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Abstract

 

Background.

 

Neuroblastoma is a heteroge-
neous disease, with manifestations ranging from sponta-
neous regression to lethal spread. Sometimes the tumor
spontaneously differentiates toward a benign ganglio-
neuroma (maturing neuroblastoma). The prognosis is fre-
quently related to ploidy, deletions in the short arm of
chromosome 1, and amplifications of the N-

 

myc

 

 onco-
gene. Maturing neuroblastomas consist of both neuronal
cells and Schwann cells. We investigated the genetic
composition of both cell types in maturing neuroblasto-
mas, to determine the relation between genetic abnor-
malities and maturation.

 

Methods.

 

We studied 20 maturing and mature neuro-
blastomas by in situ hybridization to count the chromo-
somes and evaluate possible deletions in the short arm of
chromosome 1 in neuronal and Schwann cells. The DNA
content of the cells was measured by flow cytometry.

 

Results.

 

Neuroblastic and ganglionic cells showed
aberrations in the number of chromosomes. In situ hy-

bridization and flow cytometry demonstrated near-trip-
loidy in 18 of 19 tumors and pentaploidy in the remaining
tumor. The Schwann cells in all 20 neuroblastomas con-
tained normal numbers of chromosomes. In 18 tumors
studied, there were no chromosome 1 deletions in either
type of cell.

 

Conclusions.

 

The Schwann cells in maturing neuro-
blastomas differ genetically from the neuronal cells. The
normal number of chromosomes in Schwann cells and
the abnormal number in neuroblastic and ganglionic cells
suggest that Schwann cells are a reactive population of
normal cells that invade the neuroblastoma. Near-trip-
loidy of neuroblastoma cells and intact chromosome 1
are presumably genetic prerequisites for spontaneous
organoid maturation, because we found no diploidy or
chromosome 1 deletions in the neuronal cells of sponta-
neously maturing neuroblastomas. (N Engl J Med 1996;
334:1505-11.)
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N

 

EUROBLASTOMAS are the most common ex-
tracerebral solid tumors of infancy and childhood.

These embryonal tumors of the sympathetic nervous
system are unique among pediatric tumors because of
their biologic complexity. Neuroblastoma is often lethal,
but up to 30 percent of children have favorable out-
comes. In this group, neither widespread disease (stage
IVS disease)

 

1-3

 

 nor the presence of residual tumor after
surgery influences the prognosis.

 

4,5

 

 Mass screening of in-
fants during the first months of life was reported to in-
crease the detection of neuroblastoma in the screened
population as compared with an unscreened popula-
tion.

 

6

 

 These unusual phenomena can be explained by
two biologic features of neuroblastoma: spontaneous
regression and the capacity of neuroblastoma cells to
undergo maturation.

Deletions in the short arm of chromosome 1 (1p36),
the most common structural aberrations of chromo-
somes in neuroblastomas, identify patients with a poor
prognosis.

 

7-13

 

 Amplification of the N-

 

myc

 

 oncogene, a
less frequent abnormality, almost always occurs togeth-
er with 1p deletions. Amplification of N-

 

myc

 

 was the
first molecular abnormality to be associated with ad-
vanced stages of neuroblastoma and a rapidly progres-
sive course of the tumor.

 

11,14-17

 

 The prognostic effect of
ploidy (the DNA content of neuroblastoma cells) alone
is controversial. However, diploid and tetraploid neuro-
blastomas are associated with structural aberrations of

chromosomes and N-

 

myc

 

 amplification more often than
nearly triploid neuroblastomas.

 

11,17

 

The spontaneous maturation of a neuroblastoma
starts from a morphologically undifferentiated or poorly
differentiated neuroblastic tumor, passes through transi-
tional states, and ends with the formation of a mature
ganglioneuroma. Together with the degree of neuronal
differentiation, the number of Schwann cells increases
dramatically during the maturation of a neuroblastoma.
In the most commonly used histologic grading system
for neuroblastomas, the presence of Schwann-cell stro-
ma has a central role.

