min with

CytoPore reagent provided with TUNEL kit.
12. Rinse slides with DNase-free water and then transfer them into a Coplin jar con-

taining TdT labeling buffer: follow up dilution recommendations provided with
TUNEL kit. Incubate for 5 min.

13. Prepare TdT labeling mixture. Calculate the volume of TdT mixture: 150 µL is
required to cover the entire area of the slide occupied by the cells. Combine TdT
labeling components (TdT dNTP mix, 50× Mn2+, TdT enzyme and TdT labeling
buffer) as recommended in the TUNEL kit insert (see Note 4). Apply TdT label-
ing mixture and cover it accurately with 22 × 60 mm coverslip. Do not press the
coverslip to avoid squeezing of the labeling mixture. Place the slide horizontally
into a humid chamber and incubate at 37°C for 1 h.

14. Transfer slides with coverslips into a Coplin jar containing TdT Stop Buffer:
follow up dilution recommendations provided in TUNEL kit protocol. Keep slide
in stop buffer for 2 min and then pull them slowly out to get rid of coverslips. If
coverslips are sticking to the slide, lift them gently using sharp fine forceps.
Transfer uncovered slides with tissues into another Coplin jar filled with Stop
Buffer and incubate for 5 min.

15. Wash slides in PBS for 5 min.
16. Place slides horizontally into humidity chamber, apply 3–5 drops of Streptavidin-

Cy3 solution and incubate for 1 h.
17. Stop the reaction by rinsing slides with PBS and then wash them 3 × 10 min with

PBS in a Coplin jar.
18. Mount under coverslips using mounting medium for fluorescent labels. After slides

are dry, they can be examined under the fluorescence microscope (see Note 5).
Fig. 1 illustrates the results of TUNEL/8-OHdG double-labeling in DRG neurons.

3.2 Double-Staining of Paraffin-Embedded Tissue Sections

Immunofluorescence protocol utilizing two-color labeling is more conve-
nient than the chromogenic one: it is shorter and results in unambiguous sepa-
ration of colors (see Note 6). However, on tissue sections of human brain
immunofluorescent histochemistry may not be used in most cases due to strong
autofluorescence of lipofuscin (age pigment)—granules of various size are dis-
tributed in the neuropile and inside the neurons. Lipofuscin granules were
reported to appear at 9 years of age and accumulate progressively with the
advancement of age (56). Abundant distribution of lipofuscin in Alzheimer’s
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Fig. 1. Double-labeling for 8-OHdG and TUNEL in cultured rat DRG neurons. A,
D, G, J: overview of DRG neurons using bright-field illumination. B, E, H, K: immu-
nofluorescent detection of 8-OHdG-immunoreactivity. C, F, I, L: detection of DNA
fragmentation using TUNEL assay with fluorescent label. A, B, C: in control group
cells did not express 8-OHdG-immunoreactivity and were TUNEL negative. D, E, F:
10 µM of H2O2 induced substantial oxidative damage, but DNA fragmentation
appeared to be a rare event—arrow depicts only one out of many 8-OHdG-immunore-
active cell which was also TUNEL-positive. G, H, I: in concentration 1 mM H2O2

induced both, severe oxidative damage and DNA fragmentation. J, K, L: specificity
of TUNEL reaction has been demonstrated by excluding TdT enzyme from the TdT
labeling mixture. Cells were treated with 1 mM of H2O2 and suffered sever oxidative
damage, but were TUNEL-negative.
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brain ((57); Fig. 2) leaves no other choice than to use chromogenic rather than
fluorescent detection systems for immunohistochemical studies. Using
Alzheimer’s brain tissue sections as a model, we have developed a protocol
that employs two chromogenic labels on the same tissue sample. This tech-
nique results in a good contrast and reliable separation of colors and may be
used as a routine immunohistochemical procedure to study DNA fragmenta-
tion (see Note 7) and oxidative damage to RNA and DNA within the same cells.

1. Label slides using SHUR/MARK pen.
2. On the slide outline the tissue section with ImmEdge pen and let it dry for 5 min.
3. Deparaffinize the sections by incubating slides at room temperature in a glass

Coplin jar as follows:
a. Xylenes—two baths, 10 min each;
b. 100% ethanol—two baths, 10 min each;
c. 95% ethanol—two baths, 10 min each;
d. 70% ethanol—two baths, 10 min each.

4. Wash slides (2 × 5 min) in PBS.
5. Wash slides in DNase-free water for 5 min.
6. Treat tissue sections with Proteinase K solution (see Notes 8, 9). Calculate the

volume of working Protein K solution: 50 µL is required to treat 2 × 1 cm2 tissue
area. Dilute Proteinase K concentrate with DNase-free water using the ratio rec-
ommended in the TUNEL kit data sheet. Apply 50 µL of Proteinase K solution
onto tissue sections and cover them accurately with coverslips of appropriate
size. Do not press the coverslips to avoid squeezing of Proteinase K solution.
Place the slide into a humid chamber and incubate 30 min.

Fig. 2. Autofluorescence of Alzheimer’s brain tissue. Strong autofluoresescence is
observed using filters to visualize Cy3 (A) and FITC (B). Arrows depict some profiles
that may be erroneously considered as double-labeled structures should fluorescent labels
be used for 8-OHdG immunohistochemistry and TUNEL assay.
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7. Transfer slides with coverslips into a Coplin jar containing DNase-free water.
Keep slides in water for 2 min and then pull them slowly out to remove cover-
slips. Transfer uncovered slides with tissues into another Coplin jar with DNase-
free water.

8. Remove slides from the Coplin jar, shake excess water, place them horizontally
and add 3–5 drops of H2O2 blocking reagent from Cell and Tissue Staining kit.
Incubate 10 min in a humid chamber.

9. Rinse slides in DNase-free water for 5 min.
10. Transfer slides into a Coplin jar containing TdT labeling buffer: follow up dilu-

tion recommendations in TUNEL kit protocol. Incubate for 5 min.
11. Prepare TdT labeling mixture. Calculate the volume of TdT mixture: 50 µL is

required to label 2 × 1 cm2 of tissue area. Combine TdT labeling components
(TdT dNTP mix, 50× Mn2+, TdT enzyme and TdT labeling buffer) as recom-
mended in the TUNEL kit protocol. Apply 50 µL of TdT labeling mixture onto
tissue sections and cover them accurately with coverslips of appropriate size. Do
not press the coverslips to avoid leakage of the labeling mixture. Place the slide
horizontally into a humid chamber and incubate 1 h at 37°C.

12. Transfer slides with coverslips into a Coplin jar containing TdT stop buffer: fol-
low up dilution recommendations provided in TUNEL kit protocol. Keep slide in
stop buffer for 2 min and then pull them slowly out to get rid of coverslips. Trans-
fer uncovered slides with tissues into another Coplin jar with stop buffer and
incubate for 5 min.

13. Wash slides in PBS for 5 min.
14. Place slides horizontally into a humid chamber and apply 3–5 drops of Streptavidin-

HRP solution from Cell and Tissue staining kit. Incubate 30 min.
15. Wash slides 2 × 5 min in PBS.
16. Place slides horizontally on a white paper towel and apply mixture of DAB (from

Cell and Tissue Staining kit, CTS003) with DAB enhancer to cover entire tissue
section. Monitor the development of dark-blue color under the microscope using
4× or 10× power lens. Usually it takes from 3–10 min to get strong blue-black
labeling of nuclei in apoptotic and/or necrotic cells.

17. Discard DAB mixture by draining it from the slides into a beaker.
18. Wash slides in PBS for 20 min at room temperature.
19. Place slides horizontally and add 3–5 drops of H2O2 blocking reagent from Cell

and Tissue Staining kit. Incubate 10 min in a humid chamber at room temperature.
20. Rinse slides in PBS and run avidin-biotin block using reagents from Cell and

Tissue Staining kit. Place slides horizontally into a humid chamber and add 3–5
drops of avidin blocking solution and incubate for 15 min. Rinse slides in PBS,
place them horizontally and add 3–5 drops of biotin blocking solution and incu-
bate 15 min. Wash slides in PBS for 20 min.

21. Place slides into the humid chamber and apply 80–150 µL of anti-8-OHdG anti-
bodies per slide (see Notes 10, 11). Incubate 16–24 h at 4°C.

22. Wash slides 3 × 15 min in PBS.
23. Repeat step 14.
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24. Repeat step 15.
25. Place slides horizontally and apply AEC solution from Cell and Tissue Staining

kit (CTS002) to cover entire tissue section. Monitor the development of red color
under the microscope using 4× or 10× lens. It may take from 1–3 min to get
distinct labeling.

26. Repeat step 18.
27. Mount tissues using aqueous mounting medium and let them dry.
28. Use bright-field microscope equipped with digital color cooled CCD camera to

examine and collect images of tissue sections double-labeled for TUNEL and
8-OhdG. Fig. 3 illustrates the results of such a double-labeling.

4. Notes
1. Isolation of DRG neurons and set-up of culturing conditions represent a modifi-

cation of the technique described by Usachev et al., (58) and includes these steps.
Decapitate 3-day old Sprague-Dawley rats. Use 70% alcohol to sterilize decapi-
tated rats and surgical instruments (scissors and forceps). Under dissection
microscope dissect DRGs from the thoracic and lumbar segments of the spinal
cord and treat them with collagenase/dispase digestion solution for 30 min in the
37°C/CO2 incubator. Dissociate cells by triturating DRGs through large, medium
and small diameter flame constricted pipets: 50–60×/per pipet. Stop digestion by
adding 10 mL of sterile HBSS into cell suspension and centrifuge it at 500 × g for 10
min. Discard supernatant and resuspend in the same volume of HBSS and centri-
fuge again. Resuspend the pellet in 5 mL of F-12 medium and fill the wells of
sterile chamber slides with DRG cell suspension.

Fig. 3. 8-OHdG and TUNEL double-labeling in Alzheimer’s brain. (A)
TUNEL-positive nuclei are depicted by arrows. Arrowheads point to some 8-OHdG-
immunoreactivity which appeared to be confined to neuronal cytoplasm. A
double-labeled neuron is outlined by black circle. (B) No TUNEL-positive
profiles observed in adjacent tissue section that has been stained only using
anti-8-OHdG antibodies.
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2. It is recommended to employ different types of controls to be sure that TUNEL
assay depicts apoptotic/necrotic cells rather than non-specific cell and tissue bind-
ing sites. Three types of TUNEL controls may be employed: (a) reaction-specific,
(b) tissue specific and (c) positive control.
a. Reaction-specific control answers the question whether components of the

TdT mixture interact properly. This is done by incubating specimens with
TdT mixture that does not contain Terminal deoxynucleotidyl Transferase
(TdT enzyme). No specific nuclei labeling should occur. Some tissues (i.e.,
postmortem tissues stored for a long time in formalin fixative) may express a
non-specific background due to non-specific binding of streptavidin-HRP and
non-specific adsorption of DAB chromogen. However, the pattern of such a
background (cytolpasmic and/or extracellular) is different from TUNEL reac-
tion (nuclei staining).

b. Tissue-specific control addresses the issue of TUNEL assay selectivity. This
is done by comparing labeling in normal tissues vs. that one in tissues under-
going apoptotis or necrosis. To run a tissue-specific control it is recommended
to include normal cells and tissues with specimens undergoing apoptosis. Even
though normal specimens may contain cells with TUNEL-positive nuclei (due
to naturally occurring apoptosis), their number is expected to be much lower
in comparison with pathological samples.

c. Positive control is done to assure the researcher that TUNEL assay is both reac-
tion-and tissue-specific. This is done by “converting” normal tissue into an
apoptotic-like by treating specimens with nuclease. Such treatment will cause
DNA break and result in increased number of cells with TUNEL-positive nuclei.
Nuclease may be purchased either as a part of the TUNEL kit or separately.

3. Do not allow cell and tissue samples to dry during the incubation and washing
steps. Cell or/and tissues samples that were found dry should be excluded from
experiment. Also watch for partial drying of tissue section margins: this may
result in strong and not necessarily specific labeling for TUNEL and for 8-OHdG.
Since partial drying may be overlooked (i.e. when staining a large number of
slides) during the staining procedure, it is recommended to interpret “marginal”
results cautiously. It appears that labeling in the central part of the tissue will be
more specific than that one on the tissue edges.

4. TUNEL kit manufactured by Travigen contains Streptavidin-HRP and DAB chro-
mogen which may be used to obtain strong monochrome (red-brown color) label-
ing of nuclei. However, it appears that staining using analogous reagents from
R&D Systems’ Cell and Tissue Staining kit in combination with R&D Systems’
DAB enhancer (dark-blue color) works better when combined with AEC (red
color) chromogen, due to better separation of colors. It is also possible to use
analogous reagents purchased separately from different vendors. However using
kits saves a lot of time, since requires little or no optimization to multiple reagents.

5. When manipulating digital images, adjust brightness and contrast simultaneously
on “control” and “experimental” samples to avoid biased and inaccurate inter-
pretation of cell and tissue staining.
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6. A double-staining technique described in this article may be used as a powerful
research tool to study mechanisms underlying pre- and post- implantation devel-
opment, cancer, aging, toxicity and neurodegenerative disorders. It appears that
this technique can be used for qualitative and quantitative measurement of cyto-
toxicity and hence can help to monitor pollution using cultured cells as a model.
Being optimized for double- or single-staining, this technique, if necessary, may
be used to study only DNA/RNA oxidative damage (8-OHdG labeling) or to ana-
lyze cells and tissues undergoing apoptosis and/or necrosis (TUNEL assay).

7. In addition to TUNEL labeling, apoptosis should be also confirmed by morpho-
logical criteria including membrane blebbing, shrinkage of cells and the forma-
tion of apoptotic bodies.

8. In some cases treatment of tissue samples with Proteinase K for 30 min may case
tissue damage. If signs of tissue damage including detached (floating) tissue frag-
ments and/or holes of irregular size are observed in tissue section, reduce the time
of treatment with Proteinase K to 10–20 min. It is not recommended to use Protein-
ase K on cytological samples since cells are more sensitive to digestive damage
produced by this enzyme. The alternative to Proteinase K pretreatment may be
permeabilization of cells with 0.1–0.3% detergent Triton X-100 for 20 min.

9. To enhance 8-OHdG labeling cells and tissues may be treated with proteinase K
(10 µg/mL in PBS) from 10–30 min in a humid chamber at 37°C, but refer to
Note 8.

