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Abstract Fractal methods were used to analyze quanti-
tative differences in secretory membrane activities of two
rat prostate cancer cell lines (Mat-LyLu and AT-2) of
strong and weak metastatic potential, respectively. Each
cell’s endocytic activity was determined by horseradish
peroxidase uptake. Digital images of the patterns of
vesicular staining were evaluated by multifractal analy-
ses: generalized fractal dimension (Dq) and its Legendre
transform f(a), as well as partitioned iterated function
system – semifractal (PIFS-SF) analysis. These ap-
proaches revealed consistently that, under control con-
ditions, all multifractal parameters and PIFS-SF codes
determined had values greater for Mat-LyLu compared
with AT-2 cells. This would agree generally with the
endocytic/vesicular activity of the strongly metastatic
Mat-LyLu cells being more developed than the corre-
sponding weakly metastatic AT-2 cells. All the param-
eters studied were sensitive to tetrodotoxin (TTX)
pre-treatment of the cells, which blocked voltage-gated
Na+ channels (VGSCs). Some of the parameters had a
‘‘simple’’ dependence on VGSC activity, whereby
pre-treatment with TTX reduced the values for the
MAT-LyLu cells and eliminated the differences between
the two cell lines. For other parameters, however, there
was a ‘‘complex’’ dependence on VGSC activity. The
possible physical/physiological meaning of the mathe-
matical parameters studied and the nature of involve-

ment of VGSC activity in control of endocytosis/
secretion are discussed.

Keywords Endocytosis Æ Fractal Æ Metastasis Æ
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Introduction

The most significant aspect of cancer and the main cause
of death in most cancer patients is metastasis. This is the
overall process whereby cells escaping from a primary
tumour enter circulation (lymph and/or blood), migrate
around the body and become lodged at tissue-specific or
non-specific sites where they re-proliferate to form sec-
ondary tumours (e.g. Liotta 1986; Bashyam 2002). Fi-
nally, the continued growth of the secondary (as well as
the initial primary) tumours beyond some 0.5 mm de-
pends on angiogenesis, i.e. formation of new blood vessels
to ensure further supply of nutrients (Nicholson et al.
2001). An important cellular activity in metastasis,
including angiogenesis, is secretion. Indeed, tumour cells
secrete a variety of chemicals to control their prolifera-
tion, motility and survival (e.g. Evans et al. 1991). Such
chemicals include growth factors, angiogenic signals and
proteolytic enzymes (Kurbel et al. 1999; Lin et al. 2000). It
is also known that malignant cancer cells depend on lo-
cally produced factors (including growth factors) which
may be taken up through such processes as phagocytosis,
pinocytosis and receptor-mediated endocytosis (Shtieg-
man and Yarden 2003). Endocytosis involves a variety of
molecular mechanisms and is tightly regulated, both
temporally and spatially (Conner and Schmid 2003;
Grundelfinger et al. 2003).

At present, one of the most common cancers in the
western world is that of the male prostate gland, and
there is an urgent need to develop new diagnostic and
therapeutic methods for its management (e.g. Foster
et al. 1999). In a recent study, using horseradish peroxi-
dase as a non-toxic intracellular tracer (Yang et al.
2000; Llorente et al. 2000), we have shown that rat
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(‘‘Dunning’’) prostate cancer cells of strong versus weak
metastatic potential differed in their endocytic membrane
activity, hence probably secretion (Mycielska et al. 2003).
Accordingly, the strongly metastatic Mat-LyLu cells
were much more endocytic than the corresponding
weakly metastatic AT-2 cells. Furthermore, endocytosis
in Mat-LyLu cells was suppressed by tetrodotoxin
(TTX)-induced blockage of the voltage-gated Na+

channels (VGSCs), which were shown earlier to be ex-
pressed selectively in strongly metastatic cells (Grimes
et al. 1995; Laniado et al. 1997).

