
Summary. It has been suggested that neuroendocrine
(NE) cells provide paracrine stimuli for the propagation
of local carcinoma cells and that NE differentiation is
associated with the progression of prostate cancer
toward an androgen-independent state. Apoptosis
comprises a critical intracellular defense mechanism
against tumorigenic growth and is associated with a
number of changes in the elemental content of the cell.
The neuropeptides bombesin and calcitonin, which
inhibit etoposide-induced apoptosis, also inhibit the
etoposide-induced elemental changes in prostate
carcinoma cells. This important fact strengthens the link
between apoptosis and changes in the intracellular
elemental content. This protective effect on etoposide-
induced apoptosis appears to be quite similar in
androgen-dependent and androgen-independent cell
lines. This confirms that neuropeptides confer
antiapoptotic capabilities on non-neuroendocrine cells in
close proximity to neuroendocrine cells. It can therefore
be speculated that certain neuroendocrine peptides can
increase the survival and further growth of neighboring
cells and may thereby contribute to the aggressive
clinical course of prostate tumors containing
neuroendocrine elements. In addition, this correlation
provides an objective basis for the study of neuropeptide
target points and may be helpful for alternative
therapeutic protocols using neuropeptide inhibitors in the
treatment of patients with advanced prostatic carcinoma. 
The culture techniques described were, thus, designed in
order to achieve two important goals. First, the
development of an in vitro model that allows an
approach to neuroendocrine differentiation in prostate
cancer and its role in apoptosis blockage. Second, the
method has been designed in order to permit rapid
cryofixation of intact cell monolayers for subsequent x-
ray microanalysis. 
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Introduction

Prostate cancer is a frequently diagnosed condition
in the aging population and the incidence of this disease
is expected to increase in the years to come. More than
80% of prostate carcinomas initially respond to
androgen ablation, but most relapse, due to the
heterogeneous presence of androgen-dependent and
androgen-independent clones. The pathways of cellular
proliferation and apoptosis are inexorably linked to
minimize the occurrence of neoplasia, and dysfunction
of apoptosis is proposed as a pathogenic process in
malignant tumors. Androgen-dependent prostatic cancer
cells undergo apoptosis after androgen deprivation, but
androgen-independent tumors do not due to a defect in
the initiation step. However, they retain the basic cellular
machinery for undergoing apoptosis (Salido et al., 1996,
1999) A possible role for neuroendocrine differentiation
in the onset and regulation of apoptosis in prostatic
neoplasia is suggested.

Neuroendocrine differentiation in prostatic
malignancy has been associated with poor prognosis,
tumor progression and androgen-independence of the
tumor (di Sant'Agnese,1998; Abrahamsson, 1999;
Hansson and Abrahamson, 2001). It has been shown that
bombesin and calcitonin can stimulate growth of human
prostate cancer cell lines (Bologna et al., 1989; Shah et
al., 1994; Ritchie et al., 1997). It has been suggested that
bombesin antagonists could be important in the
treatment of advanced prostate cancer, especially after
relapse when both clonal selection and adaptive
mechanisms appear in heterogeneous tumors composed
of cells that respond differently to androgen ablation,
acquiring androgen independence (Pinski et al., 1993a,b,
1994; Jungwirth et al., 1997). 

The mechanism by which bombesin stimulates
growth of prostate cancer cells is still a matter of debate,
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and is probably complex. Bombesin appears to affect
various signaling pathways, involving Ca2+ ions (Han et
al., 1997; Wasilenko et al., 1997), cAMP (Jongsma et al.,
2000), and tyrosine kinases such as Src (Allard et al.,
2000). It has also been proposed that bombesin can
activate extracellular proteolytic activity and in that way
contribute to metastatic spread (Festuccia et al., 1998) .
Recently, we have shown that bombesin and calcitonin
inhibit etoposide-induced apoptosis in human androgen-
independent prostatic cancer cell lines (Salido et al.,
2000), and these neuropeptides could thus disrupt the
balance between cell death and cell growth in the tumor.
This is an important point for the knowledge of the
relationship between neuroendocrine differentiation and
prognosis, because according to the kinetics of tumor
growth, an increase in a neoplastic cell population is the
result of imbalance between the two processes
controlling tissue homeostasis: cell proliferation and cell
death. Apoptosis, therefore, comprises a critical intrinsic
cellular defense mechanism against tumorigenic growth
which, when suppressed, may contribute to malignant
development. 

