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Abstract The problems addressed here comprised (1)
possible differences in galvanotactic properties of strongly
versus weakly metastatic rat prostate cancer cells, with
MAT-LyLu and AT-2 as examples, respectively; (2)
quantitative description of the responses of the MAT-
LyLu cells to direct current (dc) electric fields (EFs) of
physiological strength (0.3-3 V/cm); and (3) voltage and
time dependency of the cells’ responses to the dcEFs.
These issues were studied by application of statistical and
fractal analyses of the cells’ trajectories. The results
showed that the MAT-LyLu cells responded strongly to
the applied dcEFs by migrating towards the cathode. On
the other hand, the galvanotactic response of the AT-2
cells was weak and towards the anode. Further studies of
the MAT-LyLu cell motility in dcEFs of increasing
strength showed that their response consisted of two
voltage domains. Weaker fields (~0.6 V/cm) induced
“straightening” of the cells’ trajectories without the cells
showing a clear tendency to move along the applied field.
Stronger fields (> 0.6 V/cm) made the cells’ movement
oriented with respect to the direction of the applied field,
without further changing the trajectories’ structure. The
results also showed that the cells do not perform a directed
movement instantaneously after switching on a dcEF of
3 V/em; approximately 30 min lapsed before the cells
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were able to fully follow the direction of the applied field.
Possible biophysical bases and pathophysiological sig-
nificance of the results obtained are discussed.
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Introduction

Cellular motility generally has been investigated exten-
sively for many years, and its involvement in such bio-
logical processes as tissue morphogenesis, regeneration,
wound healing and immune responses of animals is
commonly recognized (e.g. Nuccitelli 1988; Mohler
1993; Gold et al. 1997; Banyard and Zetter 1999;
Bertuzzi and Gandolfi 2000). The issue of cancer cell
mobility, in particular, was taken up originally by
Virchov (1863). Subsequent studies discovered that the
motility of cancer cells can be related to their metastatic
potential; on the whole, there was thought to be a pos-
itive relationship between the two aspects (Isaacs et al.
1986; Zetter 1990; Mohler 1993). Examination of cell
locomotion, therefore, can facilitate the understanding
of the metastatic process, and thus ultimately be useful
in the diagnosis and treatment of cancer.

Prostatic epithelial cells would normally be subject to
an endogeneous, “‘standing” direct current (dc) electric
field (EF) in the form of a trans-cellular potential in the
gland (Szatkowski et al. 2000). However, how the dcEF
would affect the motility of the cells early in the metastatic
cascade (localized invasion) is not known. Interestingly,
electrodiagnosis of malignancy has been reported, al-
though its cellular/molecular basis is not clear (Fukuda
et al. 1996; Faupel et al. 1997; Cuzick et al. 1998). In an
earlier study on rat prostate cancer cells, we showed that
only the strongly metastatic MAT-LyLu cells possess a
clear ability to orient their movement in an external dcEF
(““galvanotaxis’), unlike the weakly metastatic AT-2 cells
whose response to an electric field was much weaker and in


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595.276 785.197 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: Dot Gain 10%
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICC
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile (Dot Gain 10%)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /UseDeviceIndependentColor
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


the opposite direction (Djamgoz et al. 2001). This finding
followed earlier work which showed distinct electro-
physiological and galvanotactic responses of strongly and
weakly metastatic cells of rat and human prostate carci-
noma (Grimes et al. 1995; Laniado et al. 1997; Smith et al.
1998; Foster et al. 1999; Djamgoz et al. 2001). A partic-
ularly interesting result was the identification of func-
tional voltage-gated sodium channels (VGSCs), expressed
selectively in the strongly metastatic cells (Grimes et al.
1995; Laniado et al. 1997; Grimes and Djamgoz 199§;
Fraser et al. 2000). Importantly, pharmacological block-
age of VGSC activity in the MAT-LyLu cells suppressed
galvanotaxis (Djamgoz et al. 2001), consistent with
the occurrence of functional VGSCs specifically in the
strongly metastatic phenotype (Grimes et al. 1995;
Laniado et al. 1997).