Interestingly, the previous study (Mycielska et al. 2003)
suggested in addition that as well as the quantity, these
cells may also differ in the quality (i.e. pattern) of the
vesicular uptake of HRP and that TTX also appeared to
change the pattern of the labelling. In the present study,
we have investigated this problem more rigorously by
applying fractal methods (Grzywna and Stolarczyk 2002;
Grzywna et al. 2003) to analyze the vesicular patterns
generated by endocytic labelling of the two contrasting
cell lines: Mat-LyLu cells, which metastasize in >90% of
cases when injected into syngeneic rats, and AT-2 cells,
which are metastatic only in <10% of cases; these cell
lines were originally derived from the same tumour oc-
curring spontaneously in a Copenhagen rat (Isaacs et al.
1986). Fractal analyses have already proven to be highly
applicable to elucidation of a diverse variety of complex
patterns such as neuronal dendritic trees (Djamgoz et al.
2001), trajectories of motile cells (Siwy et al. 2003), blood
flow in relation to regional heterogeneity in lung (Bottino
et al. 2001) and migraine (Latka et al. 2004), vascular
networks (Vico et al. 1994), material surfaces (Almqvist
1996) and textures in static visual images (Turiel 2003).

Materials and methods

Labelling of endocytic vesicles by uptake of horseradish peroxidase

These experiments were carried out as described previously (My-
cielska et al. 2003). Mat-LyLu and AT-2 cell lines were grown in
supplemented RPMImedium in an incubator at 37 �C (Grimes et al.
1995). Uptake of horseradish peroxidase (HRP; Sigma type VI) was
performed in Ringer solution in which the cells were first carefully
rinsed. The cells were incubated with 0.5 mg/mLHRP for 40 min. In
experiments testing the effect of VGSC blockage, 1 lM TTX was
added to the incubation medium. The cells were then fixed in 4%
paraformaldehyde in PBS and treated with diaminobenzidine
(0.5 mg/mL) and hydrogen peroxide (0.01%) in 0.5 MTris buffer, as
described previously (Mycielska et al. 2003). Following dehydration,
the cells were mounted in DPX. Labelled cells were imaged under a
Zeiss Axiovert microscope using a ·100 oil immersion objective. The
images were digitized using a CoolSNAP camera and measurements
were made using Image-Pro Plus software (Media Cybernetics, Md.,
USA).

Analyses of the pattern of labelled vesicles

The patterns of staining were analyzed by means of established
multifractal analyses (Djamgoz et al. 2001; Grzywna et al. 2001) as
well as the relatively recently introduced ‘‘partitioned iterated
function system – semifractal’’ (PIFS-SF) analysis (Grzywna and
Stolarczyk 2002).

Theory

Multifractal analyses

These involved two approaches: (1) the generalized fractal dimen-
sion, Dq (‘‘Dq spectrum’’) and (2) the ‘‘multifractal spectrum’’, f(a)
(Schroeder 1991; Djamgoz et al. 2001). Both methods generate an
infinite set of numbers (dimensions) representing details (com-
plexity, self-similarity, irregularity, etc.) of the structure being
analyzed and both are needed for comprehensive understanding.
The generalized fractal dimension is defined as follows:

Dq ¼
1
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ln
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i
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where q is a real number (dimension index), Pi is the probability of
finding a point in the ith element of covering, � is the width of the
covering element, and M(�) is the number of covering elements.
From Eq. 1, it would follow that:
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and:

D2 ¼ lim
e!0

ln
PM eð Þ

i¼1
P 2

i

ln e
ð4Þ

Higher order fractals were not studied here. The fractal parameters
were calculated using the most popular method of ‘‘box counting’’,
since there was no circular regularity or special symmetry in the
staining (Jelinek and Fernandez 1998; Djamgoz et al. 2001). The
first box (of size �) covered the whole object; next the object was
embedded into a sequence of boxes of decreasing � size, leading to
boxes as small as possible, but still large enough for the probability
to be defined (see Fig. 2).

The f(a) formalism (‘‘multifractal spectrum’’) is a Legendre
transform of Dq and is defined as follows:

f að Þ ¼ a~q að Þ � s~q að Þ ð5Þ

where:

a ¼ @sq
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ð6Þ

and:
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and ~q is the dimension index. The full derivation of this transform
was given previously (Djamgoz et al. 2001). f(a) is analogous to
entropy, with a corresponding to the total energy (slope of straight
line in the Legendre transform) (Stanley 1996).