Apoptosis is associated with specific changes in cell
morphology and cellular macromolecules, but is also
accompanied by changes in ion distribution and
membrane potential. In particular, apoptosis is
associated with a loss of K+ ions from the cell (Bortner
et al., 1997; Dallaporta et al., 1998, 1999). The loss of
K+ accounts for the changes in cell volume that are
universally associated with apoptosis and, interestingly,
may actually activate enzymes in the apoptotic cascade
and promote DNA degradation (Hughes and Cidlowski,
1999; Montague et al., 1999). In addition, there are
indications that K+ loss is not just a consequence of
apoptosis, but that this in itself may promote apoptosis,
since caspases and nucleases are inhibited by high
intracellular K+, and inhibition of K+ efflux results in
inhibition of apoptosis. (Hughes et al., 1997). Indeed,
recent studies have coined the term apoptotic volume
decrease (AVD) for the early-phase cell shrinkage
associated with activation of K+ and Cl- channels
(Barros et al., 2001), and have shown that AVD
induction precedes and is a prerequisite for cytochrome-
c release, caspase-3 activation, DNA laddering and
ultrastructural alterations (Maeno et al., 2000)

Neuroendocrine secretory products and their
interactions with epithelial prostate cells are currently
under investigation in order to understand their
significance in the pathogenesis of the prostate gland,
prognosis and therapy (Zelivianski et al., 2001)
Calcitonin (CT), one of these neuropeptides, is reported
to be associated with the growth of prostate cancer
(Craft et al., 1999; Isaacs, 1999; Chien et al., 2001)
Bombesin acts as a survival and migratory factor for
androgen-independent prostate cancers, may influence
growth, invasiveness, metastatic processes and
angiogenesis in prostatic carcinoma (Pilat et al., 1999)
and can induce LNCaP growth in the absence of
androgens.

In an effort to understand the role that
neuroendocrine differentiation plays in the progression
and metastatic spread of prostate carcinoma, the electron
probe X-ray microanalysis is unique because it combines
the ability to undertake chemical analysis with the high
resolution of the electron microscope, and thus is
capable of correlating chemical information with known
ultrastructural details (Salido et al., 2001). The
development of in vitro models for an adequate approach
to neuroendocrine differentiation of prostatic carcinoma
and its implications on this disease is imperative. The
Transmission and Scanning Electron Microscopy and X-
ray microanalysis study of ionic changes that occur
during etoposide-induced apoptosis in prostate cancer
cell lines described in this review shows how a
combined treatment with etoposide and the
neuropeptides bombesin and calcitonin inhibits
etoposide-induced apoptosis in these cells, and also
inhibits the major changes in intracellular ion
concentrations in androgen-independent and in
androgen-dependent prostate cancer cell lines. Much
work is required to clarify the interactions between
epithelial and neuroendocrine cells in hormone-
dependent microenvironments, such as prostate cancer,
and a better comprehension of the mechanisms of tumor
progression are, therefore, of paramount importance.

Ionic changes related to apoptosis

Seven of the most relevant elements involved in cell
viability and cell death can be simultaneously quantified
under the same analytical conditions as described below.
Healthy cells have a characteristic elemental pattern of
viable cells, with low Na and high K, Mg and P and we
will thus try to identify the elemental alterations that
appear in neoplastic cells and the role of neuropeptides
in cultured neoplastic prostate cancer cells. Our research
interest will focus mainly on those parameters that
indicate cell viability (Na/K ratio) and those that reflect
alterations in the nucleus to cytoplasm ratio, as a result
of changes in cell volume and nuclear changes which are
described as morphological hallmarks of apoptosis (P/S
ratio, Cl, Na and K concentrations). 

