
Summary. Endotoxins (lipopolysaccharide, LPS) from
Gram-negative bacteria are considered as the agents
responsible for the induction of endotoxic shock,
producing severe cellular metabolic dishomeostasis.
Cytotoxic lesions, as well as functional and metabolic
disturbances, occur mainly in the liver, which is one of
the target organs and exerts an LPS clearance function.
In an attempt to approach the molecular basis of
endotoxic shock, and to propose an experimental model,
we have focused this study on cytoskeleton
(microtubules and microfilaments) alterations induced
by different doses of endotoxin in different target liver
cells. Microfilaments and microtubules were studied by
immunofluorescence and different microscopy
techniques (optic fluorescence microscopy and confocal
laser scanning microscopy) in order to improve the
cytoskeleton study resolution. 

Parenchymal and sinusoidal cell morphology,
severely damaged by the LPS action, is related to a
disturbance on the cytoskeletal organisation, even more
evident in a particular proliferating rat liver cell culture. 

The most relevant changes are seen in the
microtubule patterns in all liver cells tested, which could
be related, depending on cell type, either to a direct LPS
action or to [Ca+2]i dishomeostasis as well as free radicaland cytokine (IL-1ß and TNF-α) production. 

Due to their features, proliferating rat liver cell
cultures are used as a sensitive cell model to understand
the effect of LPS on cytoskeleton organisation.
Key words: Endotoxin, cytoskeleton, Parenchymal
cells, Sinusoidal cells, Proliferating liver cells

Introduction

Endotoxins (lipopolysaccharide, LPS), amphiphilic
components of the outer membrane of Gram-negative
bacteria such as Escherichia coli, are responsible for the
multisystemic organism failure in endotoxic shock
(Nowotny, 1987), which still remains as a major clinical
problem despite efforts in the development of new
therapies. The liver is one of the LPS target organs
which presents important morphological damages in vivo
(Pagani et al., 1996). It is accepted that parenchymal and
sinusoidal liver cells play a multiple role either in
detoxification processes (Mimura et al., 1995) or in
inflammatory mediator production (Pagani et al., 1987).

The complexity of the liver organ suggests a
different behaviour of parenchymal and non-
parenchymal or sinusoidal cells (mainly Kupffer cells).
Although the parenchymal cell response is the basis for
the liver function, sinusoidal cells play an important role
in the first steps of the liver LPS clearance (Freudenberg
et al., 1985), starting a complex pathophysiological
response (Maier and Ulevitch, 1981) which involves
cytokines, such as tumor necrosis factor-α (TNF-α) and
interleukins, important mediators of the endotoxin action
(Chensue et al., 1991; Fiers, 1991; Ogle et al., 1991; Van
Deuren et al., 1992; Goosens et al., 1995), oxidative
stress, lipid peroxidation (Portolés et al., 1993, 1994,
1996; Catalá et al., 2002) and nitric oxide production
(Harbrecht and Billiar, 1995; Steinhorn and Cerra,
1997).

Previous studies have shown that LPS from
Escherichia coli 0111:B4 induces important
morphological (Pagani et al., 1988, 1996; Vergani et al.,
1999) and metabolic disturbances. An increase in
intracellular Ca2+ and cytochrome b5, free radical
formation as well as a decrease in pH and cytochrome
P450 was observed in parenchymal and macrophagic
Kupffer cells (Portolés et al., 1989a, 1991, 1994). It is
important to emphasize that Kupffer cells, as
macrophagic cells, are more sensitive to low LPS doses
(Portolés et al., 1994, Pagani et al., 1996).

Nevertheless, in endotoxin-induced shock the first
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step in the cellular damage could be attributed to a direct
interaction of LPS with the cell membrane. Experiments
with Escherichia coli [C14]LPS, immunocytochemical
colloidal-gold technique and flow cytometry have
previously shown that, in isolated and cultured liver
cells, the LPS binds to the cell membrane and then it is
internalised into cells at different rates depending on the
cell type (Pagani et al., 1981; Municio et al., 1990; Díaz-
Laviada et al., 1991). Sinusoidal cells (mainly Kupffer
cells) have shown a rapid uptake of the LPS associated
to plasma membrane and to phagocytic vacuoles. At
longer times, all cells show the LPS associated to
residual mitochondrial membranes (autophagosomes),
supporting a direct damage of LPS on mitochondria
(Pagani et al., 1996; Catalá et al., 1999) and, possibly, to
other structures like the cytoskeleton. 

The endotoxin effect at the cellular level induces
ultrastructural changes that could be related to
cytoskeleton. In parenchymal non-replicative liver cells
these morphological changes include cytoplasmic
retraction and diminished adhesion capacity (Pagani et
al., 1988). Sinusoidal cells (endothelial and Kupffer
cells) show a similar reaction, but they are more
sensitive to low LPS doses (Portolés et al., 1994; Pagani
et al., 1996). The damage is even more evident using a
proliferating liver cell type (Vergani et al., 1999). These
cells have an enhanced adhesion capacity and, in
contrast to non-dividing primary cultures of hepatocytes,
present a high rate of mitotic divisions (Vergani et al.,
1979, 1984, 1991, 1994; Colemann et al., 1993;
Thorgeirsson, 1993).

The cytoskeleton involves not only the maintenance
of the cell shape but also a wide variety of cell functions
like co-ordination and regulation of cell metabolism and,
to some extent, could be involved in the pathogenesis of
various liver diseases (Mori, 1994; Liu et al., 2001;
Schaffert et al., 2001).

LPS cell binding and uptake induce a change in their
membrane fluidity (Portolés et al., 1987; Pagani et al.,
1996) and permeability (Portolés et al., 1989b). The
oxygen-derived radicals, generated mainly by Kupffer
cells, can stimulate lipid peroxidation (Portolés et al.,
1996), aggravating the alteration of membrane and
cytoskeleton, the cytoplasmic network of unstable
polymers, very sensitive to changes in [Ca+2]i levels(Kraus-Friedmann, 2002) and oxyradicals (Ding et al.,
2001; Lin et al., 2001).

On the other hand, the ability of LPS to interact with
microtubular proteins has been demonstrated, suggesting
a possible participation of microtubules in the cellular
effects of endotoxins (Risco et al., 1993a; Russwurm et
al., 2000) thus explaining its possible role in the
endotoxin-induced inflammatory events such as cytokine
production (Allen et al., 1997; Baldari and Telford,
1989). 

A microtubule-associated protein has been proposed
as a possible mediator of cellular responses to LPS in
macrophages (Ding et al., 1990a,b, 1992). In effect, it
has been reported that LPS induces different alterations

in microfilaments and microtubules in macrophages and
monocytes (Isowa et al., 1999). In these cells, endotoxin
causes a rapid alteration in microtubule stability and a
reorganisation of microfilaments (Shinji et al., 1991;
Bannerman et al., 1997, 1998). 