The Legendre transform of Dq to f(a) basically ‘‘shrinks’’ the
information-poor part of the Dq spectrum into a regular graph with
a single maximum. Values of D0, D1 and D2 (which have well-
known physical meaning) are easily identifiable in the spectrum: the
maximum of f(a) is equal to D0; D1 is an intercept of f(a) with the
f(a)=a line; and D2 is an intercept of the f(a)=a line with a tangent
to f(a) which has a slope of 2. D¥ and D)¥ depend on extreme
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values of Pi and their difference describes the range of values that Pi

takes (the span of the graph). They both make sense no matter
what the values of f(a) for amin and amax. Thus, there is no need for
extrapolation in cases where the roots are not present. Moreover,
these values provide additional information about the multiplicity
of Pmin and Pmax. Dq is difficult to analyze with respect to extreme
values of Pi (q fi ¥ or q fi )¥). On the other hand, f(a) shows
clearly both the multiplicity of extreme values of Pi and the range
of Pi. The domain of Dq is unbounded while the domain of f(a) is
finite. Both Dq and f(a) show to what extent the Pi distribution
deviates from uniform. Both are very sensitive (or even oversensi-
tive) to defects in regular structures and are invariant to flipping,
mirroring, rotation (by 90�, 180� and 270�) and shuffling of a given
image.

PIFS-SF analysis

The basic idea of encoding an image in terms of transforms comes
from the work on ‘‘iterated functions system’’ (Barnsley 1988). Since
it is rather uncommon for any real object (image) to be composed of
its own diminished copies, Jacquin (1993) enhanced the concept by
allowing parts of the image to be contracted copies of different
parts. In a further development, Grzywna and Stolarczyk (2002)
adopted the notion of semifractals (Lasota and Myjak 1996) so that
not all transforms would need to be contractive and some of them
may be scale-preserving. Furthermore, parts of a given image often
resemble other parts of the same size. The encoding algorithm based
on PIFS-SF takes all this into account (Grzywna et al. 2003). It is
assumed that image (texture) is a union (‘‘collage’’) of its dimin-
ished, contractive and repeated copies. The transformations pro-
ducing these copies deliver the list of codes for the image. The image
itself is an attractor of these transformations; hence, their interactive
applications to an arbitrary, initial image provides a deterministic
algorithm to decode the image. Its analytical form consists of three
transformations and can be presented as follows (for details see
Grzywna and Stolarczyk 2002):
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where z denotes the grey-level value (luminance).

2. Contractive transform:
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where sz and tz stand for grey-level scaling. In practice, the trans-
form is calculated as a series of simpler transforms:
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where a1–4 are the coefficients of eight basic isometries (identity,
reflections by mid-vertical and mid-horizontal axes, reflections by
two diagonals and rotations by +90�, +180 and )90�); sxy is the
coefficient of contraction (ratio of range block size and domain
block size); and (xR, yR) and (xD, yD) are the coordinates of the
upper left corners of range and domain block.

3. Copying the transform:
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The number of PIFS-SF codes is then equal to the total number of
linear equations delivered by the above set.

Data handling

For each condition, 100–150 cells were assessed, from at least three
different experiments. The mean values of Dq and number of PIFS-
SF codes were determined for the cells from each dish (about 30–50
cells). These values were averaged for the three experimental re-
peats and the standard errors calculated. Student’s t-test was used
for the statistical analyses.

Results

Typical micrographs and digitized images of Mat-LyLu
and AT-2 cells labelled by endocytic/vesicular uptake of
HRP are shown in Figs. 1 and 2, respectively. The
quantitative data obtained are summarized in Table 1.

Initial observations

Mat-LyLu and AT-2 cells were significantly different in
the extent of their endocytic membrane activities when
measured as the amount of HRP taken up relative to cell
size (Fig. 1A, C). When uptake was performed in the
presence of TTX, however, the labeling of Mat-LyLu
cells was greatly reduced (Fig. 1A versus B). Details of
these data concerning the quantity of HRP uptake
and their statistical analyses were described earlier by
Mycielska et al. (2003).

