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Abstract The endocytic membrane activities of two
human breast cancer cell lines (MDA-MB-231 and MCF-7)
of strong and weak metastatic potential, respectively, were
studied in a comparative approach. Uptake of horseradish
peroxidase was used to follow endocytosis. Dependence
on ionic conditions and voltage-gated sodium channel
(VGSC) activity were characterized. Fractal methods were
used to analyze quantitative differences in vesicular pat-
terning. Digital quantification showed that MDA-MB-231
cells took up more tracer (i.e., were more endocytic) than
MCEF-7 cells. For the former, uptake was totally dependent
on extracellular Na™ and partially dependent on extracel-
lular and intracellular Ca>" and protein kinase activity.
Analyzing the generalized fractal dimension (D,) and its
Legendre transform f{o) revealed that under control con-
ditions, all multifractal parameters determined had values
greater for MDA-MB-231 compared with MCF-7 cells,
consistent with endocytic/vesicular activity being more
developed in the strongly metastatic cells. All fractal
parameters studied were sensitive to the VGSC blocker
tetrodotoxin (TTX). Some of the parameters had a “simple”
dependence on VGSC activity, if present, whereby pre-
treatment with TTX reduced the values for the MDA-MB-
231 cells and eliminated the differences between the two
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cell lines. For other parameters, however, there was a
“complex” dependence on VGSC activity. The possible
physical/physiological meaning of the mathematical
parameters studied and the nature of involvement of VGSC
activity in control of endocytosis/secretion are discussed.
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Introduction

An important issue in many fields of biophysics, medicine,
and material sciences is the quantitative analysis of texture
and patterns of objects and interpretation of structure—
function relationships (Turiel 2003; Grzywna et al. 2003;
Schroeder 1991; Krasowska et al. 2004a). Such patterns
may often be complex and exhibit scale-dependent changes
in structure. Some progress in this field has been made by
means of studying the generalized fractal dimension, which
can provide an effective quantitative description of the
structure and morphology of a wide spectrum of different
objects (Oiwa and Glazier 2004; Stosic and Stosic 2006).
Indeed, fractal methods are also being used increasingly to
analyze biological structures and cellular phenomena,
including pathology, vascular architecture, tumor/paren-
chymal borders, and nuclear morphology (Cross and
Cotton 1992; Losa 1995; Cross 1997; Coffey 1998; Baish
and Rakesh 2000; Simeonov and Simeonova 2006; Stosic
and Stosic 2006). Although tumor biology is extremely
complex, application of integrative mathematical tech-
niques promises to formalize some of the underlying basic
mechanisms and, ultimately, provide a holistic under-
standing (Anderson and Quaranta 2008). In particular,
fractal geometry has been suggested to be useful in
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characterizing and diagnosing metastatic tumors (de Pillis
et al. 2005). In a previous study, Krasowska et al. (2004)
showed that multifractal methods can be used to analyze
vesicular patterning resulting from endocytic membrane
activity in rat prostate cancer (PCa) cells. This analysis
revealed (1) that values of the fractal parameters were
higher in strongly vs. weakly metastatic cells and (2) that
pharmacological treatment changed the values in line with
altered metastatic potential. It was concluded that fractal
analysis could be used to analyze rat prostate cancer cells’
metastatic status. However, it is not known if fractal
analysis of vesicular activity might be applicable to other
cancers.

Breast cancer (BCa) is the most common type of cancer
and the second leading cause of death from cancer in
women (Parkin et al. 1999). It is metastasis, the spreading
of cancer, that is the major cause of mortality in BCa, as in
most other cancers (Liotta 1986; Eccles et al. 2007). Sev-
eral problems remain in the clinical management of BCa,
especially as regards definitive diagnosis and long-lasting
effective, nontoxic therapy (Ali and Coombes 2002).
Endocytosis, vesicular retrieval, and internalization of
plasma membrane are critical components of the basic
cancer process (Polo et al. 2004). Endocytosis can relate to
metastasis in at least two respects. First, it is a reflection of
exocytosis, i.e., vesicular secretion, possibly of growth
factors and cytokines that cancer cells may release (Wong
et al. 2003; Hall et al. 2003). Second, endocytosis is a
means of regulating functional protein expression in the
plasma membrane, which is important to cellular signal-
ling, as in the case of epidermal growth factor receptor
activity (Rubin et al. 2003; Fong et al. 2003; Gundelfinger
et al. 2003). Finally, endocytosis may also be associated
with drug resistance (Liang et al. 2006).

