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The antiepileptic drug valproic acid (VPA) and teratogenic VPA analogues have
been demonstrated to inhibit cell motility and affect cell morphology. We here
show that disruption of microtubules or of microfilaments by exposure to
nocodazole or cytochalasin D had different effects on morphology of control cells
and cells treated with VPA, indicating that VPA affected the cytoskeletal
determinants of cell morphology. Furthermore, VPA treatment induced an increase
of F-actin, and of FAK, paxillin, vinculin, and phosphotyrosine in focal adhesion
complexes. These changes were accompanied by increased adhesion of VPA-
treated cells to the extracellular matrix. Treatment with an RGD-containing peptide
reducing integrin binding to components of the extracellular matrix partially
reverted the motility inhibition induced by VPA, indicating that altered adhesion
contributed to, but was not the sole reason for the VPA mediated inhibition of
motility. In addition it is shown that the actomyosin cytoskeleton of VPA-treated
cells was capable of contraction upon exposure to ATP, indicating that the reduced
motility of VPA-treated cells was not caused by an inhibition of actomyosin
contraction. On the other hand, VPA caused a redistribution of the actin severing
protein gelsolin, and left the cells unable to respond to treatment with a
gelsolin-peptide known to reduce the amount of gelsolin bound to phosphatidylino-
sitol bisphosphate (PIP2), leaving a larger amount of the protein in a potential actin
binding state. These findings indicate that VPA affects cell morphology and
motility through interference with the dynamics of the actin cytoskeleton. Cell
Motil. Cytoskeleton 42:241–255, 1999.r 1999 Wiley-Liss, Inc.
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INTRODUCTION

The ability of eukaryotic cells to migrate is of
fundamental importance in many biological phenomena
including embryogenesis, wound healing, immunological
responses, and the invasive and metastatic behavior of
cancer cells [Van Roy and Mareel, 1992; Bronner-Fraser,
1993; Hauzenberger et al., 1997; McCawley et al., 1997].

The magnitude of displacement of a motile cell has
been shown in part to depend on cell-substratum interac-
tions [Gail and Boone, 1972; Palecek et al., 1997],
maximal cellular dispersion being observed at an interme-
diate attachment strength.
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Another determinant of cell motility is the organisa-
tion and function of components of the cytoskeleton.
Thus, the amount of various actin isoforms as well as of
proteins involved in the organisation and dynamics of the
actin cytoskeleton (e.g. vinculin and gelsolin) have been
shown to modulate cell motility [Cunningham et al.,
1991; Goldmann et al., 1995; Rønnov-Jessen and Pe-
tersen, 1996; Kislauskis et al., 1997].

Cellular adhesion and organisation of cytoskeletal
components have also been shown to be major regulators
of cellular morphology [Willingham et al., 1977; Domnina
et al., 1985]. Furthermore, mechanical tension generated
within the cytoskeleton, and transmitted to the exterior
via cell-cell and cell-extracellular matrix (ECM) interac-
tions have been demonstrated to affect cellular morphol-
ogy, motility and morphogenesis [Albrecht-Buehler, 1987;
Gordon and Brodland, 1987; Ingber et al., 1994].

Valproic acid (2-n-propyl pentanoic acid, VPA) is a
widely used antiepileptic drug [Mattson, 1995] that also
has been shown to be useful in the treatment of manic-
depressive illness and migraine [Bowden et al., 1994;
Sørensen, 1988]. Besides its anticonvulsive and sedative
effects VPA is a known human teratogen causing neural
tube defects, spina bifida aperta and anencephaly in 1–2%
of human foetuses exposed to the compound during early
pregnancy [Robert, 1988]. The molecular mechanisms
underlying the teratogenic effects of VPA have not been
identified, but a number of VPA analogues having almost
identical anticonvulsive, but varying teratogenic poten-
cies have been produced [Fisher et al., 1994; Andrews et
al., 1995, 1997].

We have previously been able to demonstrate that
the teratogenic potency of VPA and VPA analogues
correlates directly with the area and inversely with the
motility of cells grown in the presence of these com-
pounds [Berezin et al., 1996; Walmod et al., 1998]. VPA
has also been shown to increase the adhesion of C6
glioma cells [Maguire and Regan, 1991; Martin et al.,
1988] and to cause alterations in the actin cytoskeleton
and focal adhesions of fibroblastoid L-cells [Berezin et
al., 1997].

In this study we investigated the effects of VPA on
the cytoskeleton of fibroblastoid L-cells in order to
elucidate the observed changes in morphology and motil-
ity of cells treated with VPA. We show that long-term
exposure to VPA stimulated actin stress-fibre formation,
and caused an increase in the concentration of F-actin, as
well as an increase in focal adhesion formation and
cell-substratum adhesion. Although decreasing the cell-
substratum adhesion of VPA-treated cells by exposure to
an RGD-containing peptide caused a significant increase
in cell motility, this treatment could not bring the motility
of VPA-treated cells to the level of control cells. The
actomyosin cytoskeleton in VPA-treated cells as well as

in control cells was capable of contraction. However,
VPA treatment caused a redistribution of the actin-
severing protein gelsolin, and in contrast to control cells,
the severing activity of gelsolin in VPA-treated cells
could not be modulated by a peptide containing one of the
PIP2-binding domains of gelsolin. These findings indicate
that the altered morphology and motility of VPA-treated
cells, and thereby the teratogenic effect of the drug, in
part may be explained by alterations in the regulation of
actin dynamics.