The difference in concentrations of Na+ and K+ over
the cell membrane is crucial for the maintenance of
physiological intracellular gradients. The process
requires adequate energy supply, an intact cell
membrane and specific enzymatic activities. When the
Na+/K+ pump in the cell membrane cannot maintain the
ionic gradients, in the absence of a membrane potential,
calcium ions flow through the voltage-dependent ion
channels. Thus, the increase in Na/K ratio reflects the
physiopathological conditions of the cell, and can be
used as a very sensitive measure of various kinds of cell
injury, and can be detected by X-ray microanalysis in
cells and tissues undergoing programmed cell death.
(Bowen et al., 1988; Sandstrom et al., 1994; Warley,
1997; Berger and Garnier, 1999; Ingram et al., 1999;
Skepper et al., 1999). Voltage-dependent K+ channels
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have been described in most mammalian cells and their
activation results in efflux of K+ with a net decrease of
intracellular K+, as well as an imbalance in other ions
such as Na+ and Mg++ ( Fernandez-Segura et al., 1999;
Fujii et al., 1999; Skepper et al., 1999). Some studies
have also pointed to the fact that K+ channel function
may be also required for tumor cell surface vesicle
formation and shedding, changes in membrane
permeability and nuclear fragmentation, i.e., the events
leading to what we know by the term “programmed cell
death” (Smith et al, 1998).

Recent studies have coined the term apoptotic
volume decrease, AVD, for the early-phase cell
shrinkage associated with activation of K+ and Cl-

channels in apoptosis (Barros et al., 2001), and have
shown that AVD induction precedes and is a prerequisite
for cytochrome-c release, caspase-3 activation, DNA
laddering and ultrastructural alterations (Maeno et al.,
2000). Cells maintain and regulate their volume by
controlling intracellular solute concentrations and water
flux across the cell membrane. The channel activation
leads to a significant decrease in K content, and a
significant increase in Na. The variation in cellular
volume is evaluated using the sum of the Na and K
content. In addition, a tendency to higher P can be noted.
Hence, the increase in P/S ratio may be explained as a
relative increase in P-containing macromolecules
(mainly nucleotides) relative to S-containing
macromolecules (mainly proteins). 

One of the most frequently studied events in
apoptosis is the activation of the endonucleases
responsible for DNA fragmentation that occurs as part of
the apoptotic process. Apoptosis is characterized by
DNA digestion mediated by either a Ca2+/Mg2+-
dependent endonuclease or the acid- activated
deoxyribonuclease II (DNase II), pH dependent, or both
X-ray microanalysis detects total Ca (in the millimolar
range) whereas in the initial stages of apoptosis changes
in free Ca2+ (in the nanomolar to micromolar range) are
relevant. These cannot be measured by X-ray
microanalysis. However, later in the apoptotic process
also significant changes in total Ca also occur, as
described by us and others (Sandstrom et al., 1994;
Warley, 1997; Gutierrez et al., 1999).

Approaches for the assessment of ionic changes

Cell culture

Culture protocols and treatment administration:
Androgen-independent cells PC-3, Du 145 (ATCC,
Manassas USA) grown in Dulbecco Modified Essential
Medium (DMEM) supplemented with 10% Fetal Bovine
Serum (FBS), 4% penicillin-streptomycin and 0.4%
gentamycin were kept under standard conditions, in a
water saturated atmosphere of 5% CO2 until the
experiment started. LNCaP androgen-dependent cells
(ATCC, Manassas USA) were grown in RPMI 1640
under the same conditions. All experiments started with
unsynchronized exponentially growing cells, and the

culture medium was changed to 5% FBS supplemented
medium. 

Androgen-independent cells

Cells were seeded in microplates at a density of
200.0000 cells/well under the conditions described
above and 48 hours later exposed to different treatment
protocols. 

Androgen-dependent cells

A second protocol including hormonal deprivation
was used. 200,000 cells/well were seeded in microplates
in RPMI-1640 under the conditions described above and
72 hours later changed to RPMI containing 5% Steroid
Free Serum (SFS) and 48 hours later exposed to the
different treatment protocols.

Treatment protocols

Cells were exposed to etoposide-added from a 2mM
stock solution in DMSO-doses 80 µM, (Du 145) and 150
µM (PC-3, LNCaP) for 48 h. Inhibition of etoposide-
induced apoptosis: neuropeptides and androgen
exposure. Cells were exposed to combined treatments
with etoposide (as described above) and bombesin (1
nM) or calcitonin (500 pg/ml). In LNCaP a combined
group with dihydrotestosterone (DHT) (1 nM) was
added. Control groups: A control group cultured in the
standard medium during the experiment was used in all
experiments. Positive controls were treated with
bombesin (1 nM), calcitonin (500 pg/ml) and DHT (1
nM) in LNCaP for 48 h .