Patterning of staining

As well as the quantity of staining being different, it was
apparent that there was a difference in the pattern of the
labelled vesicles. On the whole, the vesicles were quite
evenly distributed in the AT-2 cells, whilst Mat-LyLu
cells had their staining more irregularly concentrated
mainly around the nucleus and also formed larger
aggregates of vacuoles (Fig. 1). The staining patterns
were evaluated by the multifractal and PIFS-SF analy-
ses. Figure 2 illustrates the basic box counting method
used in the new analyses.

Multifractal analyses

The generalized fractal dimension, Dq, and the multi-
fractal spectrum, f(a), for Mat-LyLu and AT-2 cells
taking up HRP under control conditions and in the
presence of TTX are shown in Fig. 3 (parts A and B,
respectively). The value of the fractal dimension D0
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was much higher for the Mat-LyLu compared with the
AT-2 cells (1.68±0.05 versus 1.43±0.05; P<0.002).
However, in the presence of 1 lM TTX, the values of
D0 for these two cell lines became almost identical:
1.45±0.05 and 1.41±0.05 (P>0.05), respectively
(Fig. 4A; Table 1). The difference disappeared pri-
marily due to TTX reducing the D0 value of the Mat-
LyLu cells. The values of D1, D2, D)1 and D)2 were
also different between the two cell lines, the parameters
being greater for Mat-LyLu cells in all cases (Table 1).
In the case of D1 and D2, TTX again eliminated the
difference, but this time the effect was due mainly to

increasing the values for the AT-2 cells (Table 1). As
regards D)1 and D)2, in contrast, TTX pre-treatment
increased the cellular differences by decreasing the
values for AT-2 and increasing them for Mat-LyLu
cells (Table 1).

The values of DD were also significantly different
between the two cell lines (Table 1; Fig. 4B). TTX pre-
treatment had no effect on this parameter for the AT-2
cells; however, TTX reduced it dramatically for the
MAT-LyLu cells (Table 1; Fig. 4B).

Fig. 1 Typical light micrographs of rat prostate cancer cells: Mat-
LyLu (A, B) and AT-2 (C, D) showing endocytic/vesicular uptake
of HRP under different conditions. A, C Controls; B, D cells pre-
treated with tetrodotoxin (1 lM). In these data, ‘‘control’’ means
uptake under normal tissue culture conditions (i.e. with no TTX
present). Scale bar applies to all parts of the figure

Fig. 2A–D As in Fig. 1, but showing digitized images, as required
for the fractal and PIFS-SF analyses, i.e. grey-level threshold
techniques provide binary images of endocytic/vesicular uptake of
HRP under different conditions. A, B Mat-LyLu cells; C, D AT-2
cells. A, C Controls; B, D cells pre-treated with tetrodotoxin
(1 lM). Scale bar applies to all parts of the figure. The figure also
illustrates the box covering/counting method used for the fractal
and PIFS-SF analyses of cells shown in Fig. 1. The parameter ‘‘�’’
denotes the size of the unitary box (see text for definition)

538



PIFS-SF analysis

The results of the PIFS-FS analysis are summarized in
Table 1 and illustrated in Fig. 5. Under control condi-
tions, the number of codes (NPIFS-SF) was much higher
for the MAT-LyLu (153±25) compared with AT-2 cells

(81±20) (P<0.003). Pre-treatment with TTX had no
effect on the AT-2 cells, whilst there was a significant
reduction in the value for the MAT-LyLu cells (Table 1;
Fig. 5).

Discussion

The main conclusions of the present study are as follows:

1. The quantity and quality (pattern) of the vesicular
staining were different between the two cell lines.
Under control conditions, all multifractal and PIFS-
SF parameters determined had values greater for
Mat-LyLu compared with AT-2 cells. These data
taken together would be in general agreement with
the endocytic/vesicular activity of the strongly meta-
static Mat-LyLu cells being more developed than the
corresponding weakly metastatic AT-2 cells. We have
shown previously that the same is true for the
quantity of the staining, as represented by the
parameter ‘‘E’’ (Mycielska et al. 2003).

2. Some of the parameters (E, D0, NPIFS-SF) had a
‘‘simple’’ dependence on VGSC activity, whereby
pre-treatment with TTX reduced the values for the
MAT-LyLu cells and eliminated the differences
between the two cell lines.