MATERIALS AND METHODS

Cell Culture

The L929 cell line was obtained from the European
Collection of Animal Cell culture. Clone LVN101 was
obtained by transfection of L929 with an empty vector as
previously described [Gunning et al., 1987; Meyer et al.,
1995].

Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) heat
inactivated foetal calf serum, fungizone (2.5 µg/ml),
penicillin (100 U/ml) and streptomycin (100 µg/ml)
(Gibco BRL, Gaithersburg, MD). Cells were maintained
at 37°C in a humidified atmosphere of 5% CO2, and had
been passaged at least four times and no more than 15
times when used for analysis.

Chemicals

Sodium-valproate, nocodazole and cytochalasin D
were purchased from Sigma (St. Louis, MO). Valproic
acid was supplied by Dr. Heinz Nau (School of Veterinary
Medicine, Department of Food Toxicology, Hannover,
Germany). The integrin binding peptide GRGDSP and
the peptide QRLFQVKGRR, containing one of the two
PIP2-binding motifs of gelsolin (residue 161–172) were
supplied by the Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry, Russian Academy of Sciences,
Moscow.

Treatment of Cells for Evaluation
of Cell Motility and Morphology

Subconfluent cultures were dislodged with 0.5
mg/ml trypsin, 0.54 mM EDTA in a modified Puck’s
saline (Gibco BRL), seeded in six-well tissue culture
plates (Nunc, Roskilde, Denmark) at a density of 1.0–
2.0 3 103 cells/cm2, and grown for 48 h in medium
containing 25 mM HEPES.

Cells were exposed to VPA for various times by
adding the compound to the medium to a final concentra-
tion of 3 mM. 3 M stock solutions of valproic acid or
sodium-valproate were dissolved in DMSO and PBS,
respectively. Accordingly, control cells were exposed to
an equal amount of either DMSO or PBS. In experiments
involving the addition of DMSO, the final concentration
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of DMSO was always 0.1% (v/v). Experiments per-
formed in the presence of either of the two forms of the
drug yielded identical results.

For experiments involving the use of cytochalasin
D (1 µg/ml), nocodazole (10 µg/ml), the RGD-peptide
(100 and 500 µg/ml), or the gelsolin-peptide (50 µg/ml),
the compounds were added to the cell cultures 50 min
before cells were fixed for immunofluorescence stainings
or recordings were initiated.

Video Recordings of Live Cells

Video-recordings were done as previously de-
scribed [Walmod et al., 1998]. Briefly, tissue culture
dishes were placed on a motorised, thermostatically
controlled heating stage (Lincam Scientific Instruments
LTD, Surrey, UK) mounted on a Nikon Diaphot 300
inverted microscope equipped with phase contrast optics
and a modified plexiglas incubator (Nikon, Yokohama,
Japan) surrounding the microscopic stage. Recordings
were obtained using a CCD video camera (Burle, Lan-
caster, PA) attached to the microscope. Images for the
determination of individual cell motility were recorded
from 10–12 different fields/well over a period of 15 or 20
min, with 1 or 2 min intervals, respectively.

Determination of Cell Morphology
and Single Cell Motility

For determinations of individual cell motility and
morphology contours of live cells were recognised semi-
automatically by means of thresholding and binary trans-
formation of recorded images. This method allows deter-
mination of the centroid position and the calculation of
various parameters of cell morphology, including average
cell brightness, mean-cell-area, form factor and process
domain. Form factor is defined mathematically as 4p 3
(mean-cell-area)/(cell perimeter)2. Thus, a perfectly round
cell will have a form factor of 1, whereas more elongated
or stellate cells will have a lower form factor. The process
domain is defined as the area obtained by subtracting the
object area from the convex hull area. Thus, the process
domain increases with increasing number and length of
processes [Soll et al., 1988; Kawa et al., 1998].

Calculations of cell motility were based on determi-
nations of the centroid positions of individual cells or,
alternatively, by manual marking of the centre of the
nuclei of individual cells. Centroids or nuclear centres
from consecutive video frames were utilised for the
determination of the mean cellular displacement,t, of
individual cells. Subsequently, cellular motility was deter-
mined as the mean-cell-speed, St 5 ,d./t using overlap-
ping intervals for the calculations, and a time interval,
,d., of 10 min [Dunn, 1983; Stokes et al., 1991;
Walmod et al., 1998]. In order to exclude the influence of

cell-cell interactions on cellular motility and morphology,
only single cells were evaluated.

Immunofluorescence Microscopy

Cells were seeded on four well plastic LabTek
slides (Nunc) and grown as described above. When
staining for b-tubulin, focal adhesion kinase (FAK),
paxillin, phosphotyrosine and vinculin, cells were fixed in
3% (w/v) paraformaldehyde in PBS (10 min), permeabi-
lized with 0.2% (v/v) Triton X-100 in PBS (2 min) and
rinsed in PBS containing 1% BSA. Subsequently, they
were incubated with either monoclonal antibodies against
b-tubulin (Amersham, Hørsholm, Denmark) diluted 1:20
or monoclonal antibodies against FAK, Paxillin, phospho-
tyrosine (all from Transduction Laboratories, Lexington,
KY) or vinculin (Sigma) diluted 1:25, followed by
incubation with either a goat anti-mouse Ig-FITC conju-
gate (Calbiochem, La Jolla, CA) or a rabbit anti-mouse
Ig-FITC conjugate (DAKO, Glostrup, Denmark). All
dilutions were performed in PBS containing 10% goat or
rabbit serum (depending on the species from which the
secondary antibodies were obtained) and 0.05 % Triton
X-100.