 

18

 

 The “stroma-rich” group, char-
acterized by extensive Schwann-cell stroma, is divided
into two subgroups: one with a favorable prognosis, in
which both intermixed and well-differentiated tumors
are present, but there are no grossly visible nodules
containing immature neuroblastic cells; and one with
an unfavorable prognosis, in which there are nodules of
neuroblasts. Among stroma-rich tumors, the terms “in-
termixed” and “well differentiated” roughly correspond
to the terms “ganglioneuroblastoma” and “ganglioneu-
roma” of other classifications. 

The Schwann cells in neuroblastomas are thought to
arise from neuroblastoma cells and therefore to be of
neoplastic origin. This idea, which is based on the coex-
istence of ganglionic cells and Schwann cells in matur-
ing neuroblastomas and the appearance of “Schwann-
cell–like cells” in neuroblastoma-cell cultures,

 

19,20

 

 led to
the hypothesis that neuroblastomas originate from a
pluripotent neural-crest cell.

Since conventional cytogenetic investigation requires
proliferating cells, it is not useful in the study of matur-
ing neuroblastomas, which have virtually no prolifera-
tion. However, in situ hybridization applied to paraffin
sections

 

21,22 

 

can detect aberrations in the number and
structure of specific chromosomes in differentiating or
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mature neuroblastomas. This technique of genetic anal-
ysis can be combined with morphologic and immuno-
histochemical investigations of individual cells. In this
study, we used in situ hybridization and immunohisto-
chemical analysis to study changes in the number of
chromosomes and the integrity of 1p in individual neu-
roblastic, ganglionic, and Schwann cells. The DNA con-
tent of neuronal cells and Schwann cells was deter-
mined by flow cytometry.

We used these methods to address the following
questions. Do tumor-cell ploidy and the integrity of
chromosome 1p have a role in the maturation of neu-
roblastomas? Do favorable histopathological patterns
in the stroma-rich group of neuroblastomas correlate
with favorable cytogenetic findings? Are the Schwann
cells and neuronal cells in differentiated neuroblasto-
mas derived from the same progenitor cell?

 

M

 

ETHODS

 

Tumor Tissue and Clinical Data

 

The tumors were classified according to the grading system of Shi-
mada et al.

 

18

 

 Fifteen were of the stroma-rich, intermixed type, and
five were well-differentiated, stroma-rich neuroblastomas (Table 1).
All the patients had localized tumors, and the tumor stages (Table 1)

were defined according to the method of Evans et al.

 

23

 

 The median
age at diagnosis was 44 months (range, 7 months to 9 years). All the
patients were well and disease-free a range of 27 to 154 months after
surgery alone (17 patients), surgery plus chemotherapy (2), or radio-
therapy and surgery (1). The median observation time was 73 months
(range, 27 to 154).

 

In Situ Hybridization

 

The tumor tissues were fixed in 7.5 percent phosphate-buffered for-
malin before being embedded in paraffin. Thin (6-

 

m

 

m) sections were
cut for the experiments involving in situ hybridization. The pretreat-
ment and hybridization were carried out according to the methods of
Hopman et al.

 

21

 

 and Stock et al.

 

22

 

 Biotinylated DNA probes specific
for the centromeres of chromosome 1 (D1Z1

 

24

 

; kindly provided by Dr.
T. Cremer, Heidelberg, Germany), chromosome 6 (p308),

 

25

 

 chromo-
some 10 (D10Z1),

 

26

 

 chromosome 12 (D12Z3),

 

27

 

 and chromosome 17
(p17H8)

 

28

 

 were used. DNA probes were obtained from the American
Type Culture Collection, except for D1Z1 and p308. To determine the
integrity of 1p, the tandem-repeat probe D1S32

 

29

 

 (a gift from Dr.
J. Giannakudis, Marburg, Germany) or D1Z2

 

30

 

 was used. Both probes
identify the subtelomeric region of the short arm of chromosome 1
(1p36.33).

 

31,32

 

 This chromosomal region is most often involved in
deletion events in neuroblastomas.

 

13

 

 The hybridized sections or cyto-
spin preparations were washed and the biotinylated probes were
detected as described elsewhere.

