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Proliferation and Apoptosis in Neuroblastoma:
Subdividing the Mitosis-karyorrhexis Index

C. Gestblom, J.C. Hoehner and S. Pidhlman

The Shimada classification is a frequently used, histopathological classification system for neuroblastoma
tumours. Tumours are classified as prognostically favourable or unfavourable based upon stroma content, degree
of neuroblastic maturation and patient age at diagnosis. The mitosis-karyorrhexis index is introduced in this
classification system, as the cellular density sum of mitotic and karyorrhectic cells in the tumour. The biological
nature of karyorrhectic cells is uncertain, but a high mitosis-karyorrhexis index in stroma-poor tumours is an
indicator of poor prognosis. In this study, neuroblastoma tumours were analysed for cell proliferation, using
antiproliferating cell nuclear antigen (PCNA) immunohistochemistry, and apoptosis, by morphology and in situ
end-labelling of fragmented DNA. The karyorrhectic cells described in the Shimada classification were shown to
be either proliferating or undergoing apoptosis. It is further shown that a high cellular density of proliferating cells
correlates with poor prognosis, whereas a high density of apoptosis, in contrast, indicates favourable outcome.
Key words: mitosis-karyorrhexis index, programmed cell death, apoptosis, neuroblastoma
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INTRODUCTION

THE BIOLOGICAL heterogeneity of neuroblastoma (NB) often
causes difficulties in prognostic determination. A number of
different criteria have been shown to be of prognostic import-
ance, the most important of which include tumour stage and age
of the patient at diagnosis {1, 2]. Other factors such as tumour
localisation, M YCN amplification, neuronal CSRC expression,
deletion of chromosome 1p, and TRKA expression are also of
prognostic value [2-9].

A number of histopathological grading systems of NB have
been proposed and employed [10-13]. In 1984 a classification
system based on tumour histopathology was proposed by Shim-
ada and associates [11]. Tumours were classified as prognos-
tically favourable or unfavourable based upon stroma content,
degree of neuroblastic maturation and nuclear histology. The
mitosis-karyorrhexis index (MKI) was introduced, and reflects
the density of cells with atypical nuclei, that is, mitotic cells and
cells with a crescent-like, punctate, or lobulated nucleus taken
together. These cells are summed together due to the difficulty
in discerning cells undergoing mitosis from those defined as
karyorrhectic cells. In stroma-poor NB tumours, a high MKI
correlates with poor prognosis [11, 14].

Apoptosis, the sequelae of programmed cell death, can be
morphologically identified as a nuclear cellular death. It is
referred to as a form of cellular suicide, an active process which
involves condensation and fragmentation of DNA [15-17].
Apoptotic cells can be identified both by nuclear morphology and
by techniques which detect fragmented DNA [18]. Programmed
cell death is not only an important event during normal embry-
onic development and maintenance of adult tissues, to eliminate
cells that are no longer required, but it is also of importance in
tumour growth [19]. Recent reports indicate that when oncogene
transfected cell lines are implanted into nude mice, the overall
growth rate of the resulting tumours is partly dependent upon
the extent of apoptosis [19]. High levels of apoptosis correlate
with slower tumour growth. '

When NB tumours were analysed with regard to apoptosis, a
positive correlation between high levels of apoptosis and good
prognosis could be established [20]. Based on the nuclear
similarities of apoptotic cells and karyorrhectic cells of the MKI,
these results seemed rather contradictory to the results of
Shimada and colleagues, where a high MKI correlates with poor
prognosis [11]. We therefore analysed the cells of the MKI
further, investigating whether the MKI could be subdivided
into two groups, mitotic cells and apoptotic cells. We hypoth-
esised that a high density of mitotic cells in neuroblastoma would
then correlate with poor prognosis, according to the MKI of
Shimada, whereas a high demnsity of apoptotic cells would rather
portend good prognosis. This investigation utilises a selection of
clinical NB tumour specimens. The MKI was determined
according to Shimada and associates and proliferation analysed
using an antibody specific for the proliferating cell nuclear
antigen (PCNA). The density of apoptotic cells was measured
by nuclear morphology and in situ DNA fragmentation end-
labelling.