Table 1 Summary of quantitative data (means±standard errors)
obtained from the different analytical approaches employed in the
present study (digital imaging, and analyses of multifractals and
PIFS-SF codes). All the parameters listed have been defined in the
text. The data for ‘‘E’’ have been reproduced from Mycielska et al.
(2003) and included here for completeness. Each data set was ob-
tained from the measurement of 100–150 cells, from at least three
different experiments

Parameter AT-2
control

Mat-LyLu
control

AT-2
with
TTX

Mat-LyLu
with TTX

E (%) 2.70±0.20 5.40±0.20 2.10±0.20 2.60±0.20
D)¥ 2.45±0.05 2.65±0.05 2.82±0.05 2.02±0.05
D)2 1.83±0.05 2.01±0.05 2.12±0.05 1.69±0.05
D)1 1.63±0.05 1.79±0.05 1.89±0.05 1.59±0.05
D0 1.43±0.05 1.68±0.05 1.41±0.05 1.45±0.05
D1 1.24±0.05 1.43±0.05 1.40±0.05 1.42±0.05
D2 1.12±0.05 1.37±0.05 1.40±0.05 1.38±0.05
D¥ 0.84±0.05 1.21±0.05 1.22±0.05 1.24±0.05
DD 1.62±0.05 1.44±0.05 1.60±0.05 0.78±0.05
Number
of PIFS-SF codes

81±20 153±25 76±20 51±20

Fig. 3 Averaged profiles of the generalized fractal dimension Dq

(A) and the f(a) spectrum (B) for Mat-LyLu and AT2 cells under
control and 1 lM TTX pre-treated conditions (specified by the key
at the bottom)

Fig. 4 Values of the parameters DD [width of f(a) spectrum, i.e.
difference between D� and D)�] (A) and the fractal dimension D0

(B) determined for Mat-LyLu and AT-2 cells under control and
1 lM TTX pre-treated conditions. Each histobar denotes the
mean±standard error. The dotted horizontal lines indicate the
control levels for comparison
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3. All the other parameters (D1, D2, D)1, D)2 and DD)
were also sensitive to TTX but the dependences were
more ‘‘complex’’.

Control of endocytic vesicles by VGSC activity

‘‘Simple’’ parameters: E, D0, NPIFS-SF

We have shown earlier that the parameter ‘‘E’’ quanti-
fied the amount of tracer uptake relative to cell size and
revealed that the MAT-LyLu cells were more endocytic
than the AT-2 cells, in line with the much stronger
metastatic character of the former (Mycielska et al.
2003). TTX suppressed substantially the extent of HRP
uptake into the MAT-LyLu cells, consistent with the
expression of functional VGSCs in these cells (Grimes
et al. 1995). The parameter D0 (‘‘fractal dimension’’)
scales aggregation of mass with distance from the centre
and can be viewed as complementary to E. Indeed, just
as in the case of E, the value of D0 was greater for MAT-
LyLu compared with AT-2 cells and TTX eliminated
this difference. The number of PIFS-SF codes, which
would also depend on the ‘‘weight’’ of staining, showed
the same tendency, i.e. the larger the mass of staining
and its spatial heterogeneity within the cell, the higher
the PIFS-SF codes. Thus, VGSC activity would enhance
metastatic potential by potentiating all three aspects
representing the quantity and complexity of endocytosis.

The possible ways of VGSCs involvement in the
endocytic process have already been discussed in our
previous paper (Mycielska et al. 2003). Briefly, Na+

could increase intracellular Ca2+ levels and thus activate
protein kinase C and/or CaM kinase II and lead to
phosphorylation of the actin cytoskeleton, thereby
allowing secretion and endocytosis to occur (Minami
et al. 1998; Gromada et al. 1999; Song et al. 1999;
Trifaro et al. 2000). Furthermore, there could be a direct
action of Na+ on adenylate cyclase that could alter
levels of cAMP, activate protein kinase A and, in turn,

phosphorylate some component(s) of the vesicular
machinery (Renstrom et al. 1996; Lee and Tse 1997;
Murakami et al. 1998; Hilfiker et al. 2001). Another
possibility is a direct interaction between the VGSC and
some component(s) of the secretory apparatus (Sampo
et al. 2000; Herzog et al. 2003).

