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INTRODUCTION

A vast amount of work since the late 
nineteenth century has been devoted to 
solving the puzzle of how cells multi-
ply. Although of equivocal importance, 
the question of how and why they die 
has been one of relatively recent con-
cern. After this period of neglect, it 
was published that there is an intrinsic 
genetic program for scheduled removal 
of ineligible or redundant cells. This 
program is activated at a controlled 
time and location and was labeled pro-
grammed cell death (1,2).

In literature regarding the issue 
of cell death, the term apoptosis (3) 
is frequently seen, and there is a ten-
dency to use it as a synonym for the 
term programmed cell death. In actual 
fact, apoptosis can be taken as a type 
of programmed cell death, but the term 
apoptosis carries with it morphological 
connotations that do not apply to all in-
stances of programmed cell death dur-
ing development (4). Nevertheless, the 
majority of vertebrate developmental 
cell deaths occur in an apoptotic man-
ner (5–7), and all the techniques that 
were used in this study are based on 

the classical biochemical hallmarks of 
apoptosis. Therefore, the term apopto-
sis is generally used here.

Apoptosis consists of several succes-
sive stages. Generally, most apoptotic 
pathways involve a sensor that detects 
a death-inducing signal, which triggers 
the death program via a signal transduc-
tion network. This leads to the activation 
of execution machinery (a cascade of 
intracellular proteases called caspases) 
that carries out the process of cell death. 
The last step is the removal of dead cells 
through engulfment of cell corpses by 
other cells, usually macrophages.

Techniques for detecting apoptosis 
make use of some of the many specific 
biochemical hallmarks of apoptosis. The 
most important and fairly well explored 
hallmark is the activation of the cascade 
of cystein proteases (specific for cleav-
age at aspartate residues) called cas-
pases. The ability of caspase 6 to cleave 
lamins—especially lamin B (8)—is 
important for our study. Caspase 3 abol-
ishes the inhibitor of caspase-activated 
DNase (ICAD/DFF-45), which enables 
the activation of this specific DNase 
(CAD/DFF-40), which is involved in the 
nonrandom internucleosomal degrada-

tion of apoptotic DNA (9), yielding spe-
cific fragments that can be detected by 
the terminal dUTP-transferase-mediated 
nick end labeling (TUNEL) technique 
(10,11). Long before the beginning of 
DNA fragmentation, the digestion of 
histones and other DNA-associated pro-
teins occurs (12). This contributes to the 
increased sensitivity of DNA to thermal 
denaturation and is the principle of the 
apostain technique (13). The techniques 
of lamin B detection, TUNEL, and 
apostain were chosen from a wide spec-
trum of methods (14) for their common 
characteristic of suitability to be used in 
combination with both paraffin-embed-
ded tissues and cell cultures.

The aim of this study was not to de-
scribe the level of apoptosis in a given 
tissue, as this has already been published 
(15–18). Our intention was to compare 
the reliability, efficiency, and stability of 
the three techniques based on different 
biochemical hallmarks to give further 
insight into their future possible use on 
a broad spectrum of tissues.

MATERIALS AND METHODS

Processing of Material

For precise comparison, the follow-
ing five model subjects were observed 
and evaluated: an anlage of embryonic 
limb consisting of eight morphological 
areas and an anlage of axial skeleton 
composed of three structures (both 
sixth through twelfth week of intra-
uterine development), five layers of 
primitive embryonic intestine (seventh 
through twenty-eighth week of intra-
uterine development), human leukemic 
cells HL60, and two areas of embryon-
ic placenta in the twenty-second week 
of intrauterine development. Fetal and 
placental tissue were obtained with the 
full agreement of informed donors, in 
compliance with the Helsinky declara-
tion and Czech legal code. HL60 cells 
were obtained as a courtesy of the 
Laboratory of Growth Regulators AS 
CR (Olomouc, Czech Republic).

