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Abstract

Cytoskeletal proteins are major components of the cell backbone and regulate cell shape and function. The purpose of this
study was to investigate the effect of lipopolysaccharide (LPS) on the dynamics and organization of the cytoskeletal proteins,
actin, vimentin, tubulin and vinculin in human small intestinal lamina propria fibroblasts (HSILPF). A noticeable change in
the actin architecture was observed after 30 min incubation with LPS with the formation of orthogonal fibers and further
accumulation of actin filament at the cell periphery by 2 h. Reorganization of the vimentin network into vimentin bundling
was conspicuous at 2 h. With further increase in the time period of LPS exposure, diffused staining of vimentin along with
vimentin bundling was observed. Vinculin plaques distributed in the cell body and cell periphery in the control cells rearrange
to cell periphery in LPS-treated cells by 30 min of LPS exposure. However, there was no change in the tubulin architecture in
HSILPF in response to LPS. LPS increased the F-actin pool in HSILPF in a concentration-dependent manner with no
difference in the level of G-actin. A time-dependent study depicted an increase in the G-actin pool at 10 and 20 min of LPS
exposure followed by a decrease at further time intervals. The F-actin pool in LPS-treated cells was lower than the control
levels at 10 and 20 min of LPS exposure followed by a sharp increase until 120 min and finally returning to the basal level at
140 and 160 min. Further 35S-methionine incorporation studies suggested a new pool of actin synthesis, whereas the synthesis
of other cytoskeletal filaments was not altered. Cytochalasin B, an actin-disrupting agent, severely affected the LPS induced
increased percentage of `S' phase cells and IL-6 synthesis in HSILPF. We conclude that dynamic and orchestrated
organization of the cytoskeletal filaments and actin assembly in response to LPS may be a prime requirement for the LPS
induced increase in percentage of `S' phase cells and IL-6 synthesis ß 2000 Published by Elsevier Science B.V. All rights
reserved.
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1. Introduction

Bacterial lipopolysaccharide (LPS), an outer mem-
brane component of Gram-negative bacteria triggers
a plethora of signals in both myeloid and non-mye-
loid cells [1,2]. Among the non-myeloid cells, ¢bro-
blasts are not only major cellular components of in-
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£ammatory responses, but they also secrete various
growth factors thereby supporting the growth, di¡er-
entiation and activation of in£ammatory cells [3,4].
Our previous reports suggested that LPS induced cell
proliferation and collagen synthesis by downregulat-
ing nitric oxide in human small intestinal lamina
propria ¢broblasts (HSILPF) [5]. Further, LPS was
also found to induce potent proin£ammatory cyto-
kines and adhesion molecules production in lamina
propria ¢broblasts [6]. Evidence suggests that LPS
could a¡ect the cellular physiology by perturbing
the cytoskeletal arrangement [1]. The cytoskeleton
is an integrated network of micro¢laments, inter-
mediate ¢laments and microtubules and there are
structural and functional interactions between these
cytoskeletal components [7,8]. LPS has been shown
to induce a disassembly of actin micro¢laments in
both murine macrophages [9] and rat mesangial cells
[10]. These combined data suggest a potential role of
cytoskeletal ¢laments in highly coordinated series of
intracellular responses to LPS in various cell systems.
Hence, it was of immense interest to investigate the
cytoskeletal architecture in human small intestinal
lamina propria ¢broblasts (HSILPF) in response to
LPS.

In this study, we describe the reorganization of the
principal cytoskeletal elements: actin, vimentin and
vinculin and the dynamics of the F- and G-actin pool
in HSILPF in response to LPS incubation. Our re-
sults show that upon LPS treatment actin undergoes
an extensive margination at the cell periphery. The
F-actin pool was increased over a period of time with
little or no e¡ect on the G-actin pool, with an in-
crease in the de novo actin synthesis. Vinculin pla-
ques were redistributed from the cell body to the cell
periphery. Extensive bundling of the vimentin was
observed upon LPS stimulation. However, the tubu-
lin network remained unchanged. Inhibition of actin
¢lament formation by cytochalasin B severely dis-
rupted the ability of HSILPF to secrete IL-6, a mul-
tifunctional cytokine and decreased the percentage of
cells in DNA synthesis phase (`S' phase).