Breast cancer cells with different pathological charac-
teristics differ markedly in their ion channel expression.
In particular, only strongly metastatic BCa (MDA-MB-
231) cells express functional voltage-gated Nat channels
(VGSCs) (Roger et al. 2003; Fraser et al. 2005). The latter
commonly are involved in endocytic/secretory membrane
activity in cells, including tumor cells (Murakami et al.
1998; Mycielska et al. 2003; Onganer and Djamgoz 2005).
The main VGSC in metastatic BCa cells was found to be
the neonatal splice variant of Navl.5 (Fraser et al. 2005;
Brackenbury et al. 2007). Such channels are blocked by
micromolar concentrations of tetrodotoxin (TTX), in con-
trast to VGSC (Nav1.7) expression in PCa cells, which is
sensitive to TTX in the nanomolar range (Brackenbury
et al. 2007). Micromolar TTX, as well as small-interfering
RNA and a polyclonal antibody for Navl.5 suppressed a
range of cellular behaviors that are involved in the
metastatic cascade in BCa (Fraser et al. 2005; Brackenbury
et al. 2007). Interestingly, the kinetics of ion channels
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themselves may follow fractal principles (Liebovitch and
Toth 1990).

The main aim of the present study was to extend the
fractal analysis approach to human BCa cells of markedly
different metastatic potentials. A secondary aim was to
investigate the ionic dependence of endocytosis.

Materials and methods
Cell culture

MDA-MB-231 and MCF-7 cell lines (strongly and weakly
metastatic, respectively) were grown in DMEM supple-
mented with 4 mmol/l and 5-10% fetal bovine serum
(Fraser et al. 2005).

Tracer (horseradish peroxidase) uptake and release

These experiments were carried out as described previ-
ously (Mycielska et al. 2003; Krasowska et al. 2004a;
Fraser et al. 2005). Uptake of horseradish peroxidase
(HRP; Sigma type VI) was performed in mammalian
physiological saline (MPS) solution in which the cells were
first carefully rinsed. In most experiments, cells were
incubated with 0.5 mg/ml HRP for 40 min, reconfirmed as
optimal, as determined previously (Fraser et al. 2005).
Following fixing, dehydration, and cytochemistry analysis,
the cells were mounted in DPX. Labelled cells were
imaged under a Zeiss Axiovert microscope using a 100x
oil immersion objective (Fig. 1). Typical images were
digitized using a CoolSNAP camera, and measurements
were made using Image-Pro Plus software (Media Cyber-
netics, MD, USA) (Fig. 1). In experiments aimed at mea-
suring the release of vesicles (exocytosis), uptake was
induced as above but cytochemistry analysis was per-
formed after a time period of up to 2 h. The difference in
the staining between the maximum (i.e., staining obtained
immediately after the uptake) and at a specified time was
assumed to represent release over that period.

Ionic substitutions and pharmacology

The control Ringer (MPS) solution had the following
composition (in mM): NaCl (144), KCI (5.4), MgCl, (1),
CaCl, (2.5), p-glucose (5.6), and HEPES (5), adjusted to
pH 7.2. Essential details of the ionic substitutions are given
in Table 1. In the Na™-free solution, all NaCl was substi-
tuted with equimolar choline chloride. A high-K™ solution
was made by increasing the KCIl concentration 10-fold,
whilst reducing NaCl by the same amount. A control
solution for the latter contained the control amount of K*
(5.4 mM) with NaCl reduced to the same level as in the
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Fig. 1a-d Typical light
micrographs of breast cancer
cells. a, b MDA-MB-231 cells
and ¢, d MCF-7 cells showing
endocytic/vesicular uptake of
HRP under different conditions.
a, ¢ Controls [uptake under
normal tissue culture conditions
(i.e., with no tetrodoxin
present)]. b, d Cells pretreated
with tetrodotoxin (1 uM). Scale
bar applies to all parts of the
figure. Generally, under control
conditions, vesicles formed
larger aggregates of “vacuoles”
distributed throughout the
cytoplasm in MDA-MB-231
cells. Staining in MCF-7 cells
was “finer” and appeared more
concentrated around the
nucleus. After application of
TTX, structures in both cell
lines were similar

Table 1 Ionic compositions of solutions

Solution NaCl KC1 CaCl, MgCl, D-glucose HEPES Choline pH
(mM) (mM) (mM) (mM) (mM) (mM) CI (mM)

Normal 144 5.4 2.5 1 5.6 5 - 72

Na't-free - 5.4 2.5 1 5.6 5 144 7.2

High-K* 95.4 5.4 2.5 1 5.6 5 - 72

High-K* control 95.4 5.4 2.5 1 5.6 5 48.6 72

Ca*"-free 144 5.4 - 1 5.6 7.5 - 72

high-K+ solution, with choline chloride as the substitute.
The following pharmacological agents (added directly to
MPS) were used: TTX (0.01-10 pM), aconitine (400 uM),
thapsigargin (1 pM), and KT5720 (50 nM).