Fractal methods have been found to be useful in
studying locomotion. For example, such an approach
provided new quantitative measures of sperm motility
and could differentiate between hyperactivated or non-
hyperactivated states (e.g. Katz and George 1985; Davis
and Siemers 1995; Mortimer et al. 1996; Mortimer
1998). Other applications include characterization of the
movements of the marine prosobranch, Littorina litto-
rea, during mating and non-mating seasons (Erlandsson
and Kostylev 1995), and swimming in clownfish
(Coughlin et al. 1992). “DNA walks” were also studied
by fractal methods, and it was shown that a stronger
correlation existed with the coding parts of the genes
than the non-coding parts (Abramson et al. 1999).
Interestingly, it has also been found that the fractal
characteristics of chromatin can be correlated with
breast cancer (Einstein et al. 1998).

In our earlier galvanotaxis study on rat prostate cancer
cells, some basic motility parameters were determined and
compared for two cell lines (MAT-LyLu and AT-2),
contrasting in their metastatic potential (Djamgoz et al.
2001). In the present work, we have extended the statis-
tical analysis of cell motility and broadened the quanti-
tative approach to the application of fractal methods
(Mandelbrot 1983; Bassingthwaighte et al. 1994; Schuster
1995). In addition, “random walk” analysis (Havlin and
Ben-Avraham 1987) enabled the testing of the possible
diffusional characteristics of the cells’ locomotion. We
have also examined the time course of development of the
cells’ trajectories in an attempt to evaluate the delay, if
any, in the cells’ motility becoming directional. Finally,
the voltage dependence of the various parameters analy-
sed was determined in order to gain an insight to possible
involvement of voltage-dependent (e.g. ion channel)
mechanisms.

The results have been divided into two parts, reflecting
the major problems addressed. First, we present a detailed
comparison of the motility characteristics of strongly
versus weakly metastatic cells (MAT-LyLu versus AT-2,
respectively) on the basis of their behaviour in a dcEF of
3 V/em. The second part focuses on the influence of
electric field intensity on the various parameters describ-
ing the motility of the galvanotactic MAT-LyLu cells.
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Materials and methods

Experimental techniques and data acquisition

Experiments were performed on two well-characterized rat prostate
cancer (“Dunning”) cell lines having markedly different metastatic
ability: MAT-LyLu and AT-2 cells, which metastasize in >90%
and <10% of cases, respectively, when injected into Copenhagen
rats (Isaacs et al. 1986). The cells were cultured as described pre-
viously (Grimes et al. 1995; Djamgoz et al. 2001). Cellular migra-
tion and response to the electric field were assayed using a
galvanotaxis apparatus described in detail by Korohoda et al.
(2000) and Djamgoz et al. (2001). MAT-LyLu and AT-2 cells
(n=50 each) were tracked for 360 min, using time-lapse images
taken at 5 min intervals; an individual cell’s trajectories were con-
structed from 73 successive cell centroid positions (Korohoda and
Madeja 1997; Korohoda et al. 1997; Djamgoz et al. 2001). The data
were stored in a two-column matrix of x and y coordinates at
successive time points (#;). Comparison of MAT-LyLu and AT-2
cells’ motilities were performed at the criterion field strength of
3 V/em. The dependence of MAT-LyLu cells’ motility on the dcEF
strength was determined in the range 0.3-3 V/cm.

Parameters measured

The motilities of MAT-LyLu and AT-2 cells in control conditions
and in dcEFs were studied by statistical and fractal analyses. The
following parameters were determined.