10. The specificity of labeling for 8-OHdG is determined by two factors: (a) speci-
ficity of 8-OHdG antibodies and (b) specificity of immunohistochemical
reagents. In addition, the specificity of staining may be evaluated using (c) nega-
tive control.
a. The purpose of determining the specificity of anti-8-OHdG antibodies is to

confirm whether cell and tissue staining resulted from the interaction of anti-
bodies with specific target (8-OHdG) or caused by their cross-reaction with
irrelevant antigens. The efficient way to study the specificity is to employ a
so-called absorption control: mix anti-8-OHdG antibodies (taken in working
dilution, i.e. 5 µg/mL) with purified 8OHdG (Sigma, St Louis, MO) taken in
concentration 10 µg/mL. Mix well and incubate either 5 h at room tempera-
ture as described by Nunomura et al., (59) or overnight at 4°C. Since these
antibodies recognize RNA-derived 8-OHG as well, it is also recommended to
employ absorption control by pre-incubating antibodies with 8-OHG. It is
expected that cell and tissue labeling will be decreased when using absorption
control mixtures since soluble antigens occupy binding sites on anti-8-OHdG
antibodies and thus reduce or abolish their capacity to interact with cellular
antigens.

b. The analysis of the specificity of immunohistochemical reagents needs to be
done to demonstrate that such reagents as anti-mouse secondary antibodies
(fluorescent or biotinylated), streptavidin-HRP and AEC chromogen do not
bind to cells and tissues per se. The simplest way to answer this question is to
incubate specimens by substituting antibody diluent for anti-8-OHdG antibody
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solution: lack of labeling will be indicative for the specificity of immunohis-
tochemical reagents. However, if non-specific labeling is observed, additional
steps are required to minimize it. Frequently a high non-specific background
is caused by free aldehyde groups present in tissues that are fixed with
paraformaldehyde or glutaraldehyde: free aldehyde groups are capable of
reacting with secondary antibodies and “crosslinking” them to the tissue. Free
aldehyde groups may be blocked for instance by incubating specimens before
applying primary, anti-8-OHdG, antibodies with 0.5 mg/mL of sodium
borohydrate (NaBH4) for 10–20 min at room temperature. Another way to
neutralize free aldehyde groups is to incubate samples in 10% normal either
horse or swine or donkey serum for 5–30 min at room temperature before
applying primary antibodies.

c. Negative control constitutes a specimen with intentionally destroyed antigen.
Since anti-8-OHdG antibodies target DNA and/or RNA, their degradation is
expected to result in reduced or abolished cell and tissue labeling. DNA and
RNA may be degraded by pretreatment of specimen with PBS containing
either 10 U/µL of DNase I or 10 U/µL S1 DNase or 5 µg/µL of RNase from
30–60 min in a humid chamber at 37°C. The much more robust effect may be
obtained by combining all three enzymes in one mixture.

11. The advantage of combining TUNEL with antibodies manufactured by QED Bio-
science Inc. is interaction of these antibodies with RNA-derived 8-OHG present
in the cytoplasm. 8-OHG labeling in the cytoplasm does not attenuate visualiza-
tion of TUNEL-positive nuclei within the same cell.
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1. Introduction
Stroke is a major cause of disability in the United States affecting approxi-

mately 500,000 people per year at a rate of one person every minute. Stroke
induces a decrease in ATP, an increase in the expression of immediate early
genes, and causes oxidative damage to DNA, RNA, protein and lipid. One
determinant of recovery is the ability of the affected brain cells to repair them-
selves. Very little is known about oxidative damage to DNA and RNA in the
brain. Tissue culture studies indicate that the presence of oxidative lesions in
DNA and RNA can terminate or change coding properties during translation,
transcription, and replication. The molecular lesions can be detected using gas
chromatography/mass spectrometry (1–5), high-pressure liquid chromatogra-
phy with electrochemical detection or with salicylate treatment (5–11), and
immunohistochemistry (12–17). Recently, a nucleic acid probe has been gen-
erated that binds to an abnormal guanine base, 8-hydroxyguanine (oh8G)
(Fig. 1) (18). In addition, nucleic acids without a base (apurinic/apyrimidinic
sites, AP sites) can be detected using a biotin-containing aldehyde-reactive
probe (19,20). AP sites are generated by a breakage in the glycosylic bond
between the base and ribose. Other types of DNA/RNA lesions are DNA single-
stranded breaks (SSBs), which involve the breakage of bonds that create a phos-
phate terminus (3'-PO4: with a phosphomonoester bond to 3'-ribose, Fig. 1), or
a 3'-phosphoglycolate terminus (3'-PG, a breakage on the ribose/deoxyribose,
Fig. 1). Some of these lesions can also be detected by the inability of the DNA
to serve as a template for polymerase chain reaction (21,22). Several laborato-
ries have detected modified bases in the brain after brain injury (5,16,23,24).
However, with the exception of immunohistochemical assays using antibodies,
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none of these assays definitively locate the lesions in the tissue. In addition,
monoclonal antibodies used in immunohistochemical assays do not distinguish
oxidative lesions in DNA from those in RNA. To study the effect of DNA
lesions in the brain, we have developed in situ assays for the detection of oxi-
dative DNA lesions in the brain.

Fig. 1 shows seven nucleic acid lesions that have been detected in the brain.
Apurinic/apyrimidinic sites permit trans-lesional synthesis by RNA or DNA
polymerases (25,26). Therefore, AP sites may allow aberrant transcription (27).
In addition, DNA SSB with a 3'-PO4 or a 3'-PG terminus can support neither
terminal extension by polymerases, nor ligation by DNA ligase. These DNA
polymerase-blocking lesions are not detectable by common assays. To deter-
mine whether cell nuclei contain these lesions, we have developed assays using
a combination of lesion-specific nucleases and the Klenow fragment of DNA
polymerase I. Two lesion-specific nucleases that have been used are those that

Fig. 1. Oxidative DNA damage found in brain after cerebral oxidative stress (Repro-
duced with permission from 24a. Abnormal DNA bases: 8-hydroxyguanine (oh8G), 2,6
diamino-4-hydroxy-5-N-methylformamidopyrimidine (FapyGua), 8-hydroxyadenine
(oh8A), 5'-hydroxycytosine (oh5C). AP site (deoxyribose without base is shown between
cytosine and thymine); Two strand breaks (3'-phosphate and 3'-phosphoglycolate) are
present at the ends of the broken DNA strands.
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remove both AP sites and SSBs with a 3'-PO4 or a 3'-PG terminus (28,29).
These AP endonucleases (class II, Table 1) are E. coli exonuclease III (Exo-
III) and endonuclease IV (Endo-IV). This method has allowed us to demon-
strate the presence of these two types of SSBs and AP sites in genomic DNA,
both of which can have adverse biological consequences (27,30–32). Fig. 2
shows the reaction catalyzed by AP endonuclease. A normal 3'-OH end is spe-
cifically generated after in situ treatment of DNA with E. coli AP endonu-
clease. This 3'-OH end can be labeled using a Klenow fragment of DNA

Table 1
E. Coli AP Endonucleases (Class II)

Name Endonuclease IV Exonuclease III

Size (Kda) 31.5 30.9
Activities AP endonuclease 3'phosphomonoesterase

3'phosphodiesterase AP endonuclease
3'phosphomonoesterase 3'phosphodiesterase

3'–5'exonuclease
RNase H

Cofactor Mg++ (EDTA sensitive) Mg++ (EDTA sensitive)

Fig. 2. The first step of AP site removal by Class II AP endonuclease. A DNA
fragment with a 3’OH end is generated from DNA with an AP site using AP endonu-
clease. The 3’OH end that is generated can be labeled as described in the text.
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polymerase I in the presence of digoxigenin-11-2'-deoxy-uridine-5'-triphos-
phate (dig-dUTP) in the dNTP reaction mix. The incorporated dig-dUTP is
detected using alkaline phosphatase- or fluorescein-conjugated antibodies
against digoxigenin. In this chapter we will describe the method that detects
specific sensitive sites in DNA using class II AP endonucleases.

We typically use four 20-µm-thick sections from each rat brain (see Note 1).
The samples are dried in a low vacuum at room temperature (23°C) for 2–16 h.
They are then treated with proteinase K (0.02 mg/mL) at 37°C for 15 min,
followed by six one-minute washes in sterile H2O. The sections are incubated
with E. coli Exo-III (40 U/50 µL/slide) or Endo-IV (4 U/50 µL/slide) in a
humidified chamber at 37°C for 3 h and subsequently washed three times with
phosphate-buffered saline (PBS). The samples are then labeled by incorporat-
ing dig-dUTP/dNTP into the 3'-OH ends using the Klenow fragment of DNA
polymerase-I (0.15 U/50 µL/slide) at 37°C for 1 h. After washing the tissue
sections with PBS, the slides are incubated with anti-digoxigenin antibody
conjugated to FITC (green fluorescence) under dim light at room tempera-
ture for 1 h. To identify nuclear DNA, the sample is stained with propidium
iodide, which binds to nuclear DNA and fluoresces red. Control tissue samples
include brain sections from sham-operated animals treated with the same endo-
nuclease, or from animals exposed to cerebral ischemia not treated with AP
endonuclease (negative controls, see Note 2).

This technique works well in frozen tissue sections. High background fluo-
rescence is usually observed with paraffin-embedded tissue sections. The nega-
tive controls should exhibit no significant incorporation of dig-dUTP. These
types of DNA lesions in tissue after brain injury depend on Exo-III or Endo-IV
enzymes to create 3'-OH ends for labeling by the Klenow fragment of DNA
polymerase I, and are different from DNA damage resulting from apoptotic
DNA fragmentation (17,30).

2. Materials

All enzymes were tested before use for optimal concentration (see Note 3),
time of incubation (see Note 4), and temperature (see Note 5).

1. AP endonucleases (Exo-III or Endo IV, Trevigen, Gaithersburg, MD).
2. Proteinase K (Qiagen, Valencia, CA).
3. Digoxigenin-11–2'-deoxy-uridine-5'-triphosphate (Roche Molecular Biochemicals,

Indianapolis, IN).
4. DNase I (10 U/µL) (Roche Molecular Biochemicals, Indianapolis, IN).
5. Klenow fragment of DNA polymerase-I (Roche Molecular Biochemicals, India-

napolis, IN).
6. Anti-GFAP-Texas Red (Sigma Chem Co. St Louis, MO).
7. Poly-L-lysine-coated slides (Fisher Scientific, Pittsburgh, PA).
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8. The anti-dig-Fluorescein was from ApopTag® Fluorescein kit [Serologicals Corp.
(formerly Intergen), Gaithersburg, MD].

9. Freshly prepared fixatives contain 4% paraformaldehyde in 0.1 M PBS (pH 7.4).
10. DNase I working buffer: 30 mM Tris-HCl (pH 7.2), 140 mM cacodylate, 4 mM

MgCl2, 0.1 mM dithiothreitol.
11. Phosphate buffered saline (PBS): 0.1 M, pH 7.4; each liter contains 8 g NaCl, 1.3 g

dibasic phosphate, 0.2 g monobasic phosphate).
12. E. coli Endo IV buffer (10× working concentration): 50 mM Tris-HCl (pH 8.0),

5 mM MgCl2 and 1 mM dithiothreitol.
13. dig-dUTP-dNTP mix: 1 mM each of dATP, dCTP and dGTP with 0.65 mM dTTP

and 0.35 mM digoxigenin-11-dUTP.
14. Working mix for post labeling using dig-dUTP (for 10 samples): 50 µL of 0.1 M

Tris-HCl (pH 8.3), 50 µL of 0.5 M KCl, 50 µL of MgCl2 (25 mM), 5 µL of dig-
dUTP/dNTP mix, 0.75 µL of the Klenow fragment of DNA polymerase I (2 U/µL),
4.25 µL of dithiothreitol (100 mM), add 340 µL H2O to a total of 500 µL.

3. Methods
3.1. Tissue Preparation (Retrograde Perfusion)

The volume of fixative and the time of fixation are for a 250 g rat. For a
20–25 g mouse, use one-tenth the volume for the rat. Solution should be freshly
prepared (within 24 h).

1. Anesthetize the animal by intraperitoneal injection with general anesthesia of
choice (e.g., nembutol 80 mg/kg, i.p.); use slightly more than the usual surgical
dose for very deep anesthesia. Secure the limbs of the animal.

2. Fill pump tubing with saline before opening the abdominal cavity or the
chest cavity.

3. Insert the cannula into the base of the left ventricle of the heart.
4. Start perfusion with saline as soon as the right atrium is opened to allow outflow.
5. Perfuse with 300 mL of saline (at 40 mL/min) to clear the blood from the vascu-

lature (in the mouse: 40 mL saline at 5 mL/min).
6. Change to 4% paraformaldehyde in phosphate buffered saline (PBS). Spasm of

the limbs shortly after paraformaldehyde perfusion is expected in a good perfu-
sion. Remove the brain and place in a 4% paraformaldehyde solution for 4–6 h.

7. Change to 20% sucrose in 4% paraformaldehyde and store at 4°C overnight.
8. Prepare frozen sections (20 micrometer [µm]-thick) and mount on poly-L-lysine

coated slides.

3.2 Frozen Tissue Section

1. Cut 10–15 µm thick frozen sections in a cryostat.
2. Collect free-floating sections in cold PBS.
3. Mount sections onto subbed poly-L-lysine-coated slides as soon as possible after

cutting. Air dry sections for about 10–15 min and then store them at –70°C.
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4. Frozen tissue sections stored in this condition are suitable for AP site detection
for up to 3 months.

3.3. Detection of Sensitive Sites to DNA Repair Enzymes

1. Let sections dry overnight under vacuum at room temperature before the experiment.
2. Protein digestion: Incubate sections in proteinase K (20 µg/mL in PBS) for 15 min

at 37°C.
3. Wash sections in sterilized double-distilled water (ddH2O) 6 × 1 min.
4. Add AP endonuclease (Exo-III [40U/50 µL], or Endo-IV [4U/50 µL]). Incubate

for 3 h at 37°C. Negative and positive testers should always be included to assist
with the interpretation of data (see Note 2).

5. Wash in PBS, 3 × 5 min.
6. Incubate in the working mix for post labeling using dig-dUTP (50 µL/reaction), 1 h

at 37°C (see Note 6).
7. Repeat Step 5
8. Incubate 1 h with 2% normal goat serum + 1% bovine serum albumin (BSA) in

PBS at room temperature (50 µL/slide). For double staining, prepare antibody
(e.g., antibody against glial fibrillary acidic protein (GFAP, see Note 7).

9. Add primary anti-GFAP antibody (rabbit, 1:80, Sigma Chem, code G9269) with
1% normal goat serum +1% BSA + PBS, 50 µL/slide.

10. Incubate 1 h at room temperature or overnight at 4°C.
11. Wash in PBS with 0.1% Triton X-100, 3 × 5 min.
12. Add working strength antibody solution that detects dig-dUTP: Anti-dig-

Fluorescein (ApopTag®) 16 µL, and blocking solution 38 µL (54 µL/slide).
13. Incubate 1 h at RT under dim light.
14. Repeat Step 11.
15. GFAP is detected by adding secondary antibody (Goat anti-Rabbit IgG Texas

Red (1:800), Jackson ImmunoResearch Laboratories, Inc), 50 µL/slide.
16. Repeat Step 11.
17. Mount on a cover slip.
18. Observe signals under microscope with a fluorescent light source or store at –20°C

(see Note 8).

4. Notes
1. The final concentration of AP endonuclease in the reaction mix needs to be

adjusted for thicker tissue sections. The incubation of 50 µm sections in the free-
floating protocol requires additional AP endonuclease compared to the 20 µm
thick sections. To determine the suitable concentration, see Note 3.

2. On separate slides, include negative and positive controls. Negative controls are
samples without one of the following: AP endonuclease, Klenow fragment of
DNA polymerase I, dig-dUTP, or the secondary antibody. To make sure that all
solutions work properly, we also make positive controls. Positive controls are
made by treating normal brain tissue section with DNase I (20 U/100 µL in
DNase I buffer) for 10 min at 37°C, followed by five one-minute washes in
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water. The positive control sections are passed through graded ethanol concentra-
tions (one min in each of the following: 50%, 75%, 90% and 100% ethanol), and then
air-dried. The positive controls are stored at –20°C. We generally make 10 positive
control slides and use at least one in each experiment. In the event that none of the
testing samples gives a positive signal, positive controls are needed to determine if all
solutions work properly. If the positive control does not produce a signal, use a new
set of working solutions and enzymes.

3. We recommend a test for a suitable working concentration for each new enzyme (AP
endonuclease and Klenow fragment of DNA polymerase I) that you purchase from
commercial sources, because the enzymes may not be uniform in activity and often
contain non-specific DNases. Excessive amounts of AP endonuclease or Klenow frag-
ment of DNA polymerase I may give the reaction a positive signal due to contaminat-
ing nucleases. The objective of this testing is to demonstrate the lowest concentration
that will give a positive signal in positive samples from a previous testing (e.g. ischemic
brain samples) and give no signal in non-ischemic samples. In the case of EXO III, four
positive samples are treated with four concentrations of enzyme (40, 20, 10, 5 U per 50
µL) in a given incubation time (20 µm-thick tissue section, 4 h at 37°C).