Due to the important role of the cytoskeleton in cell
function and in an attempt to approach and better define
the molecular basis of endotoxic shock, we have focused
this study on the cytoskeleton (tubulin and actin)
alterations that can be induced in different liver cell
types such as parenchymal and sinusoidal cells.
Microtubules and microfilaments were studied by
immunofluorescence using different microscopical
techniques (optic fluorescence microscopy and confocal
laser scanning microscopy (CLSM). Our results show
that a proliferating rat liver cell type could be used as a
sensitive and suitable experimental model for the
analysis of cytoskeletal changes induced by endotoxins.
This cell model could then be used to understand the
molecular mechanism involved in endotoxic shock.
Materials and methods

Isolation and culture of parenchymal and sinusoidal liver
cells 

Parenchymal and sinusoidal liver cells were isolated
from adult male Wistar rats (150-200 g b.w.). The
animals were kept and handled according to the Spanish
(Mº de Agricultura - Spain, BOE 223/1988, 265/1990)
and the European Committee guidelines for the care and
use of laboratory animals (86/609 CEE).

Parenchymal cells were isolated by the perfusion
technique, using collagenase in Krebs-Ringer-
Bicarbonate solution (KRB medium) according to the
general method of Berry and Friend (1969). Cell
suspension was purified by repeated centrifugation
(165g for 20s) in William's E medium with 500 UI/ml
penicillin and 0.1 mg/ml streptomycin. Cells were
cultured in the presence of 10% foetal calf serum, at 
37 °C in 25 ml plastic bottles (Costar, Cambridge, MA,
USA) or on coverglasses. Cells were cultured under a
CO2 (5%) atmosphere (Heraeus B5061) for 24/72 h.Sinusoidal liver cells were isolated by a
collagenase/pronase recirculating perfusion method,
according to Van Bossuyt et al. (1988), with minor
modifications. Cell suspensions were purified by
repeated centrifugation (200 g for 10 min) in Gey's
Balanced Salt Solution (GBSS), with the addition of
antibiotics (400 UI/ml penicillin, 100 mg/ml
streptomycin and 50 mg/ml gentamycin; Antibioticos
S.A., León, Spain) in a refrigerated RC-5 Sorvall.
Purification was completed with Nycodenz's gradient
(Nycomed AS, Oslo, N) and centrifugation (1400g for
15 min). Floating cells were washed twice in Dulbecco's
Minimal Essential Medium (DMEM) with 37.5 mM
glutamine, 20 mM Hepes and 10 mM NaHCO3. In orderto obtain enriched (80%) Kupffer cell cultures, after 20h
the medium with unattached cells was discarded and
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replaced by fresh complete medium (differential
adhesion procedure). The isolated and purified
sinusoidal cells were cultured in DMEM/RPMI (2/3:1/3,
v:v) medium (Flow Lab., Irvine, Ayrshire, UK)
supplemented with 20% foetal calf serum in 25 ml
plastic bottles. Cells were cultured under a CO2 (5%)atmosphere for 48/72 h.

Cell viability, tested by the Trypan Blue exclusion
assay, was 90-95%. Maintenance of cell structure and
identification of parenchymal and sinusoidal cells, was
verified by phase-contrast (Leitz Laborlux K and Leitz
Diavert microscopes, Wetzlar, Germany) and electron
microscopy (Zeiss 902, Carl Zeiss, Oberkochen,
Germany). Relative percentage of endothelial and
Kupffer cells, after the diamine benzidine (DAB)
reaction was 75%/25%, respectively (Pagani et al.,
1996). The endothelial/Kupffer cell ratio was also
evaluated by flow cytometry (Pagani et al., 1996).
Proliferating rat liver cells

Rat liver parenchymal cells were prepared from
twenty-day-old male Wistar rats according to Vergani et
al. (1991, 1994, 1999). These cells were cultured in
Ham's F-10 medium (Biochrom KG, Seromed, Berlin,
Germany) supplemented with 10% foetal calf serum and
antibiotics (100 UI/ml penicillin, 100 mg/ml
streptomycin) as well as L-glutamine (0.37 mM) in a
CO2 incubator (5% CO2) at 37 °C. The medium waschanged every three days up to the formation of a
continuous monolayer. Six cultures per experimental
group were used. Maintenance of cell structure was
verified by phase-contrast (Leitz Laborlux K and Leitz
Diavert microscopes, Wetzlar, Germany) and electron
microscopy (Zeiss 902, Carl Zeiss, Oberkochen,
Germany). 
LPS treatment

The Escherichia coli 0111:B4 lipopolysaccharide
(LPS) used, obtained according to the method of
Westphal et al. (1952), was supplied by Difco (Detroit,
Michigan, USA). The A250/A240 ratio was determined
for purity verification (Romanowska, 1970). The LPS
suspensions were previously sonicated for 5 min in
Bransonic12, and sterilised by filtration through 0.22
mm Millex-GS (Millipore Corp., Bedford, MA, USA)
before their use for cell treatment.

Parenchymal and sinusoidal liver cells were
incubated with different doses of Escherichia coli LPS
(10, 100 or 500 µg/ml William's or DMEM/RPMI
(2/3:1/3, v:v) according to the cell type), for 5, 10 or 15
min in a CO2 incubator (5% CO2) at 37 °C.Proliferating rat liver cells were cultured for 48 h
and, after that, Ham's F-10 medium was removed and
replaced by an LPS suspension (10 µg/ml) in the same
serum-free medium. Then monolayers were incubated
for 5 or 15 min at 37 °C in a CO2 incubator (5% CO2) at37 °C. Controls with LPS-free William's, DMEM/RPMI

or Ham's F- 10 medium were always carried out.
Cytoskeleton studies

Maintenance of cell structure and identification of
parenchymal, sinusoidal, and replicating parenchymal
cells were verified by phase-contrast microscopy before
LPS treatment and cytoskeleton studies. All cell
populations were grown until monolayers were formed
following previous culture conditions and were tested
for ultrastructure by scanning and electron transmission
microscopy (Pagani et al., 1988, 1996; Díaz-Laviada et
al., 1991; Vergani et al., 1994, 1999). Non-proliferating
parenchymal and Kupffer cell cultures were used before
reaching the complete confluence for better observing
the cytoskeletal structures.