Embryonic tissues from 25 em-
bryos and fetuses were routinely pro-
cessed—fixed in Methacarn (19) and 
embedded in paraffin—and 7-µm thin 
sections were used for all detections. 
HL60 cells were treated for 6 h in 100 
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µM Bohemin (20), 100 µM Olomoucin 
(21,22) (both are courtesy of the Labo-
ratory of Growth Regulators AS CR), 
100 µM actinomycin D (23) (Merck, 
Rahway, NJ, USA), and 10 µM etopo-
side (23) (Delta West PTI Ltd., Bentley, 
NSW, Australia) to induce apoptosis. 
Embryonic placenta was fixed in the 
following fixatives: 4% and 10% pure 
formaldehyde, 4% buffered formal-
dehyde, 4% neutral formaldehyde, 
Bouin’s fixative, Baker’s fixative, 
methanol-phosphate-buffered saline 3:
1 (all in Reference 24), and Methacarn 
(19). The fixed tissue was then embed-
ded in paraffin.

TUNEL Technique

For the detection of apoptosis, we 
used the following techniques. For the 
labeling of numerous oligonucleoso-
mal DNA fragments of apoptotic cells 
by the TUNEL technique, the In Situ 
Cell Death Detection Kit AP (Roche 
Applied Science, Basel, Switzerland) 
with slight adjustments was used. Sam-
ples were pretreated by irradiation in a 
microwave oven in 0.1 M citrate buffer, 
pH 6.0, for 1–15 min (according to the 
method of fixation of the sample). The 
next step consisted of the application of 
30 µL mixture of dUTP-transferase and 
fluoresceinated nucleotides (incuba-
tion for 40 min in 37°C in a humidified 
chamber). The same volume of anti-
fluorescein antibody conjugated with 
alkaline phosphatase is applied after 
that (incubation for 30 min in 37°C in 
a humidified chamber). The procedure 
takes about 4 h and is user-friendly.

Apostain Technique

Short thermal denaturation unravels 
DNA in areas where DNA scaffolding 
was degraded by the action of caspases. 
Apostain is a special mouse monoclo-
nal antibody against such ssDNA (1:
10; F7-26; Alexis Biochem, Lausen, 
Switzerland). Pretreatment consisted of 
incubation of samples dipped in tubes 
containing 5 mM MgCl2 in phosphate-
buffered saline (PBS) in 99°C water bath 
for 4 min. After 1 h incubation of pri-
mary antibody at 37°C, the biotinylated 
secondary goat anti-mouse antibody (1:
20; Roche Applied Science) was added 
(for 40 min). Another 40-min incubation 

with streptavidin-alkaline phosphate (1:
1000; Roche Applied Science) followed. 
The labeling of apoptotic cells by apos-
tain takes about 7 h, and, in comparison 
with common immunohistochemistry, 
thermal denaturation of DNA requires 
extra equipment.

Lamin B Technique

Loss of lamin B positivity is also 
a marker of apoptosis. Lamin B was 

detected by the standard three-step 
immunohistochemical assay (6-h pro-
tocol). The primary (1:100; goat mono-
clonal antibody) and secondary (1:100; 
donkey anti-goat antibody) antibodies 
used were products of Santa Cruz Bio-
technology (Santa Cruz, CA, USA); 
the conjugated streptavidin-alkaline 
phosphatase and its substrate nitro blue 
tetrazolium plus 5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) were 
produced by Roche Applied Science.

Figure 1. Box and whisker plots showing the distribution and main quartiles of all data. The loca-
tion of the medians illustrates the general tendency of the apostain technique and the lamin B technique 
to yield the highest and lowest apoptotic indexes, respectively.

Figure 2. Correlation parameters among all the detection techniques. The correlation coefficients 
and their levels of significance (P) are located in the left part of the table. The data histograms (bar 
graphs) for each of the particular techniques are in the middle [x-axis depicts apoptotic indexes (AIs) 
between 0 and 1 in intervals of 0.1; y-axis shows the total number of samples analyzed by a given tech-
nique that yielded a particular AI]. The distributions of AIs, obtained by particular combinations of de-
tection techniques, are located in the right part of the table together with the plotted line of simple linear 
regression assessed by the least squares criteria.
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Purple-blue NBT/BCIP substrate 
was used for visualization of all immu-
nocomplexes.