4. We recommend a test for a suitable incubation time for the each new enzyme (AP
endonuclease and Klenow fragment of DNA polymerase I) that you purchase. Once
the concentration of the enzyme in each new lot is determined, the optimal incubation
time is determined by incubating a positive control section with the enzyme for dif-
ferent time periods (0.5 h, 1 h, 2 h, 4 h, and 6 h at 37°C). The shortest incubation time
that gives a positive signal is considered optimal.

5. We recommend a test for a suitable temperature be preformed for each new enzyme
(AP endonuclease and Klenow fragment of DNA polymerase I) to get the best re-
sults. The temperatures of 23°C (room temperature), 30°C and 37°C are tested for the
lowest temperature that works for the reaction.

6. We recommend preparing enough dig-dUTP/dNTP mix for at least 10 reactions.
7. For a given antibody, determine the lowest dilution that gives a positive signal on a

slide treated with the primary antibody. Without the primary antibody, the dilution
should not give any positive signal.

8. Depending on the initial signal strength, the fluorescent signal is visible for
approximately two weeks.
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Markers of Poly (ADP-Ribose) Polymerase
Activity as Correlates of DNA Damage

Yinong Zhou, Shi Liang, and Lawrence R. Williams

1. Introduction
Poly (ADP-ribose) polymerase (PARP-1; EC 2.4.2.30) is a predominantly

nuclear enzyme long presumed to function in the identification and repair of
DNA strand nicks and breaks (for recent reviews see: 1–3). PARP is com-
prised of a N-terminal DNA-binding domain, a central automodification
domain (site of auto poly-ADP-ribosylation), and a C-terminal catalytic domain.
In its traditional role, PARP-1 is believed to be activated following single or
double strand DNA breakage induced by a variety of stressors such as UV
radiation, and oxidative stressors such as hydrogen peroxide, and the superox-
ide, hyroxyl, and peroxynitrite free radicals (4–6). In response, PARP is known
to polyribosylate itself and a variety of other (predominantly nuclear) proteins.
Nicotinamide adenine dinucleotide (NAD+) is the substrate for the reaction,
and intracellular stores of NAD+ are consumed as the polymers of ADP-ribose
(PAR) are formed by activated PARP (7).

Ischemia-reperfusion injury has been shown to cause extensive DNA injury in
several models of focal cerebral stroke. The TUNEL procedure (see Part I, this
volume), identifies numerous positive cells, mostly neurons in the core and pen-
umbra of cortical infarcts. (8–13). Our model of choice for studying DNA injury
following cerebral ischemia-reperfusion is the 3-vessel permanent middle cere-
bral artery occlusion (MCAO) paradigm (14). In this model, after 90 min of
ischemia and 10 min of carotid reperfusion, extensive DNA injury can be identi-
fied in the area at risk using both TUNEL and ligase oligonucleotide methods,
even at this very early time period (Didenko, personal communication).

Methods using isotopically-labeled NAD+ have been described for the tis-
sue localization of PARP using an in situ enzymatic procedure (PARIS)
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(15,16). Pieper et al. (17) improved the resolution of this these techniques using
custom-ordered P33-labeled NAD+. Zhang (18) developed a method for syn-
thesis of biotinylated NAD as a non-isotopic PARP substrate for Western blot
analysis of ADP-ribosylated proteins.

In this chapter, two techniques are described for the non-isotopic localiza-
tion of PAR in rat brain using histochemical methodologies and commercially
available reagents. Sites of active PAR synthesis can be identified by incubat-
ing fresh tissue with biotinylated substrate (NAD+), and after fixation, localiz-
ing the incorporation of the labeled substrate into PAR using avidin conjugates.
Changes in PAR can be visualized using traditional immunohistochemical tech-
niques with specific polyclonal antibodies to PAR. We have applied these tech-
niques to study the changes in PAR in our focal cerebral ischemia model. After
10 min of reperfusion following 90 min ischemia, PARP enzyme activity is
increased as seen with the PARIS method (Fig. 1) and the number of PAR-
positive cells is increased as identified by PAR immunohistochemistry (Fig. 2).
The increases in both of these markers correlates well with the incidence of
DNA damage identified by the direct marking methods.

Recently, the understanding of the roles PARP plays in genomic homeosta-
sis and response to stress has become more complex. At least four other gene
products have been identified that posses poly(ADP-ribosyl)ation enzyme
activity (3). These include PARP-2 (19), PARP-3 (20), VARP (21), and
tankyrase (22). Recently, PARP-1 has been shown to exist in a short form
(sPARP-1) that does not require DNA strand breaks for activation (2). In an in
vivo study, Pieper et al., (17) found that constitutive PARP activity was low in
some tissues, such as brain, but was surprisingly high in other tissues, particu-
larly kidney and pancreas. Intriguingly, the levels of activity in these periph-
eral tissues did not correlate with extent or incidence of DNA damage.
However, in ischemic brain the PARIS activity correlates very well with the
incidence of DNA damage.

2. Materials
2.1. PAR In Situ Assay (PARIS)

1. Biotinylated NAD (6-biotin-17 nicotinamide-adenine-dinucleotide). Activity
measurement for NAD requiring enzyme. Trevigen, Inc., Gaithersburg, MD
20877 U.S.A.

2. PARIS buffer: 56 mM HEPES ph 7.5, 28 mM KCl, 28 mM NaCl, 5 mM MgCl2,

0.01% Digitonin, 2 mM DTT and 1 mM novobiocin.
3. !0% Trichloroacetic acid. A reagent for stopping reaction.
4. Avidin Peroxidase Complex: A complex of peroxidase enzyme and avidin

VECTASTAIN ABC-Peroxidase Kits, Vector laboratory, Inc., Burlingame, CA
94010, U.S.A.
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5. Chromogen: DAB-4-HCl (3,3' Diaminobenzidine tetrahydrochloride) dissolved
in PBS, pH 7.4. Vector laboratory, Inc., Burlingame, CA 94010, U.S.A.

6. PARP inhibitors: 3-aminobenzamide.
7. Rinsing buffer: PBS, pH 7.4.
8. Histological staining dishes.
9. Wash bottle.

10. Pasteur pipets.
11. Shaker table or similar device.

Fig. 1. These micrographs illustrate the activation of PARP using the PARIS assay
following 90 min ischemia and 10 min reperfusion in Long Evans rats using the distal
MCA, 3 vessel occlusion paradigm. The area at-risk following the ischemia is clearly
demarcated in the right hemisphere by the histochemical method. At higher power, a
distinct nuclear localization of constituative PARP activity can be resolved in the nor-
mal cortex, contralateral to the ischemia.
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12. Incubation chamber capable of retaining moisture (plastic or metal box with tight-
fitting lid).

2.2. PAR Immunohistochemistry

1. Primary Antibodies: Polyclonal rabbit antibody against polyADP-ribose (PAR),
96-10 Aparptosis Inc., Sillery, Quebec, Canada, or monoclonal mouse antibody
against polyADP-ribose (PAR) from Trevigen, Inc., Gaithersburg, MD 20877
U.S.A. 1:1000 working dilution is optimal for both of these antibodies.

2. Biotinylated Secondary Antibody: A biotinylated antibody against a species
immunoglobulin that matches the host species of the primary antibody, Vector
laboratory, Inc., Burlingame, CA 94010, U.S.A.

Fig. 2. These micrographs illustrate the immunohistochemical staining patterns char-
acteristic of normal brain (contralateral to a focal ischemia/reperfusion) and the increased
accumulation of PAR following 90 min ischemia and 10 min reperfusion in Long Evans
rats using the distal MCA, 3 vessel occlusion paradigm. In layer II, few cells are labeled
in the non-ischemic contralateral cortex. In the larger cells and neurons of layer IV,
perinuclear staining is evident [see also (23)]. Following ischemia/reperfusion, an in-
crease in nuclear staining of PAR is clearly evident in the outer layers of the cortex, and
subtle increase in density and number of positive profiles is found in layer IV.
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3. Avidin Peroxidase Complex: A complex of peroxidase enzyme and avidin.
VECTASTAIN ABC-Peroxidase Kits, Vector laboratory, Inc., Burlingame, CA
94010, U.S.A.

4. Pre-blocking Agent: A reagent solution that serves to block nonspecific anti-
genic sites found on tissue. Contains normal serum from the host species provid-
ing the secondary antibody. 10% normal serum in PBS, pH 7.4. If using frozen
tissue sections, the reagent should contain 0.3% Triton X-100.

5. Rinsing Buffers: PBS, pH 7.4.
6. Chromogen: DAB-4-HCl (3,3' Diaminobenzidine tetrahydrochloride) dissolved

in PBS buffer, pH 7.4. Vector laboratory, Inc., Burlingame, CA 94010, U.S.A.
7. Substrate reagent: Hydrogen Peroxide.
8. Dehydration reagents: Ethanol baths of increasing concentration: 70, 80, 95 and

100% ethanol and xylene baths.
9. Histological staining dishes.

10. Wash bottle.
11. Pasteur pipets.
12. Incubation wells (such as tissue culture slides fitted with wells).
13. Camel’s hair brush.
14. Glass microscope slides.
15. Coverslips, 24 × 50 mm.
16. Shaker table or similar device.
17. Slide warmer.
18. Microtome.

3. Methods
3.1 PAR In Situ Assay (PARIS)

3.1.1 Tissue Preparation

1. Long Evans rats are subjected to permanent distal middle cerebral artery occlu-
sion plus 90 min bilateral common carotid arterial occlusion followed by 10 min
reperfusion. The rats are killed humanely, and brains are fresh frozen on dry ice
for 20 min, and stored at –80°C.

2. Mount frozen 20 µm cryostat sections onto polylysine-coated slides.

3.1.2 PARIS Assay

1. All procedures are performed at room temperature.
2. Sections are equilibrated to room temperature and then pre-incubated with PARIS

buffer for 15 min in a staining jar.
3. Slides are then transferred to PARIS buffer containing 4 µM biotinylated NAD

and incubated for 30 minutes. See Notes 1 and 2.
4. For a specific control, 30 µM 3-amino-benzamide is added to the buffer to inhibit

PARP activity.
5. Stop the reaction by transferring the slides to 10% trichloroacetic acid solution

and incubate for 10 min.
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6. Wash 3× in PBS, each time for 5 min.
7. Place the sections into VECTASTAIN ABC reagent for 60 min.
8. Wash 3× in PBS, each time for 5 min.
9. Demonstrate peroxidase with freshly prepared chromogen/substrate reagent,

DAB/H2O2. DAB concentration is 50 mg in 100 mL of 0.001% H2O2. Incubate
for about 5 min until tissue turns a light caramel color.

10. Wash 3× in PBS, each time for 5 min.
11. Rinse sections in deionized tap water, air dry and coverslip.

The results of a PARIS localization indicating PARP activation following
focal cerebral ischemia/reperfusion are shown in Fig. 1.

3.2. PAR Immunohistochemistry

3.2.1. Tissue Preparation

1. Long Evans rats are subjected to permanent distal MCAO plus 90 min bilateral
common carotid arterial occlusion followed by 10 min reperfusion.

2. Under deep anesthesia, animals are perfused intracardially with PBS until the
effluent runs clear (about 3 min). The perfusate is changed to 4% paraformalde-
hyde, and perfusion continued until the neck musculature is fairly firm, about 8 min
or 150–200 mL. See Note 3.

3. Remove the brain from the rat and immerse in 4% paraformaldehyde fixative
within a 25 mL scintillation vial. Store at 4°C, e.g., in a refrigerator.

4. After about 6 h post-fixation, change the solution to 30% sucrose and let sit at
4°C until the brain sinks to the bottom of the vial, about 2 d. This step cyroprotects
the brain to reduce the incidence of ice crystal formation upon freezing.

5. Block the brain with a razor blade and freeze in dry ice-cooled isopentane.
6. Cut sections for free floating incubation using a sliding microtome. Standard sec-

tion thickness is 30 µm.
7. Collect sections with a soft brush and place in incubation wells containing PBS.

3.2.2. Protocol for Immunostaining (Free Floating Method)

1. Use a shaker table or similar devices to mildly agitate sections during incuba-
tions and washes. We recommend that tissue sections be placed in a minimum of
300 µL of diluted antibody for 4 small sections or 2 large sections. Greater vol-
umes should be used for wash buffers and preincubation reagents.

2. Wash 3× in PBS, each time for 5 min.
3. Incubate tissues with a pre-blocking agent containing 0.3% Triton X-100 for 60 min

in room temperature. No Wash.
4. Incubate the sections with primary antibody for 48–72 h at 4°C. See Note 4.
5. Wash 3× in PBS, each time for 5 min.
6. Incubate with secondary antibody for 60 min in room temperature.
7. Wash 3× in PBS, each time for 5 min.
8. Incubate with avidin-biotin complex for 60 min.
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9. Wash 3× in PBS, each time for 5 min.
10. Demonstrate peroxidase with freshly prepared chromogen/substrate reagent,

DAB/H2O2. DAB concentration is 50 mg in 100 mL of 0.001% H2O2. Incubate
for about 5 min until tissue turns a light caramel color.

11. Terminate reaction by transferring tissue into PBS.
12. Mount sections on gelatinized slides and dry for 12 h on a slide warmer.
13. Dehydrate sections with increasing ethanol concentrations followed by xylene as

in conventional histology.
14. Coverslip.

The results of a PAR immunolocalization indicating novel PAR accumula-
tion following focal cerebral ischemia/reperfusion are shown in Fig. 2.

4. Notes
1. The PARIS assay was first described by Pieper et al. (17), using 33P-labeled NAD.

This substrate is available from New England Nuclear by custom order.
Biotynylated-NAD is now available from Trevigen and the methods reported here
are applicable to the biotinylated substrate. Lower concentrations of substrate
gave less intense reaction product.

2. Make fresh dilutions of substrate.
3. We have found that paraformaldehyde perfusion fixation to be the preferred

method for PAR immunohistochemistry of the rat brain. We tested alternative
methods using 20 µm cryostat sections of fresh frozen brain. On slide fixation
with acetone, methanol, or paraformaldehyde gave inferior staining than sections
from perfused brain. We did find that acetone fixation was preferred for optimal
demonstration of PAR immunohistochemistry in other tissues, particularly paw.

4. Antibody specificity is tested by using a negative control serum and/or absorbed
primary antiserum on adjacent sections. Any staining which occurs using the
negative control is due to nonspecific background and helps differentiate spe-
cific positive staining from nonspecific background staining on the specimens
under investigation. In addition, the primary antibody may be pretreated for 12
h with the same antigen used to generate the antibody. For LP-96–10, we
applied 7.6 µL PAR of 73.5 ng/µL to 1 mL 1:1000 primary antibody, and incu-
bate for 1 h at 37°C. Structures that are stained using untreated antiserum, but
unstained with pretreated antiserum, are considered “specific” localizations by
present standards.
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Ultrasound Imaging of Apoptosis

DNA-Damage Effects Visualized
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1. Introduction
1.1. High Frequency Ultrasound Imaging of Apoptosis

This chapter presents a new method for the detection of DNA damage that
leads to the physiological process of apoptosis which is a normal programmed
cell-death response to sufficiently toxic levels of DNA damage. The high-
frequency ultrasonic detection of programmed cell death has been demon-
strated in vitro, in situ, and in vivo using a variety of different apoptosis
inducing methods (1,2). This method provides a useful image based adjunct
for the detection of programmed cell death in a laboratory setting as well as
being a powerful potential clinical tool which can be used to monitor tumour
responses to treatment. Typical low-frequency medical ultrasound imaging
devices operate at 1–10 MHz, provide mainly low resolution structural infor-
mation, and predominantly are used in obstetrics and cardiology. In contrast,
high-frequency ultrasound imaging devices operate at 30–50 MHz and offer
increased resolution as well as the emerging capability to detect cells and tis-
sues in different physiological states including those undergoing programmed
cell death, or apoptosis (1–4). Data collected to date indicates that this capabil-
ity of high-frequency ultrasound is based on interactions of high-frequency
ultrasound waves with the chromosomal nuclear material in cells, which
undergoes structural changes of condensation and subsequent fragmentation
with the process of programmed cell death (1–2,4). We have demonstrated this
process experimentally in vitro, in situ, and in vivo using a number of different
systems in which apoptosis is induced with physiological stimuli, chemothera-
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peutic drugs, radiation, or photodynamic therapy. The ultrasound-based
approach to detecting apoptosis has a number of potential applications which
range from embryological studies of development where apoptosis plays an
important role, to assessing organ viability for the purposes of transplantation,
again a situation where the presence of programmed cell death is correlated to
clinical outcome (5).