Net displacement

The net displacement (L,) was defined as the shortest (“direct”)
distance covered by the cell between the starting point (at time
t=0) and the final position (at time /=360 min). The x and y
components of L, (L, and L,,) were also calculated. From these,
the average speed of movement (V) and the velocities in the x and
y directions (¥, and V/,,) could be obtained. In addition, the rel-
ative occurrence of given cells in the cathode and anode halves of
the electric field (£, and F,) was determined as a percentage of the x
and y coordinates being positive and negative, respectively.

Total length of cell trajectory

The total length of the cell trajectory (L,) was the real distance
covered by the cell, calculated as the sum of the unitary jumps
performed in successive 5-min intervals, according to the formula:

n—1

1= 5 i) x4 M

where 7 is the total number of the trajectory points (n=73), and
x(t;), y(t;), x(t;+1), ¥(t;+1) denote the coordinates of the successive
positions of the cell, separated by the 5-min recording interval.

Coeflicient of movement efficiency

The coefficient of movement efficiency (CME) was defined as L,/L,,
representing a normalized measure of the straightness of the tra-
jectories (Djamgoz et al. 2001). The values of CME would be in the
range 0-1, corresponding to the displacement being null and
straight, respectively.

Instantaneous velocities

The instantaneous velocities (Vj, and V;,) in the x and y directions
were calculated from the following definitions:

Vie=x(tiy1) — x(t;) 2



14

Vo=y(tix1) — y(t:) 3)
In particular, since the electric field was applied along the x-axis,
positive and negative values of V;, would indicate movement di-
rectly towards the cathode and the anode, respectively.

Orientation

The orientation (f8) of cell movement was defined (in radians) as the
net angle § between the straight line joining the cell’s given position
to the origin and the x-axis, i.e.:
y(n)
= arctg— 4

The range of § was —3.14 to 3.14 radians.
Dimension of random walk

The dimension of random walk (dy) described the diffusional
character of cell movement and was defined through the power law
scaling of the variance ¢ with time (Gardiner 1990; Havlin and
Ben-Avraham 1987). Accordingly:

o o '/ (5)

The variance ¢ was defined as 1/ [x(¢) — x(to)]*+[v(¢) — ¥(t0)]* and
averaged over the whole population for each cell type. The above
relation (Eq. 5) in double-logarithmic coordinates would be a
straight line, the slope of which gives the value of d,,. For the
dimension of random walk, d,, =2 would indicate random move-
ment; d,, <2 would indicate directional movement relative to the
applied dcEF; and dy, >2 would indicate a process slowing down
the cells” movement.

Fractal dimension (dy)

The fractal dimension (df) was defined through the notion of a
homogeneous function (Liebovitch et al. 1987; Grzywna et al.
1999), as follows:

L(at) = a4 L(r) (6)

where L(7) is the total length of cell trajectory when using the time
scale t; a stands for the scaling parameter (e.g. a=2 would corre-
spond to the length of a trajectory created by connecting every
second point of the recorded data); dr is a topological dimension
(dr=1 for all smooth curves; dr=2 for objects like squares and
triangles). The fractal dimension dy was calculated by linear regres-
sion performed on a double-logarithmic plot (Mandelbrot 1983;
Liebovitch et al. 1987). Thus, d; specified the relation between the
time series measured with different sampling frequencies. On the
basis of previous studies on the minimum length of the cell trajectory
needed for the reliable determination of ¢ (e.g. Mortimer 1998), a
73-point trajectory was deemed appropriate for the present analysis.

Data analysis

The data were analysed using the software Matlab 5.3 (Math-
Works). The distributions and the mean values of all the parameters
were calculated, together with the standard deviations. The time
course and voltage dependency of the various parameters were also
studied. The significance of the results, including comparisons of the
two contrasting cell types studied, was determined using Student’s
t-test. Values of P<0.05 were assumed to represent significance.

Results

The quantitative data obtained are summarized in
Table 1.