Data Analysis

The final result of any apoptosis-de-
tecting technique is called an apoptotic 
index (AI). This is a ratio of apoptotic 
cells to the total sum of all cells. Apop-
totic cells in embryonic tissues were 
visualized by purple-blue precipitates 
and quantified by means of light mi-
croscopy (Olympus Optical Co. GmbH, 
Hamburg, Germany) and image analysis 
software ACC 4.0 (Sofo, Brno, Czech 
Republic). For every combination of 
observed specimen and detection tech-
nique, the quantification was repeated 
six times, and the average of these six 
values was then subsequently used in the 
statistical evaluation. Leukemic HL60 
cells were evaluated by flow cytometry 
(18), and the average value was taken 
from three independent measurements. 
Comprehensive data, including the aver-
ages of the AIs of all the samples (n = 
101), were then processed using the sta-
tistical software Statistica for Windows 
(http://www.statsoftinc.com/).

The reproducibility of all the assays 
is high. In previously published stud-
ies, this was documented by multiple 
assessment of the level of apoptosis on 
two or three embryos of the same age 
or by repeating the same experiment 
using cell culture. All the obtained re-
sults underwent statistical evaluation.

RESULTS

Selection of Evaluated Material

The model subjects were chosen for 
the following features. Embryonic tis-
sues are the physiological examples of 
apoptosis in the organism. They are also 
good models to find out whether or not 
the processing of tissues necessary for 
detection impairs the tissue morphol-
ogy. HL60 cells were treated by four 
different apoptosis-inducing agents to 
assess objectively the ability of a given 
technique to mark apoptotic cells re-
gardless of the agent used. Human pla-
centa was fixed by eight different solu-
tions to determine whether the detection 
techniques were influenced by fixation 

and whether the fixation solutions could 
artificially change the level of apoptosis. 
The results of the individual experiments 
involving the determination of whether 
or not the type of fixative used affects 
the level of apoptosis are not mentioned 
in this study. These results can be found 
in a previous publication (16). However, 
using different types of inducing agents 
and fixatives contributed to raising the 
number of samples and so widened the 
range of objectivity.

Relations Between Techniques in 
Their Determination of Apoptotic 
Index

The analysis of variance (ANOVA) 
test was used for the data variance analy-
sis—the data proved to display balanced 
sorting, and a high homogeneity of vari-
ance, as tested by Bartlett. At the confi-
dence level of less than 0.01, the match-
ing of data was rejected (P = 0.005656). 
This indicated that the AIs differ among 
all the detection techniques. Detailed 
analysis showed a general pattern of the 
quantitative level of apoptosis in asso-
ciation with the detection techniques in 
the majority of the observed objects. The 
level of apoptosis revealed, from lowest 
to highest according to technique, was 
the lamin B, then TUNEL, and finally 
the apostain technique, respectively 
(Figure 1). Therefore, the intention was 
to find out whether there was any linear 
dependence among pairs of techniques, 
and for this purpose Pearson’s correla-
tion coefficient (r) was used.

Correlation

The TUNEL and apostain tech-
niques were positively correlated in 
every observed organ with the excep-
tion of the placenta (limbs, r = 0.7189; 
axial skeleton, r = 0.9301; intestine, r 
= 0.5379; HL60, r = 0.8696, in all the 
cases P < 0.0001; placenta, r = 0.3125, 
P = 0.2391). The lack of correlation 
in placental tissue is thoroughly ex-
plained in Reference 16. It is caused 
by the higher sensitivity of the apostain 
technique to the formaldehyde fixa-
tion. Although the existence of a linear 
correlation between TUNEL/apostain 
and lamin B was a bit weaker, a posi-
tive correlation between the TUNEL 
and the lamin B technique was appar-
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ent in certain organs. This was found 
to be true in the placenta (r = 0.5416, 
P < 0.0001), limbs (r = 0.7331, P < 
0.0001), and axial skeleton (r = 0.8708, 
P < 0.0001). No relation was noted in 
the intestine and in HL60 cells [r = 
-0.0351 (P = 0.8542) and r = 0.3802 
(P = 0.4574), respectively]. Nonethe-
less, the comprehensive correlation of 
all the techniques and all the data from 
each observed specimen revealed that 
there was a strong positive correlation 
among all three techniques (Figure 2). 
The Student’s t test also proved that 
the correlations were highly significant 
among all the techniques (P < 0.0001).