For the visualisation of filamentous actin (F-actin)
and gelsolin cells were rinsed in actin stabilising buffer
(ASB; 10 mM Tris, 0.15 M NaCl, pH 7.4 containing 2
mM MgCl2, 0.2 mM dithioerythritol, 10 % glycerol (v/v);
[Knowles and McCullock, 1992]), fixed in 3% paraformal-
dehyde in ASB (10 min), rinsed in ASB, permeabilized
with 0.2% saponin in ASB (2 min) and stained using
Texas Red X-conjugated phalloidin (Molecular Probes,
Eugene, OR) diluted 1:30 in ASB, or rabbit antibodies
against gelsolin (Chemicon, Temecula, CA) followed by
incubation with a swine anti-rabbit Ig-rhodamin (DAKO,
Denmark), both antibody solutions being diluted 1:25 in
PBS containing 10 % swine-serum and 0.05% Triton
X-100.

Cells were mounted using Prolong Antifade (Mo-
lecular Probes) and scanned using a MultiProbe 2001
Laser Scanning Confocal Microscope equipped with an
argon/krypton laser (Molecular Dynamics, USA) and a
603 or 1003 objective (1.4 numerical aperture) (Nikon,
Tokyo, Japan).

Focal Adhesion Quantification

Immunofluorescence stainings of FAK, paxillin,
phosphotyrosine and vinculin were performed as de-
scribed above. Stainings of control cells and VPA-treated
cells were performed on cells grown on the same
multiwell slide (LabTek) using the same antibody solu-
tions. From each staining several scannings were per-
formed by confocal microscopy close to the cell-
substratum interface using a 603 objective and a 100 µM
pinhole. All electronic settings were identical for scan-

VPA Affects the Cytoskeleton 243



nings of control and VPA-treated cells, respectively.
Quantifications of cell areas and staining intensities were
performed by manual drawing of cell outlines using the
software ‘‘ImageSpace’’ version 3.2 (Molecular Dynam-
ics). Average values of the background staining intensi-
ties for the individual stainings were subtracted from all
measurements.

F-Actin Quantification

Cells grown in 35 mm tissue culture dishes for 48 h
were fixed and stained for F-actin as described above, and
observed through a 203 objective using a Nikon Diaphot
300 inverted microscope equipped with epifluorescence
and a Nikon motorised shutter. 5123 512 pixel video
images of stained cells were obtained using a black and
white video camera with a BMK 800 operating unit
(Grundig Electronic, Fu¨rth, Germany) giving a linear
correlation between the intensity of fluorescence of the
sample and the grey level value in the corresponding
recorded images. Average cell brightness was calculated
as described previously [Berezin et al., 1996]. Under the
chosen conditions no fading in fluorescence during
recordings was observed.

Cell Detachment Assay

Cells were plated in 96-well tissue culture plates
(Nunc) at a concentration of 7.53 103–1.25 3 104

cells/well and treated with VPA for varying times by
adding VPA directly to the wells to a final concentration
of 3 mM. Following incubation, the medium was re-
moved from the wells, and cells were rinsed once in PBS
(37°C), incubated with 0.5–4% (w/v) trypsin in PBS for
10 min (37°C, 5% CO2), rinsed twice in PBS, fixed in 3%
(w/v) paraformaldehyde in PBS for 15 min and stained
with 0.5% (w/v) crystal violet in 20% ethanol (v/v) for 15
min. Excess of crystal violet was removed by several
rinses in milli-Q water, and finally the stain was solu-
bilised in 0.1 M Na-citrate in 50 % ethanol, pH 4.2,
overnight. Absorbance was measured at 550 nm using an
ELISA-reader (SLT Labinstruments, Groedig, Austria).

ATP-Induced Cell Contraction

Cells were plated in 35 mm culture dishes and
grown as described above. Cell contraction induced by
the addition of ATP to permeabilized cells was performed
as described by Thoumine and Ott [1996]. Briefly, cells
were rinsed once with rinsing buffer (RB; 10 mM
Tris-HCl, 60 mM KCl, 125 mM sucrose, pH 7.0) at 4°C,
permeabilized with Triton X-100 (0.005–0.120 % (v/v))
in RB (4°C, 10 min), rinsed once in RB (4°C) and
incubated in contraction buffer (CB; 10 mM Tris-HCl, 30
mM KCl, 5 mM MgCl2, 3 µM CaCl2, pH 7.0) with or
without 100 µM ATP (37°C, 10 min). Immediately
following incubation in CB, phase-contrast images of

cells were acquired as described above. Alternatively,
cells were incubated in the presence or absence of 100
µM ADP, or pretreated with 1 µg/ml cytochalasin D for 50
min prior to initiation of ATP-induced contraction. Im-
ages of contracted cells were processed for the determina-
tion of cellular morphology as described above.