Comparison of the cells’ basic motility characteristics

Typical trajectories of MAT-LyLu and AT-2 cells in
control conditions and in an applied dcEF of 3 V/cm are
illustrated in Fig. 1. Under the control conditions used,
the motility characteristics of the MAT-LyLu and AT-2
cells appeared similar (Fig. 1A, C); there was no signifi-
cant difference as regards the total length of trajectory,
net displacement, coefficient of movement efficiency,
instantaneous velocities, orientation of cell movement
with dcEF direction, or the fractal dimension (Table 1).
In contrast, the presence of the dcEF revealed a signifi-
cant difference between the two cell lines (Fig. 1B vs. D):
MAT-LyLu cells responded much more strongly than
the AT-2 cells; the former moved briskly towards the
cathode, while AT-2 cells showed a tendency of moving
towards the anode. Comparison of the total length of the
cells’ trajectories showed that the non-directional motil-
ity was the same for both cell lines (Table 1). Only the net
displacement, which is influenced by the directionality of
movement, differed between the two cell lines. Applica-
tion of 3 V/em dcEF increased L, of MAT-LyLu cells
more than three-fold. The value of L, for the AT-2 cells
remained unaffected by the applied voltage (Table 1).

Studies of the x and y components of L, enabled the
determination of the velocities towards the cathode and
the anode, respectively. Application of the 3 V/cm dcEF
brought about a significant (more than five-fold)
increase in the average velocity towards the cathode,
from 0.07+0.05 ym/min in control conditions to
0.37+£0.35 yum/min in the field (P <0.05). Consistent
with this, the relative occurrence of the MAT-LyLu cells
in the cathode half of the electric field increased from
41% to 95%. On the other hand, the y-component of L,
and hence V,, were not affected by the applied field.

The instantaneous velocities of MAT-LyLu and AT-2
cells also were the same, under both the control conditions
and in the field (Table 1). This implied that the lengths of
the cells” unitary jumps were independent of the external
conditions. However, the dcEF increased the number of
unitary jumps towards the cathode for the MAT-LyLu
cells. Thus, the percentage of positive jumps towards the
cathode (V;, ") in the field was more than twice that of
negative jumps (V;,"). In the case of the AT-2 cells, Vi, "
and V;,~ also became unequal in the field, albeit to a lesser
extent. The percentage of negative Vj,, reflecting the
preferential movement towards the anode, was 37%,
while the percentage of movement towards the cathode
was significantly smaller (31%; P=0.04).

The increased directionality of the movement of
MAT-LyLu cells in dcEF was confirmed by analyses of
the coefficient of movement efficiency and the fractal
dimension. Both parameters revealed further the ten-
dency for the straightening of the trajectories by the
applied electric field. The procedure of CME determi-
nation required averaging over the whole trajectory and,
therefore, was not sensitive to any local intricacy. On the
other hand, the values of d; and d,, were strongly influ-
enced by the local pattern of a trajectory, and therefore
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Table 1 Summary of quantitative data (means + standard deviations) obtained from MAT-LyLu and AT-2 cells under control conditions
and in the presence of a dcEF of 3 V/ecm. All the parameters are defined in Materials and methods. For each parameter, the data were