In particular, our aspiration is for this method to be used in a number of
clinically relevant scenarios poised to improve modern cancer medicine. For
instance, such apoptosis-detecting technology can readily be used in labora-
tory the aid of anti-neoplastic drug discovery or design. It also has an emerging
role in the clinic as a method to follow the effects of chemotherapeutic drug
regimes as a predictor of eventual treatment outcome and to assure treatment
efficacy well in advance temporally of more traditional clinical assays. It can
also be used to investigate and guide experimental radiotherapeutic procedures
by providing visual maps of treatment effects—not possible by any other non-
invasive radiological method. In this chapter, we highlight the history of using
ultrasound in biological imaging. We then describe the experimental systems
and protocols for monitoring apoptosis in vitro and in vivo using high-
frequency ultrasound imaging. Lastly, we conclude with a discussion of the
limits and limitations of this technology and highlight future developments in
progress geared to overcoming the present day limitations of this technology
and simultaneously designed to increase the versatility of this already power-
ful imaging approach to detecting programmed cell death.

1.2. Background

1.2.1. Apoptosis

The process of apoptosis has become central to the understanding of the devel-
opment of normal tissues, the carcinogenic process and the response of tumors to
anti-cancer agents (6–11). It is a complex multi-step process which can be elicited
by a number of factors which include normal developmental stimuli, the with-
drawal of cell survival factors, mitochondrial damage, and DNA damage. From a
physical viewpoint the changes inside the cell which occur during apoptosis alter a
number of different sub-cellular organelles consequently changing the structure
and physico-chemical properties of the cell. The most striking of changes take
place in the cell’s nucleus. There, the chromatin, undergoes post-translational modi-
fications at the level of the nucleosome (12,13), its fundamental subunit, which
results in increased condensation—similar to the manner in which chromosomes
condense during mitosis. Subsequent to this phenomenon, a number of differ-
ent enzymatic processes are typically activated involving caspaces which
cleave the cellular nuclear material into fragments (6–11). The cell’s outer
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membrane also changes morphology becoming blebbed in appearance. Fur-
ther, the cell may begin to extrude intra-cellular components in plasma-
membrane delimited granules which avoid the stimulation of an inflammatory
response in vivo. Traditional procedures for detecting and monitoring apoptosis
and apoptotic changes rely on tissue biopsy and histological assays (14) which are
specialized, invasive and time consuming. The result is that spatial maps of
apoptosis in tissues cannot easily be produced. The ultrasound methods that we
have developed for the detection of apoptosis represent the only non-invasive
radiological method, to our knowledge, capable of detecting this important
physiological process. The ultrasound imaging process is rapid, taking only
minutes, is non-invasive, and can readily produce real-time spatial maps of
apoptosis in addition to providing more quantitative radio-frequency ultrasound
data for more detailed analyses discussed further in the following sections.

1.2.2. Ultrasound Imaging

The use of high frequency ultrasound for analyzing tissues has followed two
paths that now converge consisting of origins separately based on acoustical
microscopy and conventional ultrasound technology (reviewed in 15). The use
of ultrasound transmission methods for microscopy, analogous to conventional
optical microscopes, dates back to 1955 based on a concept proposed by
Sokolov in 1936 (16). Further improvements in resolution were achieved Dunn
and Fry in 1959 (17) but it was not until 1971 with the development of the
scanning laser acoustic microscope operating at 100 MHz (18) and the later
development of the scanning acoustic microscope that significant improve-
ments in resolution were made. In 1978, resolution equal to that of an optical
microscope was achieved with a scanning acoustical microscope operating at
3.1 GHz. Although these instruments provide very high resolution images they
are restricted to use with micron-thin specimens and cannot be used for imag-
ing in vivo (reviewed in 15).

Parallel to these developments, the use of ultrasound for medical imaging
was under development. The main difference compared with acoustic micros-
copy is that short-pulse/high-bandwidth transducers were used to allow non-
invasive imaging at depth in living specimens. The technique involves exciting
a piezoelectric plate with a high voltage electrical signal. In response to the
electrical pulse, the transducer transmits a short ultrasound pulse through the
coupling medium into the specimen. The ultrasound is scattered due to acous-
tic impedance variations in the sample analogous to the scattering of electro-
magnetic radiation at electrical impedance interfaces. The reflection coefficient
at an acoustic boundary is given by a relationship dependent on the character-
istic impedance of the first medium and second medium, respectively. A frac-
tion of the scattered ultrasound will return towards the transducer being
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transformed into an electrical signal. This backscatter signal therefore varies in
time according to scattering events at different depths in the specimen. An
image of the internal structure of the specimen can then be made by measuring
the amplitude of the backscatter signal as a function of time and representing
the brightness value on a screen. This is one line in the image. A 2-D image,
called a B-Mode image, is formed by scanning the transducer perpendicular to
the direction of travel of the ultrasound. The B-scan image is therefore a result
of scattering from acoustic impedance (density and speed of sound) variations
in the specimen (reviewed in 15).

Pulse-echo B-Mode imaging dates back to the First World War when
Langevin and Chilowski developed an underwater imaging system to detect
submarines (19). The first laboratory pulse-echo system was developed by Wild
and Reid who in 1952 (20) realized the potential of this technique for imaging
the internal structure of biological specimens. Today, pulse-echo scanners oper-
ating in the 1–10 MHz range are widely used for monitoring pregnancies, diag-
nosing disease deep in the body and planning therapy. As with scanning-line
acoustical microscopy and scanning acoustical microscopy, the lateral resolu-
tion of the a pulse-echo ultrasound system is determined by the ultrasound
wavelength. In pulse-echo ultrasound the axial resolution (in the direction of
beam propagation) is also determined by the wavelength and the number of
waves in the short ultrasound pulse. Short pulses can only be produced by
transducers with a large bandwidth and therefore transducer design is critical
in the development of a pulse-echo system.

The extension of pulse-echo imaging to high frequencies allowing much
higher resolution than achievable with conventional medical ultrasound scan-
ners, required the development of high-frequency, high-bandwidth transduc-
ers. Those used in the scanning acoustical microscopies had low bandwidth
and so could only produce long pulses. High-bandwidth, high-frequency trans-
ducers were first developed by Sherar et al. (21) who used a piezoelectric poly-
mer to build 100 MHz pulse-echo transducers. These were used in the
development of the first 100 MHz B-scan ultrasound microscope with a lateral
resolution and an axial resolution, both of approximately 40 µm.

The ultrasound backscatter microscope was first applied to the imaging of
intact multicellular spheroids. These images demonstrated very high contrast
between cells in different physiological states. The necrotic core and viable
rim were clearly distinguished (4,22). This contrast was hypothesized to be
largely due to differences in acoustic impedance in the cell’s nucleus between
viable and necrotic cells. Further experiments in spheroids to investigate the
effect of hypoxic cell cytotoxins, of interest as an adjunct to radiation therapy,
demonstrated that changes in cell morphology in response to stress could be
detected in high frequency ultrasound images. We have now discovered, as
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is described in this chapter, that the morphological changes due to pro-
grammed-cell death or apoptosis and other changes in the cell’s nucleus can be
detected with high frequency ultrasound imaging and ultrasound spectroscopy.
The work described here also represents a revolution in ultrasound imaging in
terms of ultrasound no longer only providing structural information but being
able to detect the functional or physiological states of cells and tissues akin to
other modalities such as functional-magnetic resonance imaging or positron-
emission tomography. Although not described here in full detail, we have been
able to detect and differentiate viable, coagulated necrotic, mitotic, and
apoptotic samples (1,2). We also have emerging data that this method is sensi-
tive to phases of the cell cycle in addition to the nuclear changes induced by
changes in gene expression.

In addition to in vitro systems, the ultrasound backscatter microscope has
been used extensively in the routine clinical examination of living ocular tissue
(3) and now has found relatively widespread use in academic ophthalmology
centers. The microscopes are used to help in the diagnosis and staging of glau-
coma as well as anterior segment tumors in the eye. In addition, the use of high
frequency ultrasound to monitor coagulation therapy in the eye has been dem-
onstrated. Further work has recently extended the applications of high fre-
quency ultrasound imaging to skin, vascular (using catheter-based, high-
frequency ultrasound probes) and cartilage studies. More recently we have
extended our apoptosis imaging to in vivo studies of patients undergoing radia-
tion therapy and chemotherapy based on the hypothesis that it may be possible
to monitor response to treatment using ultrasound based on the importance of
apoptosis as a cell death mechanism in treated tissues (1,2).

1.2.3. Analysis of Ultrasound Backscatter Signals

Ultrasound transducers detect primarily backscattered ultrasound due to geo-
metric constraints and the fact that the transducer is both a generator and
receiver of ultrasound. High-frequency ultrasound transducers are also broad-
band in nature. For instance, a transducer may have a characteristic frequency
at 40 MHz at which it is most sensitive but it may also be able to generate and
detect ultrasound from 20–60 MHz with appreciable efficiency. Spectral analy-
sis provides more information in comparison to ultrasound images which are
fundamentally representations of backscattered ultrasound amplitude. Spectral
analysis characterizes the changes in ultrasound amplitude over a range of fre-
quencies and changes in spectral patterns may reflect important underlying
physical changes in a tissue. Mathematical analysis of spectral profiles of ultra-
sound can yield important parameters including effective ultrasound scatterer
size, scatterer concentration and tissue attenuation properties (23–25). Such
analyses have indicated the potential of such spectral analyses to be used in the
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study of neoplastic lesions. Although to date most of our spectroscopic analy-
ses have been Fourier transform based it is possible to carry out more sophisti-
cated studies used wavelet analyses.

It has also been demonstrated that ultrasound backscatter signals are related
to the spatial organization of individual scatterers of ultrasound. In particular, the
greater the randomness or disorganization of individual scatters the greater the
ultrasound backscatter signal that is theorized to occur. This is of special rel-
evance to the case of apoptosis given that the major scatterer of ultrasound is
believed to be the DNA in the cell’s nucleus. Hence as apoptosis occurs the
randomness of the system increases as both the number of apoptotic DNA frag-
ments increases and as their positions in the cell become less organized and
distal from a central nucleus (26).

2. Materials

2.1. High-frequency Ultrasound Imaging Device

For the purposes of our experiments we have used a prototype ultrasound
imager or its commercial analog, a VisualSonics V40 (VisualSonics, Toronto,
Canada; see Fig. 1 and caption for more information). Although a number of
different ultrasound research centres are developing modern user-friendly high-
frequency ultrasound devices this company is the only commercial producer of
such instrumentation at this point in time. This instrument operates in a user-
selectable range from 20–60 MHz, and is able to produce images 8 mm by
8 mm in size at a scan rate up to 5 Hz. It operates in B-mode and as well is able
to collect Doppler ultrasound information. Additionally, it features a 500 MHz
digitization board in order to collect radio-frequency data. Alternatively, soft-
ware controls permit such data to be collected using an external digital oscillo-
scope operating in the same frequency range.

2.2. Apoptosis

We have used a number of different experimental systems in which apoptosis
has been induced using a variety of methods. These are explained in detail
below and provided in the methods section only as examples. The reader is free
to induce apoptosis using the materials and biological reagents they are most
familiar with. Any experimental system in which apoptosis may be induced is
potentially applicable to examination using ultrasound imaging providing a
suitable volume of cellular material (approx 2 mm by 2 mm) can be produced
for imaging purposes. The model systems which are discussed below include
acute myeloid leukemia cells (AML-5) in which apoptosis is induced with
cisplatinum, and rat brain tissue in which apoptosis is induced with photody-
namic therapy. Materials for these models include:
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Fig. 1. High-Frequency Ultrasound Biomicroscope. This instrument features pro-
prietary wide-band front-end signal processing and an adjustable center frequency
from 25–60 MHz to allow selection of resolution for optimal penetration. The device
features analog to digital conversion with 8 bits at 500 MHz and has 3D micro-
positioning capability. The transducer is coupled to a mobile positioning arm shown at
the left of the instrument. It is coupled with a Windows NT (Microsoft, Redmond
Washington) operating system, is network ready, and features CD image archiving
capability. Instrument information may be obtained from Dr. Stuart Foster, Visual-
Sonics, Sunnybrook and Women’s College Health Sciences Centre, S-658, 2075
Bayview Avenue, Toronto, Ontario M4N 3M5, e-mail: info@visualsonics.com.

2.2.1. Apoptosis in Cells

1. AML-3 cells (Acute Myeloid Leukemia Cells). Available from the Ontario Can-
cer Institute of Canada, 610 University Avenue, Toronto, Canada M5G 2M9.

2. Cisplatinum: the stock solution available at a concentration of 1 mg/mL should
be stored in the dark (Sigma-Aldrich, St Louis, MO).

3. α-Minimal media—for growing cells (Sigma-Aldrich).
4. Cell lysis buffer for cytometry: 0.2% Triton X-100 in isotonic phosphate-

buffered-saline-citrate, 0.1 mg/mL RNase, 0.05 mg/mL propidium iodide.
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5. DNase I—for digesting nuclear material (Sigma-Aldrich).
6. Triton X-100—for permeabilizing cells (Sigma-Aldrich).
7. Cochicine—for arresting cells in metaphase of mitosis (Sigma-Aldrich).
8. EDTA—for terminating DNAse and RNAse reactions (Sigma-Aldrich).
9. Terminal-deoxynucleotidyl transferase—for labeling free ends of DNA (Promega,

Madison WI).
10. Fluorescein-12-dUTP—for labeling free ends of DNA (Promega).
11. Propidium Iodide—0.05 mg/mL, for staining cells (Promega).
12. RNAse A—used in DNA labeling (Promega).
13. Proteinase K—used in DNA labeling (Promega)
14. Phosphate buffered saline: 0.8% NaCl, 0.01 M phosphate buffer pH 7.4
15. Phosphate buffered saline citrate: 0.8% NaCl, 0.01 M phosphate buffer pH 7.4,

8.8% citrate (w/v).

2.2.2. Apoptosis in Tissues

1. Male Fisher rats.
2. Photofrin II (QLT, Canada).
3. 632 nm Laser (QLT) set such that optical power irradiance as 100 mW/cm2.
4. Ketamine for anaesthesia purposes . (Sigma-Aldrich).

2.3. Analysis of Ultrasound Backscatter Signals

Analysis of backscatter signals can be carried out using a variety of standard
numerical analysis packages on the computing platform of one’s choice. These
are left to the individual researcher. Our preference is to use Matlab (The
Mathworks Inc., Natick, MA) running on a 500 MHz Windows NT or UNIX
based computer system.