Quantification of tracer uptake and release

The amount of endocytotic staining (E,,) relative to whole
cell size was quantified as follows:

E(%) = [Anp/Awa] x 100 (1)

where Ay, is the HRP-stained area and Ao, is the total
cross-sectional area of the cell deduced from its outline
(Mycielska et al. 2003). Release of HRP (“exocytosis™; E,)
was quantified as the value of E, decreasing, as tracer was
released following full uptake in a given experiment.

Fractal analyses

The patterns of staining were analyzed by multifractal
analyses (Djamgoz et al. 2001; Grzywna et al. 2001;
Krasowska et al. 2004a). We used a “box-counting
method” (BCM) for evaluating multifractal spectra
(Fig. 2). BCM is one of the most common methods for
calculating fractal characteristics and generalized fractal
dimensions of a self-similar object (e.g., Avnir 1989;
Almgqyvist 1996; Bassingthwaight et al. 1994; Liebovitch
1998). By covering a structure with boxes of length e,
the generalized fractal dimension can be defined as
follows:

1 In S pa
im nZz:I i (2)
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Fig. 2 The box covering/counting method used for the fractal
analyses of cells. The image was covered with boxes of varying
sizes (&). As the box length is decreased, the new number of boxes is
counted. The fractal dimension is obtained by plotting N(¢) versus 1/¢
in a double logarithmic plot. The curve is approximated by a linear
regression, and the slope is determined as the box dimension. For D,
we also used P; as the probability of finding a point in the ith element
of covering

where ¢ is a real number (dimension index), P; 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. The fla) formalism
(“multifractal spectrum”), a Legendre transform of D,, is
defined as follows:

f(0) = ag(a) — t42) (3)
o1, . In ZA,—(;) P! ~
where o = 3£, and 1, = (¢ — 1)Dy = lim—=5=—, and ¢

is the dimension index. The full derivation of this trans-
form was given earlier in the paper by Krasowska et al.
(2004a). f(o) is analogous to entropy with « (slope of
straight line in the transform), corresponding to total
energy (Stanley 1996). D_, and D, depend on extreme
values of P;, and their difference (A) describes the range of
values of P;. Thus, we used the AD (D_,, — D) as a new
measure of self-similarity of stochastic fractals. For ideal/
deterministic fractals, the value of AD equals 0. The great
value of D_., indicates the existence of very rarefied
regions. On the contrary, the not-so-small value of D,
allows the conclusion that the more dense regions are not
very concentrated. Further details of the BCM method and
fractal analyses were published earlier (Grzywna et al.
2001; Grzywna et al. 2003, Krasowska et al. 2004a).
The “partitioned iterated function system-semifractal”
(Nppis-spS), a deterministic algorithm decoding the image
analysis, was used as described before (Grzywna and
Stolarczyk 2002; Krasowska et al. 2004a).
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Data handling

For each condition, at least three independent experiments
were performed. The mean values of E,, E,, and D, were
determined for 30-50 cells from each dish. The value of
each parameter was averaged for the 100-150 cells, and the
standard error was calculated. Student’s #-test was used for
statistical analyses.

Results

Typical light micrographs of MDA-MB-231 and MCF-7
cells labelled by endocytic/vesicular uptake of HRP and a
corresponding digital image are shown in Fig. 1. The
quantitative data obtained are summarized in Table 2.

Basic observations: tracer uptake and release

The uptake of HRP was dose-dependent. Increasing the
HRP concentration from 0.25 to 0.5 mg/ml (for fixed
time of 40 min) led to increased uptake in both MDA-
MB-231 cells (E, = 0.53 £ 0.04 and 1.91 + 0.16%) and
MCEF-7 cells (E, =0.31 £0.09 and 0.81 £ 0.05%).
In each case, the increase was highly significant (P <
0.005). There was a further but smaller increase in uptake
when the HRP concentration was raised to 1 mg/ml
(E, = 2.10 &£ 0.16% for MDA-MB-231 and 0.85 £ 0.12%
for MCF-7 cells). At given concentrations tested, MDA-
MB-231 cells were 135% more endocytic than MCF-7
cells (P < 0.05).