 

22

 

 In the peroxidase reaction, 3,3

 

�

 

-
diaminobenzidine was used as a substrate. Tissue sections were coun-
terstained with Mayer’s hemalum. In eight tumors (Table 1), double-
target fluorescence in situ hybridization was performed on isolated
nuclei, as described by Stock et al.,

 

22

 

 with the probes D1Z1 and D1Z2.

 

*D1Z1 denotes a DNA probe specific for the centromere of chromosome 1; D1Z2, a DNA probe specific for the telomere of the short arm of chromosome 1 (1p36.3);
and ND, not determined because of insufficient tumor material.

†According to the classification system of Shimada et al.

 

18

 

 

‡Results were obtained by double-target fluorescence in situ hybridization performed on nuclei isolated from paraffin blocks (tumors 2, 3, 4, 5, 7, and 12) or on fresh
cells (tumors 6 and 19). The designation “2/3” indicates that a tumor contained a mixed population of disomic and trisomic tumor cells.

§This child received chemotherapy after surgery.

¶This child received radiotherapy before surgery.

 

�

 

Flow-cytometric analysis revealed only one DNA peak, in the diploid range.

 

Table 1. Clinical Data, Results of in Situ Hybridization, and Flow-Cytometric Measurements of 20 Stroma-Rich Neu-
roblastomas with a Favorable Prognosis.
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S

 

CHWANN
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D1Z1 D1Z2 D1Z1 D1Z2

 

no. of chromosomes DNA index

 

1 7/F Neck II Intermixed 129 3 ND 2 ND 1.5 1.0

2 19/F Retroperitoneum I Intermixed 78 3 3 2 2 1.6 1.0

3 23/F Retroperitoneum I Intermixed 68 3 3 2 2 1.5 1.0

4 24/M Thorax II Intermixed 117 3 3 2 2 1.4 1.0

5 24/F Thorax II Well differentiated 107 3 3 2 2 1.4 1.0

6 32/M Thorax II Intermixed 31 3 3 2 2 1.6 1.0

7 34/F Neck II Intermixed 117 2/3 2/3 2 2 ND ND

8 35/M Neck I Intermixed 62 3 3 2 2 1.5 1.0

9 37/M Thorax I Intermixed 50 3 3 2 2 1.5 1.0

10 38/M Adrenal gland I Intermixed 63 4 4 2 2 2.3 1.0

11§ 50/M Retroperitoneum III Intermixed 30 3 3 2 2 1.7 1.0

12¶ 53/M Sacrum I Intermixed 106 3 3 2 2 Single peak

 

�

 

 

13 57/F Adrenal gland I Intermixed 60 3 ND 2 ND ND ND

14 60/F Retroperitoneum II Well differentiated 30 3 3 2 2 ND ND

15§ 62/M Adrenal gland I Well differentiated 154 3 3 2 2 Single peak

 

�

 

16 64/F Pelvis I Intermixed 87 2/3 2/3 2 2 1.5 1.0

17 69/M Neck I Intermixed 109 2 2 2 2 1.5 1.0

18 72/F Thorax II Intermixed 90 3 3 2 2 1.5 1.0

19 97/M Thorax II Well differentiated 27 3 3 2 2 1.5 1.0

20 108/M Neck I Well differentiated 60 3 3 2 2 ND ND
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The number of hybridization spots per nucleus was counted accord-
ing to the method of Hopman et al.,

 

21

 

 with additional criteria as de-
scribed by Stock et al.

 

22

 

 Trisomy was considered present with respect
to an individual chromosome when the mean statistical probability of
finding nuclei with three signals on 6-

 

m

 

m sections in a tumor-cell pop-
ulation was 15.6 percent among smaller nuclei of neuroblasts (7 to 12

 

m

 

m) and 4.7 percent among larger nuclei of ganglionic cells (13 to 20

 

m

 

m). The decision to consider a population of cells trisomic was made
on the basis of these cutoff levels.

 

Flow Cytometry

 

Cell-separation procedures for the DNA analysis of paraffin-embed-
ded tumor specimens by flow cytometry were performed according to
the method of Heiden et al.