averaged from 50 cells

Parameter MAT-LyLu AT-2
Control 3 V/em Control 3 V/em
Total length of cell trajectory, L, (um) 344 +48.5 364 +91 320+53.2 353+58.9
Net displacement, L, (um)/net speed, V;, (um/min) 40.6+32.8/ 142 £ 125/ 38.3+23.5/ 46.2+33.1/
0.11+0.09 0.39+0.35 0.114+0.07 0.13+0.10
Average L, on the cathode side, <L,,>. (um)/ 23.4+16.5/ 134+ 126/ 26.0+18.9/ 12.6+£9.61/
average speed on the cathode side, (V). (um/min) 0.07+0.05 0.374+0.35 0.07£0.05 0.04+0.03
Average L,, on the anode side, <L,,>, (um)/ -27.2+18.0/ - -34.4+25.6/ -33.2+25.9/
average speed on the anode side: (V},,), (#m/min) —-0.08 £0.05 -0.10+0.07 —-0.09+0.07
Average L,, over the positive values (um)/ 23.1+16.8/ 21.9+21.6/ 17.5+£15.7/ 23.1+19.5/
average speed towards the cathode, V,, " (um/min) 0.06+0.05 0.06 £0.06 0.05+£0.04 0.06+0.05
Average L, over the negative values (um)/ -23.0+16.7/ -39.0+34.8/ -20.2+16.6/ -35.6+33.8/
average speed towards the anode, V,,~ (um/min) -0.06 £0.05 -0.11£0.10 -0.06 £0.05 -0.10£0.09
Relative occurrence of given cells in the cathode 41 95 44 25
half of the electric field, F. (%)
Relative occurrence of given cells in the anode half 49 3 48 67
of the electric field, F, (%)
Percentage of the total time (6 h) the given cells stay 10 2 8 8
in the starting point of the trajectory, x=0 (%)
Percentage of the total time (6 h) the given cells stay 57 40 43 39
in the positive half of the coordinate system, y>0 (%)
Percentage of the total time (6 h) the given cells stay 34 52 46 53
in the negative half of the coordinate system, y <0 (%)
Percentage of the total time (6 h) the given cells stay 9 8 11 8
in the starting point of the trajectory, y=0 (%)
Instantaneous velocity of movement towards the 0.87+0.48 1.02£0.59 0.82+0.42 0.82+0.41
cathode, Vi, (um/min)
Instantaneous velocity of movement towards the -0.90+0.49 -0.77+0.39 -0.82+0.39 -0.86+0.46
anode, Vi~ (um/min)
Coeflicient of movement efficiency, CME 0.12+0.08 0.35+0.22 0.12+0.07 0.13+0.09
Orientation, f§ (radian) 0.52+1.8 -0.04+0.71 -0.51+0.04 -0.13£2.16
Dimension of random walk, d,, 1.8+0.2 1.1+0.1 1.9+0.2 1.6+0.2
Fractal dimension, dr 1.7£0.2 1.5+£0.2 1.7+£0.2 1.6+£0.2
Fig. 1 Typical examples of MAT-LyLu AT-2
trajectories of MAT-LyLu and
AT-2 cells under control A 150 | c 150 |
experimental conditions (A, C)
and in a direct-current electric —_ . X
field of intensity 3 V/cm (B, D). £
Each panel is the composite of == 2300 | ' 300! | -300 ’ ' " 300
25 cells. The starting point for > B i
all the cells was fixed as the i i
origin (0, 0). The electric field -150 -150
was applied along the x-axis
(indicted by +/-)
B 150 | D 150
E T £
= | 300 300
>
M 150 - |t 150
X (um) X (pm)

would be more sensitive in distinguishing changes of the
cells” motility by dcEF. The fractal dimension decreased
significantly for both cell lines (P=0.01 for each cell),
which suggested that the slight response of the AT-2 cells
to the field was also significant. This conclusion was
supported independently by the random walk analyses,

which also showed that the movement of the MAT-LyLu
cells in the electric field could not be treated as random
walk but rather represented a directional migration un-
der the influence of the applied dcEF (d,, falling from 1.8
to 1.1); the same, but with a smaller effect, was observed
for the AT-2 cells (d,, falling from 1.9 to 1.6).
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In order to obtain information about orientation of
movement, average values as well as the distributions of
the angle f§ were determined (Fig. 2; Table 1). Under the
control conditions, both cell types moved in all direc-
tions with equal probability (Fig. 2A, C). On the other
hand, the unimodal character of the histogram found for
the MAT-LyLu cells in dcEF (Fig. 2B) confirmed the
strong directional responses of the cells to the applied
field. The increase of the frequency of occurrence of
large negative and positive values of f§ for the AT-2 cells
(Fig. 2D) indicated their slight preferential movement in
the opposite direction.