Statistics and Graphical Presentations

Statistics and graphical presentations were per-
formed using PRIMA (Protein Laboratory, Copenhagen,
Denmark) and ‘‘Fig. P’’ v2.2 (Biosoft, Cambridge, UK).
Statistical evaluations were performed using a two-sided
Student’st-test. Unless stated otherwise the results are
given as mean6 SEM calculated on the basis of cell
number.

RESULTS

Long-Term Exposure to VPA Modulates Cellular
Morphology Through Alterations in
Cytoskeletal Organisation

VPA has previously been demonstrated to cause
dose- and time-dependent changes in cell morphology,
the most prominent being a pronounced increase in cell
area [Berezin et al., 1996]. In order to study the contribu-
tion of cytoskeletal elements to the morphology of L-cells
treated with VPA, experiments were performed in which
microtubules and actin filaments were disrupted with
nocodazole and cytochalasin D, respectively. Cells were
grown for 48 h in the absence or presence of 3 mM VPA
followed by a 50 min incubation in 10 µg/ml nocodazole
or 1 µg/ml cytochalasin D.

VPA treatment caused an increased spreading and
flattening of the cells (Fig. 1b, f) when compared to
control cells (Fig. 1a, e) and a changed distribution of
F-actin as reflected by an increased amount of stress
fibres, and a decrease in cortical F-actin and in the amount
of membrane ruffles (Fig. 1f vs. e). In contrast, no
significant change in the organisation of microtubules
was apparent (Fig. 1b vs. a).

Exposure to nocodazole caused an almost total
disintegration of microtubules (Fig. 1c, d). Likewise,
exposure to cytochalasin D caused a complete collapse of
the microfilament cytoskeleton, leaving the F-actin in
large aggregates within the cells (Fig. 1g, h). Figure 2
summarises the quantitative effects of the various treat-
ments on cellular morphology. VPA induced a significant
increase in mean-cell-area and process domain, and a
significant decrease in form factor when compared to
control cells, showing that VPA caused the cells to
become larger and acquire more and/or longer processes.
Treatment with nocodazole caused both control cells and
VPA-treated cells to round up as reflected by a statisti-
cally significant decrease in mean-cell-area and process
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Fig. 1. Inverted fluorescence micrographs ofb-tubulin (a, b, c, d)and F-actin(e, f, g, h). L-cells were
grown for 48 h in the absence (a, c, e, g) or presence (b, d, f, h) of 3 mM VPA. Cells in c and d were
pre-treated with nocodazole. Cells in g and h were pre-treated with cytochalasin D. Micrographs e and f are
three-dimensional images composed of section series scannings using a stepsize of 0.30 µm. Other images
are single section scannings taken close to the cell-substratum interface. Bars indicate dimensions in µm.



domain, and a statistically significant increase in form
factor (Fig. 2a). Thus, the morphology of both control
cells and VPA-treated cells was dependent on an intact
tubulin cytoskeleton, and the increased amount of stress-
fibres in VPA-treated cells did not seem to reduce the
requirement of these cells for intact microtubules for
maintenance of cell morphology.

Treatment with cytochalasin D affected control
cells and VPA-treated cells differently. Control cells

responded to cytochalasin D treatment by rounding up. In
contrast, VPA-treated cells exposed to cytochalasin D
exhibited no significant change in mean-cell-area, but a
statistically significant decrease in form factor, indicating
an increase in process length or process number. In
agreement with these data, the majority of VPA-treated
cells exposed to cytochalasin D acquired a starlike
phenotype (Fig. 1h). Thus, although VPA treatment only
seems to cause visible alterations in the F-actin cytoskel-
eton the morphology of VPA-treated cells were less
sensitive to disruption of the actin cytoskeleton with
cytochalasin D than the morphology of control cells. This
indicates that the morphology of VPA-treated cells is
more dependent on intact microtubules than the morphol-
ogy of control cells.

Long-Term Exposure to VPA Causes
an Increase in the Concentration of F-Actin

In order to clarify, whether the observed changes in
the organisation of the actin filaments in VPA-treated
cells were a result of redistribution of F-actin, or whether
it resulted from changes in the amount of F-actin, a
quantitative determination of the cellular amount of
F-actin was performed. Following incubation for 48 h in
the absence or presence of 3 mM VPA, F-actin content
was quantified on the basis of video images of phalloidin
stained cells. Control cells were shown to have a 34%
higher amount of F-actin per area unit than VPA-treated
cells. However, the volume of VPA-treated cells has
previously been demonstrated not to be significantly
different from untreated cells [Berezin et al., 1996].
Taking this into consideration, the relative amount of
F-actin per cell was calculated and found to be statisti-
cally significantly higher by 23% in VPA-treated cells
than in control cells. Thus, long-term exposure to VPA
increased the cellular amount of F-actin.

Long-Term Exposure to VPA Induces
an Increased Cell-Substratum Adhesion

The motile behaviour of a cell has been shown be
modulated by the amount of focal adhesions and the
expression of focal adhesion proteins [Ben-Ze’ev et al.,
1994; Goldmann et al., 1995; Ilic et al., 1995]. As shown
in Figure 3, cells treated with 3 mM VPA for 48 h (Fig.
3b) have more pronounced focal adhesions than control
cells (Fig. 3a). In order to obtain a quantitative estimate of
the alterations in focal adhesion formation immunofluo-
rescence stainings of paxillin, vinculin, FAK, and phos-
photyrosine were performed, and confocal images scanned
close to the cell-substratum interface were acquired and
quantified.