3. Methods

3.1. Apoptosis in Cells

For the purpose of ultrasound imaging of cells from an in vitro system ade-
quate numbers of cells are required to provide a sample of packed cells approx
1 cm3 in volume. Any cell line may be used. To date we have worked with
leukemia, melanoma and breast cancer cell cultures. If it is a cell line that does
not grow in liquid suspension culture then once confluent, cells must by
trypsinized to remove them from the growth surface. For the purposes of our
experiments, all cells were prepared for ultrasound imaging using an acute
myeloid leukemia cell culture system (AML-5) growing in suspension, an ideal
model for studying apoptosis. For any experimental time point or condition,
experiments are typically completed in quadruplicate.

1. For each experiment, approx 1 × 106 cells are grown at 37°C in 300 mL alpha
minimal-media always from frozen stock samples.



Ultrasound Imaging of Apoptosis 265

2. To induce apoptosis, expose cells to cisplatinum at 10 µg/mL for a specific time.
This drug is a DNA intercalater that causes a p53-dependent apoptosis in this cell
line (27). For example, in our previous studies (1,2) cells have been treated with
cisplatinum for 0, 6, 12, 24, and 48 h.

3. To confirm the presence of apoptosis examine the 24 h sample using corrobora-
tive methods including light-microscopy, standard DNA gel-electrophoresis
showing DNA laddering, and trypan-blue staining. We usually confirm that
approx 95% of the cells undergo apoptosis at the 24 h time point.

4. Cells are then washed in phosphate-buffered saline (PBS) and counted using a
light microscope to ensure equal numbers of cells and subsequently pelleted in
flat bottom cryo-tubes at 800 g on a desktop swinging bucket centrifuge. This
results in a 1 cm3 cell pellet which is sufficiently large enough to readily image.

5. Immerse cell pellets in a PBS bath and then visualize using high-frequency
ultrasound.

Representative results are shown in Fig. 2 and discussed in Note 1.

3.2. Other Forms of DNA Configurations

We have also been interested in the effects of other, non-apoptotic, DNA
configurations on ultrasound backscatter. The preparative methods are essen-
tially identical to that above with the exception that different drug agents are
used to arrest cells in metaphase of mitosis. For instance, in order to arrest cells
in mitosis, effectively enriching the mitotic fraction in the cell population, cells
are treated with colchicine at a concentration of 0.1 µg/mL for 0, 6, 12, 24, and
48 h. By inhibiting microtubule formation this drug arrests dividing cells at the
G2/M checkpoint of the cell cycle, corresponding to metaphase of mitosis (28).
In this cell culture system the maximal enrichment of the mitotic population is
an increase to approx 30%. It is possible to investigate, in this manner, not only
mitotic cells but populations of cells trapped in other phases of the cell cycle.
To help characterize the effects of the drugs, we use flow cytometry using
nuclei from approximately 3 × 105 cells.

1. To obtain nuclei, lyse cells after resuspension in 1 mL isotonic buffer (0.2% Tri-
ton X-100 in PBS-citrate, 0.1 mg/mL RNase A, 0.05 mg/mL propidium iodide).

2. Strain this suspension is through a fine gauze mesh to remove cell debris.
3. Incubate material at 4°C in the dark for 30 min.
4. Analyze samples on a flow cytometer (Becton-Dickenson, Franklin Lakes, NJ).

A cell cycle analysis program, CellFIT 2.01.2 (SOBR), is used to quantify cells
with respect to different cell cycle phases.

3.3. Effects of DNA Condensation

We also are in the process of investigating the effects of DNA condensation
on ultrasound backscatter using experiments designed to specifically perturb
DNA configuration.
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Fig. 3.

Fig. 4.

Fig. 2.
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Fig. 4. Imaging of Apoptosis in vivo. Top panels present the results of ultrasound
imaging whereas the bottom panels illustrate corresponding representative histologi-
cal results. From left to right panels correspond to rat skin imaged in vivo 24 h after
exposure to 0, 8.5, and 17 J/cm2 of activating laser light. Any discontinuities in the
images are a result of motions in the living animal caused by its respiration. The color
map shown below the right panel is the same as used in all other figures. The most
prominent increase in the top panels occurs at the epidermal surface with increasing
dose. The epidermal layer is easily visualized in the left panel—it is the bright line at
the top of the skin. An increase in the lower dermal region also occurs. Corresponding
histology shows prominent apoptotic cells with condensed and fragmented nuclei in

Fig. 3. Ultrasound Imaging of Apoptosis in Response to Photodynamic Therapy.
Representative ultrasound image of photodynamic therapy treated brain tissue exam-
ined ex vivo. The left panel corresponds to non-irradiated control tissue contralateral
to the treated tissue shown in the central panel. The cone-shaped yellow area of
increased ultrasound backscatter corresponds to the treated region. The tissue shown
was freshly excised 24 h after therapy and is not fixed. The contrast is equivalent to
that obtained with samples fixed for histology. The color map indicated by the bar
below the right panel is the same as for Fig. 1. Panel width is 4 mm. The right-most
panel presents representative results of fluorescence microscopy assays for apoptosis.
Images are composed of intact cells stained with red propidium iodide. In this same
assay apoptotic cells are stained using a fluorescein dye coupled to an enzymatic assay
which stains the DNA-ends of fragmented DNA in apoptotic cells green. The wedge
of green staining cells is the same region which results in increased ultrasound back-
scatter as illustrated in the panel to the left. The left two panels are reprinted from (2),
by permission of the publisher Churchill Livingstone.

Fig. 2. Ultrasound Imaging of Apoptosis and Correlative Histology. Top panels present
results of ultrasound imaging of apoptotic cells. Each panel is a representative ultrasound
scan of a pellet of AML cells. The bottom of each ultrasound scan is at the bottom of each
frame. Pellets are immersed in buffered saline. From left to right, panels correspond to
cells treated with cisplatinum for 0, 6, 12, 24 and 48 h, the point at which apoptosis is
maximized. A bar at the bottom right of the figure indicates the color map used in this
image, the left of the bar indicating the color that corresponds to pixel values of 0 and the
right giving the color that corresponds to a pixel value of 256. The speckle pattern is char-
acteristic of all ultrasound images and does not correspond to individual cells but rather
represents constructive and destructive interference effects from the collective of cells in
the sample. Bottom panels correspond to standard hematoxylin and eosin stained samples
of AML cells at the same time points. At 0 and 24 h, histological analysis indicated that
1.6, and 87% of all cells showed nuclear fragmentation, respectively. By 6 h of drug expo-
sure 72% of the cells exhibited prominent nuclear condensation changing from a nuclear
diameter 70% of the cellular diameter before addition of the drug, to a diameter 40% of the
cellular diameter at 6 h. Additionally, after the 6 h time point, 95% of all cells exhibited
nuclear condensation or fragmentation. The field of view in each panel is approx 50 µm.
Top panels reprinted from (2), by permission of the publisher Churchill Livingstone.
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1. Prepare pellets of mitotically-enriched cells as described above for apoptotic cells
and gently resuspended in 1 mL of PBS. It is possible to also use cells trapped in
different phases of the cell-cycle at this stage.

2. As controls, treat samples with only DNase I at concentrations of 5,413 U/mL
and 10,826 U/mL and only Triton X-100 at a concentration of 0.1% (w/v).

3. In order to permeabilize cells and permit DNase I to enter the cells, expose
samples to both DNase I and Triton X-100 at the concentrations given above.

4. Permit digestions to proceed for 30 min at 37°C and terminate by adding EDTA
to a final concentration of 15 mM. It is reasonable to assess all samples histologi-
cally at this point.

Representative results are discussed in Note 2.

3.4. Apoptosis in Tissues

We have induced apoptosis in tissues before (2), using a process known as
photodynamic therapy. This has been applied to brain tissue experimentally as
a method of potentially treating brain neoplasms and rat skin tissue in vivo.

3.4.1. Rat Brain Tissue

1. Treat male Fisher rats with 12.5 mg/kg of Photofrin II (QLT) by intraperitoneal
injection. Keep animals in a dark environment for 24 h prior to irradiation.

2. Anesthetize animals using ketamine injected intraperitoneally at a dose of 2–
4 mg/kg.

3. Create a 5.5 mm craniotomy in each side of the rat’s skull avoiding mechanical
stress to the underlying cortex using a mechanical surgical drill.

4. Treat this area for 30 sec using a red laser light with a wavelength of 632 nm and
a spot size of 3 mm in diameter. This spot size is selected in order to be readily
visualized in the 4 mm scan width of the ultrasound microscope next to an un-
treated region.

5. Several treatment irradiances can be employed including 1, 3, 5, and 17 J/cm2.
To minimize post-therapy cerebral swelling and still show a sufficient response
to therapy, 3 J/cm2 was the condition selected for further study in our previous
work. The optical power irradiance at the dural surface should be 100 mW/cm2.

6. Sacrifice animals at a desired time point. In our previous work (2), animals were
sacrificed at 3 time points: 1.5, 3, and 24 h after the above photodynamic therapy.
The first two time points were chosen to survey early treatment effects. The last
time was chosen since earlier experimentation seemed to suggest an accumula-
tion of cells arrested in relatively early stages of apoptosis 8 h post apoptosis

Fig. 4. (continued) the epidermal region in both the 8.5 and 17 J/cm2 samples. A
disruption of the cellularity in the dermal region below also occurs with dose. The
field of view in the ultrasound images is 2 mm. The field of view in the histology
images in approx 100 µm per panel. Reprinted from (2), by permission of the publisher
Churchill Livingstone.
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inducing therapy (29). Equivalent results were obtained whether the rat brains
were formalin fixed prior to ultrasound imaging in order to minimize degradation
effects, or imaged ultrasonically prior to fixation (2).

Representative results are shown in Fig. 3 and discussed in Note 3.

3.4.2. In Vivo Rat Skin Experiments

In rat skin experiments, skin from the dorsal posterior of the animal is shaved.
A 1 cm diameter area is exposed to 0, 8.5, or 17/cm2 with an irradiance of
100 mW/cm2. Animals are kept in a dark environment before and after treat-
ment. Living animals are imaged in a sedated state 24 h after treatment using the
same anaesthesia as described above. Skin biopsies are always obtained and sub-
mitted for histological analyses when completing this type of experiment.

The reader is referred to Note 4 and Fig. 4 for discussion and representative
results.

3.4.3. Pathological Analysis

For general pathological analysis, rat brains and skin tissue are sec-
tioned and haematoxylin and eosin stained. To specifically assess for the
effects of apoptosis, an enzymatic method is used [which with terminal-
deoxynucleotidyl-transferase labeled the 3'-OH ends of fragmented DNA
with fluorescein-12-dUTP (Promega, Apoptosis Detection Kit)]. Since
ultrasound analyses of the 24 h post-therapy specimens were most consis-
tent with the highest levels of putative apoptosis, this specimen was sub-
jected to the apoptosis labeling assay.

1. As a positive control treat a photodynamic therapy-untreated rat brain section
with proteinase-K and DNase I, at a concentration of 1 µg/mL and incubate at
room temperature for 10 min prior to staining sections. This method results in
about 70–80% positive green-staining cells in a control section, but may stain
control cells more intensely that apoptotic cells.

2. As a negative control, contralateral sections of the PDT-treated rat brain are used.
Sections of the PDT-exposed rat brain are also stained in this fashion.

3. Counterstain all sections with propidium iodide (0.05 mg/mL), which stains both
apoptotic and non-apoptotic cells red throughout the cytoplasm.

4. Visualize slides of sections immediately after staining.
5. Carry out microscopy as above using a standard fluorescein filter set (520 ± 20 nm)

and an appropriate filter (>620 nm, which permits the red staining of propidium
iodide to be visualized separate from fluorescein staining) to detect propidium
iodide staining, respectively. Images of red and green fluorescence are captured
separately and combined to form composites. In order to analyze the fluores-
cence levels within cells in the sections, use a computerized approach is used to
crop cells after automatic contouring and to quantitatively determine separate
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levels of red staining and green staining within each cell. These integrated values
are then corrected by normalization for slightly different red and green fluores-
cent background staining values. Aldus Photostyler (Aldus Corporation) is an
image analysis software package with this capability.

3.5. Light Microscopy and Analysis

To confirm and investigate the morphology of cells at each experimental
condition, ultrasonically imaged and duplicate non-imaged samples are saved
for haematoxylin and eosin staining by fixing 12 h in 10% (w/v) formalin in
buffered saline. These cells are then embedded in paraffin and processed as
histological sections. No histological differences due to ultrasound imaging
have been observed. Images of pellet cryosections are often obtained to con-
firm that no differences in packing are present (1). We carry out light and fluo-
rescence microscopy using a Zeiss Axioscope 20 (Carl Zeiss, Germany)
coupled to a color SONY CCD (Sony Corporation, Japan) camera. Images are
recorded digitally on a IBM PC using the Northern Eclipse Image Analysis
Software 1.1 (EMPIX Imaging Inc., Mississauga, ON, Canada).

3.6. Analyzing Ultrasound Backscatter Signals Associated
with Apoptosis

All cell samples and animal tissue samples are imaged at room temperature
using either a custom built high-frequency ultrasound instrument operating at
40 MHz (1,2,21) which is a prototype to a commercially available instrument
(VisualSonics V40 Toronto, Canada, see Fig. 1 and caption) which we have been
currently been using. The focal depth of these instruments typically is 9 mm, axial
resolution 38 µm, and their lateral resolution, limited by the ultrasound beam width,
is 55 µm. During imaging sessions the ultrasound probe is positioned such that the
focal zone is the same depth in each imaged specimen. All images are digitally
recorded and a physical hard-copy is simultaneously produced. In this system, cen-
trifuged samples of cells grown in vitro are imaged under phosphate-buffered saline
(see Fig. 2). Tissues may be imaged under saline or using gel, and living animals
are imaged using high viscosity ultrasound gel (ATL Inc., Reedsville PA) over
areas of skin (see Figs. 3 and 4). We find that use of this specific gel is optimal as
it minimizes bubble formation and is highly viscous.

1. Prepare cells or tissue specimens as described in preceding sections. Immerse
cell or ex vivo samples in phosphate-buffered-saline.

2. Obtain radiofrequency-signal from a standard reference for purposes of inter-
experiment calibration. We use a highly polished and flat quartz standard.

3. Scan samples with instrument settings (such as focal depth, ultrasound frequency,
signal gating, and signal bias settings) unchanged throughout the experiment.
Store images digitally.
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4. Assess ultrasound backscatter amplitude. The ultrasound backscatter amplitude for
each specimen or time-point can be assessed in two manners (see steps 5 and 6).

5. In the first method, transform pixel intensities from images to relative ultrasound
backscatter amplitudes by multiplying the inverse of the transfer function of the
electronics of the ultrasound imaging instrument. This corresponds directly to
the degree of ultrasound backscatter amplitude. For each sample, make measure-
ments using 32 images, each 64 × 64 pixels in size, cropped from the focal band
of images.

6. In the second method A-scans, the individual line scans which are processed to pro-
duce two-dimensional ultrasound images are obtained and assessed. Such A-scans
are also independent of the instrument’s image processing and amplification pro-
cesses. In short, in A-scan analyses by detecting subtle shifts it the frequency content
of the signal one can make inferences about changes in the underlying structure that
causes these shifts. The frequency content of the backscattered signal from cells
and tissues depends on the attenuation of the intervening tissue and physical char-
acteristics of the ultrasound scatterers in the tissue. Typically 30–50 A scans
should obtained per sample, each from a distinct location separated by one beam-
width. We hypothesize that the changes in the ultrasound backscatter signal and
its frequency content are due to changes in a) nuclear size, b) acoustic properties,
and c) the scatterer organization.

7. To assess A-scans, a Hamming function of length L is applied to each scan and
the Fourier transform of the section is taken. Square and divide the resulting
spectrum by a normalizing spectrum (the spectrum derived from a pulse reflected
from a standard quartz reflector). This step is required to compensate for the
spectrum of the original pulse and the system transfer function of the ultrasound
imager. This power spectrum is expressed in dB (or dBr, referring to the fact that
the spectrum is normalized) and is evaluated over the frequency band providing
good signal-to-noise ratios.