Heterogeneity of MAT-LyLu cells

In order to gain an insight into possible heterogeneity in
the MAT-LyLu cell population studied, the distribution
of each parameter was determined in individual histo-
grams. As an example, Fig. 3 presents the histograms of
CME values for MAT-LyLu and AT-2 cells. Under the
control condition, both cell lines had similar distributions,
peaking at around 0.2 (clear bars; Fig. 3A, B). In the
presence of the field, however, there was a significant shift
towards 1 and broadening of the distribution of CME
values for the MAT-LyLu cells (dark bars; Fig. 3A). No
such obvious change was seen for the AT-2 cells (dark
bars; Fig. 3B). It thus appeared that the directionality of
the response of the strongly metastatic cell line in the
applied dcEF had much greater heterogeneity overall.

Time dependency of the MAT-LyLu cell motility
parameters

In order to examine the time course of development of
trajectories of MAT-LyLu cells, the net displacement L,

the instantaneous velocity Vi, and the angle  were
studied as a function of time. Figure 4A—C shows the
typical time dependence of the three parameters under
control conditions. These data suggested that all the
parameters changed randomly in time, without revealing
any regular pattern. Figure 4D—F presents an example of
the time dependence of L, Vi and f for a MAT-LyLu
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Fig. 4 Examples of the time T
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cell in a dcEF of 3 V/em (CME > 0.5). “Smoothing” of 8
and stabilization of the sign of V;, were complete within
approximately 30 min after applying the field. More-
over, the modified values were maintained for the rest of
the recording period (6 h) without any further change,
i.e. there was no adaptation to the applied, sustained
field; 30 min were also needed for the onset of linear
increase of L, in time.

This analysis was repeated at dcEFs of 0.6 and
0.9 V/cm. In those cases, no real smoothing of the
time dependence of f occurred; only after approxi-
mately 50 min did the values diminish, but remained
fluctuating between 0.6 and +0.6 radians (not illus-
trated). It was concluded that response to the applied
dcEF was generally faster when the field was made
stronger.

Dependence of the galvanotactic response parameters
of MAT-LyLu cells on dcEF strength

Typical trajectories of MAT-LyLu cells in dcEFs in the
range 0-3 V/cm are shown in Fig. 5. On the whole, a
higher voltage brought about a more pronounced
movement towards the cathode. This is seen clearly for
the orientation of movement, illustrated by the histo-
grams of the angle f (Fig. 6). Thus, as the dcEF strength
increased, the probability of movement towards the
cathode increased (ff tending towards 0).

Figure 7A-E presents in more detail the dependence
of L, CME, L,, d, and d; parameters on the applied
voltage. These data are presented as relative percent

change with respect to the original value treated as
100%. The value of L, was not affected by the strength
of the applied dcEF, the only parameter to show this
behaviour (Fig. 7A). Thus, the total length of trajec-
tory covered by a cell (i.e. speed of movement) was
independent of the field strength. Figure 7B shows that
a significant change (increase) in CME occurred when
the field strength reached 0.6 V/cm. Interestingly, con-
tinuing to increase the dcEF strength up to 3 V/cm had
no further effect on the value of CME, i.e. the effect
was all-or-none. A significant increase in L, also
occurred when the value of dcEF reached 0.6 V/cm
(Fig. 7C). As the field was made stronger, there was no
further change up to 1.5 V/cm. However, a significant
increase was seen at 3 V/cm, the strongest dcEF tested
(P <0.05). In the random walk analysis (Fig. 7D), for 0
and 0.3 V/cm, the cells performed random walk
(dy=2.0£0.3). The value of d, became significantly
smaller than 2 (d,=1.5%£0.1) for 0.6 V/cm. As the field
strength was increased, the value of d,, decreased fur-
ther, and the cells performed fully directional move-
ment at 3 V/cm, suggested by the value of d,, close to
unity. Analysis of the fractal dimension d; also revealed
a mixed dependence on dcEF strength (Fig. 7E). There
was no effect at 0.3 V/cm. A significant decrease in the
value of df was seen at 0.6 V/cm, and this was main-
tained, remaining saturated up to 3 V/cm, except at
1.5 V/cm where a significant decrease was seen
(Fig. 7E).