As shown in Figure 3c the mean staining intensity
per cell was for all stainings significantly higher for
VPA-treated cells than for control cells, indicating that

Fig. 2. Quantitative determinations of mean-cell-area, form factor and
process domain of L-cells grown for 48 h in the absence or presence of
3 mM VPA and pre-treated without or with nocodazole(a) or
cytochalasin D(b). Values are normalised in relation to control cells.
The number of cells in the individual experiments was in the range of
147–453. ***P , 0.001, **P , 0.005 (nocodazole and cytochalasin
D-treated cells vs. untreated cells). All values for VPA-treated cells not
treated with nocodazole or cytochalasin D were significantly different
from values for untreated control cells (P , 0.005 or lower).
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VPA-treatment caused a higher amount of focal adhesion
proteins to be located at the ventral surface of the cells.
Furthermore, the mean staining intensity per area unit of
paxillin, FAK, and phosphotyrosine was statistically
significantly higher in VPA-treated than in control cells,
and the same trend was seen for vinculin (Fig. 3d).

The increased focal adhesion formation in VPA-
treated cells supported the suggestion that VPA might
cause a decrease in cell motility through increased
cell-substratum adhesion. To test this possibility a cell
detachment assay was performed. Cells grown in the
absence or presence of VPA for varying times were
treated with varying concentrations of trypsin, and the
cells remaining after subsequent washings in PBS were
fixed, stained, and quantified.

Figure 4 shows data from a representative experi-
ment. Untreated cells, or cells exposed to VPA for 1, 4 or

24 h all seemed to be detached from the substratum at
identical trypsin concentrations. However, cells exposed
to VPA for 48 h were significantly more strongly attached
than control cells, as seen by the increased proportion of
cells remaining attached following trypsin treatment.
When determining the IC50 values of trypsin for detach-
ment, it was found that 48 h treatment with VPA increased
the IC50 value for inhibition of attachment by more than
100% when compared to the IC50 value for control cells
(Fig. 4, insert). Thus, long-term exposure to VPA caused
an increased attachment of L-cells to the substratum.

Exposure of VPA-Treated Cells to an
RGD-Containing Peptide Only Partially Rescues
the Inhibition of Their Motile Behaviour

In order to test whether the observed increase in
cell-substratum attachment was responsible for the ob-

Fig. 3. a, b: Inverted confocal micrographs of vinculin in control cells
(a) and cells treated with 3 mM VPA for 48 h (b). Bar indicates
dimensions in µm.c, d: Quantitative estimation of the amount of
selected focal adhesion markers located at the cell-substratum interface
for control cells (white bars) and cells treated with 3 mM VPA for 48 h

(black bars). c: Mean intensity per cells. d: Mean intensity per area
unit. The number of cells in the individual measurements of control
cells and VPA-treated cells were 24 and 18 (vinculin), 7 and 20 (FAK),
50 and 38 (paxillin), and 15 and 13 (phosphotyrosine). *P , 0.05;
** P , 0.01; ***P , 0.001.
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served changes in cellular morphology and motility of
VPA-treated cells, cell morphology and motility was
monitored after incubation with an RGD-containing
peptide which is known to cause decreased cell-
substratum attachment by competing with the binding of
integrins to RGD-expressing components of the extracel-
lular matrix [Pierschbacher and Ruoslahti, 1984].

Exposure to 100 µg/ml RGD caused both control
cells and VPA-treated cells to round up (Fig. 5b, d vs.
a, c). However, from quantitative estimations it appeared,
that whereas control cells responded strongly to RGD
treatment as reflected by a significant 17% increase in
form factor and a significant 71% decrease in process
domain, VPA-treated cells were more resistant to the
treatment exhibiting only a 13% increase in form factor,
and no significant change in process domain (data not
shown).

Short-term recordings of cell motility showed that
mean-cell-speed of VPA-treated cells increased in re-
sponse to RGD treatment, however, not up to the level of
untreated control cells (Fig. 6). Thus, RGD treatment was
only capable of a partial rescue of the VPA-induced
reduction in cellular motility, indicating that the increased

attachment caused by the drug did contribute to, but was
not the sole cause of the decreased motility.

VPA Does Not Affect the Contractile Abilities
of the Actomyosin Cytoskeleton

As the increased cell-substratum attachment of
VPA-treated cells only partially accounted for the re-
duced cellular motility, the main reason for the changed
motile behaviour might be ascribed to alterations in the
dynamics of the actin cytoskeleton. As one of the
requirements for cell motility is the ability of the actomyo-
sin complex to contract in order to cause translocation of
the cell body, it was investigated whether VPA interfered
directly with this process. To test this possibility, an
analysis of ATP-induced contraction of actomyosin com-
plexes in permeabilized cells was performed according to
Thoumine and Ott [1996].

Based on changes in the cellular form factor the
optimal concentration of Triton X-100 for permeabiliza-
tion was determined to be 0.02% (v/v) (Fig. 7). It can be
seen that both control cells and VPA-treated cell were
capable of contraction upon incubation with ATP, leading
to an increase in form factor. Interestingly, VPA-treated
cells responded more strongly to ATP than did control
cells, the relative increase in form factor being 75 and
35%, respectively. Comparable results were obtained for
the mean-cell-area, for which a relative decrease of 30
and 20% was observed for VPA-treated cells and control
cells, respectively (data not shown). Incubation in the
presence of ADP did not cause a change in form factor,
indicating that the induced contraction was caused specifi-
cally by ATP. Furthermore, preincubation with cytochala-
sin D left the cells unable to respond to ATP, indicating
that it was indeed actomyosin that was responsible for the
observed contraction (data not shown).