MATERIALS AND METHODS
Pathological materials
Pertinent clinical features and materials were obtained from
39 patients registered and treated for NB [31], ganglioneuroblas-
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toma [5], or ganglioneuroma [3] in Sweden over the past 7 years.
Pathological materials from biopsy or resection of primary
or metastatic tumour were evaluated, and the diagnosis was
confirmed at one of four referral hospitals in Goteborg, Lund,
Stockholm, or Uppsala, Sweden. Tumour stage was determined
clinically or at the time of surgical biopsy or resection according
to the criteria of Evans and colleagues [1]. Patients’ character-
istics were obtained from the treating clinicians. Of 10 patients
diagnosed with Stage I or Stage II disease, all remain alive and
free of disease at median follow-up of 31 months. Of the 12
patients with Stage IV disease, 7 have died (58%), 2 patients
remain alive with active disease, and 3 patients remain free of
disease at a median follow-up of 29 months. Patients were at
varying stages of treatment at the time of tissue acquisition. The
majority of patients with Stage III and Stage IV disease (60%)
received cytotoxic therapy prior to the time of tumour biopsy or
resection whereas those with Stage I, II, and IVS had not (0%).

Tissue preparation

Tissue samples were fixed in 4% buffered formaldehyde and
embedded in paraffin. Sections of 4-5 um were secured to
slides pretreated with silane and acetone. Deparaffinisation was
performed by baking slides overnight at 37°C, and transfer of
slides through xylene and progressive dilutions of ethanol to
deionised distilled water (DDW).

Immunohistochemistry of tissue sections

Sections were subjected to microwave treatment in 10 mM
sodium citrate buffer, pH 7.3, for 5 min at 750 watts, and
10 min at 450 watts. Sections were then blocked with 0.1%
bovine serum albumin (BSA) in Tris-HCI buffered saline (TBS)
for 20 min. Mouse monoclonal PCNA antibody (Boehringer
Mannheim, Germany), diluted 1:50 was added to sections and
incubated for 60 min at room temperature (RT). Slides were
rinsed 3 times with TBS and incubated for 30 min at RT with
AP-conjugated antimouse antibody (Sigma, St Louis, U.S.A.)
at 1:40 dilution. Sections were again washed 3 times with
TBS, and developed using Napthol-AS-MX-phosphate as a
chromogen according to manufacturers instructions (Dakopatts,
Copenhagen, Denmark). Slides were then rinsed in tap water
for 10 min and sections counterstained with haematoxylin for
30 s. Cover slips were applied in aqueous medium. Negative
controls were obtained by exclusion of primary and/or secondary
antibody or by incubation with non-immune bovine serum
albumin at equivalent concentrations. The antiPCNA antibody
specifically recognises a proliferating cell nuclear antigen found
on cyclin and the auxiliary protein of DNA polymerase delta.
This antigen is expressed during all phases of the cell cycle
excluding G, [20].