Double immuno-labelling was performed on cell
monolayers treated or not with different LPS doses at
different times. Monolayers, washed with PEMP 100
(4%) polyethylenglycol, were permeated with PEMP/
(0.5%) Triton X100, washed in PEMP and fixed in
PEMP/ (3.7%) paraformaldehyde. Monolayers, washed
in PBS, were treated for 1h at 37 °C with monoclonal
anti-α-tubulin (Amersham Int., Little Chalfort, UK),
washed in PBS and treated with anti-anti-tubulin FITC
(Amersham Int., Little Chalfort, UK). Phalloidin-
rodamin (Molecular Probes Inc., Eugene, OR, USA) was
used to evidence actin microfilaments in fixed
monolayers. Controls were always performed incubating
cultured cells with the same procedure in absence of
LPS.

Fluorescence images of double-stained cells were
observed with Leitz Ortholux2 (Ploemopack 2.5) and
Confocal Laser Scanning Microscopy (CLSM)
(Confocal Microscope Multiline Argon Laser; Carl
Zeiss, Germany) using Normanski optics.
Results

The effect of the LPS from Escherichia coli 0111:B4
on the cytoskeleton components (microtubules and
microfilaments) was observed in different cultured liver
cells. Three types of cells were used: parenchymal non-
replicating cells, sinusoidal cell enriched with Kupffer
cells and a particular type of replicating liver
parenchymal cell. 

The liver cells were isolated and cultured in specific
conditions according to their requirements. Cultures
were grown on plastic or coverglass supports and
checked by optic phase-contrast microscopy to assure
their morphological integrity and viability. All cell
populations were previously tested for ultrastructure by
scanning and electron transmission microscopy (Díaz-
Laviada et al., 1991; Pagani et al., 1988, 1996; Vergani
et al., 1994, 1999). Adult non-proliferating parenchymal
cells showed a normal polygonal morphology (Fig. 1a)
and sinusoidal cell cultures, enriched up to 85% in
Kupffer cells, also showed a normal morphology with a
high adhesion to substrate (Fig. 1b). Both types of

839
Cytoskeleton alterations induced by LPS



cultures were used before reaching confluence in order
to better observe the cytoskeleton. Parenchymal
proliferating cells showed a very homogeneous
polygonal shape, a central nucleus with one or,
frequently, several nucleoli and a granular cytoplasm
(Fig. 1c). As previously observed, these cells showed
mitosis with normal mitotic figures (Vergani et al., 1999)

and their high adhesion capacity allowed an optimal
observation of their structure even after reaching
confluence.

In order to study the action of LPS from Escherichia
coli 0111:B4 on the cytoskeleton, a sonicated LPS
suspension was added to cultures for treatments at
different doses and incubation times. To perform
cytoskeleton studies and in order to observe the LPS
effect on actin microfilaments versus microtubules, the
double immunolabelling technique (anti-α-tubulin FITC
antibody for microtubules and phalloidin-rodamin for
microfilaments) was performed in fixed cell monolayers.
The double-stained cells were observed with different
microscopical techniques, optic fluorescence microscopy
and confocal laser scanning microscopy (CLSM),
depending on cell type and technical resolution.

When cultured non-replicating parenchymal cells
were examined by fluorescent microscopy, after staining
with specific probes, cytoplasmic microfilaments and
microtubules showed a normal distribution around the
nucleus toward the cell periphery. As previously seen,
these parenchymal cells need high doses of LPS (500
µg/ml/15min) to respond and a cytoplasmic retraction is
always induced by the endotoxin (Pagani et al., 1988).
Cytoskeleton of control cells showed well-preserved
microfilaments (Fig. 2a) and microtubules (Fig. 2b). The
effect of LPS (500 µg/ml/15min) on cytoskeleton was
difficult to observe due to the cytoplasmic retraction. In
some flattened areas cells showed a normal
microfilament pattern (Fig. 2c) with a loss of
architecture in peripheral microtubules (Fig. 2d). 

The cytoskeleton changes observed in Kupffer cells
included in the sinusoidal cultures could have a special
interest due to their macrophagic activity that plays an
important role in the LPS clearance. These cells are
more sensitive to LPS and, when observed after the LPS
treatment (100 µg/ml/15 min), they showed a well-
preserved microfilament pattern (Fig. 2g) and a
peripheral loss of microtubules (Fig. 2h) when compared
with non-treated cells (Fig. 2e,f). In order to improve the
image resolution a confocal laser scanning microscopy
(CLSM) with Normanski optic was used. Micrographs
of control cells showed a well preserved nuclei and
flattened cytoplasm (Fig. 3a) with an evident
cytoskeleton fibres network (Fig. 3b). Immuno-
fluorescence figures showed normal cytoskeleton
components distributed within their cytoplasm (Fig.
3c,d). 

The lowest LPS doses used (10 µg/ml/15min)
induced evident alterations with cytoplasm
microvacuolisation, as is shown by Normanski
micrographs (Fig.4a,b). The immunofluorescence
showed a peripherical reduction of microtubules (Fig.
4d,e) although, with higher LPS doses and short time
(100 µg/ml/5min), microtubules appeared better
preserved (Fig. 4c, f).

Cells were then treated with LPS (10 µg/ml/15 min)
and we could observe the microvacuolisation induced by
LPS (Fig. 5a,b), the loss of microtubules (Fig. 5c,d),
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Fig. 1. Control cell cultures observed by optic phase contrast
microscopy. a. Monolayer of 24h-cultured parenchymal liver cells, from
adult Wistar rats. x 240. b. Monolayer of 48h-cultured sinusoidal cells,
Kupffer cell-enriched, from adult Wistar rats. x1100. c. Monolayer of
15th-day cultured proliferating rat liver cells from 20-day adult male
Wistar rats. x 240
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Fig. 2. Cytoskeleton immunocytochemical study by optic fluorescence microscopy of 24h-cultured parenchymal and 48h-cultured Kupffer cells.
Parenchymal control cells: a, Microfilaments (x500); b, Microtubules (x 900). Parenchymal cells treated with E.coli 0111:B4 LPS (500 mg/ml/15min): 
c, Microfilaments (x 720); d, Microtubules (x 720). Cytoskeleton can be observed in adherent cells, cytoplasm retraction (arrowhead) induced by LPS,
does not allow the observation of the cytoskeleton structure. Kupffer cells control cells: e, Microfilaments x 2000; f, Microtubules (x 2000). Kupffer cells
treated with E.coli 0111:B4 LPS (100 µg/ml/15min): g, Microfilaments (x 2000); h, Microtubules x 2000. Cytoskeleton can be observed in adherent cells
with a loss of peripheral microtubules and a normal distribution of microfilaments.