These results demonstrate, that both control cells
and cells treated with VPA seemed to possess actomyosin
complexes capable of contraction. Therefore, the inhibi-
tion of cellular motility induced by VPA cannot be
explained by an inability of actomyosin to facilitate cell
body translocation.

VPA Causes a Redistribution of Gelsolin,
and Inhibits the Effect of a PIP 2

Binding Gelsolin Fragment

As the contractile abilities of actomyosin com-
plexes seemed to be intact in VPA-treated cells, we
investigated whether VPA affected the dynamic regula-
tion of F-actin assembly and disassembly. One of the key
proteins involved in F-actin dynamics is gelsolin, and
therefore the distribution of gelsolin in control cells and
VPA-treated cells was investigated. From Figure 8 it can
be seen that VPA treatment caused a redistribution of
gelsolin in cells. In control cells the protein was mainly

Fig. 4. Trypsin cell-detachment assay. 48-hour cultures of L-cells
seeded in 96-well culture plates were exposed to trypsin in PBS, rinsed,
fixed, stained with crystal violet, and quantified using an ELISA reader.
Cells remaining after trypsinisation are expressed in % of the amount
of cells in wells incubated with PBS in the absence of trypsin. Each
determination is based on the measurements of eight individual wells.
The insert shows IC50-values of the trypsin concentration for detach-
ment after varying times of VPA-treatment. Bars indicate mean6
SEM.
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localised in peripheral membrane ruffles (Fig. 8a), whereas
gelsolin in VPA-treated cells exhibited a diffuse peri-
nuclear localisation (Fig. 8b).

In order to test how cells responded to a modulation
of gelsolin activity, 48-h cultures without or with 3 mM
VPAtreatment were incubated with a decapeptide contain-
ing one of the PIP2-binding motifs of gelsolin. This
peptide is known to enter live cells and to compete for
gelsolin-binding to PIP2, thereby leaving gelsolin in a

potential actin binding state (C.C. Cunningham, Univer-
sity of Florida, personal communication).

Figure 9 shows a time-response assay of the effect
of two different concentrations of the gelsolin-peptide on
the average cell brightness. Round, poorly attached cells
exhibit a high brightness, and thus, this parameter is an
indirect estimate of the degree of cell-substratum attach-
ment and/or cell contraction. It is seen that control cells
responded strongly and reversibly to the gelsolin-peptide

Fig. 5. Inverted confocal micrographs showing immunofluorescence stainings of FAK. L-cells were
grown for 48 h and pre-treated without or with an RGD-containing peptide (100 µg/ml).a, control; b,
control1 RGD; c, 3 mM VPA; d, 3 mM VPA 1 RGD. Micrographs show single section scannings taken
close to the cell-substratum interface. Bar indicates dimensions in µm.
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in a dose-dependent manner (Fig. 9, open circles).
10 µM peptide caused a maximum response 1 h after
addition, and cells returned to their original mor-
phology within 2 h after treatment. 80 µM peptide caused
a stronger and longer lasting response. In contrast,
exposure of VPA-treated cells to the peptide caused
insignificant changes in cell brightness (Fig. 9, solid
circles). As shown in Figure 9 (insert) the exposure of
48-h cultures to 10 µM peptide caused a significant
relative increase in the average brightness of control cells
by 42%, whereas no significant increase could be demon-
strated for VPA-treated cells. Similar results were ob-
tained for the mean-cell-area, which decreased only in
control cells upon treatment with the peptide (data not
shown).

By fluorescence stainings of F-actin it could be
seen, that the peptide caused control cells to round up,
leaving the cells with fewer stress fibres. At the same time
an increase in cortical actin was seen (Fig. 10c vs. a). In
contrast, no significant changes in the cell morphology or
distribution of F-actin could be identified in VPA-treated
cells upon peptide exposure (Fig. 10d vs. b).

In conclusion, long-term exposure to VPA leads to a
redistribution of gelsolin, leaving the protein in a state
where it, in contrast to gelsolin in control cells, only
responds insignificantly to the addition of the PIP2-
binding gelsolin-peptide. Consequently, we suggest that
the VPA-induced alteration in the gelsolin regulated
dynamics of actin filaments contribute to the reduced
motile behaviour and altered morphology of VPA-treated
cells and, therefore, possibly to the teratogenic potential
of the compound.

DISCUSSION

VPA is a widely used antiepileptic drug, which
besides its anticonvulsive activity has been demonstrated
to be teratogenic [Robert, 1988]. We have previously
demonstrated that exposure to VPA and VPA analogues
induce an increase in cell area and a decrease in cell
motility in a manner correlating with the teratogenic
potencies of the individual compounds [Berezin et al.,
1996; Walmod et al., 1998]. In this study we have
investigated possible alterations in the cytoskeleton of
VPA-treated cells, which might account for these effects.