Conversion of Results to TUNEL

In publications regarding the issue 
of programmed cell death, it is appar-
ent that the TUNEL technique is the 
method of choice in the majority of 
reports. Therefore, the aim was to find 
a way to convert the results obtained by 
the lamin B and apostain techniques to 
those of TUNEL. As the relation among 
techniques is linear, the linear regres-
sion ratio was used in the first attempt. 
Eventually, when testing these results 
using ANOVA, we did not discover any 
significant increase of matching (P = 
0.0734). Therefore, for purpose of con-
version, we used a coefficient, which 
was the median of the ratios between 
individual techniques for each sample 
(TUNEL/apostain: median = 0.8594; 
TUNEL/lamin B: median = 1.1215). 
The probability of the matching of data 
was then increased to 0.3401.

There is no doubt that this trial 
quantification of differences among de-
tection techniques is no more accurate 
than simply stating that apostain gen-
erally gives a slightly higher AI than 
TUNEL, etc. Therefore, the conversion 
coefficient should be looked upon as no 
more than a helpful tool for the rough 
estimation and comparison of AIs ob-
tained by one of these techniques.

DISCUSSION

Techniques for the detection of 
apoptosis are numerous and vari-
ant—they detect specific hallmarks of 
apoptosis and incorporate several dif-
ferent methods as are flow cytometry, 

immunohisto(cyto)chemistry, ELISA 
staining with charged dyes, electro-
phoresis, etc. Among all these detec-
tion techniques, TUNEL is the most 
widely used. Initially, immediately 
after the development of the technique, 
TUNEL was highly respected as the 
most reliable and specific way to la-
bel apoptotic cells. Then, the danger 
of false-positively stained necrotic 
cells challenged its reliability, but now 
TUNEL has been gradually gaining 
more respect. The main advantage of 
TUNEL is its versatility—it allows 
the comparison of fixed and live mate-
rial, cells and tissues, even animals and 
plants. Therefore, it is a prime candi-
date for standardization. Our conver-
sion coefficients could be helpful not 
only when approximately comparing 
results produced in other laboratories 
but also when comparing those from 
one technique to those from two others. 
They also conserve precious embry-
onic material, since only one technique 
is performed and results can then be 
approximately standardized.

As each of the apoptosis detecting 
techniques has a weak point, more than 
one detection technique is usually used 
for precise assessment of the apoptosis 
level in the observed subject (25). Usu-
ally, a combination of an immunohisto-
chemical technique (mostly TUNEL) 
and ELISA or flow cytometry is used. 
However, for paraffin-embedded mate-
rial, immunohistochemistry is the only 
available approach. Therefore, this 
study gives the comparison among as-
says suitable for immunohistochemistry. 
It is no surprise that the TUNEL tech-
nique is so ubiquitous—it is timesaving 
and gives the most coherent results. On 
the other hand, it involves an empirically 
determined step of pretreatment, which 
cannot be the same for all samples. Even 
if the procedural steps involved in the 
apostain and the lamin B techniques are 
more constant, the apostain technique 
is more time-consuming and less user-
friendly. The greatest weakness of the 
lamin B technique is that the apoptotic 
cells to be detected are the ones that are 
not stained at all and are therefore more 
difficult to find in densely stained tissue. 
That handicaps this quite robust detec-
tion technique, which is actually affect-
ed less by the method of tissue fixation 
than the other two techniques (16).

The stability of studied techniques 
involves their tolerance to (i) slightly 
changing conditions, (ii) the method 
of pretreatment, and (iii) the ability to 
avoid false-positive or false-negative 
results. Lamin B is the most stable 
technique regarding the first two pa-
rameters, but it could give false-posi-
tive results, as during mitosis lamins 
are degraded as well. Detection by 
the apostain technique, on the other 
hand, is hardly affected by the method 
of tissue fixation. The critical point of 
TUNEL technique is the nonuniform 
pretreatment procedure and its ability 
to stain even late necrotic cells. There-
fore, we cannot simply state what is the 
most stable technique—this is possible 
to determine only with reference to 
the proliferation status, the occurrence 
of necrosis, and the fixation fluid of a 
given tissue that is used.