The uptake of HRP was also time-dependent (Fig. 3a).
There was a rapid increase in uptake in the first 40 min of
incubation: E, = 0.33 & 0.14% (10 min) and 0.81 *
0.05% (40 min) for MCF-7 cells; E, = 0.51 £+ 0.08%
(10 min) and 1.91 £ 0.15% (40 min) for MDA-MB-231
cells (P < 0.01 for all). Longer incubation of the cells with
HRP, up to 2 h, led to much smaller, although still
significant, increases in uptake (E, = 0.82 £ 0.02% for
MCF-7 and E, =193 +£0.14% for MDA-MB-231,
respectively; P < 0.05 in each case).

Following preloading of the cells in the normal way,
HRP staining (E,) declined as exocytosis occurred
(Fig. 3b). In both cell lines, two phases of release were
observed relative to their respective original preloaded
control levels (Fig. 3b). First, there was a brisk 20-30%
drop in staining during the first 10 min of washing. Then,
the release became much smaller. In both phases, MDA-
MB-231 cells were more exocytotic than MCF-7 cells.

The remainder of the experiments were carried out on
endocytosis, and 0.5 mg/ml HRP over 40 min was used for
optimal uptake.
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Table 2 Summary of quantitative data (means =+ standard errors) obtained from the different analytical approaches employed in the present

study (digital imaging and analyses of multifractals)

MDA-MB-231 (control) MCF-7 (control) MDA-MB-231 (TTX) MCF-7 (TTX)
D .. 3.62 4 0.06 2.19 & 0.04 2.99 4 0.05 2.68 4 0.05
D_1o 3.38 4 0.06 2.06 & 0.04 2.79 £ 0.05 2.52 4 0.05
D_s 3.10 £ 0.06 1.92 + 0.04 2.56 + 0.05 2.34 £ 0.05
D_, 2.97 £ 0.06 1.86 £ 0.04 2.46 £ 0.05 2.26 £ 0.05
D_, 2.80 + 0.06 1.77 £ 0.04 2.31 £ 0.05 2.14 £ 0.05
D, 2.53 £ 0.06 1.65 + 0.04 2.08 £ 0.05 1.95 & 0.05
D, 2.14 £ 0.06 1.46 + 0.04 171 & 0.05 1.61 = 0.05
Do 1.71 £ 0.06 1.19 £ 0.04 1.23 & 0.05 1.11£0.05
D, 1.40 £ 0.06 0.96 + 0.04 0.96 + 0.05 0.69 + 0.05
D> 1.23 + 0.06 0.82 + 0.04 0.83 + 0.05 0.52 + 0.05
D; 1.15 + 0.06 0.75 £ 0.04 0.77 £ 0.05 0.45 + 0.05
D, 1.10 £ 0.06 0.71 £ 0.04 0.73 £ 0.05 0.42 £ 0.05
Ds 1.07 & 0.06 0.69 + 0.04 0.70 £ 0.05 0.41 £ 0.05
Dio 1.00 £ 0.06 0.64 + 0.04 0.66 £ 0.05 0.37 £ 0.05
D, 0.94 £ 0.06 0.59 + 0.04 0.61 £ 0.05 0.34 £ 0.05
AD 2.69 + 0.06 2.38 & 0.04 1.60 + 0.05 2.34 4 0.05
Npirs.seS 178 + 49 62 +17 5249 51+ 18

Parameters are defined in the text. Each data set was obtained from the measurement of 100-150 cells, from at least three different experiments

Effects of VGSC blocker and opener on tracer uptake

Incubation of MDA-MB-231 cells in HRP together with the
VGSC blocker TTX (1 uM) resulted in a significant (51%)
decrease in uptake (E, = 0.94 £ 0.13, P < 0.01). There
was no difference in the endocytic activities of TTX-treated
MDA-MB-231 cells and control (untreated) MCF-7 cells
(P > 0.05). Co-treatment of MDA-MB-231 cells with HRP
and aconitine (400 uM) resulted in a small but significant
(18%) increase in uptake (E,, = 2.25 £ 0.18; P < 0.01). In
contrast, the same working concentrations of TTX and
aconitine had no effect on HRP uptake in the MCF-7 cells
(E, = 0.82 £ 0.07 and 0.79 % 0.10, respectively).