2. Materials and methods

All the chemicals, reagents and antibodies were
from Sigma unless mentioned.

2.1. LPS puri¢cation

LPS was puri¢ed from Escherichia coli O55:B5, as
described previously [5].

2.2. Cells and cell culture

Human small intestinal lamina propria ¢broblasts
(HSILPF) were prepared from fetus samples (18^22
weeks) and used for the study as described previously
[5]. For immuno£uorescent labeling of the cells, the
cells were grown on ethanol cleaned glass coverslips
for 24 h followed by addition of the test component
for various time periods.

2.3. Fluorescent labeling of the cells

Cells on the coverglass were processed as described
in the following sections and examined using a Zeiss
£uorescence microscope and photographed using 400
ASA ¢lms (Konica).

2.4. Actin, vimentin, vinculin and tubulin

Cells were ¢xed in PFA (paraformaldehyde) and
extracted with 0.1% Triton X-100 for 10 min and
blocked by 1% BSA for 2 h. mAbs to actin
(1:200), vimentin (1:200 dilution), vinculin (1:400)
and tubulin (1:500) (all antibodies were obtained
from Sigma, MO, Louis, USA) were added to the
cells and incubated for 1 h. Cells were washed with
phosphate-bu¡ered saline (PBS) 5 times and incu-
bated with FITC-conjugated anti-mouse IgG for
30 min. Finally, the cells were washed with PBS
and mounted on coverglass with glycerin and PBS
(1:1). The cells were examined under a Zeiss £uores-
cent microscope and photographed.

2.5. F-actin quantitation by spectro£uorometry

F-actin was £uorometrically measured as described
previously [11]. HSILPF were seeded at a density of
5U105 cells into the wells of 6-well plates and cul-
tured for 24 h. The monolayers were exposed to var-
ious concentrations of LPS for di¡erent time periods.
Following LPS exposure, the monolayers were
washed with bu¡er A (KCl 75 mM, MgSO4 3 mM,
EGTA 1 mM, imidazole 10 mM, DTT 0.2 mM,
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aprotinin 10 Wg/ml and PMSF 0.1 mM) and ¢xed
with formaldehyde 4% for 10 min. Monolayers
were permeabilized with Triton X-100 and stained
with NBD-phallicidin for 20 min and extracted
with ice-cold methanol at 320³C (overnight). Ex-
tracts were harvested into cuvettes and £uorescence
was measured in a Perkin^Elmer spectrophotometer
at 465 nm (10 nm slit) and 535 emission (10 nm slit)
and expressed in arbitrary £uorescence units per mg
total protein.

2.6. G-actin quantitation by DNAse inhibition assay

G-actin was measured as described previously [12].
HSILPF in 6-well plates were exposed to various
concentration of LPS and extracted for G-actin
quantitation. The extraction procedure involved re-
moval of medium, two washes with HBSS and ex-
traction with 0.5 ml of lysis bu¡er (HBSS with 1%
Triton X-100, 2 mM MgCl3, 2 mM EGTA, 0.2 mM
ATP, 0.5 mM DTT and 0.1 mM PMSF) for 5 min.
Extracts were centrifuged at 15 000Ug and chilled on
ice. Fifty microliters of the extract and 25 Wl of actin
depolymerization bu¡er containing 1.5 M guanidine
hydrochloride were mixed and left standing for 20
min on ice. Seven hundred and ¢fty microliters of
60 pg/ml of DNAse I was added and mixed. Reac-
tion was initiated by adding 50 Wl of 20 OD DNA
and incubated for 10 min at 37³C and transferred
onto ice and 200 Wl of 60% perchloric acid was added
and left for 30 min on ice. Reaction mixtures were
clari¢ed by centrifugation. Optical densities at 260
nm of supernatants were recorded. Bovine skeletal
muscle actin was used as standard.