From these analyses, therefore, two generalities
emerged as regards the voltage dependency of the cell
motility parameters studied, as follows:
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1. All the parameters, except one, were associated with a
dcEF “threshold” of 0.6 V/cm. The exception was
L, which was not affected at all by the applied
voltage.

2. All the parameters (CME, L,, d, and dy) that
responded to the dcEF had an ‘“‘all-or-none” type
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Fig. 6 Histograms of values of the angle § for MAT-LyLu cells
exposed to dcEFs of different intensities in the range 0-3 V/cm
(values indicated above each panel). Each data set was obtained
from 50 representative cells. The angle f was defined by Eq. (4). Ny
is the number of values of f§ in given “bins” of the histograms

characteristic, at least for a part of the voltage range
tested, and some indication of multiple voltage
domains.
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Discussion

The galvanotactic responses of strongly and weakly
metastatic rat prostate cancer cells (MAT-LyLu and
AT-2, respectively) were studied for the first time by
detailed statistical and fractal analyses. The main
problems addressed were: (1) possible differences in the
galvanotactic properties of the two cell lines, as
characterized by the different motility parameters;
(2) dependence of the highly metastatic cells’ response to
the electric field of different intensity; (3) diffusional
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characteristics of the locomotion of MAT-LyLu and
AT-2 cells; and (4) the time dependency of the cells’
response to the applied dcEF.

Basic effects of electric field on MAT-LyLu
and AT-2 cells’ motility

Visual observation of the trajectories of MAT-LyLu and
AT-2 cells in dcEF immediately revealed directional
movement towards the cathode for the strongly meta-
static cell line, whilst the weakly metastatic cells tended
to move towards the anode (Fig. 1). The various
parameters integral to this phenomenon (“‘galvano-
taxis’’) were analysed by application of several different
quantitative measures (Table 1). In particular, intro-
duction of the independent fractal parameter d; and the
dimension of random walk d,, complemented and ex-
tended the original statistical analysis (Djamgoz et al.
2001). The fractal analysis confirmed many of the gen-
eral characteristics emerging from the examination of
the other motility parameters and revealed in addition
that dcEFs have a significant effect also on the AT-2
cells (Table 1). The fractal analysis would take into ac-
count the local “‘structure” of the cells’ trajectories and
can “‘detect” geometrical features, unlike, for example,
the “comparable” CME which is an average measure
not “‘sensitive” enough to reveal the multiple voltage
domains. The dimension of random walk enabled us to
follow any change in the motility characteristics of the
MAT-LyLu cells as the dcEF strength was increased.
This showed that the cells’ movement was completely
“diffusional” at low or no dcEF, whilst a dcEF of
3 V/em brought about fully directional movement
(dw==1). The parameter d,,, therefore, has a clear physical
meaning showing the influence of the external force,
originating from the applied dcEF, on the cells’ loco-
motion, and also complements the statistical analyses.
Directionality of the cell movement in the applied
dcEFs was also studied by the distribution of the net
angle of orientation f (Fig. 2). The f histogram had a
peak at f=0, consistent with directional movement of
the MAT-LyLu cells towards the cathode. In contrast,
the AT-2 cells moved slightly towards the anode, indi-
cated by the modest shift towards the large negative and
positive f angles. The significance of the galvanotactic
response of the AT-2 cells was confirmed by the analyses
of F. and F, (Table 1). This is the first quantitative study
of the galvanotactic response of the weakly metastatic
AT-2 cells, which would be worthwhile extending.