Characterization of apoptosis with ligh and
fluorescence microscopy

Direct examination by phase contrast microscopy
was performed once the experiment started. For
microscopical quantification of apoptotic cells, cytospin
preparations obtained from in vitro cell cultures were
used (Fig. 1). The sample was taken by collecting the
supernatant, which contained the floating apoptotic cells,
followed by trypsinization of the rest of the monolayer,
which contained healthy cells. Both fractions were added
together to reconstitute the total population and then
centrifuged at 1000 rpm for 5 minutes to get the pellet.
Cells were then washed twice in PBS and cytospun by
means of cytobuckets at 1500 rpm for 5 minutes. Air-
dried samples were stained for light (haematoxylin-
eosin) and fluorescence microscopy (fluorescent Dapi)1.
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1Haematoxylin-eosin staining: Air dried slides were fixed in 10%
formaldehyde and stained in haematoxylin and counterstaiend with
eosin. Fluorescent DAPI: Air dried slides were fixed in metanol at -20 °C
for 20 min, air dried and stained with DAPI at room temperature and in
the dark for 20 minutes, and mountd with an antifading medium, O-
phenylendiamine in glycerol, and preserved in the dark at -20º C until
examination, at a fluorescence range between 300 and 400 nm. 



Fig. 1. Prostate cancer
cell line PC3 after
etoposide treatment.
Apoptotic cells pass
through different stages
with progressive
condensation of the
nuclei. Control cells
(white star) appear
bigger, with round
nuclei and well
preserved nucleoli
(black arrow). Apoptotic
cells (arrow) show
progressive
hypercondensation of
nuclear content and
surface changes such
as membrane blebs
(black star) until the
whole cell breaks into
apoptotic bodies with or

without nuclear fragments that are then phagocyted by neighboring cells. In a, b, c, d: nuclei stained with DAPI as described below, x 60. In e, f:
haematoxylin-eosin-stained cells, x 60, x 40

The percentage of apoptotic cells was defined as
(number of apoptotic cells/ total cell number) x 100. At
least 200 cells should be counted for each experiment.

TEM, SEM and morphology of etoposide-induced
apoptosis

Scanning electron microscopy

Those cells that are to be examined by scanning
electron microscopy can be directly grown on sterile
glass coverslips. Once the experiment finished, cells
cultured on glass coverslips were fixed in 2.5 %
glutaraldehyde in 0.1 M sodium cacodylate buffer,
postfixed in 1% OsO4 in the same buffer, dehydrated in
a graded acetone series and critical-point dried. After
critical point drying, the cells were coated with gold
prior to examination.

Transmission electron microscopy

Cells that are to be examined by transmission
electron microscopy are directly grown on small Petri
dishes. Once the experiment finished cells were fixed in
2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer,
postfixed in 1% OsO4 in the same buffer, dehydrated in
a graded acetone series and resin-embedded.

X-ray microanalysis (Stem mode)

The study of cellular and subcellular events that take
place during pharmacologically-induced apoptosis by
using electron probe X-ray microanalysis is unique
because it gives us the possibility to combine the ability
to undertake chemical analysis with the high resolution

of the electron microscope. This allowed us to correlate
chemical information with all ultrastructural details
observed in treated and non-treated cells. Microprobe
analytical techniques take advantage of the physical
interactions that occur when an electron beam impinges
on a specimen. One such interaction is the production of
x-rays with energy and wavelength characteristics
indicative of the elemental composition of the specimen
interacting with the electron beam. (Warley, 1997;
Ingram et al., 1999; Salido et al., 2001). Cell and tissue
culture offer an interesting perspective to increase the
number of problems to which x-ray microanalysis can be
applied. Among the numerous applications of x-ray
microanalysis in cell biology and cell pathology, we will
focus our interest on the role of ions in programmed cell
death in cancer cells (Smith et al., 1998; Fernandez-
Segura et al., 1999; Gutierrez et al., 1999; Masson, 1999;
Skeeper et al., 1999; Salido et al., 2001, 2002), as cancer
growth is the result of the imbalance between cell death
and cell proliferation of the neoplastic population. 