2.7. Total protein concentration

As F-actin and G-actin measurements involved ¢x-
ation, permeabilization and extraction, parallel
plated cells were used for determining total protein
concentration using the BCA kit (Pierce). Total
HSILPF protein was used to standardize for G or
F actin.

2.8. Immunoprecipitation of actin, vimentin, vinculin
and tubulin from 35S-methionine-labeled HSILPF

HSILPF monolayers in 6-well plates were meta-

bolically labeled with 200 WCi/ml of 35S-methionine
(Bhaba Atomic Research Center, Bombay, India)
and stimulated by LPS for 2 h. The cells were lysed
in situ with 1 ml of ice-cold lysis bu¡er (3% SDS, 1%
2-mercaptoethanol, 50 mM Tris-HCl (pH 8.0),
10 mM PMSF, 10 Wg/ml leupeptin and 1 mM
EDTA). Cells extracts were clari¢ed by centrifu-
gation and subjected to immunoprecipitation. Pro-
tein concentration of the same extracts were mea-
sured as described before prior to immunoprecipita-
tion.

Lysates were incubated with antibody to actin, vi-
mentin, vinculin and tubulin for 18 h at 4³C. The
complexes were incubated with precleared and pre-
washed.

Protein A-Sepharose beads (Pharmacia) for 30 min
on ice and microfuged.The supernatants were de-
canted and the pellets were resuspended in Tris-
bu¡ered saline. The pellets were transferred to
scintillation vials into Opti£uor scintillation £uid
and L-counts obtained. 35S-methionine incorporation
into the cytoskeletal ¢laments was expressed as dpm
per mg total protein.

2.9. Analysis of `S' phase cells

Labeling of cells with bromodeoxyuridine (Brdu)
was done as described previously [5]. In brief, cells
plated on glass coverslips were exposed to LPS
(10 Wg/ml) and 10 Wmol Brdu for 2 h, ¢xed and
stained with antibody to Brdu (Boehringer Mann-
heim 1:10 dilution) followed by FITC-anti-mouse
IgG (1:120 dilution). Coverslips were observed under
the £uorescence microscope for Brdu-positive cells
and 50-microscopic ¢elds were randomly counted
for total cells and Brdu-positive cells and the results
were expressed as % `S' phase cells. In some experi-
ments, cells were pretreated with cytochalasin B
(2.5 Wg/ml, Cyto B) for 1 h followed by LPS expo-
sure for 2 h. Cytochalasin B was present throughout
the experimental study.

2.10. IL-6 assay

Cells at a density of 106/well were plated in 24-well
plates supplemented with DMEM and 1% FCS. Dif-
ferent concentrations of LPS prepared in DMEM-1%
FCS were added to the cultures. Depending on the
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reaction conditions, the plates were incubated for 2 h
at 37³C/5% CO2. After the indicated time interval,
supernatant samples were collected, centrifuged and
stored at 380³C until use. In certain experiments,
cells were preincubated with 2.5 Wg/ml cytochalasin
B. ELISA kits for cytokine the IL-6, from com-
mercial source (RpD System, Minneapolis, MN)
were used according to the manufacturer's instruc-
tions.

2.11. Statistical analysis

Results are expressed as mean values of experi-
ments repeated several times in triplicate þ S.D. The
F- and G-actin pool are normalized against the total
protein concentration of the respective experiment. A
Paired Student's t-test was used to analyze the data
and a P-value less than 0.05 was considered statisti-
cally signi¢cant. In some cases, S.D. values were too
low to appear in the graph as error bars.