In accordance with previous observations long-term
exposure of fibroblastoid L-cells to 3 mM VPA caused a
significant change in cell morphology, resulting in an
increase in the number and/or length of processes,
mean-cell-area and the number of stress fibres, and a
redistribution of F-actin.

Immunocytochemical stainings ofb-tubulin did not
reveal any changes in the concentration or organisation of
microtubules as a result of the drug treatment. However,
disruption of F-actin or microtubules with cytochalasin D

Fig. 6. Mean cell speed of 48-h cultures of L-cells untreated or treated
with VPA following 50 min of exposure to 100 µg/ml or 500 µg/ml
RGD. The presented data constitute a representative experiment.
Values are normalised in relation to the speed of control cells. The
number of cells in the individual measurements varied between 92 and
163. ***P , 0.001.

Fig. 7. ATP-induced cell contraction. 48-h cultures of L-cells treated
without or with 3 mM VPA were permeabilized and incubated in the
absence or presence of 100 µM ATP. Curves demonstrate the effect on
form factor of ATP-induced contraction at various concentrations of
Triton X-100. Results are at any given Triton X-100 concentration
normalised to the form factor value of control cells not exposed to ATP.
The individual data points are based on the morphological determina-
tion of approximately 250 single cells. Theinsert shows the effect of
ATP-induced contraction on form factor for control and VPA-treated
cells at 0.02 % Triton X-100. ***P , 0.001.
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and nocodazole, respectively, demonstrated that the al-
tered morphology of VPA-treated cells was predomi-
nantly dependent on microtubules. Whereas disruption of
F-actin in control cells caused cells to round up, VPA-
treated cells reacted to the same treatment by adopting a

starlike shape with pronounced processes, which previ-
ously have been demonstrated to be rich in parallel
bundles of microtubules [Berezin et al., 1997].

These observations might be explained based on the
tensegrity model [reviewed Ingber et al., 1994] according
to which the contractile forces generated by stress-fibres
is counterbalanced by focal adhesions and microtubules
acting as compression-resistant elements. Thus, the in-
creased amount of stress-fibres in VPA-treated cells is
expected to be counterbalanced by a reorganisation of
microtubules.

In the present study it is also demonstrated that VPA
treatment caused an increase in the amount of F-actin.
However, whether this is caused by a general increase in
actin expression or by alterations in the G/F-actin ratio
has not been investigated. Previous studies—unrelated to
investigations of VPA—have demonstrated that an in-
creased amount of F-actin causes an increase in amount
of vinculin and talin, and a larger proportion of vinculin
in a Triton-insoluble state, indicating that the assembly
state of actin regulates talin and vinculin by a feedback
mechanism [Bershadsky et al., 1995; Schevzov et al.,
1995]. Furthermore, cellular motility has been demon-
strated to be inversely correlated to the cellular concentra-
tion of vinculin [Ben-Ze’ev et al., 1994; Goldmann et al.,
1995]. Thus, the changes in cell motility and morphology
observed upon long-term exposure to VPA might be an
indirect consequence of the increased F-actin level affect-
ing the amount and localisation of focal adhesion pro-
teins. In agreement with this hypothesis long-term treat-
ment with VPA was shown to cause more focal adhesion
proteins to be directed towards focal adhesions, and to
cause an increased cellular adhesion to the extracellular
matrix. However, confocal Z-scans of stained cells dem-
onstrated control cells to contain focal adhesion proteins

Fig. 8. Inverted confocal micrographs showing immunofluorescence stainings of gelsolin. L-cells grown
for 48 h in the absence(a) or presence(b) of 3 mM VPA. Micrographs shown single section scannings
taken close to the cell-substratum interface. Bar indicates dimensions in µm.

Fig. 9. Time- and dose-response of the effect of gelsolin-peptide
treatment on average cell brightness. At the indicated times 10 or 80
µM of a peptide containing the PIP2-binding domain of gelsolin were
added to the cultures. The individual data points are based on the
morphological determination of 144–321 single cells. Theinsert
demonstrates the effect on average cell brightness of exposure for 1 h to
the gelsolin-peptide (10 µM). ***P , 0.001.
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at the dorsal as well as the ventral surface, whereas these
proteins almost exclusively were present at the ventral
surface in VPA-treated cells (unpublished observation).
Thus, the stronger staining of focal adhesions in VPA-
treated cells most likely reflects a redistribution and not
an increased expression of these proteins.

Cell adhesion is intimately involved in the forma-
tion of tissue architecture [reviewed by Gumbiner, 1996].
In vivo, individual cells are interconnected through the

so-called ‘‘extended cytoskeleton’’ created by intercellu-
lar junctions and transmembrane connections of the
intracellular cytoskeleton with the ECM, and thus, changes
in the balance of the intra- and intercellular forces, and in
cell-substratum interactions cause morphological changes
at the tissue level. For example, the induction of epithelial
folding has been related to the relative adhesiveness of
the cells [Nardi, 1981], and alterations in cellular adhesive-
ness have been suggested to be one of the factors

Fig. 10. Inverted confocal micrographs showing fluorescence stainings of F-actin. L-cells were grown for
48 h in the absence(a, c)or presence(b, d) of 3 mM VPA, followed by no treatment (a, b) or exposure for 1
h to 10 µM gelsolin-peptide (c, d). Micrographs show scannings of single section taken close to the
cell-substratum interface. Bar indicates dimensions in µm.
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regulating neurulation [reviewed by Gordon, 1985]. Fur-
thermore, mechanical stress has been shown to be a
prerequisite for the invagination and bending of cell
layers during gastrulation and neurulation [Beloussov et
al., 1975; Gordon and Brodland, 1987], and neurulation
has been demonstrated to be inhibited by cytochalasin
B-treatment [Karfunkel, 1972; Burnside, 1973]. Thus,
from a mechanical point of view, the increased cellular
adhesion and the increase in the amount of F-actin and
stress fibres in VPA-treated cells may in itself contribute
to the teratogenic effect of VPA by interfering with
normal morphogenetic processes.