DNA nick end-labelling of tissue sections

A procedure to specifically end-label DNA cleavage sites in
tissue sections in situ (TUNEL) was employed as previously
described with minor modifications [18, 20]. Paraffin embedded
sections were deparaffinised as described above and incubated
in a moist chamber for 15 min with 20 pg/ml proteinase K
(Sigma, St Louis, U.S.A.), and thereafter washed 3 times with
DDW. Hydrogen peroxide at 2% was added for S min to
inactivate endogenous peroxidase, and the sections were again
washed 3 times in DDW. Each section was then incubated at
37°C for 60 min with terminal deoxynucleotidyl transferase (10
e.u./50 pl) and biotinylated deoxyuridine (dUTP) (0.5 nmol/
50 pl) (both Boehringer Mannheim, Mannheim, Germany) in
transferase buffer (30 mM Tris HCI buffer of pH 7.2, 140 mM
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sodium cacodylate, and 1 mM cobalt chloride). The reaction
was terminated by immersion in 300 mM NaCl, 30 mM sodium
citrate buffer for 15 min. Sections were washed with DDW 3
times, blocked for 10 min with 2% BSA at room temperature,
and washed again with DDW 3 times. Sections were immersed
in phosphate buffered saline (PBS) for S min and then incubated
with ABC complex (1:100 avidin, 1:100 biotinylated horseradish
peroxidase, in 0.1% BSA) (Dakopatts) for 30 min according to
the manufacturers instructions. Sections were washed with
DDW 3 times, immersed in PBS for 5 min, developed with 3-
amino-9-ethylcarbazole as chromogen for 10 min at RT, washed
for 10 min in DDW, and cover slips were applied in aqueous
medium.

Combined PCNA immunohistochemistry and TUNEL analysis
Sections were double processed by antiPCN A antibody immu-
nohistochemistry and thereafter by TUNEL as described above,
with minor modifications. Immunohistochemistry was perfor-
med first, using BCIP/NBT (Sigma) as chromagen. TUNEL
processing followed, with exclusion of proteinase K treatment.
In these double-stained sections, counterstaining was not neces-

sary.

Quantitation of MK , proliferation and apoptosts

All tumours were processed and analysed blindly without
knowledge of tumour stage or patient outcome. The average
number of cells in a high power field (400x magnification) was
determined on routine haematoxylin and eosin sections. Tumour
regions representative of each specimen were chosen for analysis,
and stroma-rich capsules or necrotic areas were avoided. Only
tumour cells were included in the analysis, excluding cells such
as lymphocytes, stroma cells, and red blood cells. Several
different high power fields were counted for immunoreactivity
with PCNA antibody on each tumour, until at least 5000 cells in
total per tumour were analysed. The total number of PCNA
positive cells was then determined and the density percentage
per 5000 cells calculated. The same procedure was repeated on
consecutive sections with regard to TUNEL positivity. Care was
taken such that the same representative tumour areas were
analysed for both apoptosis and PCNA positivity. Statistical
analysis of the results was performed using the Student z-test.
Statistical significance was achieved if the P value was less than
0.05.

The MKI was determined in accordance with Shimada and
associates [11]. Tumour cells with typical spindle-shaped nuclei
of mitosis were included in the index, as were cells with punctate,
lobulated, or crescent-like nuclei. The total number of mitotic
and karyorrhectic cells per S000 cells were counted in randomly
selected representative fields. The MKI was then placed into
one of the three Shimada categories: (1) low, less than 100
mitotic-karyorrhectic cells per 5000 tumour cells;
(2) intermediate, 100-200 mitotic-karyorrhectic cells per 5000
tumour cells; or (3) high, more than 200 mitotic-karyorrhectic
cells per 5000 tumour cells.

RESULTS

Histologic determination of apoptosis and karyorrhexis

A procedure which enzymatically visualises fragmented DNA
in situ by synthesis of a biotinylated dUTP polymer, referred to
as TUNEL, provides a means of identifying cells undergoing
programmed cell death, or apoptosis. TUNEL staining is
nuclear specific, with positively stained neuroblasts identified in
all tumours analysed. The density of apoptotic cells, and the
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distribution of these cells within a tumour, varied from specimen
to specimen (Table 1, Figure 1). In high stage tumours, apoptotic
cells were visualised in a randomly scattered pattern, whereas in
lower stage tumours apoptotic cells were more commonly found
in groups. TUNEL positive cells displayed a nuclear morpho-

-logical appearance typical of apoptosis, with condensed and

fragmented nuclei, often with the formation of typical apoptotic
bodies (Figure 2). The majority of the TUNEL positive neuro-
blasts would also be classified as karyorrhectic based upon their
nuclear morphology (Figure 2B).