 

33

 

 Tumor cells were isolated from the same
areas of the tumor block that were used in the evaluation by in situ
hybridization. These areas contained almost exclusively tumor cells
and tumor-associated Schwann cells without adherent normal tissue
except for one tumor (tumor 15), in which tissue from the adrenal cor-
tex was also present. The DNA content of the tumor cells is expressed
as the ratio of the modal G

 

0

 

–G

 

1

 

 peak of the aneuploid cells to the
modal G

 

0

 

–G

 

1

 

 peak of the diploid cells in the tumor samples.

 

Immunohistochemical Analysis

 

Parallel sections of each tumor sample were stained for immuno-
histochemical analysis with an antibody against S-100 (Dakopatts,
Glostnup, Denmark), a marker for Schwann cells. An indirect immu-
noperoxidase method of staining was used according to standard pro-
tocols.

 

R

 

ESULTS

 

Histologic Analysis and S-100 Immunostaining

 

Fifteen stroma-rich, intermixed neuroblastomas and
five stroma-rich, well-differentiated neuroblastomas were
studied. The well-differentiated tumors consisted main-
ly of mature ganglionic cells and Schwann cells (Fig.
1A); a few immature, randomly distributed neuroblasts
were found in each tumor. In the stroma-rich, inter-
mixed tumors, the ganglioneuromatous tissue contained
microscopic foci of neuroblastic cells of different sizes
and variable degrees of differentiation. On immunohis-
tochemical analysis, the Schwann cells stained strongly
for the S-100 antigen (Fig. 1B).

 

Aberrations in the Number of Chromosomes in 
Neuroblastic and Ganglionic Cells

 

Trisomy 1 was detected in the nuclei of immature
neuroblastic and ganglionic cells (Fig. 2A and Table 1)
in 16 of the 20 tumors. The biotinylated DNA probes
revealed three signals in the nuclei of 11 to 51 percent
(mean, 26 percent) of the neuroblastic and ganglionic
cells. The large, highly differentiated ganglionic-cell
nuclei (13 to 20 

 

m

 

m in diameter) had the lowest propor-
tion of signals (11 to 15 percent in tumors 5, 7, and 14),
because of the truncation of nuclei in the 6-

 

m

 

m paraffin
sections. In tumor 17, an intermixed, stroma-rich neu-
roblastoma, 32 percent of the neuroblastic and gangli-
onic cells had two signals per nucleus with the D1Z1
probe and only 2 percent had three signals, indicating
the presence of disomy 1. In 2 of the 20 tumors, the
smaller neuroblastic-cell nuclei (7 to 12 

 

m

 

m in diame-
ter) had three signals with the probe D1Z1 in 10 per-
cent (tumor 7) and 11 percent (tumor 16) of the nuclei.
These figures were below the cutoff level for the smaller
nuclei and indicated that only a subpopulation of cells

had trisomy. Tetrasomic tumor cells, with four signals
in 29 percent of the nuclei of neuroblastic and gangli-
onic cells, were found in tumor 10. 

In situ hybridization with DNA probes specific for
the centromeres of chromosomes 6, 10, 12, and 17 were
performed in four tumors whose DNA content had not
been determined by flow cytometry (tumors 7, 13, 14,
and 20) or in which only one DNA peak was found (tu-
mor 12). The neuroblastic and ganglionic cells had tri-
somy for at least three chromosomes, including chro-
mosome 1 (Table 2). This observation indicates that
the DNA content of these tumors was probably in the
nearly triploid range.

 

Integrity of the Short Arm of Chromosome 1 in Neuroblastic 
and Ganglionic Cells

 

We assessed the presence or absence of 1p deletions
with the 1p36.33 probe D1Z2. The number of signals
obtained by in situ hybridization with this probe was

 

Figure 1. Ganglionic Cells Embedded in a Dense Schwann-Cell
Stroma. 

The ganglionic cells in Panel A are highly differentiated (hema-
toxylin and eosin, 

 

�

 

200). In the parallel section shown in Panel
B (

 

�

 

400), immunohistochemical analysis revealed strong ex-
pression of the S-100 antigen in the Schwann cells.