Interestingly, the increased attachment was not the
sole cause of the decreased motility of VPA-treated cells,
as a reduction in cell-substratum attachment achieved by
incubation with an RGD-containing peptide did not
return the motile behaviour of VPA-treated cells to a level
comparable with that of the control cells, indicating that
other factors also contributed to the decreased motility in
these cells.

As contraction of the actomyosin cytoskeleton is a
prerequisite for cell motility we investigated this phenom-
enon in permeabilized control cells and cells treated with
VPA. Our experiments demonstrated that VPA-treated
cells contained functional actomyosin complexes, and
they even contracted relatively more strongly upon
ATP-exposure than control cells. This is in accordance
with the fact, that VPA-treated cells were found to contain
more stress fibres and a higher amount of F-actin per cell
than control cells. Thus, long-term exposure to VPA
seemed to strengthen the actomyosin complexes, and the
decrease in motility observed for VPA-treated cells did
not seem to be caused by an inability of actomyosin to
contract.

In addition to contraction, exposure of permeabi-
lized fibroblasts to very high concentrations of ATP (5
mM) has been shown to cause an induction of tyrosine
phosphorylation and a breakdown of focal adhesions
[Crowley and Horwitz, 1995]. However, we observed no
contraction of cells pretreated with cytochalasin D upon
ATP addition and no effects of ADP addition, indicating
that the contraction could be attributed to an ATP-
dependent contraction of the actomyosin cytoskeleton,
and not to e.g. disassembly of focal adhesions.

Gelsolin is a protein known to be involved in
nucleation, severing and capping of actin filaments in
eukaryotic cells [Burtnick et al., 1997]. Reports concern-
ing the role of gelsolin in cell motility are contradictory.
Overexpression of gelsolin has been found to increase
cellular motility [Cunningham et al., 1991], whereas
fibroblasts derived from gelsolin null-mice exhibit a
decreased cellular motility [Witke et al., 1995]. Other
studies have demonstrated that the effect of gelsolin on
cell motility is determined by a Ca21-dependent activa-

tion of the protein rather than its actual concentration
[Arora and McCulloch, 1996; Cooper et al., 1987].

In the present study VPA was demonstrated to cause
a redistribution of gelsolin from a peripheral localisation
in membrane ruffles to a diffuse perinuclear location. In
order to determine whether this altered distribution was
accompanied by a change in gelsolin activity, we tried to
modulate the amount of free gelsolin in living cells by
incubating these with a peptide corresponding to a
PIP2-binding motif of gelsolin (residue 161–172) [Burt-
nick et al., 1997; Janmey et al., 1992]. This procedure is a
relatively crude way of activating gelsolin, as it might
also modulate the activity of other PIP2-binding proteins
(e.g. vilin, vinculin and phospholipases). The treatment
caused pronounced dose-dependent morphological
changes in control cells including a rearrangement of
F-actin, but not in VPA-treated cells. Transfection leading
to expression of the same peptide in NR6 cells has
previously been reported to cause an increase in the basal
cell motility of these cells by dissociating gelsolin from
the plasma membrane [Chen et al., 1996]. However, no
consistent alterations in the motility of either control cells
or VPA-treated cells was seen upon exposure to the
gelsolin-peptide (unpublished observations).

Platelets and fibroblasts from gelsolin null-mice
have been demonstrated to possess increased levels of
F-actin [Barkalow et al., 1996; Witke et al., 1995], and
dermal fibroblasts from gelsolin null-mice contain more
stress fibres, have a larger mean-cell-area, and increased
contractile capabilities [Witke et al., 1995]. Thus, the
behaviour of cells derived from gelsolin null-mice seems
to mimic the observed behaviour of VPA-treated cells,
supporting the view that an altered activity of gelsolin
leading to changes in the dynamics of the actin cytoskel-
eton might partially explain the observed VPA-induced
changes in cell morphology and motility.

The demonstrated effects of VPA all required long-
term exposure (48 h) to the drug, indicating that gelsolin
probably is not the primary target of VPA. Besides the
observed effects on cellular motility and morphology,
VPA has also been demonstrated to arrest cells in the G1
phase of the cell cycle [Martin and Regan, 1991]. These
effects point towards an VPA-induced alteration in signal-
ling e.g. through the mitogen-activated protein (MAP)
kinase pathway. Interestingly, cell motility has recently
been demonstrated to be regulated by the MAP-kinase
pathway, the kinases ERK1 and ERK2 enhancing myosin
light chain kinase activity and the subsequent phosphory-
lation of myosin light chain [Klemke et al., 1997].
Whether the MAP-kinase pathway is affected by VPA is
currently unknown, since the primary target(s) for VPA
remain to be determined.
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