Effects of ionic substitutions and modulators

Data on the effects of ionic substitutions and modulators
are shown in Fig. 4. In the absence of Na™, HRP uptake by
MDA-MB-231 was significantly reduced (E, = 091 £
0.32), whilst the same treatment had a much smaller effect
on MCF-7 cells (E,, = 0.74 £ 0.03). There was no differ-
ence in the values of E, for MDA-MB-231 cells treated
with TTX and Nat-free MPS (P > 0.05).

Increasing the extracellular K* concentration 10-fold
from 5.4 to 54 mM reduced HRP uptake in both cells:
E, = 0.81 £ 0.36 (MDA-MB-231 cells) and 0.58 + 0.09

A 25
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s
J
/
E, [% J /
n [ ] 1 / g
/ 1
0541 /
/
/
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Fig. 3 Time dependence of HRP uptake into (a) and release from
(b) MDA-MB-231 and MCF-7 cells. Uptake and release of HRP were
quantified by the parameters E, and E,, respectively. Data points
represent means =+ standard errors
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Fig. 4 Averaged (E,) data 3
(HRP uptake) for MDA-MB- En [%]
231 and MCF-7 cells under

various ionic conditions: control 2.51
(MPS), TTX (1 pM), aconitine

(400 uM), Na*-free, high-K*, 5]

high-KJr control, Ca**-free,
thapsigargin/THAPS (1 uM),
and KT5200 (50 nM). Columns 1.5
denote the mean + standard

error. The dotted horizontal

lines indicate the control levels 11
for the two cell lines, for
comparison

OMDA SMCF

control TTX

(MCF-T7 cells). These changes were significant (P < 0.01).
Reducing the extracellular Na® concentration by 38.5 mM
(as a control for the high-K™ treatment) also reduced HRP
uptake in both cell lines. In fact, there was no difference in
the values of E, for high-K* and K™ -control solutions.
It was concluded that the effect of the high-K™ solution, in
fact, was due to the concomitant decrease in Na™.

Uptake of HRP into MDA-MB-231 cells was partially
dependent on Ca”". Thus, removal of extracellular Ca®"
resulted in a 24% decrease in HRP uptake (E, = 1.44 £
0.07; P < 0.05). Possible involvement of intracellular Ca’*
stores was tested by incubating the cells with thapsigargin,
an inhibitor of sarco/endoplasmic reticulum Ca®" ATPase
(SERCA). This resulted in a significant (50%) decrease in
uptake of HRP by MDA-MB-231 cells (E = 0.96 & 0.09;
P < 0.01). Neither treatment involving Ca®>" had an effect
on MCF-7 cells (E,=0.62 £0.09 and 0.58 + 0.12,
respectively; P > 0.05 for both).

In several cell types, Ca’"-independent vesicular
activity has previously been shown to be controlled by
protein kinase A (PKA) (Seino and Shibasaki 2005).
Finally, therefore, the possible role of PKA in endocytosis
was investigated by treating the cells with KT5200, an
inhibitor of PKA. This resulted in a significant (34%)
decrease in MDA-MB-231 cellss HRP uptake (E, =
1.27 £ 0.29; P <0.01 cf. control). Interestingly, with
KT5200 there was also an effect on HRP uptake in the
MCF-7 cells (E = 0.62 £ 0.13; P > 0.05).

Fractal analyses

As can be seen on Fig. 1, the patterning of the labelled
vesicles also differed significantly between the two cell
lines. On the whole, vesicles formed larger aggregates of
“vacuoles” distributed throughout the cytoplasm in MDA-
MB-231 cells. On the other hand, staining in MCF-7 cells
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aconitine  Na*

High K* K* Ca’* THAPS KT 5200

control free

was “finer” and appeared more concentrated around the
nucleus. Fractal analyses were performed on cells under
control conditions and following treatment with VGSC
modulators (i.e., TTX and aconitine). The results of these
analyses are shown in Figs. 5 and 6 and summarized in
Table 2. Figure 5 shows the generalized fractal dimensions
(Dy) and the multifractal spectra [f(«)] for control and
TTX-treated MDA-MB-231 and MCEF-7 cells. Clearly,
there were notable differences between the parameters for
the two cell lines, and TTX had a major effect on MDA-
MB-231 cells (Figs. 5, 6 and Table 2).