Fig. 3. Cytoskeleton immunocytochemical study by
CLSM of 48h-control-cultured Kupffer cells. a, b.
CLSM (Normanski optic) micrographs showing nuclei,
flattened cytoplasm (a, x 2500) and cytoskeleton
fibres (arrowhead) (b, x5000); Immunofluorescence
micrographs showing a normal cytoskeleton pattern:
c (x 2500); d (x 2000)



which remained at a perinuclear localisation and well
preserved actin microfilaments, both at nuclear (Fig. 5e)
or peripheral level (Fig. 5f). 

In order to improve the cytoskeleton study we used
proliferating rat liver cells in vitro, obtained from
twenty-day-old Wistar rats (Vergani et al., 1991, 1994,
1999) for their high adhesion capacity that allows a
better observation of the microtubules and
microfilaments. The double labelling technique and the
confocal laser scanning microscopy (CLSM) allowed us
to observe the microtubules and actin microfilaments
involved in their cytoskeleton structure in detail (Fig.
6a,c). 

Mitotic figures were evident and appeared in a high
number of cells. Using an image processing facility
(changing the red colour for actin into blue) the images
are more defined (Fig. 6b). These cells were more
sensitive to endotoxin than normal non-replicating
parenchymal cells from adult rats. When proliferating
parenchymal cells were treated with LPS (10
µg/ml/15min) we did not observe an altered
microfilament pattern but microtubules were only
evident in mitotic spindles (Fig. 6d) when compared to

control cells (Fig. 6c). At shorter incubation times (10
min), proliferating parenchymal cells, treated with LPS
(10 µg/ml) showed a normal microfilament pattern (Fig.
6f) with a loss of organisation and a disrupted
microtubule pattern (Fig. 6h) when compared to control
cells (Fig. 6e,g). 
Discussion

LPS action on liver cells could be considered one of
the most important pathways to understand the
molecular mechanisms leading to endotoxic shock. In
previous studies, a particular response to the LPS from
Escherichia coli 0111:B4 has been observed on different
liver cell types related to their function. Parenchymal
and sinusoidal liver cells bind the LPS, uptake it and
respond enhancing or depressing their metabolism. It is
worth emphasizing that the endotoxin does bind to some
constituent of the cell membrane bilayer either in
parenchymal (Pagani et al., 1981; Díaz Laviada et al.,
1991) or in sinusoidal cells (Kupffer and endothelial
cells) (Catalá et al., 1999). In Kupffer cells, the LPS is
mainly found in phagocytic vacuoles, and can also be
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Fig. 4. Cytoskeleton immunocytochemical study by CLSM of 48h-cultured Kupffer cells treated with different doses of E.coli 0111:B4 LPS. Fig. 
4a, b. CLSM (Normanski optic) micrographs of Kupffer cells treated with E.coli 0111:B4 LPS (10 µg/ml/15 min). Nuclei and vacuoled cytoplasm
(arrowhead) can be observed. The immunofluorescence micrographs show a loss of microtubules which remain in a perinuclear localization
(arrowhead) (d, e). The effect is less evident with higher LPS doses (100 µg/ml/5 min) (c, f). a, c-f, x 2700; b, x 3000



seen at the mitochondrial and nucleus level either in vivo
or in vitro (Van Bossuyt et al., 1988; Pagani et al., 1996).
LPS binding induces a membrane destabilisation,
changing its fluidity (Portolés et al., 1987; Bursten et al.,
1991; Pagani et al., 1996) and permeability with LDH
leakage (Portolés et al., 1989a). The effect on the plasma
membrane may represent a primary consequence of the
modification of surface molecules such as glycoproteins,
which are known to be relevant in plasma membrane
organisation and cell adhesion to the substratum. 

After LPS treatment, a severe cytoplasmic
vacuolisation and retraction has also been shown in rat
parenchymal cells (Pagani et al., 1988) as well as in
sinusoidal, endothelial and Kupffer cells (Van Bossuyt et
al., 1988; Pagani et al., 1996). The abnormalities of the
cell surface and the cytoplasmic retraction must also
reflect a damaged cytoskeleton that could explain the
intracellular impaired metabolite transport and the
metabolic dishomeostasis observed in LPS-treated cells. 
The importance of the cytoskeleton on cell function and
metabolism is well established. It has been shown that
the interaction of LPS with different cells, like mesangial
cells (Bursten et al., 1991), type II pneumocytes (Risco

et al., 1991), microglia (ABD-el-Basset and Fedoroff,
1995), intestinal fibroblasts (Chakravortty and Kumar,
2000), and monocytes (Russwurm et al., 2000) alter their
morphology inducing severe cytoskeleton alterations
that could be considered one of main causes of
cytotoxicity in particular tissues, as endothelium
(Bannerman and Goldblum, 1997). 

On that basis, by immunofluorescence and different
microscopical techniques, we have studied the main
cytoskeleton components, microtubule and actin using
different liver cell types: parenchymal non-proliferating
cells and Kupffer cells from adult rats and a proliferating
liver cell population, previously used for morphological
studies (Vergani et al., 1999) in order to observe their
specific response to Escherichia coli 0111:B4 LPS.

Under our experimental conditions, we observed a
loss of peripheral microtubule with a non-evident
alteration of the microfilament distribution in all cell
types. The microtubule change could be related with the
cytoplasmic retraction observed in previous studies
(Díaz-Laviada et al., 1991; Pagani et al., 1988; Vergani
et al., 1999).

The LPS action was more evident on Kupffer cells at
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Fig. 5. Cytoskeleton immunocytochemical study by CLSM of 48h-cultured Kupffer cells treated with E.coli 0111:B4 LPS (10 µg/ml/15 min). a, b. CLSM
(Normanski optic) micrographs of Kupffer cells showing nuclei, vacuoled cytoplasm (arrowhead) and cytoskeleton fibres (*). Immunofluorescence
micrographs of microtubules (c, d) and microfilaments (e, f). LPS action induces a cytoplasm microvacuolisation and a reduction in microtubules which
remain in a perinuclear localisation (c) or disappear (d). Microfilaments (arrowhead) are well preserved (e, f). x 2700



low doses, but parenchymal non-replicating cells needed
high LPS doses. Special attention has to be drawn to
proliferating liver cells that were shown to be very
sensitive to LPS at low dose (10 µg/ml) and short
exposure time. In these cells, microtubules appeared
highly disorganised after a 10 min LPS treatment and
practically disappear, except in mitotic spindles, at 15
min. 

The microtubule disturbance could be related to a
direct action of the LPS on tubulin, as previously
suggested by several authors (Valberg et al., 1988; Risco
et al., 1993a, 1993b; Russwurm et al., 2000) or through
an indirect damage due to cellular dishomestatic
mechanisms (Ding et al., 2000).