Tumour specimens were subdivided into two groups based
upon ultimate patient survival. Statistically significant increased

Table 1. PCNA, TUNEL and patient characteristics of tumours

studied
Status Stage Agedx (% PCNA) % TUNEL MKI
NED 1 ly 5.1 0.35 high
NED 1 2 mo 11.4 6.5 high
NED 1 1 mo 7.0 0.4 int
NED 1 birth 8.7 2.3 low
NED 1 2 mo 1.6 0.4 int
NED 1 birth 11.4 4.7 high
NED 2 3mo 16 1.0 int
NED 2 18 mo 11 1.2 high
NED 2 6 mo 7.5 0.5 low
NED 2 8.5y 4.0 0.2 high
NED 3 35y 36 1.1 int
NED 3 13mo 13 1.6 int
NED 3 7 mo 6.5 1.0 int
NED 3 12mo 1.0 1.0 low
NED 4 32mo 11 0.7 low
NED 4 10 mo 25 1.4 int
NED 4 35y 13.6 6.9 high
DOD 3 Sy 0.6 0.7 low
DOD 3 birth 17 1.3 high
DOD 4 7y 3.7 0 low
DOD 4 3y 2.2 0.1 high
DOD 4 10 mo 13 0.4 high
DOD 4 6y 70 0 high
DOD 4 4.5y 88 0.2 high
DOD 4 6.5y 12 0.25 high
DOD 4 3 mo 20 0 high
actdz 4 45y 69 1.5 high
actdz 4 10 mo 20 0.3 high
NED 4S birth 28 0 int
DOD 48 birth 33 0 int
actdz 4S Smo 18 0 high
NED GN 5y 8.4 0.1
NED GN 45y 24.6 0
NED GN 29 mo 2.0 1.0
NED Gnb 1 mo 8.8 1.0
NED Gnb 35y 18 0
NED Gnb 35y 29 0.1
DOD Gnb 10 mo 9.0 0.8
DOD Gnb 6.5y 77 0

Tumours were grouped into survivors (NED; no evidence of disease;
act dz, active disease) and non-survivors (DOD; dead of disease).
Neuroblastoma tumours were staged according to Evans and associates
[1]. % PCNA and % TUNEL represent cellular density per cent
positivity of each tumour for either PCNA immunostaining or TUNEL.
Age at diagnosis (AGE dx) and mitosis-karyorrhexis index (MKI) are
also listed. The MKI is categorised as high, intermediate (int) and low.
GN, ganglioneuroma; Gnb, ganglioneuroblastoma.
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Figure 1. (A) Low power photomicrograph of proliferating cells in a
stage 1 neuroblastoma tumour detected by antiproliferating cell
nuclear antigen (PCNA) immunohistochemistry. Positive cells indi-
cated by dark signals. (B) Cells undergoing apoptosis in the same
tumour, visualised by TUNEL. Scale bars: 80 pm.

apoptotic cellular density was evident in tumours of surviving
patients (1.74 + 0.49%) versus those who died (0.36 + 0.50%),
P = 0.015).

Several ganglioneuromas and ganglioneuroblastomas were
also analysed with regard to apoptosis and proliferation. The
results are shown in Table 1. Surprisingly high proliferation
levels and low apoptotic levels were evident in two of the
ganglioneuromas, as well as in the ganglioneuroblastomas. No
statistical comparisons were performed on these tumours.

PCNA immunoreactivity in neuroblastoma tumours

Proliferating cells were detected with the antiPCNA antibody,
which is specific for a nuclear antigen expressed during all stages
of the cell cycle excluding G, [21]. The nuclear morphology of
the majority of PCNA positive cells was unremarkable, and thus
would not have been included in the MKI (Figure 2). There
were, however, many positive cells that were obviously mitotic.
Some of the PCNA positive cells displayed a nuclear appearance
typical of karyorrhectic cells, rather than of mitotic cells, again
confirming the difficulty in distinguishing mitosis and kar-
yorrhexis.