The value of the fractal dimension D, was significantly
bigger for MDA-MB-231 compared with MCF-7 cells
(1.71 £ 0.05 vs. 1.19 £ 0.05; P < 0.003). Treatment with
TTX induced a significant shift for MDA-MB-231 but not
MCF-7 cells, Dy = 1.23 £ 0.05 and 1.11 +£ 0.05, respec-
tively. This shift was significant for MDA-MB-231
(P < 0.01) but not MCF-7 cells (P > 0.05). In fact, fol-
lowing the TTX treatment, the difference in the values of
D, for the two cell lines disappeared (P > 0.05). The
effects of removing Na™ from the incubation medium were
broadly the same as TTX (not shown). Incubation of MDA-
MB-231 cells with aconitine resulted in a slight (7%)
increase in the value of Dy (to 1.76 £ 0.05), but this
change was not significant (P > 0.05). Aconitine had
hardly any effect on the D, value for MCF-7 cells
(1.23 £ 0.05 vs. 1.19 £ 0.05, control).

The value of AD was higher for MDA-MB-231 com-
pared with MCF-7 cells (2.69 £ 0.05 vs. 2.38 &+ 0.05;
P < 0.01). In the presence of TTX, there was a large
decrease in the value of AD for MDA-MB-231 (to 1.60 =+
0.05; P < 0.01) but not for MCF-7 cells (AD = 2.34 &
0.05; P > 0.05). Treatment with aconitine induced a slight
(9%) increase in the value of AD for MDA-MB-231 cells
(to 2.93 £ 0.05) but this was not significant (P > 0.05).
In the case of MCF-7 cells, aconitine decreased the value
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Fig. 5 Averaged profiles of the generalized fractal dimension D, (a) and f(«) spectrum (b) for MDA-MB-231 (MDA) and MCF-7 (MCF) cells
under control and TTX (1 pM) treated conditions. Inset in (a) applies to both parts

Fig. 6 Values of the fractal
dimension D (a), the parameter
AD [width of f(o) spectrum,
i.e., difference between D, and
D__] (b), and the number of
PIFS-SF codes (c¢) determined
for MDA-MB-231 and MCF-7
cells under control and 1 pM
TTX pre-treated conditions.
Columns denote the

mean = standard error. The
dotted horizontal lines indicate
the control levels for
comparison
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of AD (to 1.82 £ 0.05) but this was also not significant
(P > 0.05).

Differences were also observed in the values of D,, D5,
Ds, Dg, and Dy for MDA-MB-231 and MCF-7 cells under
control conditions and following treatment with TTX
(Table 2). However, these data have not been analyzed
further due to the uncertainty of the physical meaning of
these higher-order fractals. Finally, the analysis of Npjgs.
srS gave a clear result, and there was a significant differ-
ence in the values for MDA-MB-231 cells (178 & 49) and
MCEF-7 cells (62 + 17). TTX had an effect only on the
former, with the value decreasing to 52 + 9, whereupon
the difference between the two cell lines disappeared
(P > 0.05).

Discussion

The main results of the present study are as follows:
(1) MDA-MB-231 cells were much more endocytic (and
exocytic) than MCF-7 cells, in agreement with the
former being strongly metastatic. (2) The quality of the
vesicular activity (patterning) was also more complex
for the MDA-MB-231 cells, with all main fractal
parameters measured (Dy, AD, and Nprrs.sgS) having
greater values compared with MCF-7 cells. (3) The
quantity and quality of vesicular activity in MDA-MB-
231 cells were controlled (potentiated) by VGSC
activity. There was no involvement of VGSC activity in
MCEF-7 cells. For almost every parameter measured, the
difference between the two cell lines disappeared after
VGSC activity was blocked with TTX. (4) Vesicular
activity in MDA-MB-231 cells was strongly dependent
on extracellular Na™ but only partially dependent on
Ca*t (extracellular and intracellular) and PKA activity.
As overall conclusions, we can state that (1) functional
VGSC expression serves to enhance metastatic potential
of cancer cells and (2) fractal methods are applicable
to the study of vesicular activity in cancer cells (Krasowska
et al. 2004a).