The direct interaction of LPS with the microtubule
has been shown by biochemical and electron microscopy
analysis (Risco et al., 1991, 1993a) and can be related
with the amphipatic and anionic nature of LPS, which
acts as a polyanion at physiological pH, forming
globular aggregates when sonicated which can be related
with its activity (Rietschel et al., 1990; Risco et al.,
1993b; Seydel et al., 2000). Physicochemical studies
with LPS from Azotobacter vinelandii, showed that
some polyanions, like nucleic acids, also inhibit
microtubule assembly in vitro, supporting an interaction
mainly related to the capacity of tubulin for interacting
with membranes and liposomes (Olins and Warner,
1967; Corces et al., 1980). Different mechanisms have
been proposed for the LPS-tubulin interactions. LPS

aggregates might act as membranous structures into
which tubulin would insert, probably through
hydrophobic forces (Hargreaves et al., 1986; Risco et al.,
1991, 1993a). It has also been suggested that LPS
inhibits, in vitro, microtubule formation on monocytes
due to the exclusion of microtubule-associated proteins
(MAPs) (Ding et al., 1992; Russwurm et al., 2000).
Under our experimental conditions, a direct LPS action
on microtubules could be responsible for the tubulin
disturbances shown at the periphery of the cell
cytoplasm when cells were treated with high LPS doses
(more than 100 µg/ml), as in non-proliferating
parenchymal cells and Kuppfer cells. This in vitro
evidence could also be related to the in vivo ability of
some cells to accumulate LPS (Raetz et al., 1991).

On the other hand, an indirect damage could be
caused, primarily, by the intracellular calcium
dishomeostasis that could also alter the polimerisation-
depolimerisation of cytoskeleton components (Bursten et
al., 1991; Yamamoto et al., 1999) and then induce the
TNF (Decker et al., 1987) or interleukines (Bauer et al.,
1984, 1986) production. TNF-α promotes cell injury
through several mechanisms including the mitochondrial
over-production of reactive oxygen species involved in
cytotoxicity (Fiers, 1991; Van Deuren et al., 1992;
Goosens et al., 1995). Oxygen-derived radicals,
generated mainly by phagocytic cells, can stimulate lipid
peroxidation inducing an irreversible modification of
membrane structure and functions, including alterations
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Fig. 6. Cytoskeleton immunocytochemical study observed by CLSM and optic fluorescence microscopy of proliferating rat liver cells. a, b. CLSM
micrograph of proliferating rat control cells: microfilaments and microtubules observed in double stained preparations. b. shows microfilaments (blue)
and microtubules (green), this image allows a better observation of the mitotic spindles (arrowhead). c. Cytoskeleton pattern of control cells by CLSM.
d. CLSM micrograph of proliferating cells treated with E.coli 0111:B4 LPS (10 µg/ml/15min). Microtubules are evident only in mitotic spindles
(arrowhead). Microfilaments are well preserved. e, f. Optic fluorescence micrograph of microfilaments of proliferating rat cells. e. Control cells. f. LPS-
trated cells: microfilaments are well preserved. g, h. Optic fluorescence micrograph of proliferating rat cells. g. Control cells. h. LPS-trated cells:
microtubules present a loss of organization and a disrupted pattern. a-c, x 600; d-g, x 750; h, x 800



Their high LPS response could be due to their origin as
epithelial cells (Thorgeirsson, 1993) which makes them
more similar to sinusoidal cells. In fact, Isowa et al.
(1999) showed that LPS altered microfilaments and
microtubules in rat alveolar epithelial cells
(macrophages and monocytes). Proliferating liver cells
show a high mitotic rate after LPS treatment, well
evidenced by immunofluorescence and imaging
treatment. The mitosis induction can be related with an
LPS-DNA interaction. It has been evidenced that LPS
can also reach the nucleus and thus could interact with
DNA inducing apoptosis (Lin et al., 2001; Ockner,
2001). A possible explanation for the nuclear damage
found in the proliferating liver cells could be the
irreversible binding of electrophilic LPS globular
aggregates to macromolecules such as DNA and RNA.
These phenomena suggest substantial changes in
cytoskeletal rearrangement that could be related to the
multiorgan dysfunction syndrome (DeMeester et al.,
1998).

All these data can be correlated with the LPS
interaction with microtubules and microfilaments as a
first step of cellular response, especially in Kupffer cells.
They could also contribute to the parenchymal cell
response, although in these cells the importance of other
mediator action to justify all metabolic changes is
evident (Pagani et al., 1987). 

Although further investigations on LPS action are
required to determine primary cell alterations induced by
endotoxin, these results prove the contribution of the
cytoskeleton to the physiology and pathology of liver
parenchymal and sinusoidal cells through a direct or
indirect mechanism. Proliferating rat liver cell cultures
could provide a specific model that can be used as a
suitable tool for a deeper study on cytoskeleton.
Acknowledgements. This study was supported by research grants
DGICYT (Exp. Pb-94-0244) (MEC, Spain), Multidisciplinar Research
Grant from the Universidad Complutense (UCM, Spain) and the
Comunidad de Madrid (08.4/0004/2001.3). We are grateful to Dr. I.
Díaz-Laviada, for previous studies, and Dr. del Moral (C.Zeiss, Spain)
for the facilities for using the Laser Scan LMS-10 Zeiss Confocal
Microscope.

References

ABD-el-Basset E. and Fedoroff S. (1995). Effect of bacterial wall
lipopolysaccharide (LPS) on morphology, motility and cytoskeletal
organization of microglia in cultures. J. Neurosci. Res. 41, 4113-
4122.

Allen J.N., Liao Z.M., Moore S.A. and Wewers M.D. (1997). Changes in
mononuclear phagocyte microtubules after endotoxin stimulation.
Changes in microtubule composition. Am. J. Resp. Cell Mol. Biol.
16, 127-132.

Baldari C.T. and Telford J.L. (1989). The intracellular precursor of IL-1
beta is associated with microtubules in activated U937 cells. J.
Immunol. 142, 785-791.

Bannerman D.D. and Goldblum S.E. (1997). Endotoxin induces

in fluidity and permeability with LDH leakage and
cellular calcium dishomeostasis (Portolés et al., 1989b;
Bautista et al., 1990; Ding et al., 2000) causing
metabolic disturbances and cell damage (Bors et al.,
1990; Franceschi et al., 1990). It is well established that
intracellular calcium levels and kinases control the
organisation of microtubules and microfilaments (Li and
Aderem, 1992; Bannerman and Goldblum, 1997)
producing liver injury during endotoxic shock.

Previous studies have shown that LPS produces, on
isolated parenchymal and sinusoidal cells, an increase in
intracellular calcium (Portolés et al., 1991), lipid
peroxidation (Portolés et al., 1993) and alteration of cell
antioxidant status (Ding et al., 2001; Portolés et al.,
1994, 1996; Catalá et al., 2002) which can induce
damage to the lipid membrane, proteins and nucleic
acids, resulting in a severe tissue injury. 