3. Results

3.1. E¡ect of LPS on the cytoskeletal organization in
HSILPF

3.1.1. Actin
F-actin labeled HSILPF monolayers exposed to

LPS (10 Wg/ml) or medium alone for 30 min, 2, 4,
6, and 8 h were examined by £uorescence microscopy
(Fig. 1). All control monolayers contained continu-
ous transcytoplasmic actin ¢laments (Fig. 1a). After
30 min of incubation of the cells with LPS, actin
¢laments appeared as irregular spikes with more or-
thogonal ¢laments in contrast to straight ¢bers in
cells not treated with LPS (control cells). By 2, 4, 6
and 8 h, short spikes disappeared and actin ¢laments
accumulated in the cell periphery (Fig. 1b^f).

3.1.2. Vimentin
Vimentin in the control cells was exhibited as a

¢ne network from nuclear lamina to the cell periph-

Table 1
Time-dependent reorganization of cytoskeletal structures in lamina propria ¢broblasts by LPSa

Cytoskeletal
¢laments

Time of LPS exposure

30 min 2 h 4 h 6 h 8 h

Actinb Appearance of
orthogonal spikes
(10 þ 3.5)

Marginal
accumulation
(6 þ 2.5)

Marginal
accumulation
(10 þ 2.5)

Marginal accumulation
(15 þ 1.5)

Marginal accumulation
(50 þ 5.5)

Vimentinc Fine network
pattern

Accumulation and
bundling (10 þ 2.5)

Increased bundling
(20 þ 2.5)

Di¡use vimentin staining
and extensive bundling
(30 þ 5.5)

Di¡use vimentin staining
and extensive bundling
(80 þ 5.7)

Vinculind Loss of vinculin
plaques (2 þ 0.05)

(5 þ 1.5)e (10 þ 2.1)e (25 þ 2.5)e (40 þ 5.5)e

Tubulin ^f ^f ^f ^f

aCells were plated on glass coverslips and treated with LPS (10 Wg/ml) and ¢xed at 30 min, 2, 4, 6 and 8 h. Cells were processed for
indirect immuno£uorescence with antibody to actin, vimentin, vinculin and tubulin and FITC-conjugated anti-mouse IgG.
bThe cells were observed under the £uorescence microscope and randomly 50 ¢elds were counted for the total cells and presence of
cells with orthogonal actin ¢bers and peripheral actin arrangement and expressed as the mean percentage of cells þ S.D. of the speci¢c
pattern observed at di¡erent periods (values in brackets).
cFifty ¢elds were counted for the presence of total cells and the cells with bundling of ¢laments and expressed as the mean percentage
of cells þ S.D. of the speci¢c pattern (values in the brackets).
dFifty ¢elds were counted for the total cells and the cells exhibiting peripheral arrangement of vinculin plaques and expressed as the
mean percentage of cells þ S.D. of the speci¢c pattern (values in brackets).
eComplete margination of vinculin along the cell periphery.
f No change observed.
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ery (Fig. 2a). Treatment with LPS for 30 min did not
induce any noticeable change in the vimentin pattern
(Fig. 2b). By 2 h of incubation of HSILPF with LPS,
accumulation and bundling of vimentin ¢laments
were observed (Fig. 2c). At 4, 6 and 8 h, LPS-treated

cells exhibited extensive bundling with loss in the ¢ne
network structure (Fig. 2d^f). Along with the bun-
dling of vimentin, the ¢ne network as observed in
control cells was changed to a di¡used network in
LPS-treated cells.

Fig. 1. E¡ect of LPS on the organization of actin. Fluorescent micrographs of cells labeled with anti-actin and FITC conjugated. (a)
Medium control: actin in this control cell is organized in elongated bundles. (b) Thirty minutes after LPS exposure: the formation of
small orthogonal actin ¢bers can be seen. (c) Two hours after LPS exposure: the arrow indicates margination of the actin ¢lament
along the cell periphery. (d). Four hours after LPS exposure. (e) Six hours after LPS exposure. (f) Eight hours after LPS exposure ex-
hibiting complete margination of actin along the cell periphery. Magni¢cation: U63.
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3.1.3. Vinculin
Vinculin, an actin binding protein was distributed

as plaques in the cell body as well as cell periphery in
the control cells (Fig. 3a). Incubation of cells with
LPS for 30 min resulted in loss of vinculin plaques
from the cell body (Fig. 3b). By 2 h, there was mar-
ginal accumulation of the vinculin bordered along
the cell periphery (Fig. 3c). No further change in

the vinculin pattern was observed at 4, 6 and 8 h
as compared to 2 h (Fig. 3d^f).