Technical aspects

We used HRP as a measure of endocytotic membrane
activity. Previously, this method was used to determine
endocytosis in two prostate cancer cell lines (Mycielska
et al. 2003; Krasowska et al. 2004a). The parameter E
quantified the amount of tracer uptake relative to cell size
and revealed that the MDA-MB-231 cells were more
endocytotic than MCF-7 cells, in line with the much
stronger metastatic character of the former. Fractal
dimension Dy relates to the mass scaling of the object and
can be complementary to E. Similar results were obtained
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previously for rodent PCa cell lines of different metastatic
potential (Krasowska et al. 2004a).

VGSC involvement in cancer cell endocytic membrane
activity

The metastatic MDA-MB-231 cells were shown previously
to express functional VGSCs that were not found in the
weakly nonmetastatic MCF-7 cells (Grimes and Djamgoz
1998; Diss et al. 2001; Roger et al. 2003; Fraser et al.
2005). Consistent with this, endocytic activity in MDA-
MB-231 was shown to be highly sensitive to suppression of
VGSC activity by TTX and extracellular Na* reduction
(Fraser et al. 2005). Interestingly, aconitine (a VGSC
“opener”) caused a slight (but significant) increase in
endocytic activity of MDA-MB-231 but not MCF-7 cells.
These results suggested (1) that VGSC activity controlled
endocytic activity in MDA-MB-2321 cells and (2) that this
potentiating effect was near-maximal. Similar results
were obtained previously from rat prostate cancer cells
(Mycielska et al. 2003; Krasowska et al. 2004a).

At present, the nature of what is being trafficked and/or
released by exocytosis (and reflected by endocytosis) under
the influence of VGSC activity in BCa cells is not known,
but some candidates can be considered. These include
cathepsin (Roger et al. 2006), which is a well-known
protease facilitating BCa cell invasiveness (Nomura and
Katunuma 2005). The VGSC protein itself is also under
activity-dependent internalization/externalization by posi-
tive feedback (Brackenbury et al. 2007). Finally, the pos-
sible role of VGSC activity in human PCa cell secretion
was studied in a clinical context by testing the effects of
anticonvulsant drugs. Thus, Abdul and Hoosein (2001)
showed that secretion of prostate-specific antigen and IL-6
from human PCa cell lines was inhibited by phenytoin and
carbamazepine (VGSC blockers).

Tonic control of vesicular activity in breast cancer cells

Endocytotic activity of MDA-MB-231 cells was com-
pletely dependent on extracellular Na™, strongly dependent
on intracellular Ca®", and partially dependent on PKA
activity and extracellular Ca®" (Fig. 4). The dependence on
extracellular Na' (and lack of it in MCF-7 cells) is con-
sistent with selective functional VGSC expression in the
metastatic MDA-MB-231 cells (Fraser et al. 2005).
As regards the mechanism(s) of control of endocytosis/
exocytosis by VGSC activity (applicable to MDA-MB-231
cells), two general mechanisms can be considered:
(1) Ca®>"-dependent. This is the “classic” mode in which
VGSC-dependent depolarization opens voltage-gated Ca®"
channels (VGCCs) and allows in Ca®" from extracellular
medium. The subsequent rise in intracellular Ca*" then
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Fig. 7 Model for the Na* and
Ca** dependence of endocytic

Ca®* - dependent

VGCC —> Ca? influx (ext.)

membrane activity (EMA) in
MDA-MB-231 cells

VGSC — > Na' >

M Ca® rel (int.)

Endocy¢tosis (EMA)

mobilizes vesicles. Involvement of such a plasma mem-
brane channel (CaV3.2) was shown to control secretory
activity in human neuroendocrine PCa cells (Gackiere et al.
2008). A rise in intracellular Ca** can also occur by release
from an internal store (Doan et al. 1994) and/or reversal of
Nat—Ca?* exchange (Torok 2007). Our results are con-
sistent with both extracellular and intracellular pools of
Ca”* being involved in the endocytic activity. (2) Ca®*-
independent. In this mode, it is the activity of a kinase,
frequently PKA, that mobilizes the vesicles (Kuromi and
Kidokoro 2005). Indeed, inhibition of PKA reduced the
amount of HRP uptake in MDA-MB-231 cells. Brackenbury
and Djamgoz (2006) showed previously in rat PCa and
Chioni et al. (2009) in MDA-MB-231 cells that Na™ influx
induced by VGSC activity can phosphorylate PKA.