Whole mounts

For analysis in the scanning transmission electron
microscope (STEM) the cells were cultured on titanium
grids covered with a Formvar film and sterilized by
ultra-violet light overnight. Cells were previously grown
under standard conditions in a water saturated
atmosphere of 5% CO2 until a density of 50,000 cells/ml
was achieved. Grids were distributed in small Petri
dishes, 3 or 4 in each, and then a drop of about 10 µl of
the cell suspension was carefully seeded on each of the
grids. Petri dishes were kept in the incubator for at least
30 min. to allow cells to attach to substrate, then filled
with 2-3 ml of complete medium and kept in the
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incubator.
The cells were cultured for 48 h in the culture

medium as described above, and then exposed to
etoposide (150 µM), etoposide (150 µM)+ bombesin (1
nM), etoposide (150 µM)+ calcitonin (500 pg/ml),
bombesin (1 nM), or calcitonin (500 pg/ml) for 48 h.
Control cells were cultured in the standard medium for
an additional 48 h. After the exposure period, the cells
on the grids were rinsed briefly in cold distilled water 
(4 °C), frozen in liquid nitrogen-cooled liquid propane 
(-180 °C), freeze-dried in vacuum overnight at -130 °C
and slowly brought to room temperature under vacuum
(Roomans, 2002). Finally, the freeze-dried specimens
were coated with a conductive carbon layer. X-ray

microanalysis wasperformed at 100 kV in the STEM
mode of an electron microscope with an energy
dispersive spectrometer system. Quantitative analysis is
carried out based on the peak-to-continuum ratio after
correction for extraneous background (Roomans, 1988,
2002) and by comparing the spectra from the cells with
those of a standard, which consists of known
concentrations of mineral salts in a 20% gelatin and 5%
glycerol matrix, frozen, cryosectioned and freeze-dried
to resemble the specimen in its physical and chemical
properties (Roomans, 1988). Spectra are acquired for
100 seconds and only one spectrum is obtained from
each cell.

X-ray microanalysis (SEM mode)

For analysis in the scanning electron microscope
(SEM), the cells were grown on Millipore Millicell®

filters (Fernández-Segura et al., 1999; Salido et al.,
2001, 2002). Polypropylene filters were placed in each
of the wells of a 24-well plate, and 10 µl of a 50,000
cells/ml suspension were pipetted onto the filter. Plates
are then stored in the incubator for at least 30 min. to
allow cells to attach to the substrate, and then the wells
were filled with complete medium. Culture conditions
and exposure to the various substances were as described
above for analysis in the STEM. The experiment was
terminated by rinsing the filters with the cells in distilled
water at 4 °C. After blotting excess fluid with a filter
paper, the cells were frozen immediately in liquid
propane cooled by liquid nitrogen and freeze-dried
overnight at -30 °C. The dried filters were coated with a
conductive carbon layer to avoid charging in the electron
microscope. The cells on the filter were analyzed in a
scanning electron microscope (SEM) with an energy-
dispersive X-ray microanalysis system at 20 kV, spot
mode. Quantitative analysis was performed by
determining the ratio (P/B) of the characteristic intensity
(peak, P) to the background intensity (B) in the same
energy range as the peak and comparing this P/B ratio
with that obtained by analysis of a standard2 (Roomans,
1988; Salido et al., 2001). Each spectrum was acquired
for 200 seconds. Only one spectrum was acquired from
each cell. 
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2The concentration of element x in the specimen (Cxso) was obtained
with the peak-to-local-background (P/B) ratio method, and was
calculated acorrding to the formula

where Cx is the concentration of element x in millimoles per kilogram
(dry weight), (Px/Bx) is the peak to background ratio for the element x,
the subscriptis sp and std refer to the specimen and standard,
respectively, and The G value is the meabn value of the atomic number
squared (Z2) and divided by the atomic weight (A) in the sample.
Cellular elemental concentrations were obtained with reference to 20%
dextran standards containing known amounts of inorganic salts (Warley,
1990) Roomans and Sevéus, 1976. J. Cell Sci. 21, 119-127. 

Fig. 2. Transmission electron microscopy of prostate cancer cells. 
a. Control PC3 cells in without chromatin condensation and preserved
nucleolus. The cytoplasm shows a number of functional organelles. 
b. When the neuropeptide bombesin is added, the cytoplasm is full of
granular endoplasmic reticulum with ribosomes and healthy
mitochondriae. After etoposide treatment, membrane starts blebbing as
cells enter into apoptosis for Du 145 cells (c), for PC3 cells (d), as
cytoplasmic organelles degenerate. Mitochondriae are relatively well
preserved with continuous membranes until the last stages of apoptosis
in PC3 cells (e) after etoposide treatment, and in Du 145 cells after
etoposide treatment (f). a, d, x 4,000; b, e, f, x 8,000; c, x 7,000