B

A
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identical to the number obtained with the probe D1Z1
(Table 1), indicating that the short arms of chromo-
some 1 were intact (Fig. 2B). Two tumors (tumors 1
and 13) were not analyzed with D1Z2 because there
was insufficient material in the sample.

Double-target fluorescence in situ hybridization us-
ing the probes D1Z1 and D1Z2 simultaneously was car-
ried out in eight tumors (tumors 2 through 7, 12, and
19) on intact nuclei isolated from paraffin blocks or on
touch preparations of fresh tumor samples. The results
were compatible with the results of peroxidase-based in
situ hybridization on thin sections, although the per-
centage of the isolated intact nuclei that had three sig-
nals when hybridized with each probe was much higher
(57 to 76 percent).

 

Chromosome Count and Integrity of Chromosome 1 in 
Schwann Cells

 

The Schwann cells in all 20 tumors had exclusively
disomic patterns on in situ hybridization with the cen-

tromere- and telomere-specific probes for chromosome
1 (Fig. 2C and 2D). The DNA probes specific for the
centromeres of chromosomes 6, 10, 12, and 17 also re-
vealed a disomic hybridization pattern in the five tu-
mors analyzed (Table 2).

 

DNA Content of Neuroblastic and Ganglionic Cells and 
Schwann Cells

 

DNA content was determined in 16 tumors. In 14 tu-
mors, flow cytometry revealed two DNA peaks (Fig. 3),
a finding that corresponded with the results obtained
by in situ hybridization. The DNA indexes of the tu-
mors were in the diploid and the triploid range (1.4 to
1.7) in 13 tumors and in the pentaploid range (2.3) in
1 (Table 1). The nearly triploid tumors (tumors 1
through 6, 8, 9, 11, and 16 through 19) had three copies
of chromosome 1, except for tumor 16, which had a
mixed population of disomic and trisomic tumor cells,
and tumor 17, which had only two copies of that chro-
mosome in the neuronal cells. The nearly pentaploid

 

Figure 2. Results of in Situ Hybridization with Two Probes to Assess the Number of Copies of Chromosome 1 and the Presence of
Chromosomal Deletions at 1p36 (

 

�

 

1000).
Three signals are visible when a mature ganglionic cell is hybridized with the probe D1Z1, indicating trisomy 1 (Panel A), and when
a similar cell is hybridized with the probe D1Z2, which is specific for 1p36.3 (Panel B). Two signals are visible in the nuclei of Schwann
cells hybridized with D1Z1 (Panel C) or D1Z2 (Panel D). When equal numbers of hybridization spots are visible with each probe in

C D

 

both cell types, the short arm of chromosome 1 is intact.

A B
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tumor (tumor 10) showed tetrasomy 1. In two tumors
(tumors 12 and 15), only one DNA peak was seen, in
the diploid range, although aberrations in the chromo-
some count were found in the neuroblastic and gangli-
onic cells by in situ hybridization. In tumor 12 all five
chromosomes tested (chromosomes 1, 6, 10, 12, and 17)
had trisomic patterns on hybridization. In tumor 15,
neither flow-cytometric analysis nor in situ hybridiza-
tion with the centromere-specific probes for chromo-
somes 6, 10, 12, and 17 was performed, because of lack
of material. In four other tumors (tumors 7, 13, 14, and
20), the limited quantity of tumor material in the sam-
ple did not permit analysis by flow cytometry.

 

D

 

ISCUSSION

 

Spontaneously differentiating or mature neuroblasto-
mas contain two main populations of cells: neuronal
cells and Schwann cells. We looked for structural and
numerical aberrations of the chromosomes in these two
kinds of cells. On in situ hybridization and flow cytom-
etry, neuroblastic and ganglionic cells had numerical
aberrations indicating near-triploidy in 18 of 19 tumors
and indicating pentaploidy in the 19th tumor. By con-
trast, the Schwann cells in all 20 neuroblastomas had
normal numbers of chromosomes.

Although triploidy is known to indicate a favorable
prognosis in neuroblastoma,

 

17

 

 data on the DNA content
of the stroma-rich subgroup, thought to have such a
prognosis, are sparse and controversial. Taylor et al.