The density of proliferating cells varied between tumours,
and within tumours, and was generally considerably higher than
the density of apoptotic cells (Table 1, Figure 1). Even in
specimens with high TUNEL positivity, PCN A staining density
was far greater than TUNEL (Figure 1). When the patients were
divided into survivors and those who had died, a weak correlation

Figure 2. (A) Double-stained neuroblastoma tumour, showing proli-
ferating and apoptotic cells simultaneously. Proliferating cells are
dark blue, and TUNEL positive cells are deep red. Note that the
number of proliferating cells far exceed the apoptotic density. (200x
magnification) (B) High power field (400x) of the same tumour as in
(A), in an area rich in apoptosis. Note three cells with similar
morphology (arrowheads) differing in staining; one is TUNEL posi-
tive (red), another PCNA positive (blue), and the third negative to
both. Note that a typically appearing karyorrhectic cell is TUNEL
positive (curved arrow).

between high proliferation density (PCNA immunoreactivity)
and poor prognosis was evident (P = 0.07).

When the density of proliferating cells was analysed within
the survivor group, there appeared to be a connection between
high PCNA density and high TUNEL positivity, i.e. tumours
with high proliferation also had high TUNEL. This was not true
for those that died nor for the 4S patients, where apoptosis
levels were low independent of proliferation. The proliferation/
apoptosis pattern of the 48 patients differs from other tumours.
They all have extremely high proliferation densities and virtually
no TUNEL positivity. NB tumours of all stages except 4S are
plotted with regard to PCNA and TUNEL positivity (Figure 3).
Tumours are here categorised based upon patient outcome, and
a trend towards high TUNEL density and proliferation density
in surviving patients is evident. The corollary is also true.

A statistical comparison of the sum of mitotic and apoptotic
densities between survivors and those that died was also perfor-
med, but no statistically significant differences were evident
P =0.1).

MKI
When proliferation, as measured by PCNA staining, and
apoptosis, detected by TUNEL positivity, are summed together,



462
100~
- D Survivors
8ok u Dead
-
© 60}
<
Z
@)
& 401
a]
[}
20p=
D-
500 o ab
a]
00 | | | 1
0 2 4 6 8
Tunel, %

Figure 3. Neuroblastoma tumours of all stages except 4S are plotted

with regard to antiPCNA immunoreactivity and TUNEL density.

Survivors (open boxes) tend to have higher TUNEL positivity than
do those who died (solid boxes).

the resulting cellular density typically exceeds the determined
MKI. Morphologically, the nuclei of PCNA positive cells are
very often normal in appearance. The molecular changes of
mitosis within these cells are not morphologically detectable,
thereby explaining why they are not included in the MKI.
TUNEL positive cells more often show a karyorrhectic appear-
ance, but this is not always the case. Analysis of sections stained
with both PCNA and TUNEL simultaneously revealed that all
identifiable karyorrhectic cells were found to be either PCNA or
TUNEL positive (Figure 2B).

DISCUSSION

Based upon the difficulty in distinguishing purely mitotic cells
from other karyorrhectic cells, they are counted together to give
the MKI. In NB it is known from the work of Shimada, and
others, that a high MKI indicates a poor prognosis [11, 14]. In
this work, the possibility of subdividing the cells comprising the
MKI into putative subgroups was investigated, as well as
the prognostic consequences of such subdivisions. Based on
previous results, where a positive correlation between high levels
of apoptosis and good prognosis was seen [20], it seemed possible
that division of the MKI into two different parameters, mitosis
and apoptosis, might add further prognostic information for NB
patients.