C xsp =
(Px/Bx)sp
(Px/Bxstd

.
Gsp

Gsttd
. C xstd



Data obtained after examination

Scanning and transmission electron microscopy
Figs. 2-4 of the cultured prostatic cells (LNCaP, Du 145,

PC3) confirmed the results obtained with light and
fluorescence microscopy (Salido et al.,1999, 2000).
Control cells were round with well-preserved cytoplasm
and plasma membrane, and treated cells passed through
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Fig. 4. Scanning electron microscopy of LNCaP cells that
shows different stages of apoptosis after treatment with
etoposide. In non-treated cells only (a) some androgen-
dependent cells become apoptotic under the deprivation
protocol (arrow) and start rounding. After treatment, cells are
progressively more altered as shown in (b), (c), (d), and finally
blow into apoptotic bodies covered with plasma membrane, (e)
and (f).

Fig. 3. Du 145 cells as examined in the Transmission Electron Microscope, in STEM mode together with the spectra from quantitative analysis of the
cells. Cells are grown on titanium grids covered with a formvar film. a. Etoposide-treated cells (triangle) show a ruffled membrane and condensed nuclei
and become round prior to detachment from the substrate and neighbouring cells. As shown in b for control cells, viable cells remain together and with
well preserved morphology (circles). As cells pass to later stages c, nuclei appear more and more condensed (*) and blebs are more evident as shown
in d. X-ray microanalysis reveals that etoposide treatment causes changes in the most relevant ions implicated in cell viability and cell death, with an
increase in Na+ and a decrease in K+ and changes in Cl-, P, and S that are blocked by neuropeptides, as described in the text.



a series of morphologically identifiable stages in their
pathway to death. In the initial phase of the apoptotic
process, cells shrank due to a loss of cytoplasmic
volume, became detached from their neighbors and from
culture substrata and adopted a smooth contour. In a
following phase, the plasma membrane showed ruffles
and blebs. In the third phase, progressive degeneration of
residual nuclear and cytoplasmic structures was
observed. 

When X-ray microanalysis was performed on the
cells after etoposide treatment, a progressive decrease in
intracellular K+, as cells passed from the first to second
stage of induced apoptosis, and a dramatic lowering in
the third stage was observed (Salido et al., 2001) The
morphology of the cells changed in parallel: cells in the
second stage become ruffled and blebbed, as
intracellular Na and Mg increase and K decreases (Figs.
3, 5). Nevertheless, the cell membrane permeability at
this stage remained unaltered as demonstrated by dye
exclusion assays. The ionic ratios were also indicative of
an adequate function of the Na+/K+ pump. A progressive
increase in Na/K ratio compatible with cell injury as
cells progressed through the stages of apoptosis finally
showed values which could be considered as a sign of
severe cell damage (Sandstrom et al., 1994; Warley,
1997; Kampf et al., 1999; Orlov et al., 1999). At the time
that cells have reached the third phase of the process, the
cell membrane was permeable to vital dyes. 

In the third phase of the process, a positive
correlation between the levels of calcium and
phosphorus indicated the possibility that high local

calcium concentrations could be due to deposition of
calcium phosphate. Control cells appeared to have the
characteristic elemental pattern of viable cells, with low
Na and high K, Mg and P during the assay (Hongpaisan
and Roomans, 1995; Grängsjö et al., 1997; Fernandez-
Segura et al., 1999; Roomans et al., 2001). 

In androgen-independent cell lines PC3 and Du 145,
etoposide treatment consistently induced a decrease in K
and an increase in Na. The Na/K ratio increased
markedly after exposure to etoposide, and both
bombesin and calcitonin fully inhibited the etoposide-
induced changes in the Na/K ratio. The data also indicate
that apoptosis is associated with a relative increase in P,
in particular, with an increase in the P/S ratio.
Calcitonin, but not bombesin, also reversed the
etoposide-induced changes in the P/S ratio. Because the
change in the P/S ratio probably is multifactorial
(Grundin et al., 1985; Smith and Cameron, 1999;
Gränsjö et al., 2000) an explanation for this difference
cannot be provided currently but requires further study.