This indirect mechanism of action could be
responsible for the different sensitivity shown by
different cell types, which could be explained
considering their functionality. Low doses (10 µg/ml)
could act by inducing rapid functional changes in cells
with high responsiveness to xenobiotics, like in
macrophagic Kupffer cells. 

Microfilaments, as previously stated, appeared well
preserved in all cases. A marked asymmetric distribution
of actin mRNA was localised in the cellular periphery at
filopodial and lamellopodila extensions, presumably
sites of new actin protein synthesis (Bannerman et al.,
1998; Bursten et al., 1991; Chakravortty and Kumar,
2000). This part of the cytoskeleton is also involved in
cytosol transport and may be essential for endo and
exocytosis processes. 

Isowa et al. (1999) showed changes in actin
filaments at the cell periphery to be attributed to a
disturbed actin gene expression, these changes were
reversible and microfilaments need longer times (24 h)
than microtubules to be irreversibly damaged. The short
times used in our experiments, 15 min maximum, could
explain the normal appearance of microfilament patterns
in all cases.

Considering the importance of the cytoskeleton
disturbances on endotoxic shock, in order to improve the
methodology, we used proliferating hepatocytes (Vergani
et al., 1984; Thorgeirsson, 1993) and confocal laser
scanning microscopy. These liver cells have almost all
the functions of parenchymal cells (Vergani et al., 1994)
and are particularly interesting for cytoskeletal studies
due to their high adhesion to substrate and their
sensitivity to LPS. Previous studies have shown that
severe alterations were induced with low E. coli LPS
doses (10 µg/ml) such as the increase in binucleated
cells, abnormal mitosis, mitochondrial damage,
cytoplasmic vacuolisation and retraction. An alteration
in the [Ca+2] influx related to angiotensin was also
observed (Vergani et al., 1999).

Their sensitivity to the LPS, similar to Kupffer cells,
produces a dramatic microtubule disruption that can be
observed by conventional fluorescence microscopy.

845
Cytoskeleton alterations induced by LPS



endothelial barrier dysfunction through protein tyrosine
phosphorylation. Am. J. Physiol. Lung. Cell. Mol. Physiol. 17, L217-
L226.

Bannerman D.D., Sathyamoorthy M. and Goldblum S.E. (1998).
Bacterial lipopolysaccharide disrupts endothelial monolayer integrity
and survival signaling events through caspase cleavage of adherens
junction proteins. J. Biol. Chem. 273, 35371-35380.

Bauer J., Birmelin M., Northoff G.H., Northernmann W., Tran-Thi T.A.,
Cleberberg H., Decker K.and Heinrich P.C. (1984). Induction of rat
α2-macroglobulin in vivo and in hepatocyte primary cultures:
synergistic action of glucocorticoids and Kupffer cell-derived factor.
FEBS Lett. 177, 89-94.

Bauer J., Tran-Thi T.A., Northoff G.H., Hirsch F., Schlayer H.J., Gerok
W. and Heinrich P.C. (1986). The acute-phase induction of α2-
macroglobulin in rat hepatocyte primary cultures: action of a
hepatocyte-stimulating factor, triiodothyronine and dexamethasone.
Eur. J. Cell. Biol. 40, 86-93.

Bautista A.P., Mészáros K., Bojta J. and Spitzer J.J. (1990). Superoxide
anion generation in the liver during the early stage of endotoxemia in
rats. J. Leukocyte Biol. 48, 123-128.

Berry M.N. and Friend D.S. (1969). High-yield preparation of isolated
parenchymal cells. A biochemical and fine structural study. J. Cell
Biol. 43, 506-520.

Bors W., Buettner G.R., Michel C. and Saran M. (1990). Calcium in lipid
peroxidation:does calcium interact with superoxide? Arch. Biochem.
Biophys. 278, 269-272.

Bursten S.L., Stevenson F., Torrano F. and Lovett D.H. (1991).
Mesangial cell activation by bacterial endotoxin. Induction of rapid
cytoskeletal reorganization and gene expression. Am. J. Pathol.
139, 371-382.

Catalá M. and Portolés M.T. (2002). Action of E.coli endotoxin, IL-1ß
and TNF-α on antioxidant status of cultured hepatocytes. Mol. Cell.
Biochem. 231, 75-82.

Catalá M, Antón A. and Portolés M.T. (1999). Characterization of the
simultaneous binding of Escherichia coli endotoxin to Kupffer and
endothelial liver cells by flow cytometry. Cytometry 36, 123-130.

Chakravortty D. and Kumar K.S.N. (2000). Bacterial lipopolysaccharide
induces cytoskeletal rearrangement in small intestinal lamina propria
fibroblasts: actin assembly is essential for lipopolysaccharide
signaling. Biochim. Biophys. Acta 1500, 125-136.

Chensue S. W., Terebuh P.D., Remick D. G., Scales W. E. and Kunkel
S. (1991). In vivo biologic and immunohistochemical analysis of
interleukin-1 alpha, beta and tumor necrosis factor during
experimental endotoxemia. Kinetics, Kupffer cell expression, and
glucocorticoid effects. Am. J. Pathol. 138, 395-402.

Colemann W.B., Wennerberg A.E., Smith G.J. and Grisham J.W.
(1993). Regulation of the differentiation of diploid and some
aneuploid rat liver epithelial (stemlike) cells by the hepatic
microenvironment. Am. J. Pathol. 142, 1373-1382.

Corces V.G., Manso R., de la Torre J. and Avila J. (1980). Effects of
DNA on microtubule assembly. Eur. J. Biochem. 105, 7-16.

Decker T., Lohmann-Matthes M.L. and Gifford, G.E. (1987). Cell-
associated tumor necrosis factor (TNF) as a killing mechanism of
activated cytotoxic macrophages. J. Immunol. 138, 957-962.

DeMeester S.L., Cobb J.P., Hotchkiss R.S., Osborne D.F., Karl I.E.,
Tinsley K.W. and Buchman T.G. (1998). Stress-induced fractal
rearrangement of the endothelial cell cytoskeleton causes apoptosis.
Surgery 124, 362-371.

Díaz-Laviada I., Ainaga M.J., Portolés M.T., Carrascosa J.L., Municio

A.M. and Pagani R. (1991). Binding studies and localization of
Escherichia coli lipopolysaccharide in cultured hepatocytes by an
immunocolloidal-gold technique. Histochem. J. 23, 221-228.