Analysis of NB tumours using the TUNEL technique con-
firmed that a number of the cells described as karyorrhectic were
actually apoptotic. This was expected, but it was interesting that
many cells with fragmented DNA would not be defined as
karyorrhectic based on morphology alone. When we analysed
the apoptotic cellular density in tumours of surviving NB
patients, and compared it with tumours of those who had died,
previous results could be confirmed [20]. High apoptosis levels
in a tumour correlated with improved patient survival. Interest-
ingly, this was independent of the number of proliferating cells.
Statistical comparisons of our tumour material indicated that
apoptotic density was of greater prognostic importance than
PCNA positivity. High proliferation alone correlated with
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unfavourable patient outcome, but not with statistical signifi-
cance in this study.

When proliferation and apoptosis were added together in each
tumour, a density exceeding the determined MKI was often
achieved. Since MKI is solely a morphological index, it is not
surprising that the use of molecular markers expands the cells
included in the index. However, it is interesting that when
double-stained sections were analysed, we found no karyorrhec-
tic cells that were negative to both PCNA and TUNEL staining.
Karyorrhectic cells were found to be either mitotic cells, with a
somewhat unusual nuclear morphology, or cells undergoing
apoptosis.

We have shown that the MK is the morphological sum of
proliferating and apoptotic cells in NB tumours. The MKI has
been previously reported as a valid indicator of tumour prognosis
for NB patients, but it is interesting that the two cellular events
included in the MKI actually indicate two different biological
processes. Since the density of proliferating cells so very often
outnumbers apoptosis, the resultant sum relies most heavily
on proliferation, and thus a high MKI correlates with poor
prognosis. Quantitation of apoptotic and proliferation densities
in solid tumours, such as NB, may be of use in tumour grading,
predicting prognosis, determining tumour aggressiveness, and
evaluating treatment response.
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Cell Death by Oxidative Stress and Ascorbic Acid
Regeneration in Human Neuroectodermal Cell
Lines

V. De Laurenzi, G. Melino, I. Savini, M. Annicchiarico-Petruzzelli,
A. Finazzi-Agro and L. Avigliano

In this paper, we show that human neuroectodermal cells exposed to 1-5 mM hydrogen peroxide or 10 nM-1 mM
ascorbate die by programmed cell death induced by oxidative stress. The cell death by peroxide occurs within 4 h
and involves approximately 80% of B-mel melanoma cells, while ascorbate causes cell death of approximately
86% of B-mel cells within 24 h. SK-N-BE(2) neuroblastoma cells are more resistant, 32% and 43% cell death for
peroxide and ascorbate, respectively. In all cases, cell death causes hypodiploic DNA staining, evaluated by flow
cytometry. Both cell lines can efficiently metabolise ascorbate due to significant levels of NADH-dependent
semidehydroascorbate reductase and glutathione-dependent dehydroascorbate reductase. The cell death
observed suggests a pro-oxidant, rather than anti-oxidant, role for ascorbic acid at physiological concentrations

under these experimental conditions.
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INTRODUCTION
CELL DEATH by apoptosis is a gene-regulated programme of cell
self-deletion acting under physiological conditions in multicellu-
lar organisms, characterised by specific nuclear (chromatin
condensation, DNA fragmentation) and cytoplasmic (integrity
of the cell membrane with formation of stable protein cross-
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links catalysed by tissue-transglutaminase, EC 2.3.2.13, thus
conferring resistance to breakage and chemical attack to the
apoptotic body) events [1, 2}. The negative control of apoptosis
is maintained by ced-9 in C. elegans [3], by bcl-2 [4, 5] and
possibly other gene products [6-8] in vertebrates. Recently,
additional members of the BCL-2 gene family have been isolated,
BCL-X and BAX, that may act synergistically or antagonistically
with BCL-2 [9, 10]. bcl-2 seems to function as a cell death
suppressor protein by decreasing the generation of reactive
oxygen species [11, 12]. The kinetics of cell death induced by
hydrogen peroxide seem to suggest that it acts on downstream
effector elements with respect to BCL-2.

Vitamin C (ascorbic acid) is involved in many metabolic
processes where it acts as an electron donor. The reduced form,
ascorbate (AA), is oxidised either by single electron transfer with