In the LNCaP androgen-sensitive cell line after
androgen withdrawal, etoposide treatment also induced a
decrease in K and an increase in Na and, as a
consequence, the Na/K ratio increased, also markedly,
and both bombesin and calcitonin blocked this increase.
After etoposide treatment the intracellular concentrations
of P, S and Cl increased, thus lowering the P/S ratio and
increasing the ratio of Cl to K. The addition of the
neuropeptides inhibited the increase in the Cl/K ratio and
also increased the P/S ratio. Bombesin, but not calcitonin
blocked changes in chloride concentrations and both
neuropeptides inhibited the changes observed in the rest
of elements analyzed. Calcitonin was more effective in
blocking changes in K, S, and P, whereas bombesin was
more effective in blocking changes in Mg, Na and Cl. 

Concluding remarks

The culture techniques described were designed in
order to achieve two important goals. First, the
development of an in vitro model that allows an
approach to neuroendocrine differentiation in prostate
cancer and its role in apoptosis blockage. Second, the
method has been designed in order to permit rapid
cryofixation of intact cell monolayers for subsequent x-
ray microanalysis. 

There appears to be a direct relationship between the
density of NE cells and enhancement of prostate cancer
characteristics, such as increased Gleason grade and lose
of androgen sensitivity. It has been suggested that NE
cells provide paracrine stimuli for the propagation of
local carcinoma cells and that NE differentiation is
associated with the progression of prostate cancer
toward an androgen-independent state (Cox et al., 1999;
Hansson and Abrahamsson, 2001; Ito et al., 2001;
Segawa et al., 2001; Goodin and Rutherford, 2002).

The approach taken mimics the presence of
neuroendocrine cells in prostatic carcinoma and makes it
possible to correlate the morphological changes and
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Fig. 5. Potassium, sodium and chloride concentrations as assessed by
X-ray microanalysis (in STEM mode) in LNCaP cells. The Na/K ratio in
LNCaP cells increases after treatment with etoposide, but this increase
is inhibited by bombesin (e+b) or calcitonin (e+c). Treatment with
bombesin (bom) or calcitonin (cal) without etoposide does not affect the
Na/K ratio of the cells. Bombesin blocks the increase in chloride
concentration, and both bombesin and calcitonin added to etoposide
treatment block the increase in the ratio of chloride to potassium.



elemental patterns that appear in neuropeptide-induced
resistance to apoptosis. Etoposide induces a decrease in
the cellular K concentration, and an increase in the
cellular Na concentration. Calculation of the Na/K ratio,
a sensitive indicator of cell injury, shows that this ratio
increases after etoposide treatment. We have described
similar ionic changes after induction of apoptosis in
androgen-independent prostate cell lines (Salido et al.,
2001, 2002) and also in other systems by other groups
(Yu and Choi, 2000; Tapia-Vieyra and Mas-Oliva, 2001)
These changes may be due to activation of K+ channels,
or to inhibition of the Na+/K+-ATPase, presumably due
to lack of ATP. Most likely, the changes are due to both
factors. Activation of K+ channels is one of the common
features of apoptosis and prevention of etoposide-
induced apoptosis in thymocytes by blocking K channels
has been reported earlier (Dallaporta et al., 1998;
Ouadid-Ahidouch et al., 1999). The addition of
bombesin or calcitonin to etoposide-treated cells reduces
the percentages of apoptotic cells, with an increase in K
and a decrease in Na, and a subsequent decrease of the
Na to K ratio, as an objective expression of the increase
in the viability of the neoplastic cells in the presence of
neuropeptides. 

The data also show an increase in the cellular Cl
concentration, which can also be expressed as an
increased Cl/K ratio. This may appear to contradict the
notion that chloride channel activation occurs at the
onset of apoptosis (Nilius, 2001). However, if the
increase in the cellular Na/K ratio is to be interpreted as
an effect of energy deficiency, the cell would be unable
to maintain its low intracellular chloride concentration
and chloride ions would flow into the cell along the
electrochemical gradient. Further studies are required to
clarify the role of chloride ions in the onset and
development of apoptosis.

The data further indicate that apoptosis is associated
with an increase in both P and S, but more in S, which
results in a decreased P/S ratio. The P signal mainly
represents nucleotides and phosphorylated proteins,
whereas the S signal mainly represents protein-bound
sulfur. This correlates to the morphological changes
associated with apoptosis, The fact that these changes
are very marked, and can be inhibited to a large extent
by neuropeptides indicates that they are important in the
process of apoptosis. 