Ding A.H., Porteu F., Sánchez E. and Nathan C.F. (1990a).
Downregulation of tumor necrosis factor receptors on macrophages
and endothelial cells by microtubule depolymerization agents. J.
Exp. Med. 171, 715-727. 

Ding A.H., Porteu F., Sánchez E. and Nathan C.F. (1990b). Shared
actions of endotoxin and taxol on TNF receptors and TNF release.
Science 248, 370-372.

Ding A.H., Sanchez E., Tancinco M. and Nathan C. (1992). Interaction
of bacterial lipopolysaccharide with microtubule proteins. J.
Immunol. 148, 2853-2858.

Ding W.X, Shen H.M. and Ong C.N. (2000). Microcystic cyanobacteria
extract induces cytoskeletal disruption and intracellular glutathione
alteration in hepatocytes. Environm. Health Persp. 108, 605-609.

Ding W.X., Shen H.M. and Ong C.N. (2001). Critical role of reactive
species formation in microcystin-induced cytoskeleton disruption in
primary cultured hepatocytes. J. Toxicol. Environ. Health (part A) 64,
507-519.

Fiers W. (1991). Tumor necrosis factor. Characterization at the
molecular, cellular and in vivo level. FEBS Lett. 285, 199-212.

Franceschi D., Graham D., Sarasua M. and Zollinger R.M. (1990).
Mechanism of oxygen free radical-induced calcium overload in
endothelial cells. Surgery 108, 292-297.

Freudenberg N., Freudenberg M.A., Bandara K. and Galanos C. (1985).
Distribution and localization of endotoxin in the reticulo-endothelial
system (RES) and the main vessels of the rat during shock. Pathol.
Res. Pract. 179, 517-527.

Goosens V., Grooten J., Kurt V. and Fiers W. (1995). Direct evidence
for tumor necrosis factor-induced mitochondrial reactive oxygen
intermediates and their involvement in cytotoxicity. Proc. Natl. Acad.
Sci. USA, 92, 8115-8119.

Harbrecht B.G. and Billiar T.R. (1995). The role of nitric oxide in Kupffer
cell-hepatocyte interactions. Shock 3, 9-87.

Hargreaves A.J., Wandosell F. and Avila J. (1986). Phosphorylation of
tubulin enhances its interaction with membranes. Nature 323, 827-
828.

Isowa N., Xavier A.M., Dziak E., Opas M., McRitchie D.I., Slutsky A.S.,
Keshavjee S.H. and Liu M.Y. (1999). LPS-induced depolymerization
of cytoskeleton and its role in TNF-alpha production by rat
pneumocytes. Amer. J. Physiol. Lung. Cell. Molec. Physiol. 21,
L606-L615.

Kraus-Friedmann N. (2002). The cytoskeleton and the regulation of
gluconeogenesis: a hypothesis. Metab. Clin. Exp. 51, 79-91.

Li J. and Aderem A. (1992). MacMARCKS, anovel member of the
MARCKS family of protein kinase C substrates. Cell 70, 791-801.

Lin H.L., Liu T.Y. Wu C.W. and Chi C.W. (2001). 2-Methoxyestradiol-
induced caspase-3 activation and apoptosis occurs through (G2)/M
arrest dependent and independent pathways in gastric carcinoma
cells. Cancer 92, 500-509.

Liu Y.H., Su B., Pei R.J., Yeh K.T., Lee K.Y., Hsu Y.H., Ho C.C. and Lai
Y.S. (2001). The stability of cytokeratin 18 in human liver cells
during colchicine-induced microtubule disruption. Food Chem.
Toxicol. 39, 85-89.

Maier R.V. and Ulevitch R.J. (1981). The response of isolated rabbit
hepatic macrophages (H-M macrofage) to lipopolysaccharide (LPS).
Circ. Shock 8, 165-181.

Mimura Y., Sakisaka S., Harada M., Sata M. and Tanikawa K. (1995).

846
Cytoskeleton alterations induced by LPS



Role of hepatocytes in direct clearance of lipopolysaccharide in rats.
Gastroenterology 109, 1969-1976.

Mori M. (1994). Electron microscopic and new microscopic studies of
hepatocyte cytoskeleton: physiological and pathological relevance.
J. Electron Microsc. 43, 347-355.

Municio A.M., Abarca S., Carrascosa J.L., García R., Díaz-Laviada I.,
Ainaga M.J., Portolés M.T., Pagani R., Risco C. and Bosch M.A.
(1990). Immunocytochemical localization of bacterial
lipopolysaccharide with colloidal gold probes in different target cells.
In: Endotoxin: Advances in experimental medicine and biology. Vol.
256. Friedman H., Klein T.W., Nakano M. and Nowotny A. (eds).
Plenum Press. pp 199-202.

Nowotny A. (1987). Review of the molecular requirements of endotoxic
actions. Rev. Infect. Dis. 9, S503-S511.

Ockner R.K. (2001). Apoptosis and liver diseases: recent concepts of
mechanism and significance. J. Gastroenterol. Hepatol. 16, 248-
260.

Ogle C.K., Wu J.C., Alexander J.W., Fisher J.E. and Ogle J.D. (1991).
The effects of in vivo administration of endotoxin on the functions
and interaction of hepatocytes and Kupffer cells. Prostaglandins 41,
169-183.

Olins A.L. and Warner R.C. (1967). Physicochemical studies on a
lipopolysaccharide from the cell wall of Azotobacter vinelandii. J.
Biol. Chem. 242, 494 -501.

Pagani R., Portolés M.T. and Municio A.M. (1981). The binding of
Escherichia coli endotoxin to isolated rat hepatocytes. FEBS Lett.
131, 103-107.

Pagani R., Portolés M.T., Bosch M.A., Díaz-Laviada I. and Municio A.M.
(1987). Direct and mediated Escherichia coli lipopolysaccharide
action in primary hepatocyte cultures. Eur. J. Cell Biol. 43, 243-246.

Pagani R., Portolés M.T., Díaz-Laviada I. and Municio A.M. (1988).
Morphological damage induced by Escherichia coli
lipopolysaccharide in cultured hepatocytes. Localization and binding
properties. Br. J. Exp. Pathol. 69, 537-549.

Pagani R., Portolés M.T., Arahuetes R., Ainaga M.J., Machin C. and
Rua C. (1996). Comparative in vivo and in vitro models to approach
the cellular basis of endotoxic shock. The role of sinusoidal liver
cells. Histol. Histopathol. 11, 597-606.

Portolés M.T., Pagani R., Díaz-Laviada I. and Municio A.M. (1987).
Effect of Escherichia coli lipopolysaccharide on the microviscosity of
l iver plasma membranes and hepatocyte suspensions and
monolayers. Cell Biochem. Funct. 5, 55-61.