8. To characterize the curves generated, linear regression is applied. Results of the
regression that are analyzed are the slope of the best fit (in dBr/MHz), the inter-
cept (in dBr, extrapolation to 0 frequency), and the mid-band fit (dBr value of the
linear fit at the center frequency of the transducer). These values permit the
effective scatterer size to be calculated and compared amongst specimens.

Note 5 and Fig. 5 display and discuss the nuances of quantification of ultra-
sound data. The reader is also referred to Notes 6–9 which deal with the techni-
cal limits and practical limitations of the method as well as future advancements
geared at improving the technique.

4. Notes

4.1. Apoptosis in Cells

1. Figure 2 presents a representative result for the detection of apoptosis using a cell-
culture system. Centrifuged cells visualized using a high-frequency ultrasound
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device operating at 40 MHz (Fig. 1) and thus permitting higher resolution imag-
ing in comparison to conventional ultrasound devices operating at much lower
frequencies are shown. Individual cells cannot be resolved at the operating wave-
length of this instrument but we demonstrate in this study that changes in
ensembles of cells can result in significant changes in ultrasound images. The
results presented in Fig. 2 indicate that apoptotic cells scatter ultrasound at a
level approx 6× that observed with non-apoptotic cells. The degree of scattering
also exhibits an approximate linear relation to the progression of apoptosis in
terms of nuclear condensation and fragmentation. In addition, we now have
established our detection limit to be, so far, at best 5% apoptosis, determined in a
carefully controlled titration experiment. The ultrasound backscatter amplitude
begins to increase as the cells’ nuclei condense approximately 2–3-fold in diam-
eter over that of nuclei in non-apoptotic cells. The backscatter signal then contin-
ues to increase to 6× that obtained for normal cells with subsequent apoptotic
nuclear fragmentation. Changes in cell morphology that are observable include
changes in the nuclear membrane, nuclear condensation and nuclear fragmenta-
tion (see ref. 2 and Fig. 2—this chapter).

2. Arrest of cells in mitosis also results in an increase in ultrasound backscatter.
Whereas the ultrasound images of the apoptotic cells indicated a 6-fold increase
in backscatter in comparison to normal cells, the mitotic cells exhibited only an

Fig. 5. Radiofrequency Analysis of Apoptotic Cells Normalized radio-frequency
analysis spectra of normal (dotted line) and apoptotic cells (solid line) and best linear
fits. The spectrum slope and normalized power change in the two cell populations.
The intercept and slope of each line correspond to primary ultrasound backscatter
characteristics for each analyzed sample. In the right panel measured slopes which are
shown superimposed on a theoretical curve produce reasonable estimates of experi-
mentally measured nuclear fragment scatterer size and concur with the reduction in
scatterer size.
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approximate 3-fold increase in ultrasound backscatter amplitude (2). This is in
good agreement with the ultrasound levels observed at the 6 h time point after
treatment with cisplatinum where the apoptotic fraction of cells exhibits prima-
rily nuclear condensation. We have also carried out further series of experiments
in which we have established that nuclear condensation is both necessary and
sufficient for increases in ultrasound backscatter. These experiments enzymati-
cally disrupted DNA condensation (using DNase) in mitotic cells reducing the
ultrasound signal to that of non-mitotic cells.

4.2. Apoptosis in Tissues

3. Figure 3 illustrates the use of ultrasound imaging at high frequencies to detect
apoptosis that occurred ex vivo in an animal system which involved photody-
namic therapy. This type of therapy has been demonstrated to induce apoptosis in
several tissues (30,31). In our study, photodynamic therapy using Photofrin II, a
haematoporphyrin derivative, was applied in a rat model system. After an inves-
tigation of dose and time effects, tissue responses were monitored at three sepa-
rate time points. Ultrasound backscatter images obtained at the 24 h time point at
the site of therapy and in the non-irradiated contralateral side of an unfixed
freshly-excised brain are shown. Backscatter amplitude measurements indicate
that the 24 h post-photodynamic therapy brain exhibited a 3.7 ± 2.0 fold increase
in ultrasound backscatter in comparison to a control sample. A specific staining
procedure, a TdT assay, was is used to detect apoptosis. Free DNA ends pro-
duced by apoptotic chromosome fragments are labeled with a green fluorescent
stain and a propidium iodide counterstain was used to mark cytoplasm red. Com-
puterized analysis indicated that approx 40% of the cells in this area are apoptotic
(Fig. 3).

4. To demonstrate the feasibility of detecting apoptosis in vivo additional experi-
ments were carried out in which a photosensitized rat had areas of its skin exposed
to activating laser light. Fig. 4 indicates that increases in dose of activating light
correlated with increases observed in ultrasound backscatter. Histological analy-
ses revealed increasing levels of apoptosis with the dose of activating light.

4.3. Analysis of Ultrasound Backscatter Signals Associated
with Apoptosis

5. In theoretical models it is assumed that structures that scatter ultrasound are weak
isotropic scatterers randomly distributed in the tissue and that fluctuations in acous-
tic impedance can be modeled as a Gaussian spatial autocorrelation function. This
permits calculable parameters to be related to the physical attributes of the scat-
terers. One can then derive, based on the measured values from the linear regres-
sion of the power spectrum as outlined above, values for the effective scatterer
diameter and concentration. For cells undergoing apoptosis, assuming on the basis
of experimental evidence that the nucleus is primarily responsible for the scatter-
ing, one would expect that the effective scatterer diameter would decrease (since
there is nuclear fragmentation) as cells undergo apoptosis. Representative results
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consistent with this theory are presented in Fig. 5 where a decrease in the effective
scatterer diameter by a factor of 2 is demonstrated with apoptosis.

4.4. Limits, Limitations and Future Developments

6. One of the most significant current limitations to this technique for detecting
apoptosis in response to DNA damage is borne out of the fact that in the pro-
cess of forming ultrasound images valuable radio-frequency information is lost.
For instance, pyknosis due to nuclear condensation and apoptosis can both
result in increases in ultrasound backscatter and have similar appearances in
terms of speckle, the effect of constructive and destructive coherent interfer-
ence, in ultrasound images. This can be misleading and confusing as different
physiological states of cells can potentially have similar appearances. How-
ever, the radio-frequency spectra, the spatial frequency dependent ultrasound
backscatter information associated with the two types of samples would be very
different. But the interpretation of such data is often very complex. To this end,
we are devising a method which combines real-time analyses of spectral data
with ultrasound image display in order to differentiate better the sub-cellular pro-
cesses which are being detected. It is now possible to calculate scatterer sizes
which can be used to infer whether a sample is apoptotic with fragmented nuclear
fragments or in another physiological state with different sized scatterers of
ultrasound.

7. Another compounding factor to facile image acquisition and interpretation arises
in the case of the clinical imaging of tumors. Attenuation from different tissues in
the ultrasound path to the target lesion can result in different intensities from the
same tumor tissue being generated. In the absence of different overlying tissues
the intensity from the lesion would be otherwise homogeneous. Moreover, specu-
lar reflections at interfaces between different tissues such as blood vessel walls
can compound image complexity since such reflections are angle dependent.

8. Another limit to interpreting images of cells, tissues, and tumors, in terms of
modern ultrasound knowledge, is due a paucity of data regarding the very nature
of the cellular and sub-cellular agents of ultrasound backscatter. Simply stated,
this means that although we have detected a powerful and useful phenomenon in
terms of ultrasound image formation we are still wrestling with arriving at an
explanation in regards to the physical processes which are significant to the effect
taking place. To date, physicists and imaging scientists have tended to explain
ultrasound image formation as the result of backscatter from interfaces between
regions with different attenuation properties in a biological sample as modulated
by the tissue properties of acoustical attenuation. What is recognized from exten-
sive theoretical studies is that the degree of randomization or the entropy of scat-
tering agents plays an important role in the backscatter of high-frequency
ultrasound. Namely, the more randomly positioned the scatterers of ultrasound
are within a sample, the greater the backscatter is observed (26). However, the
identity of the scatters remains mostly a mystery—researchers have not been
able to pinpoint the features inside cells responsible for ultrasound backscatter.
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We have also begun to tackle this problem using modern biochemistry and
molecular biology methods which facilitate the chemical and enzymatic dissec-
tion of cellular components thus permitting the effects of different biological
components on ultrasound backscatter to be delineated. To this end we have
begun to conduct experiments some of which are outlined in this chapter above
which point to the chromatin-bound DNA in the cell’s nucleus as the chief scat-
tering agent in the cell. Other structures currently under investigation and being
characterized for their ultrasonic properties include RNA, histones, chromosome
fibres, the multi-lamellar endoplasmic reticulum, as well as a representative pro-
tein and lipid samples from cells. We hope to be able one day to understand how
each of the these components contributes to ultrasound backscatter and then to
expand this model to tissues.

9. From a technological perspective, due to the imaging wavelengths which are
being used, we are limited to a relatively short penetration depth typically of 1–2
cm at 30–40 MHz which appears to be the optimal frequency range for detecting
apoptosis. Technological advances are being made in an effort to overcome this
limitation in at least two manners. In the first, developers of ultrasound instru-
mentation have been developing newer electronic circuitry to permit an increased
penetration depth, almost doubling it in the newest generation of instruments
(Fig. 1). Additionally, collaborators in the ultrasound field have developed min-
iature transducers that fit onto the end of 27 gauge needles thus permitting intra-
cavitary or even interstitial imaging and spectroscopy in the frequency range
compatible with detecting the cellular features associated with apoptosis (Foster
et al., unpublished results). Such developments should permit imaging to be car-
ried out at high frequencies of any internal human organ or neoplasms seated
deeply inside healthy tissue expanding the versatility of the imaging technique
which is currently limited to superficial lesions.
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p53 Induction as an Indicator of DNA Damage

Galina Selivanova

1. Introduction
p53 plays a central role in the cellular response to DNA damage. Induction

of this protein is triggered by DNA breaks and correlates with their presence
(1,2). In addition, p53 is upregulated by a number of different stress conditions
including hypoxia, oncogene activation, viral infection, and ribonucleotide
depletion (reviewed in (3)). The ability of C-terminal domain of p53 to bind
DNA ends (4,5), insertion/deletion mismatches (6), recombination intermedi-
ates (7) and gamma-irradiated DNA in vitro (8) implies that direct recognition
of DNA lesions by p53 can play a role in its induction (9).

Under normal conditions p53 protein levels are kept low due to ubiquitin-
dependent degradation mediated by E3 ubiquitin ligase Mdm-2 (mouse double
minute) (10–12). Upon DNA damage the series of phosphorylation events
results in release of p53 from Mdm-2 complexing followed by accumulation of
high levels of the protein. The PI-3 family kinases ATM (ataxia-telangiectasia
mutated) and ATR (AT-related) are probably the most upstream kinases that
respond to DNA damage by phosphorylating p53, along with Mdm-2 and the
checkpoint kinases chk2 and chk1 (checkpoint kinases 2 and 1), respectively.
ATM-dependent phosphorylation of Ser15 enhances the transcriptional
transactivation function of p53, whereas chk2-mediated Ser20 phosphoryla-
tion inhibits Mdm-2 binding and thus prevents p53 degradation (13–19). Mdm-2
protein expression is activated by p53 itself, creating a negative feedback loop,
which secure to cease p53 response in the absence of stress conditions. Tran-
scriptionally inactive mutant p53 found in tumors is unable to induce the
expression of its destructor Mdm-2. As a result, mutant p53 is usually expressed
at high levels in tumor cells and is not further induced by DNA damage (20).
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Induction of p53 results either in growth arrest, to allow time for DNA repair,
or in apoptosis (21,22). By eliminating the cells carrying potential genetic
alterations p53 prevents tumor development (reviewed in (23)). In addition p53
can preserve genomic integrity by promoting DNA repair (reviewed in (24)). It
is conceivable that p53 bound to damaged DNA facilitates the recruitment of
DNA repair factors to the sites of DNA damage via protein-protein interaction.
Loss of p53 function leads to the deregulation of DNA repair and causes gross
structural changes in the genome. Disruption of p53 function in some systems
resulted in a deficiency in a rate and extent of nucleotide excision repair (25–27).

p53 induction can serve as an indicator of DNA damage in situations where
the other sources of its upregulation, such as mutation, hypoxia or virus infec-
tion, are excluded. Immunohistochemical detection of p53 can provide an indi-
rect tool for detection of DNA damage. The extent of p53 induction upon DNA
damage is inversely correlated with the efficiency/intactness of the DNA repair
system in a cell (28). Thus persistent p53 staining after exposure to DNA dam-
aging agents might signal the defect in DNA repair. However, one should keep
in mind that in spite of a correlation between the extent of DNA damage and
the level of p53 induction, the amount of p53 could hardly serve as a quantita-
tive indicator of DNA damage.

Accumulation of p53 could be used as tool for the detection of DNA damage
in situ. For example, p53 induction was shown to serve as a marker for detection
of DNA lesions produced by sunlight (29). Increase in p53 level in human skin
following UVAI, UVAI+II and solar stimulating radiation was used to estimate
the efficacy of protective measures, such as sunscreens or protective clothing,
against both UVB- and UVA-induced damage in human skin (30).

A correlation between p53 induction pattern and DNA damaging mecha-
nism of carcinogenes was demonstrated (31,32). Thus, p53 appears to be a
promising candidate for a low cost predictive assay of genotoxic damage and
probably an effective tool for identifying environmental genotoxins.

This chapter describes the protocols for immunohistochemical detection of
p53 in cultured primary cells after mitomycin C treatment as an example of
DNA damage. Staining of tissue sections where p53 induction can serve as an
indicator of DNA damages also described.

2. Materials

1. Primary culture of human diploid fibroblasts (see Note 1).
2. Fixed, paraffin-embedded tissue sections prepared according to standard paraffin

embedding procedures.
3. IMDM culture medium supplemented with 10% heat-inactivated fetal bovine

serum (Invitrogen Corporation, Carlsbad, CA) , 2 mM L-glutamine, penicillin
(50 µg/mL) and streptomycin (50 µg/mL).
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4. Fixative for cells (see Note 2): 4% formaldehyde in phosphate-buffered saline
(PBS): Wear mask and gloves and use the hood when preparing formaldehyde
fixative.
a. Solution A, PBS: Fill 1 L beaker with 900 mL of distilled water and dissolve

0.23 g of NaH2PO4 (anhydrous), 1.15 g Na2HPO4 (anhydrous) and 9 g NaCl.
Adjust pH to 7.4 using 1 M NaOH and/or 1 M HCl;

b. Solution B, 4% formaldehyde: Dilute 37% formaldehyde (Sigma, St. Louis,
MO) in PBS 1:9. Store at 4°C, protect from daylight. Avoid using this fixative
after being stored longer than three weeks.

5. Cell culture tools and accessories: Multi-well (4 or 8 wells) chamber slides (Nalge
Nunc International, St Louis, MO), 70% alcohol, pasteur pipets, sterile hood,
incubator to culture cells in a humidified atmosphere containing 5% CO2 at 37°C.

6. Permeabilization buffer: 0.2% Triton-X100 in PBS.
7. 0.01 M citrate buffer: 2.1 g of citric acid per 1 L, pH adjusted to 6.0 with 2 M

NaOH. For microwave antigen unmasking for tissue sections.
8. DNA damage reagent: mitomycin C: prepare 10 mg/mL stock solution in sterile

water, store at –20°C.
9. Blocking buffer: PBS containing 2% BSA, 5% glycerol, 0.2% Tween 20 and

0.01% sodium azide or 5–10% preimmune serum in PBS.
10. Primary anti-p53 antibodies: human specific DO1 or PAb1801 (Oncogene

Research Products, San Diego, CA). Working dilution for DO1 is 1:250 in block-
ing buffer, for PAb1801 1:100 (see Note 5).