To recapitulate, these techniques give 
different but strongly correlating results 
because they describe the same phe-
nomenon detected at different phases 
in the course of the apoptotic process. 
The degradation of protein scaffolding 
of DNA occurs in the early part of the 
apoptotic process, whereas fragmen-
tation of DNA and disintegration of 
lamin B in the nuclear membrane are 
later events influenced by downstream 
caspases. This reality partially explains 
the generally higher amount of cells 
stained using the apostain technique. 
On the other hand, the low numbers of 
detected lamin B-negative cells are most 
probably caused mainly by their lower 
visibility. Moreover, the results obtained 
by lamin B correlate less; therefore, in 
further experimentation, priority will be 
given to the preferred TUNEL and apos-
tain techniques.
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 INTRODUCTION 

Mycobacterium leprae, the etio-
logic agent of leprosy, affects the skin, 
eyes, and mucosa of the upper respira-
tory tract and is unique among bacterial 
pathogens in its ability to invade the 
peripheral nervous system (1). Ap-
proximately 3 million leprosy patients 
in the world are physically disabled as 
a result of damage to peripheral nerves 
and the attendant sensorimotor loss. 
One-fourth of the 700,000 newly diag-
nosed patients each year (2) will suffer 
from irreversible nerve damage and are 
at risk of developing classic hand and 
foot deformities and associated dis-
abilities as a long-term consequence of 
infection with M. leprae (3). 

Fundamental to understanding the 
pathogenicity of M. leprae is to define 
the composite phenotype of the bacillus 
and to determine gene expression re-
lated to intracellular survival and viru-
lence. A major obstacle impeding prog-
ress in this area has been our inability 
to culture M. leprae in vitro. Lacking 
sufficient quantities of viable M. leprae 
from biopsy material of leprosy lesions 
from which to study the biochemical 
basis of phenotype and genotype, most 
findings in this area have been of lim-
ited scope. In addition, gene expression 
analysis of M. leprae has been greatly 

hampered by the lack of a suitable 
method to purify RNA from infected 
tissues in sufficient quantities to ana-
lyze a large number of genes from a 
single biopsy. To date, transcripts for 
only a few M. leprae genes have been 
identified (4,5). Therefore, there is a 
general lack of understanding of which 
genes are required for intracellular sur-
vival and virulence.

A major reason for the inability to 
purify M. leprae RNA from clinical 
specimens is that M. leprae possesses 
a complex mycobacterial surface struc-
ture consisting of a Gram-positive-like 
cell wall surrounded by a waxy, lipid, 
mycolic acid- and phenolic glycolipid-
containing envelope (6). This dense coat 
makes lysis of M. leprae for subsequent 
purification of RNA extremely difficult. 
Therefore, conventional techniques for 
purification of mycobacterial RNA for 
gene expression analysis have not been 
successfully applied to generate suf-
ficient quantities of M. leprae mRNA, 
even when large numbers of bacteria 
from infected mouse foot pads have 
been extracted (4,5). To complicate 
this issue, only low numbers of bacilli 
(<109) are recovered from skin biopsies 
of leprosy lesions (7). Recently, we 
have described a method to purify RNA 
from purified bacteria, which employs 
a single-tube homogenization/RNA 
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Gene expression analysis in Mycobacterium leprae, an obligate intracellular pathogen and 
the etiologic agent of leprosy, has been hampered by the lack of an efficient method to pu-
rify RNA from leprosy lesions. Therefore to date, transcripts for only a few genes have been 
identified. We report the use of a single-tube homogenization/RNA extraction method that 
produces enough RNA to study the expression of 30 genes from a single skin biopsy specimen 
of a multibacillary leprosy patient and demonstrate that RNA can be purified after fixation of 
biopsies in 70% ethanol for up to a year. This represents a major advancement in the ability 
to study M. leprae gene expression directly from biopsy material and should help to define 
genes that are associated with intracellular survival of this human pathogen.