 

34

 

analyzed a series of ganglioneuromas by flow cytome-
try and found diploidy in a substantial number of them,
as we did in two tumors in our series. However, in one
of these two tumors (tumor 12), in situ hybridization
with five centromeric chromosome probes revealed tri-
somy of chromosomes 1, 6, 10, 12, and 17 in the neuro-
blastic and ganglionic cells. The other tumor (tumor
15) also had trisomy of chromosome 1, but it was not
analyzed with other chromosome probes because of
lack of material. We attribute the diploidy that flow cy-
tometry revealed in these tumors to the presence of nu-
merous Schwann cells; the few trisomic neuroblastic
and ganglionic cells escaped detection. Flow cytometry
could thus assign diploidy (an unfavorable feature) to a
tumor with a favorable prognosis. However, it is impor-
tant to note that the number of copies of a single chro-

mosome in tumor cells does not necessarily reflect the
ploidy of the tumor, as was demonstrated in tumors 7,
10, 16, and 17.

Deletions in the short arm of chromosome 1, the most
frequently observed structural aberrations of chromo-
somes in neuroblastomas, are frequently associated
with poor clinical outcomes.

 

9-13,35

 

 In the spontaneously
differentiating, stroma-rich neuroblastomas we studied,
the short arms of chromosome 1 were intact, as was
true of 15 spontaneously regressing tumors in a previ-
ous study.

 

12

 

 In contrast, the presence of 1p deletions in
stage IVS neuroblastomas or localized neuroblastomas
was associated with a fatal course.

 

12

 

 Stock et al. found
1p deletions restricted to the yolk sac and the embryo-
nal carcinoma component of mixed pediatric germ-cell
tumors.

 

36

 

 In the parts of the tumors consisting of ma-
ture teratoma, the short arms of chromosome 1 were

 

*For the detection of chromosome 1, the probe used was D1Z1; for chromosome 6, p308; for chromosome 10, D10Z1; for chromosome 12, D12Z3; and for chromosome
17, p17H8. ND denotes not determined because of insufficient tumor material.

†This tumor contained a mixed population of disomic and trisomic tumor cells.

 

Table 2. Results of in Situ Hybridization of Five Stroma-Rich Neuroblastomas with a Favorable Prognosis with DNA
Probes Specific to the Centromeres of Chromosomes 1, 6, 10, 12, and 17.
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no. of copies of chromosome

 

7 2/3† 2 3 2 3 ND 3 ND ND ND

12 3 2 3 2 3 ND 3 ND 3 2

13 3 2 3 2 3 2 ND ND 3 2

14 3 2 ND ND ND ND 3 2 3 2

20 3 2 3 2 ND ND 3 2 ND ND

 

Figure 3. Flow-Cytometric Analysis of an Intermixed, Stroma-
Rich Neuroblastoma, Showing Two DNA Peaks. 

The diploid peak (DNA index, 1.0) indicates the ploidy of the
Schwann cells. The small peak in the triploid range (DNA index,

1.45) identifies the neuronal cells.
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invariably intact. These observations suggest that there
are differentiation-associated genes in this chromoso-
mal region.

Our results indicate that a favorable morphologic
pattern, such as the presence of ganglionic cells and
abundant Schwann-cell stroma, correlates closely with
favorable genetic findings. Conversely, none of the dip-
loid or tetraploid tumors, accounting for 43 percent of
all neuroblastomas studied, and none of the tumors
with 1p deletions analyzed so far (28 percent of neuro-
blastomas studied) showed spontaneous development
of Schwann-cell stroma (unpublished data).