‘‘Complex’’ parameters: D1, D2, D)1, D)2, DD

D1 and D2 are the ‘‘information’’ and ‘‘correlation’’
dimensions, respectively. The latter also represents ‘‘rel-
ative tendency for aggregation’’ within the vesicular
populations (Grzywna et al. 2001). Under control con-
ditions, their values were significantly smaller for AT-2
compared with Mat-LyLu cells. After blocking the
activity of VGSC, however, D1 and D2 became similar in
both cell lines and close to the value for Mat-LyLu under
control conditions (Table 1). Significantly different val-
ues of information and correlation dimensions for both
cell lines under control conditions may be the result of
different mutual interdependence within the vesicle
populations in both cell lines. Strongly metastatic cells
are more motile and capable of more complex signaling
and behaviour, compared with the weakly metastatic
AT-2 cells, where this activity is less expressed. After
blocking VGSCs, which influenced the quality and
location of staining, we observed, in the weakly meta-
static cells, a surprising increase of values of D1 and D2

which reached the levels of the strongly metastatic cells.
This would suggest that the cell/system, after losing one
way of ‘‘processing’’ information, i.e. via VGSC activity,
may ‘‘restructure’’ itself to enhance and improve in other
ways (e.g. by more regularity in vesicular activity). There
are also two possible implications of this result. (1) The
low level of VGSC activity that may exist in AT-2 cells
(Diss et al. 2001) may have a functional role. This situ-
ation would be analogous to glial cells that express a very
low level of VGSC just to ‘‘energize’’ the Na+/K+-AT-
Pase (Philippe et al. 2002). (2) The relationship between
VGSC expression/activity and endocytosis may not ex-
actly be the same in the two cell lines. A comparable
situation concerning the relationship between voltage-
gated K+ channel activity and proliferation was found
earlier for Mat-LyLu and AT-2 cells (Fraser et al. 2000).

The parameters D)1 and D)2 are more difficult to
evaluate owing to their uncertain ‘‘physical’’ meaning.
Nevertheless, on the whole, these parameters showed
tendencies opposite to D1 and D2, consistent with their
generally ‘‘antagonistic’’ nature.

As regards DD, which is the difference between D�
and D)�, we can use it as a measure of the ‘‘self simi-
larity’’ or the degree of aggregation of vesicles within a
cell. Under control conditions, the value of this param-
eter was smaller for AT-2 compared with Mat-LyLu
cells, consistent with the more complex staining pattern
of the latter. After blocking VGSCs, DD was reduced
to almost 50% of the control, i.e. the self-similarity
increased. Although DD was clearly sensitive to TTX,

Fig. 5 The numbers of PIFS-SF codes determined for Mat-LyLu
and AT-2 cells under control and 1 lM TTX pre-treated
conditions. Each histobar denotes the mean±standard error. The
dotted horizontal lines indicate the control levels for comparison
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the relationship between VGSC activity and self-simi-
larity of Mat-LyLu cells again appeared not straight-
forward. Such complexity overall may reflect the
intricate nature of the endocytic machinery that one
would expect to operate in a strongly metastatic/secre-
tory cell line.

Conclusions

In conclusion, first, multifractal as well as PIFS-SF
methods would appear overall to be highly suitable for
quantitative analyses of the amount and pattern of
endocytic vesicles in cancer cells. Second, it is clear that
VGSC activity controls both aspects of the endocytic
process, consistent with its previously proposed role as
an accelerating factor in prostate cancer metastasis
(Djamgoz 2001). Further work remains to be done,
however: (1) to elucidate the nature of the VGSC control
of endocytosis in a wider range of strongly versus weakly
metastatic cell lines, in both ‘‘‘quantitative’’ and ‘‘qual-
itative’’ respects, including the correlation with fractals
and PIFS-SF codes; (2) to determine the precise physi-
cal/physiological meaning of the parameters; and (3) to
extend this understanding to specific secretions and
associated cell behaviour.
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