3.1.4. Tubulin
Tubulin exhibited a nested ¢lamentous network in

control cells as well as in cells treated with LPS. In
contrast to other cytoskeletal proteins, the tubulin
organization did not undergo any change in response

Fig. 2. E¡ect of LPS on vimentin arrangement. Fluorescent micrographs of cells labeled with anti-vimentin and FITC conjugated
anti-mouse IgG. (a) Medium control: vimentin appeared as a ¢ne network distributed from the nuclear lamina to the periphery of the
cells. (b) Thirty minutes after LPS exposure: the vimentin pattern is the same as that observed in the control cells. (c) Two hours
after LPS exposure: bundling of the ¢lament can be seen. (d) Four hours after LPS exposure: the ¢ne network changed into di¡used
vimentin and extensive bundling (arrow). (e) Six hours after LPS exposure. (f) Eight hours after LPS exposure. Arrows in e and f in-
dicate the ¢ne bundling in the LPS-treated lamina propria ¢broblasts. Magni¢cation: U63.
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to LPS during the time period used for he study
(data not shown).

As summarized in Table 1, 10% of the cells were
exhibiting orthogonal actin ¢bers after 30 min of
LPS exposure. By 2 h the small actin spikes disap-
peared and 6% of the cells were seen with peripher-

ally accumulated actin. The percentage of cells with
actin accumulation increased with time. However, no
more than 50% of the cells were exhibiting peripheral
arrangement of actin at 8 h. The percentage of cells
showing bundling of the vimentin ¢laments increased
in a time-dependent manner with 80% of the cells

Fig. 3. E¡ect of LPS on vinculin arrangement. Fluorescent micrographs of cells labeled with anti-vinculin and FITC conjugated anti-
mouse IgG. (a) Medium control: the vinculin plaques distributed both in the cell body as well as cell periphery can be seen. (b) Thirty
minutes after LPS exposure: vinculin plaques rearranging to the cell periphery. (c) Two hours after LPS exposure: the arrangement of
the vinculin along the cell periphery can be seen. (d) Four hours after LPS exposure. (e) Six hours after LPS exposure. (f) Eight hours
after LSP exposure. The vinculin plaques in the cell periphery can be seen in e and f. Magni¢cation: U63.
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showing bundling after 8 h of LPS exposure. The
loss of vinculin plaques from the cell body and re-
arrangement in the cell periphery in response to LPS
reached 40% by 8 h.

3.2. The F-actin pool was increased in HSILPF in
response to LPS

The e¡ect of LPS on the F-actin content in
HSILPF (expressed as £uorescent unit/mg total pro-
tein) was studied (Fig. 4). Incubation of cells di¡er-
ent concentration of LPS (0^10 Wg/ml) signi¢cantly
increased the F-actin pool in HSILPF. At concentra-
tions of 0.001, 0.01 and 0.1 Wg/ml LPS, a moderate
increase in the F-actin pool with respect to the con-
trol was observed, with a sharp increase in F-actin
pool at 1 and 10 Wg/ml LPS. Possibly, at high con-
centrations of 1 and 10 Wg/ml the F-actin becomes
stable and could no longer be extracted with Triton
X-100, thereby exhibiting a sharp rise. However, at

much higher concentration (100 mg/ml), no further
increase was observed.

3.3. G-actin pool in HSILPF in response to LPS
remained unchanged

The e¡ect of LPS on G-actin pool (expressed as
Wg/mg total protein) was studied (Fig. 4). There was
no signi¢cant di¡erence between the G-actin pool of
media or LPS-treated HSILPF after an incubation
period of 2 h.