To date, no evidence has been advanced to refute the
view that the Schwann cells in neuroblastomas are neo-
plastic. If Schwann cells and ganglionic cells in differ-
entiating neuroblastomas develop from a common neo-

plastic precursor cell, the Schwann cells should have
the same clonal genetic changes as the ganglionic cells.
Our results, however, show that trisomy is restricted to
neuroblastic and ganglionic cells. In all the tumors we
investigated, the Schwann cells had a disomic hybridi-
zation pattern with the DNA probes we used and had
diploid DNA content. No evidence of aneuploidy was
detected, a finding consistent with the hypothesis that
these cells originated from normal cells rather than the
neoplastic neuronal clone. It is implausible that a tu-
mor initially consisting of triploid neuroblastic cells
would differentiate into triploid ganglionic cells and
diploid Schwann cells during maturation. We therefore
favor the hypothesis that Schwann cells arrive in neu-
roblastomas by migrating into the tumor. In some poor-
ly differentiated, stroma-poor neuroblastomas, a con-
siderable number of Schwann cells are not intermingled
with neuroblastoma cells in the way that would be ex-
pected if they had originated from the neuroblastoma
cells; instead, they are restricted to the septal portion
of the tumor. With maturation, the fibrovascular septa
become more prominent and the Schwann cells, now
increased in number, remain restricted to the septal
portion of the tumor. In mature variants of neuroblas-
toma, the Schwann cells surround the ganglionic cells;
ensheath the axons, forming well-organized nerve bun-
dles; and cannot be distinguished histologically from
normal Schwann cells. They bear no histologic similar-
ity to neoplastic Schwann cells — that is, to schwanno-
ma cells.

We hypothesize that differentiating neuroblastoma
cells produce potent chemotactic, mitogenic, and differ-
entiating factors for Schwann cells, reiterating the phys-
iologic processes that occur during the formation of
ganglia and the regeneration of peripheral nerves. It is
known that mitogenic signals from axons of normal
neuronal cells can provoke the proliferation of Schwann
cells in vitro.

 

37-42

 

 Several soluble growth factors that act
on Schwann cells have been described.

 

43-47

 

 Schwann cells,
by contrast, are known for their ability to inhibit pro-
liferation and to induce the differentiation of neuro-
nal cells. They express neurotrophins, such as nerve
growth factor, brain-derived neurotrophic factor, ciliary
neurotrophic factor, and glia maturation factor 

 

b

 

.48-51

Most triploid neuroblastomas that have no other genetic
changes express the high-affinity and low-affinity nerve
growth factor receptors (p140trkA and p75NGFR, respec-
tively).52,53 Schwann cells may provide a source of nerve
growth factor, an essential molecule for the differentia-
tion of sympathetic neuronal cells, and thus they may
play a part in the self-limited process of some neuroblas-
tomas. Figure 4 shows our view of the interactions be-
tween Schwann cells and neuronal cells in the matura-
tion of neuroblastomas.

Triploidy and the absence of 1p deletions in neuro-
blastoma cells appear to be prerequisites for spontane-
ous maturation. Identifying the neuroblastoma-associ-
ated Schwann cell as a normal cell makes it necessary
to reevaluate the concept of organoid differentiation in
neuroblastomas. A better understanding of the “cross-

Figure 4. A Model of Maturation in a Neuroblastoma. 
Undifferentiated or poorly differentiated triploid (3n) neuroblas-
toma cells recruit diploid (2n) Schwann cells and cause their
proliferation by signals from axon-associated mitogens or solu-
ble growth factors. The diploid Schwann cells migrate into the
tumor, possibly using the slender neuritic processes of the tu-
mor cells as guiding structures. There, they suppress the prolif-
eration of neuroblastoma cells and stimulate their differentiation
into ganglionic cells. Fully mature tumors consist of highly differ-
entiated ganglionic cells, virtually no immature neuroblasts, nu-
merous Schwann cells that form nerve bundles with axons, sus-

tentacular cells, and perineurial cells.

Neuroblastoma
Cells (3n)

Maturing Neuroblastoma

Fully Mature Tumor

Schwann
Cells (2n)
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talk” between neuroblasts and Schwann cells may ulti-
mately provide the knowledge needed to induce differ-
entiation processes in neuroblastomas therapeutically.

We are indebted to H. McDowell, M.D., B. Kushner, M.D., F. Schil-
ling, M.D., B. DeBernardi, M.D., and the European Neuroblastoma
Study Group for providing us with tumor samples; and to P. Day,
T. Lion, and N. Jones for their critical reading of the manuscript.
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