11. Fluorescent secondary antibodies: rabbit anti-mouse conjugated with fluorescein
isothiocyanate (FITC; DAKO, Carpinteria, CA). Make 1: 50 working dilution in
blocking buffer. For tissue sections use HRP-DAB Cell and Tissue Staining kit
combined with DAB enhancer (R&D Systems, Minneapolis, MN).

12. Mounting medium for fluorescent labels from DAKO. This medium minimizes
loss of fluorescence by FITC photobleaching during examination under the fluo-
rescence microscope. Add Hoechst 33258 (Oncogene Research Products, San
Diego, CA) for staining of DNA at a final concentration of 1 mg/mL. Hoechst
33258 is a potential carcinogen, therefore wear gloves while working with it.
Mounting medium for chromogenic labels: aqueous mounting medium (R&D
Systems, Minneapolis, MN).

13. Wax pen to label the tissue area.
14. Pen to label slides: SHUR/MARK pen (Fisher Scientific, Pittsburgh, PA).
15. Humidified incubation chamber for cell and tissue staining: Staining tray of

5-slide capacity with a cover (Signet Laboratories, Dedham, MA).
16. Bright field/fluorescence microscope (Olympus Optical Co. Ltd, Tokyo, Japan)

equipped with fluorescence filter set to visualize FITC (460–490 nm excitation
and 510–550 nm emission).

3. Methods
Unless otherwise stated, all incubations are performed at room temperature

in a humid chamber.
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3.1. Immunostaining of Cultured Cells

1. Seed the cells in multiwell chamber slide and incubate them for 18–24 h before
treatment with DNA damaging agent.

2. In a sterile hood gently remove the culture medium from each well using a sterile
pipette. Position the tip of the pipette into the corner of the well to avoid disturb-
ing cells.

3. Dilute stock solution of mitomycin C 1:1000 in a warm (37°C) culture medium.
Final concentration of mitomycin C should be 10 µg/mL. Add mitomycin C into
designated wells. In control wells, add culture medium. Return the chamber slide
into the 37°C/CO2 humidified incubator and incubate for 24 h.

4. Remove the chamber slides from the incubator, discard the culture medium and
add fixative into each well. Fix for 10 min and then wash 3 × 10 min with PBS.

5. Permeabilize cells for 2–5 min in 0.2% Triton in PBS.
6. Wash 3 × 10 min in PBS.
7. Remove the upper part of the slide as described by manufacturer. Place slides

horizontally into humidified chamber, add anti-p53 antibodies (30 µL per sample)
and incubate for 1 h. Alternatively, cells may be incubated with primary antibody
overnight at 4°C. In the latter case you might need to use a higher dilution of the
primary antibody.

8. Wash slides 3 × 10 min in PBS and incubate with secondary anti-mouse FITC-
conjugated antibodies for 1 h (30 µL per sample).

9. Wash 3 × 10 min in PBS. Wipe of excess buffer around the sample but do not let
the sample dry.

10. Apply mounting medium for fluorescent labels (DAKO, Carpinteria, CA), 10 µL
per sample and put cover slip. Apply a drop of immersion oil on top and examine
under the fluorescence microscope.

3.2. p53 Detection in Paraffin-Embedded Tissue Sections

For the staining of tissue sections chromogenic rather than fluorescent detec-
tion systems are recommended, due to the lower sensitivity of the latter in
tissues. To prevent drying out of the sections, the whole staining procedure is
performed in a humid chamber.

1. Label the slides using SHUR/MARK pen.
2. On the slide outline the tissue section with wax pen and let it dry for 5 min.
3. Dewax and rehydrate the sections by incubating slides at room temperature in a

glass Coplin jar as follows:
a. xylene—2× 10 min
b. 100% ethanol—2× 10 min
c. 95% ethanol—2× 10 min
d. 70% ethanol—2× 10 min

4. Wash the slides (2 × 5 min) in PBS.
5. Antigen unmasking on paraffin sections is achieved by mild proteolytic diges-
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tion or microwave treatment of the sections. Here we will describe microwave
treatment.
a. place the slides in a jar with 0.01 M citrate buffer (pH 6.0), cover it with

paraffin and puncture the film.
b. heat the sections for 2 min (the buffer should boil, the sections should not dry

during the procedure; refill it with distilled water, if necessary).
c. incubate for 15 min at room temperature, then rinse with distilled water.

6. Remove the slides from the jar, shake excess water, place them horizontally and
add 3–5 drops of 0.5% H2O2 in methanol to block endogenous peroxidase activ-
ity. Incubate 10 min.

7. Rinse the slides in distilled water for 5 min, then in PBS for 5 min.
8. Block nonspecific binding of primary antibodies by incubation with 5–20% solu-

tion of preimmune mouse serum for 20 min at room temperature in a humid cham-
ber. Blot excess blocking serum from sections.

9. Apply primary antibody PAb1801 diluted 1:100 in PBS with carrier protein (3%
BSA or 10% serum) and incubate 1 hour at 37°C (or overnight at +4°C).

10. Wash slides in PBS 3× 5 min.
11. Run avidin-biotin block using reagents from Cell and Tissue Staining kit (R&D

Systems, Minneapolis, MN). Place slides horizontally into a humid chamber and
add 3–5 drops of avidin blocking solution and incubate for 15 min. Rinse slides
in PBS, place them horizontally and add 3–5 drops of biotin blocking solution
from the kit and incubate 15 min. Wash slides in PBS for 20 min.

12. Incubate slides with biotinylated anti-mouse secondary antibody from Cell and
Tissue Staining kit for 1 h at room temperature.

13. Wash slides 3 × 5 min in PBS.
14. Incubate sections with horseradish peroxidase conjugated with streptavidin from

Cell and Tissue Staining kit for 1 h at room temperature.
15. Wash the slides 3 × 5 min in PBS.
16. Apply DAB mixture together with DAB enhancer to the sections, incubate 1–15 min

(until desired stain intensity develops) at room temperature. DAB is a potential
carcinogen, therefore wear gloves while working with it. Monitor the develop-
ment of color under the microscope using 4× or 10× power lens.

17. Discard DAB mixture, rinse the slides in water and air-dry the sections.
18. Mount the slides in aqueous mounting media: add a small drop of the mounting

media on the section, carefully place a coverslip on the drop, avoiding air bubbles.
Leave the mounted slides on a bench to allow the mounting medium to set over-
night, then store in light-tight boxes at room temperature until evaluation.

4. Notes

1. The use of primary cultures (such as human diploid fibroblasts) is recommended.
Since p53 is mutated in most of the transformed or tumor-derived cell lines, these
cells should note be used for such type of experiments. Positive p53 staining
before any treatment usually indicates the presence of nonfunctional mutant p53.
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2. An alternative to the formaldehyde fixation is methanol/acetone fixation proto-
col, which could be used when the slides are intended for storage before perform-
ing the immunostaining. Prepare 1:1 solution of methanol and acetone and keep
it at –20°C at least two hours before use. Fix the cells in methanol/acetone at
–20°C for at least 30 min. Slides could be kept in the solution at –20°C up to one
month. Remove the slide from the fixative, drain off/wipe off organic solvent
without disturbing the cell smear. Immediately rehydrate the cells in PBS for
10 min. Stain the cells as it is described in the protocol. Methanol/acetone fixa-
tion does not require permeabilization.

3. When using immunoenzymatic detection system make sure that the buffers used
to dilute the reagents and to wash the slides do not contain any inhibitors of the
enzyme (e.g., no sodium azide in case of peroxidase-based system).

4. Do not allow cell and tissue samples to dry during the incubation and washing
steps. Cell or/and tissues samples that were found dry should be excluded from
experiment. Also watch for partial drying of tissue section margins: this may
result in strong and not necessarily specific staining. Since partial drying may be
overlooked (i.e. when staining a large number of slides) during the staining pro-
cedure, it is recommended to interpret “marginal” results cautiously. The stain-
ing in the central part of the tissue will be more specific than that one on the
tissue edges.

5. Crossreactivity of some antibodies to p53 with cytoplasmic intermediate fila-
ments (PAb421, Oncogene Research Products, San Diego, CA) or granular cyto-
plasmic structures (PAb1801, Oncogene Research Products, San Diego, CA) and
possibly artifactual cytoplasmic staining caused by inappropriate fixation of
samples (33) underline the significance of controls (see below).

6. It is recommended to employ different types of controls to be sure that immuno-
histochemistry displays p53-expressing cells rather than non-specific cell and
tissue binding sites. Therefore treatment-specific control should be employed,
which will address the question of selectivity. This is done by comparing staining
in untreated cells/tissues vs. samples treated with DNA damaging agents. Even
though normal specimens may contain cells with p53-positive nuclei, their num-
ber and the level of p53 expression are expected to be extremely low in compari-
son with treated samples.

7. The specificity of staining is determined by two factors: (a) specificity of anti-
p53 antibodies and (b) specificity of immunohistochemical reagents.
a. The purpose of determining the specificity of anti-p53 antibodies is to con-

firm whether cell or tissue staining resulted from the interaction of antibodies
with specific target (p53) or caused by their cross-reaction with irrelevant
antigens. The efficient way to study the specificity is to block anti-p53 anti-
bodies taken in working dilution with the peptide corresponding to the anti-
body epitope on p53 taken in concentration 10 µg/mL. Mix well and incubate
either 5 h at room temperature or overnight at 4°C. It is expected that cell and
tissue staining will be decreased when using peptide-blocked antibodies since
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peptide will occupy binding sites on anti-p53 antibodies and thus reduce or
abolish their capacity to interact with cellular protein.

b. The analysis of the specificity of immunohistochemical reagents needs to be
done to demonstrate that such reagents as anti-mouse secondary antibodies,
avidin-HRP or fluorescein-conjugated antibody do not bind to cells and tissues
per se. The simplest way to answer this question is to omit anti-p53 antibody:
lack of labeling will be indicative for the specificity of immunohistochemical
reagents. In addition, the enzyme reaction should be performed on a section to
check for potential endogenous enzyme activity. If non-specific labeling is
observed, additional steps are required to minimize it.
Nonspecific staining can be eliminated by:
• Titration of the primary antibodies.
• Diluting the reagents in buffers containing higher concentration of the

blocking protein (for example, serum).
• Reducing the incubation times with antibodies and/or more extensive

washes between the individual steps.
• Application of avidin-biotin block using reagents from Cell and Tissue

Staining kit.
• Frequently a high non-specific background is caused by free aldehyde

groups present in tissues that are fixed with paraformaldehyde or glut-
araldehyde: free aldehyde groups are capable of reacting with secondary
antibodies and “crosslinking” them to the tissue. Free aldehyde groups
can be blocked by incubating specimens before applying primary anti-
bodies with 0.5 µg/mL of sodium borohydrate (NaBH4) for 10–20 min at
room temperature.

8. The specificity of staining is evaluated using (a) negative control and (b) positive
control.
a. Negative control constitutes a specimen, which does not contain p53. Human

tumor cell lines carrying p53 gene deletion, which could be used for this pur-
pose. These include for example osteosarcoma Saos 2, lung cancer H1299, or
ovarian cancer SKOV cell lines.

b. Tumor-derived cell lines with high level of mutant p53 expression can serve
as a positive control. For example: colon carcinoma SW480 or A431 and many
others (34).

The staining techniques described in this article could be used as a research
tool to study DNA damage in situ. For instance, these techniques could be
applied for qualitative measurement of genotoxicity of different carcinogens
and hence can help to monitor pollution using cultured cells as a model.
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1. Introduction
Caspases are cysteine-aspartic acid specific proteases that are activated in

response to different cell death inducing stimuli (1–3). Their activation ini-
tiates specific cleavage of the respective target proteins and therefore is con-
sidered to be a marker of the irreversible steps that lead to cell demise (reviews
4,5). Caspases specifically recognize a four-amino acid sequence on their sub-
strate proteins; the carboxyl end of aspartic acid within this sequence is the
target for cleavage. Several approaches have been developed to detect the pro-
cess of caspases activation. Because the activation involves the transcatalytic
cleavage of the zymogen pro-caspases (reviews 6–8) the cleavage products
having lower molecular weight than the zymogen can be revealed electro-
phoretically and identified in Western blots using caspase-specific antibodies.
Another approach utilizes the fluorogenic (or chromogenic) substrates of
caspases. Peptide substrates were developed which are colorless or non-
fluorescent, but upon cleavage, generate colored or fluorescing products (9–11).
Utility of these two approaches, however, was limited to the measurement of
caspases activation in cell extracts thereby providing no information on the in
situ caspases activation. This would allow one to study individual cells, assess
heterogeneity of cell populations, or reveal correlation with other cell attributes.

Among the approaches that can be applied to study activation of caspases in
situ are the methods based on immunocytochemical detection of the epitope
that is characteristic of the caspases’ active form. Antibodies that react only
with the activated caspases have recently become available (12), but little has
been published utilizing such antibodies in cytometric assays. Activation of
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caspases, however, can be detected indirectly, by immunocytochemical identi-
fication of the specific cleavage products e.g. the p89 fragment of poly(ADP-
ribose) polymerase and this method has been adapted to cytometry (13,14).

The method described here relies on the use of the fluorochrome-labeled in-
hibitors of caspases (FLICA; refs. 15,16). The principle of this methodology was
introduced long ago in the studies of the esterases and proteases utilizing radio-
labeled specific inhibitors that bound to the active centers of these enzymes and
were detected by autoradiography (17). In the case of caspases the ligands that
specifically and covalently bind to their active centers are carboxyfluorescein
(FAM) or FITC- labeled peptide-fluoromethyl ketone (FMK) inhibitors (Fig. 1).
These ketone reagents penetrate through the plasma membrane of live cells and
are relatively nontoxic to the cell, at least in short-term incubations. Actually, in
some cell systems these inhibitors promote cell survival, protecting them from
apoptosis (4,5,18). The recognition peptide moiety of these reagents provides
some level of specificity between ligand and a particular caspase. Several
FLICAs are commercially available [Serologicals Corp. (formerly Intergen),
Gaithersburg, MD; Promega, Madison, WI], including FAM (or FITC)-VAD-
FMK which contains the valylalanyl aspartic acid residue sequence. This target
sequence allows this inhibitor to irreversibly bind to activated caspases  -1, -3 -4,
-5, -7, -8 and -9. Other inhibitors such as VDVAD, DEVD, VEID, YVAD,
LETD, LEHD, and AEVD contain peptide residues which preferentially bind to
the activated caspases -2, -3, -6, -1, -8, -9, and -10, respectively.