Portolés M.T., Díaz-Laviada I., Ainaga M.J., Pagani R. and Municio A.M.
(1989a). Involvement of cytochrome b5 in the cytotoxic response of
Escherichia coli lipopolysaccharide. Mol. Cell. Biochem. 87, 79-84.

Portolés M.T., Pagani R., Ainaga M.J., Díaz-Laviada I. and Municio A.M.
(1989b). Lipopolysaccharide-induced insulin resístance in
monolayers of cultured hepatocytes. Br. J. Exp. Pathol. 70, 199-205.

Portolés M.T., Ainaga M.J., Municio A.M. and Pagani R. (1991).
Intracellular calcium and pH alterations induced by Escherichia coli
endotoxin in rat hepatocytes. Biochim. Biophs. Acta 1092, 1-6.

Portolés M.T., Ainaga M.J. and Pagani R. (1993). The induction of lipid
peroxidation by E.coli lipopolysaccharide on rat hepatocytes as an
important factor in the etiology of endotoxic liver damage. Biochim.
Biophys. Acta 1158, 287-292.

Portolés M.T., Arahuetes R. and Pagani R. (1994). Intracellular calcium
alterations and free radical formation evaluated by flow cytometry in
endotoxin treated rat liver Kupffer and endothelial cells. Eur. J. Cell
Biol. 65, 200-205.

Portolés M.T., Catalá M., Antón A. and Pagani R. (1996). Hepatic
response to the oxidative stress induced by E.coli endotoxin:
Glutatione as an index of the acute phase during the endotoxic
shock. Mol. Cell. Biochem. 159, 115-121.

Raetz C.H.R., Ulevitch R.J., Wright S.D., Sibley C.H., Ding A. and
Nathan C.F. (1991). Gram-negative endotoxin: an extraordinary lipid
with profound effects on eucaryotic signal transduction. FASEB J. 5,
2652-2660.

Rietschel E.T., Brade L., Shade U., Seydel U., Zahringer U.,
Braudenburg K., Helander I., Holst O., Kondo S. and Kuhn H.M.
(1990). Bacterial lipopolysaccharides: relationship of structure and
conformation to endotoxic activity, serological specificity and
biological function. Adv. Exp. Med. Biol. 256, 81-99.

Risco C., Carrascosa J.L. and Bosch M.A. (1991). Uptake and
subcellular distribution of Escherichia coli lipopolysaccharide by
isolated type II pneumocytes. J. Histochem. Cytochem. 39, 607-615.

Risco C., Domínguez J.E., Bosch M.A. and Carrascosa J.L. (1993a).
Biochemical and Electron microscopy analysis of the endotoxin
binding to microtubules in vitro. Mol. Cell. Biochem. 121, 67-74.

Risco C., Carrascosa J.L. and Bosch M.A. (1993b). Visualization of
lipopolysaccharide aggregates by freeze-fracture and negative
staining. J. Electron Microsc. 42, 202-204.

Romanowska E. (1970). Sepharose gel filtration method of purification
of lipopolysaccharides. Ann. Biochem. 33, 383-389.

Russwurm S., Bohm K.J., Muhlig P., Wiederhold M., Konig K. and
Reinhart K. (2000). Lipopolysaccharide induces distinct alterations in
the microtubule cytoskeleton of monocytes. Cell Biol. Toxicol. 16,
339-346.

Schaffert C.S., Sorrell M.F. and Tuma D.J. (2001). Expression and
cytoskeletal association of integrin subunits is selectively increased
in rat perivenous hepatocytes after chronic ethanol administration.
Alcohol Clin. Exp. Res. 25, 1749-1757.

Seydel U., Schromm A.B., Blunck R. and Brandenburg K. (2000).
Chemical structure, molecular conformation, and bioactivity of
endotoxins. Chem. Immunol. 74, 5-24.

Shinji H., Kaiho S., Nakano T. and Yoshida T. (1991). Reorganization of
microfilaments in macrophages after LPS stimulation. Exp. Cell Res.
193, 127 –133.

Steinhorn D.M. and Cerra G.C. (1997). Comparative effects of
lypopolysaccharide on newborn versus adult rat hepatocyte and non
parenchymal cell cocultures. Crit. Care Med. 25, 121-127.

Thorgeirsson S.S. (1993). Hepatic stem cells. Am. J. Pathol. 142, 1331-
1333.

Valberg P.A., Meyrick B., Brain J.D. and Brigham K.L. (1988).
Phagocytic and motile properties of endothelial cells measurement
magnetometrically: effects of endotoxin. Tissue Cell 20, 345-354.

Van Bossuyt H., Desmaretz C., Rombaut B. and Wisse E. (1988).
Response of cultured rat Kupffer cells to lipopolysaccharide. Arch.
Toxicol. 62, 316-324.

Van Deuren M., Dofferhoff A.S.M. and Van der Meer J.W.M. (1992).
Cytokines and the response to infection. J. Pathol. 168, 349-
356.

Vergani G., Pentz S. and Herrmann M. (1979). Effects of sera from
scalded rats in epithelial liver cells in vitro. Virchows Arch. (B) 31,
31-35.

Vergani G., Limpricht E., Hermann M. and Altwein J.E. (1984). A
morphologic test system for drug sensitivity testing on cultured cells.
Biol. Cell. 52/1 (B), 7.

Vergani G., Mayerhofer A. and Bartke A. (1991). Acute effects of human

847
Cytoskeleton alterations induced by LPS



growth hormone on liver cells in vitro: A comparison with livers of
mice transgenic for human growth hormone. Tissue Cell, 23, 607-
612.

Vergani G., Mayerhofer A. and Bartke A. (1994). Acute effects of rat
growth hormone (GH), human GH and prolactin on proliferating rat
liver cells in vitro: A study of mitotic behaviour and ultrastructural
alterations. Tissue Cell 26, 457-465.

Vergani G., Portolés M.T. and Pagani R. (1999). Escherichia coli
lipopolysaccharide effects on proliferating rat liver cells in culture: A
morphological and functional study. Tissue Cell 31, 1-7.

Westphal D., Luderittz O.S and Bister F. (1952). Über die Extraktion von
Bakterien mit Phenol/Wasser. Z. Naturf. b7, 148-155.

Wiche G., Oberkanins C. and Himmler A. (1991). Molecular structure
and function of microtubule-associated proteins. Int. Rev. Cytol. 124,
217 – 273.

Yamamoto N.S., Merkle C.J. and Kraus-Friedmann N. (1999).
Disruption of filamentous actin diminishes hormonally evoked Ca2+

responses in rat liver. Metab. Clin. Exp. 48, 1241-1247.

Accepted March 31, 2003

848
Cytoskeleton alterations induced by LPS