Time dependency of MAT-LyLu cells’ response
to dcEF

The time dependence of the parameters Vi, f and L,
was analysed here for the first time (Fig. 4). This
revealed that a time delay of some 30 min was necessary
for the MAT-LyLu cells to respond do a dcEF (3 V/cm)
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by full directional movement. Interestingly, the shortest
time after which a cell gave just a detectable response to
an applied dcEF was reported earlier to be less than
1 min (Djamgoz et al. 2001). This would imply that
MAT-LyLu cells’ galvanotactic response may have two
levels of time dependence (M.E. Mycielska and M.B.A.
Djamgoz, in preparation). The first reaction is very fast
and may involve a change such as redistribution of
surface charge (Abercrombie and Ambrose 1962; Price
et al. 1987; Carter and Coffey 1988; Carter et al. 1989),
and subsequent change in membrane potential and
voltage-gated ion channel activity (Djamgoz et al. 2001).
The second, slower phase could represent cytoskeletal
changes, and possibly protein electrophoresis. Prelimi-
nary immunocytochemical observations of MAT-LyLu
cells excluded the existence of any asymmetry in the
distribution of VGSC protein over the cell surface under
control conditions (unpublished results). The situation
in dcEF is not known, however, and some proteins have
been shown to be redistributed in dcEF (Poo and
Robinson 1977; Orida and Poo 1978; Stollberg and
Fraser 1988). The 30-min time delay of the onset of di-
rectional movement could indicate the possibility of
some gross redistribution of VGSCs (or other) protein in
the membrane by electrophoresis. Once established,
however, the motility characteristics were maintained for
the length of the cell recordings (6 h), suggesting that the
changes induced by the dcEF were long lasting and were
such as to put the cells into a new steady state. We have
shown previously that voltage-gated Na™ channel
(VGSC) activity has a significant involvement in the
MAT-LyLu cells’ galvanotactic response (Djamgoz et al.
2001).

Voltage dependency of MAT-LyLu cells’ motility
parameters

The different analyses applied to the MAT-LyLu cells
gave a consistent result, suggesting, firstly, that the effect
of the dcEF on the cells’ trajectories was non-linear
(Figs. 5and 7). L; was the only parameter not influenced
by the dcEF (Fig. 7A). This is in agreement with the
previous result showing that an electric field brings
about mainly directionality, rather than speed, of the cell
movement. The rest of the parameters studied revealed
consistently: (1) a threshold dcEF of 0.6 V/cm; and (2) a
tendency to saturate at 1 or 1.5 V/cm, indicating at least
a partial “all-or-none” type dependence (Fig. 7B-E).
Both aspects (threshold dcEF and apparent all-or-none
behaviour) are basic characteristics of VGSC activity
which (a) was found specifically in strongly metastatic
cells (Grimes et al. 1995); and (b) was shown previously
to be involved in the cells’ galvanotactic response
(Djamgoz et al. 2001). In addition, the observed heter-
ogeneity (Fig. 3) is consistent with only a sub-popula-
tion of MAT-LyLu cells expressing functional VGSCs
(Grimes et al. 1995). On the other hand, a further do-
main (1.5-3 V/cm) was seen in the voltage dependence

of the parameters affected. This would imply that there
could be other mechanisms, additional to VGSC, also
involved in the cells’ galvanotaxis. This agrees with our
earlier result showing that blocking VGSC activity with
tetrodotoxin did not completely block galvanotaxis.
Further work is required to elucidate the range and
sequential action of the biophysical mechanisms
responsible for the full galvanotactic response of the
MAT-LyLu cells.

The phenomenon of galvanotaxis is likely to occur in
vivo due to the presence of trans-epithelial potentials in
the prostate gland and could be involved in local invasion
of tissue early in the onset of prostate cancer (Szatkowski
et al. 2000). In overall conclusion, therefore, we would
like to suggest that further studies of this phenomenon
and analytical description of its biophysical basis may, in
the long term, facilitate identification and development
of novel targets for treating metastatic disease.
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