Exposure of live cells to FLICAs results in the uptake of these reagents
followed by their covalent binding to activated caspases within the cells that
undergo apoptosis. Unbound FLICAs are removed from the nonapoptotic cells
that lack activated caspases by rinsing the cells with wash-buffer. The proto-
cols given below describe labeling cells that contain activated caspases using
FAM-VAD-FMK . This reagent which, as mentioned above, lacks specificity
and labels all caspases. The same protocol can be applied to other FLICA with
VDVAD, DEVD, VEID, YVAD, LETD, LEHD, or AEVD recognition pep-
tides. Cells labeled with FLICAs can be examined by fluorescence micros-
copy, or subjected to quantitative analysis by flow cytometry or laser scanning
cytometry (LSC). The latter instrumentation (LSC), which combines several
features of flow cytometry and image analysis (reviews, 19,20), is particularly
useful in studies of apoptosis (21,22; review 23)

2. Materials

1. Cells to be analyzed: Can be grown on slides (see Subheading 3.1) or in suspension.
2. Microscope slides, coverslips: see Subheading 3.1.
3. Fluorescence microscope, or laser scanning cytometer (LSC, manufactured by

CompuCyte, Cambridge, MA) or flow cytometer, each with appropriate fluores-
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Fig. 1. Schematic illustration of FLICA binding to activated caspases.  Caspases
are present in the cell as zymogens containing N-terminal prodomain followed by a
large (~20 kDa) and a small (~10 kDa) catalytic subunit (A). The size of the prodomain
segment varies between caspases. A large prodomain size is typical of initiator
caspases while effector caspases have short prodomain regions. Two related motifs
are present in prodomains: the death effector domain (DED) and caspase recruitment
domain (CARD). When activated by the death signal the pro-caspases are initially
cleaved at Asp-X bonds between the large and small subunits which results in separa-
tion of subunits (B). The second cleavage takes place also at Asp site and leads to
separation of the prodomain (C). The subunits from two caspases then assemble into a
hetero-tetramer to form the active protease that has two active centers at opposite ends
of the molecule (D). The active enzymatic centers are accessible to the substrates and
also can bind FLICA (E). The covalent binding of FLICAs is mediated by the fluoro-
methyl ketone (FMK) moiety which interacts with the cysteine of the active center
forming a thiomethyl ketone II and irreversibly inactivates the enzyme (24). The speci-
ficity of binding is provided by the sequence of amino acids in the tetra-peptide moi-
ety (e.g., DEVD for caspase-3). The tri-peptide (VAD) moiety FLICA binds to all
caspases and thus is pan-caspase inhibitor/marker. The fluorescent tag (carboxy-
fluorescein, FAM) is located on the other end of the FLICA molecule.

cence excitation source and emission filters. Flow cytometers of different types,
offered by several manufacturers, can be used to measure cell fluorescence fol-
lowing staining according to the procedures described below. The manufacturers
of the most common flow cytometers are Coulter Corporation (Miami, FL),
Becton Dickinson Immunocytometry Systems (San Jose, CA), Cytomation (Fort
Collins, CO) and PARTEC (Zurich, Switzerland).

4. Phosphate-buffered saline (PBS).
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5. Dimethyl sulfoxide (DMSO).
6. Stock solution of PI: Dissolve 1 mg of PI (Molecular Probes) in 1 mL of distilled

water. This solution can be stored at 4°C in the dark for several months.
7. Stock FLICA solution: Dissolve lyophilized FLICA (e.g. FAM-VAD-FMK;

available as a component of the CaspaTag™ Fluorescein Caspase Activity kit
from Serologicals, Cat No. S7300) in dimethyl sulfoxide (DMSO) as specified in
the kit to obtain 150× concentrated (stock) solution of this inhibitor. Also avail-
able from Serologicals are caspase-2 (VDVAD), caspase-3 (DEVD), caspase-6
(VEID), caspase-1 (YVAD), caspase-8 (LETD), caspase-9 (LEHD), and caspase-
10 (AEVD) FLICAs. Aliquots of FLICAs solution may be stored at –20°C in the
dark for several months.

8. Intermediate (30 × concentrated) FLICA solution: Prepare a 30 × concentrated
solution of FAM-VAD-FMK by diluting the stock solution 1:5 in PBS. Mix the
vial until the contents become transparent and homogenous. This solution should
be made freshly. Protect all FLICA solutions from light.

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

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

solution.

3. Methods

3.1. Attachment of Cells to Slides (Cells to be Analyzed
by Microscopy and/or LSC)

The procedure requires incubation of live (unfixed, not permeabilized) cells
with solutions of FLICAs. A variety of adherent cells are available for growth in
cell culture flasks. Such cells can be attached to microscope slides by culturing
them on slides or coverslips. Culture vessels that have a microscope slide at the
bottom of the chamber are commercially available (e.g. “Chamberslide”, Nunc,
Inc., Naperville, Il). Adherent cells may be detached from culture flasks using
trypsin-EDTA solution (BioWhittaker, Inc., Walkersville, MD). A suspension
of these cells can be prepared using cell culture media plus 7–10% fetal bovine
serum. The cells growing in these chambers spread and attach to the slide surface
after incubation at 37°C for several hours. Glass rather than plastic slides are pre-
ferred as the latter often have high autofluorescence that interferes with measure-
ments by LSC. Alternatively, the cells can be grown on coverslips e.g. placed on
the bottom of Petri dishes. The coverslips are then inverted over shallow (< 1 mm)
wells on the microscope slides. The wells can be prepared by constructing the
well walls (~ 2 × 1 cm) with either a pen that deposits a hydrophobic barrier
(“Isolator”, Shandon Scientific), nail polish, or melted paraffin. The wells also
may be made by preparing a strip of Parafilm “M” (American National Can,
Greenwich, CT) of the size of the slide, cutting a hole ~2 × 1 cm in the middle of
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this strip, placing the strip on the microscope slide and heating the slide on a
warm plate until the Parafilm starts to melt. It should be stressed, however, that
because the cells detach during late stages of apoptosis these cells may be selec-
tively lost if the analysis is limited to attached cells.

Cells that normally grow in suspension can be attached to glass slides by
electrostatic forces. This is due to the fact that sialic acid residues which cover
the cell surface have a net negative charge in contrast to the glass surface which
is positively charged. Incubation of cells on microscope slides in the absence
of any serum or serum proteins (which otherwise neutralize the charge), thus,
leads to their attachment. The cells taken from culture should be rinsed in PBS in
order to remove serum proteins contained in the cell culture media and then resus-
pended in PBS at a concentration of 2 × 105 cells/mL . An aliquot (50–100 µL)
of this suspension should be deposited within a shallow well (prepared as
described above) on the horizontally placed microscope slide. To prevent dry-
ing, a small piece (~2 × 2 cm) of a thin polyethylene foil or Parafilm may be
placed atop of the cell suspension drop. A short (15–20 min) incubation of
such cell suspension at room temperature in a closed box containing wet tissue
or filter paper that provides 100% humidity is adequate to ensure that most
cells will firmly attach to the slide surface. Cells attached in this manner remain
viable for several hours and can be subjected to surface immmunophenotyping,
viability tests or intracellular enzyme kinetics assays (20). Such preparations
can be fixed (e.g. in formaldehyde) without a significant loss of cells from the
slide. However, as in the case of cell growth on glass, late apoptotic cells have
a tendency to detach after the initial attachment.

It should be stressed that the microscope slide to which the cells are going to
be attached electrostatically should be extra clean. Fingerprints leave oils on
the slide that interferes with cell attachment. To remove possible contamina-
tion of the glass surface that may interfere with cell attachment it is advised to
soak the microscope slides in a household detergent, and then rinse in water
and 100% ethanol respectively. Slides should be allowed to air dry and used
the same day they are cleaned.

3.2. Cell Staining and Analysis by Microscopy or LSC

1. Attach the cells to the microscope slide as described in Subheading 3.1. Keep
the cells immersed in the culture medium by adding 100 µL of the medium (with
10% serum) into the well on the microscope slide to cover the area with the cells.

2. Remove the medium and replace it with 100 µL of the 1 × FLICA (e.g. FAM-
VAD-FMK) staining solution (see Note 1).

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



294  Darzynkiewicz et al.

4. Remove the staining solution with Pasteur pipet. Rinse thrice with the rinsing
solution each time, adding a new aliquot, gently mixing, and after 2 min replac-
ing with the next rinse (see Note 2).

5. Apply one or two drops of the PI staining solution atop of the cells deposited on the
slide. Cover with a coverslip and seal the edges to prevent drying (see Note 3).

6. Within the next 30–40 min following incubation with FLICA observe the cells
under fluorescence microscope (blue light illumination) or measure cell fluores-
cence on LSC. Use the argon ion laser (488 nm) of LSC to excite fluorescence,
contour on light scatter and measure green fluorescence of FLICA at 530 ± 20 nm
and red fluorescence of PI at >600 nm.

3.3. Cell Staining and Analysis by Flow Cytometry
(see Notes 4–8)

1. Suspend 5 × 105–106 cells in 0.3 mL of full culture medium (with 10% serum) in
centrifuge tube.

2. Add 10 µL of the 30 × concentrated (“intermediate”) FLICA solution to this cell
suspension. Mix the cell suspension by flicking the tube (see Note 1).

3. Incubate for 60 min at 37°C in atmosphere of air with 5% CO2 , at 100% humid-
ity, in the dark.

4. Add to the cell suspension with FLICA 5 mL of the rinsing solution (PBS with
BSA) and gently mix the cell suspension. Alternatively, the rinsing solution may
be replaced by using the 1 × Wash Buffer” provided as a 10 × concentrate with
the FLICA kit (CaspaTag™; Serologicals)

5. Centrifuge at 300g for 5 min at room temperature and remove supernatant by
aspiration.

6. Resuspend cell pellet in 2 mL of the rinsing solution or in “1 × Wash Buffer”.
7. Centrifuge at 300g for 5 min and aspirate supernatant (see Note 2).
8. Resuspend cells in 1 mL of the PI staining solution. Place the tube on ice (see

Note 3).
9. Measure cell fluorescence by flow cytometry

a. excite cell fluorescence with blue light (488 nm laser line, or when using
mercury arc lamp, apply BG12 excitation filter)

b. measure green fluorescence of FLICA at 530 ± 20 nm.
c. measure red fluorescence of PI at >600 nm.

Some problems that should be taken into account when using FLICA and
Figs. 2 and 3 are discussed in Notes 4–8.

4. Notes

1. Protect cells from light throughout the procedure.
2. After step 4 (Subheading 3.2) or step 7 (Subheading 3.3) the cells may be fixed

in 1% formaldehyde followed by 70% ethanol and then subjected to staining with
PI in the presence of RNase or stained with 7-aminoactinomycin D. Analysis of
the FLICA vs PI fluorescence by LSC of flow cytometry allows then to correlate
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activation of caspases with cellular DNA content i.e. the cell cycle position or
DNA ploidy. Details of this procedure are provided in reference (16). Alterna-
tively, when two-laser excitation is available and one of the lasers produces UV
light, the cellular DNA may be counterstained with Hoechst 33342.

3. Staining with PI is optional. It allows us to identify the cells that have integrity of
plasma membrane compromised to the extent that they cannot exclude PI (necro-
tic and late apoptotic cells, cells with mechanically damaged membranes, iso-
lated cell nuclei; Fig. 3).

4. One has to keep in mind that FLICAs are not passive reagents that mark the
activated caspases, but react directly with the caspase by covalent interaction
with the active site of the enzyme. This inhibits caspase activity suppressing the
process of apoptosis. Thus, the rate of apoptosis progression and all the events
related to caspases activity are suppressed by FLICAs. The degree of suppression
depends on their concentration, their target four peptide sequence, and the time
of the cell exposure, vis-à-vis the induction of apoptosis.

5. Another problem that should be taken into an account when using FLICA to
mark the activated caspases in live cells pertains to fragility of apoptotic cells.
The assay requires incubation of live cells with these reagents followed by
repeated rinsing to remove unbound FLICA from the non-apoptotic cells.
Apoptotic cells, particularly at late stages of apoptosis, are fragile and are prefer-
entially lost during the centrifugations. A certain degree of stability is derived
from the presence of serum (up to 20% v/v) or BSA (up to 2% w/v) in the rinsing
buffers. Also, the cells should be sedimented with minimal g force and short

Fig. 2. Interference (Nomarski) contrast (left) and fluorescence microscopy (right)
photomicrographs of MCF-7 cells labeled with FLICA and stained with PI. The cells
growing in microscope slide-chambers were treated with 0. 15 µM camptothecin (CTP)
for 24 h and then incubated with FAM-VAD-FMK for 1 h, as described in the proto-
col. The cells were subsequently fixed in 1% formaldehyde followed by 70% ethanol,
and their DNA counterstained with PI in the presence of RNase (see Note 3). Apparent
are two apoptotic cells with changed morphology (diminished size, rounded shape;
marked with arrows) detaching from the slide that are labeled with FAM-VAD-FMK.
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centrifugation time. Some cell loss, however, does occur even when the cells are
treated with the utmost caution. Because of cell loss one has to be careful draw-
ing conclusions about the frequency of apoptosis based on the percentage of
FLICA positive cells in the samples assayed by flow cytometry. In contrast to
flow cytometry, analysis by LSC does not does not require the use of multiple
centrifugation steps. Once cells are attached to microscope slides, they can be
conveniently rinsed and analyzed for apoptotic activity. In the case of LSC, how-
ever, the propensity of apoptotic cells to detach from the glass should be taken
into account, as it also may bias the analysis of apoptosis frequency.

6. It is difficult to assess the specificity of in situ bound individual FLICA sequences
designed to be markers for their respective caspases. Certainly, the inhibitor with
the VAD peptide sequence lacks specificity and binds to all caspases. An exception
may be caspase-2 to which VAD has a low binding constant (24). The inhibitor
with the DEVD sequence designed to be caspase-3 specific is expected also to
interact with several other caspases. The inhibitory constant (Ki) of Ac-DEVD-
CHO is 0.2–2.2 nM for caspase-3, 0.9 nM for caspase-8 and 1.6 nM for caspase-7
(24). In the present study we did observe that MCF-7 cells, (cells that do not
express caspase-3) were quite strongly labeled with FAM-DEVD-FMK. This
would suggest that in the absence of caspase-3, caspases-7 and -8, and perhaps
other caspases were labeled with FAM-DEVD-FMK in MCF-7 cells. Other inhib-

Fig. 3. The bivariate distributions (scatterplots) of FAM-VAD-FMK (FLICA; green
maximal pixel) vs PI (red integral) fluorescence of the control (CTR) and CPT-treated
HL-60 cells. The cells were stained according to the protocol (Subheading 3.2) and
their fluorescence was measured by LSC. The live non-apoptotic cells, which are pre-
dominant in CTR are unlabeled (quadrant A). Early apoptotic cells have increased
FLICA fluorescence but minimal fluorescence of PI (quadrant B). The cells more
advanced in apoptosis show variable degrees of both, FLICA- and PI-, fluorescence
(quadrant C). At terminal stages of apoptosis, caspases become unreactive with FLICA
and very late apoptotic cells FLICA-negative and PI- positive (quadrant D).
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itors also have strong affinity to more than a single caspase (24–27). Moreover,
since little is known about the effective concentration of the different FLICA
sequences within the confines of the cell and also about their binding constants to
the respective caspases in situ, one has to be careful not to draw too many conclu-
sions about their specificity based on binding in live cells. It was observed, how-
ever, that when the cells were pre-treated with a high concentration of the
inhibitor (Z-VAD-FMK) the subsequent binding of the labeled inhibitor was
reduced by over 90% (16). Likewise, when fixed and permeabilized cells were
treated with an excess of the caspase-3 substrate (Ac-DEVD-pNA) the binding
of the respective FLICA was inhibited (16).

7. Fig. 2 shows the photomicrographs of MCF-7 cells treated for 24 h with
camptothecin (CPT) to induce apoptosis and then stained with FAM-VAD-FMK
according to the protocol described above. The cells were then fixed in formalde-
hyde followed by ethanol and their DNA stained with PI in the presence of RNase
as described in Note 3. Notice two strongly fluorescing cells with changed mor-
phology, typical of apoptosis.

8. The bivariate distributions (scatterplots) of FAM-VAD-FMK (FLICA; maximal
pixel) vs PI (integral) fluorescence of the control and CPT-treated HL-60 cells are
presented in Fig. 3. Cells were stained according to the protocol presented above and
their fluorescence was measured by LSC. The live non-apoptotic cells have neither
FLICA nor PI fluorescence (quadrant A). Early apoptotic cells have increased FLICA
fluorescence but no red fluorescence of PI (quadrant B). Late apoptotic cells show
variable degree of FLICA- and also PI- fluorescence (quadrant C). Very late apoptotic
or necrotic cells are FLICA-negative and PI- positive (quadrant D).
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