From the data taken together, it is possible, therefore, that
a model can be proposed for the Na™ and Ca®" dependence
of endocytic membrane activity (EMA) in MDA-MB-231
cells (Fig. 7). In particular, this model is consistent with the
total dependence on VGSC activity and extracellular Na™,
and the partial dependence on Ca’" (extracellular and
intracellular) and PKA activity. At present, we do not know
why there is such a multiplicity of mechanisms controlling
EMA in metastatic BCa cells. It is possible that the different
mechanisms control the variety of endocytic activities in
these cells, including the turnover of key signalling mole-
cules (e.g., growth factor receptors, VGSC) and release of
compounds, possibly with differing kinetics (Fig. 3).

Fractal analyses

Independent fractal analyses confirmed the results of the
basic digital analyses and revealed that VGSC activity also
controlled the patterning of vesicular uptake. Under control
conditions, vesicles in MDA-MB-231 cells formed larger
aggregates, irregularly distributed. Following the treatment
with TTX, the vesicles became smaller and more dispersed,
similar to the pattern seen in MCF-7 cells. Thus, endocytic
membrane activity in BCa, which reflects the cells’ meta-
static potential, can be considered as a diffusive process
and is amenable to fractal analyses.

The parameter D, (“fractal dimension™) scales aggre-
gation of mass with distance from the center and had a
simple dependence on functional VGSC expression.
Accordingly, the value of D, was higher for MDA-MB-231
than for MCF-7 cells, and the difference disappeared after

PKA

Ca®" - independent

treatment with TTX, which did not affect the latter. Thus,
VGSC activity directly controlled the patterning of endo-
cytic vesicles in MDA-MB-231 cells. The lack of an effect
of aconitine (promoting VGSC activity) suggested that this
control was fully developed under the basal conditions of
the cells.

We used AD as a measure of “self-similarity” of sets,
here, the degree of aggregation of vesicles within a cell.
When an object is a stochastic fractal (with limited scale of
self-similarity), the value of AD decreases with the increase
in self-similarity. Under resting conditions, the value of AD
was higher for MDA-MB-231 than for MCF-7 cells.
Treating cells with TTX did not affect this parameter for
MCEF-7 cells, but in the case of the MDA-MB-231 cells,
there was a significant decrease in the value of AD, which
became lower than that of MCF-7 cells.

Differences were also observed in the values of D,, Ds,
Ds, Dg, and D,y for MDA-MB-231 and MCF-7 cells under
control conditions and following treatment with TTX
(Table 2). However, these data have not been analyzed
further due to the uncertainty of the physical meaning of
the fractals of higher order.

As can be seen from Table 2, D;; (i =0, £1, £2,...)
acquires significantly higher values for MDA-MB-231 than
for MCF-7 cell line. lil < 2 depicts the tendency to aggre-
gate, whilst lil > —2 the tendency to spread (see Fig. 1).

The Nprs.sp value represents the “weight” of the
staining, i.e., the larger the mass of staining and its spatial
heterogeneity within the cell, the higher the value. Indeed,
this parameter was also more developed for the metastatic
cells and had a simple, direct dependence on VGSC
activity.

Concluding remarks

In conclusion, multifractal analysis would appear overall to
be highly suitable for quantitative analyses of the spatial
organization of vesicles resulting from membrane endo-
cytosis in human BCa cells. A similar conclusion was
reached previously for strongly vs. weakly metastatic rat
PCa cell lines (Krasowska et al. 2004a). The fact that the
two cancers are similar is not surprising since they are both
secretory epithelia and share a number of fundamental
characteristics, including hormone sensitivity, functional
VGSC expression, and metastatic targets, especially bone.
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Thus, VGSC activity controls qualitative as well as quan-
titative aspects of vesicular activity in these cancer cells
and can distinguish between strongly and weakly meta-
static modes. Further studies are required to improve the
understanding of the biophysical/physiological meaning of
the fractal parameters and the precise mechanisms of their
control by VGSC activity. This effort could benefit from
extension of the approach to analyses of classic statistical
aspects and lacunarity (Krasowska et al. 2004b; Borys et al.
2008). We have applied several fractal dimensions to
describe and characterize vesicle distribution in breast and
prostate cancer cells, and based on these studies, we can
conclude that generalized fractal dimensions, particularly
Dy, Di, D_y, and AD, can be potentially useful in cancer
diagnostics. Further and more detailed studies are needed.

Based on the previous (Krasowska et al. 2004a) and
present work we can conclude, therefore, that the vesicle
patterns differ depending on the metastatic potential of
cancer cells and can be characterized using fractal
dimensions.
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