This protective effect on etoposide-induced
apoptosis cells appears to be quite similar in androgen-
dependent and androgen-independent cell lines (Salido
et al., 2001, 2002). This confirms that neuropeptides
confer antiapoptotic capabilities on non-neuroendocrine
cells in close proximity to neuroendocrine cells. It can
therefore be speculated that certain neuroendocrine
peptides can increase the survival and further growth of
neighboring cells (Yu et al., 2001) and may thereby
contribute to the aggressive clinical course of prostate
tumors containing neuroendocrine elements (Hoosein,
1998). According to our data, neuroendocrine cells, thus,
have a value as an indicator of poor prognosis in patients

with prostate carcinoma, independently of the hormonal
status of the epithelial cell tumors.

With respect to the culture techniques employed, the
method allows the rapid cryofixation and adequate
analysis by means of electron-probe x-ray microanalysis.
When cells are grown on a solid substrate as we have
described for polypropylene filters, and are analyzed in
SEM, there is a theoretical possibility that the electron
beam penetrates the cell entirely and excites the
substrate even at low accelerating voltage.. The
likelihood for this increases when the cell shrinks, as is
the case during apoptosis. This implies that a measured
decrease in elemental concentration under such
conditions can be (in part) due to a decrease in cell size.
This possible artefact has to be taken into account in the
interpretation of data obtained by analysis of cells on a
solid substrate (Fernandez-Segura et al., 1999; Roomans
et al., 2001). To normalize the intensity counts of the
different elements with respect to the mass of the cell
analyzed, the phosphorus intensity signal is often taken
as a measure of the analyzed mass and as a unit of
reference for evaluating the peak intensity of the other
elements (Abraham et al., 1985). However, this requires
that the P content is constant during the experiment, and
this is not always true during apoptosis, a process that
affects cellular macromolecules, and progresses over a
considerable period of time. Analysis of cells grown on
thin plastic films on grids in the STEM avoids these
problems, although the method as such is technically
more difficult (Von Euler et al., 1993; Roomans et al.,
1996). A methodological comparison of the two
methods3 showed that systematic errors in the absolute
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3Roomans GM. X-ray microanalysis of cultured cells in the scanning
electron microscope and the scanning transmisison electron
microscope: a comparison. Scanning Microsc. 1999, 13, 159-165.

Fig. 6. Phosphorus and sulfur concentrations in LNCaP cells. Control
cells are only treated with androgen deprivation. Etoposide cells show a
relative increase with respect to control cells in absolute values but a net
decrease when phosphorus to sulfur ratio was analyzed. Bombesin and
calcitonin block the ionic changes.
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concentrations could be easily introduced in both
methods, but that elemental ratios would be relatively
free of such artefacts. We have, therefore, also expressed
our data as elemental ratios and the direction of the
changes is the same in both types of measurement (cf.
Figs. 5 and 6). Hence, the increase in P/S ratio may be
explained as a relative increase in P-containing
macromolecules (mainly nucleotides) relative to S-
containing macromolecules (mainly proteins). The
relative increase in P content matches with the
etoposide-induced arrest in G2/M which would result in
an increased nucleotide content (Barbiero et al., 1995;
Salido et al., 2001) 

The use of electron probe x-ray microanalysis made
it possible to evaluate alterations in total element
composition in individual cells during apoptosis. The
three morphologically identifiable stages of apoptosis
are associated with alterations of intracellular ions,
mainly sodium, potassium and chlorine, as well as with
changes in the phosphorus/sulfur ratio. The use of x-ray
microanalysis, thus, can be a helpful tool for further
studies on cellular mechanisms involved in the control of
programmed cell death of prostatic cancer cells.
Induction of apoptosis is a process of high significance
for the treatment of cancer. As we have shown, there is a
strong correlation between apoptosis and elemental
changes in the cell, and this could be used to control the
apoptotic process in a better way. In particular, insight
may be gained into the way in which neuropeptides such
as calcitonin and bombesin, which can be secreted by
neuroendocrine cells in close proximity to prostate
carcinoma cells, inhibit etoposide-induced apoptosis in
prostate cancer cells, and this knowledge may be used to
overcome the stimulatory effect of these peptides on
prostate tumor growth. The putative function of
neuroendocrine cells in stimulating proliferation and/or
inhibiting the apoptotic process, worsening the prostate
cancer outcome, through paracrine hormonal
mechanisms, provides a rationale for the experimental
use of drugs which are able to inhibit the secretion of
neuroendocrine products, with the aim to counteract
tumor progression.
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