Fig. 4. Concentration-dependent e¡ect of LPS on the F- and
G-actin pool in HSILPF. For F-actin, HSILPF were exposed
to various concentrations of LPS (0^100 Wg/ml) for 2 h, ¢xed,
permeabilized and assayed for F-actin as described in Section 2.
F-actin (b) content is expressed as £uorescent unit/mg total
protein mean þ S.D. of ¢ve separate experiments performed in
triplicate. For G-actin measurements, cells were treated with
various concentrations of LPS for 2 h and extracted as de-
scribed in Section 2 and the supernatant tested for G-actin con-
tent by DNAse I inhibition assay. Bovine skeletal muscle actin
was used as standard. G-actin content (F) is expressed as Wg/
mg total protein mean þ S.D. of ¢ve separate experiments per-
formed in triplicate.

Fig. 5. Time-dependent e¡ect of LPS on the F- and G-actin
pool of HSILPF. Cells were treated with LPS (10 Wg/ml) for
various time periods (0^160 min) and F- and G-actin pools
were estimated as described in Section 2. (A) F-actin pool is ex-
pressed as £uorescent unit/mg total protein mean þ S.D. of sev-
en separate experiments performed in triplicate. (B) G-actin
content is expressed as Wg/mg total protein mean þ S.D. of sev-
en separate experiments performed in triplicate.
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3.4. Time-dependent variation in the F- and G-actin
pool in HSILPF in response to LPS

To determine if there is a speci¢c pattern of the F-
and G-actin pool in response to LPS at early time
intervals, we measured the F- and G-actin pool over
a time period of 0^160 min with an interval of 20 min
(Fig. 5).

The F-actin content in control cells was almost
constant throughout the time period used for the
study. In LPS-treated cells, a decrease in F-actin con-
tent was observed at 10^20 min, followed by an in-
crease at 30, 60, 80, 100 and 120 min, with subse-
quent decrease of F-actin to basal level at 140 and
160 min (Fig. 5A).

The G-actin pool was almost similar in control
cells at all time intervals. In LPS-treated cells, the
G-actin level increased at 10 and 20 min thereafter
the G-actin level decreased slightly (Fig. 5B).

3.5. LPS enhanced synthesis of actin, but not
vimentin, vinculin or tubulin

To determine whether LPS exposure altered actin,
vimentin, vinculin or tubulin synthesis during the 2 h

study, 35S-methionine incorporation into actin, vi-
mentin, vinculin or tubulin was determined and ex-
pressed as dpm/mg total protein (Fig. 6). The LPS
exposure signi¢cantly increased the mean ( þ S.D.)
dpm of actin as compared to the control
(15 000 þ 1020 vs. 8000 þ 280). Synthesis of vimentin,
vinculin or tubulin remained unchanged.

3.6. Cytochalasin B reduced the F-actin pool,
increased G-actin pool and inhibited % `S' phase
cells and IL-6 secretion by LPS-treated HSILP

We have previously reported that LPS induced
enhanced cell proliferation [5] and synthesis of proin-
£ammatory mediators [6] in HSILPF. To monitor
the role of actin in LPS-induced cellular functionality
we used Brdu incorporation to study `S' phase cells
and the expression of multifunctional cytokine IL-6,
along with F- and G-actin pool.

3.6.1. F- and G-actin pool
Cytochalasin B, an actin-severing compound, com-

pletely blocked the increase in LPS induced F-actin
in HSILPF and signi¢cantly increased the G-actin
pool (Fig. 7A,B).

3.6.2. `S' phase cells
At 2 h, the % `S' phase cells in LPS-treated

HSILPF was 18.5 ( þ 1.5) compared to 3% in control
cells (Fig. 7C). Cyto B reduced the `S' phase cells
from 18.5 to 1.8% in LPS-treated HSILPF.

3.6.3. IL-6 level
LPS induced a high level of IL-6 in HSILPF by

2 h, which was reduced to almost basal level by cy-
tochalasin B (Fig. 7D).

4. Discussion

Cytoskeletal proteins are the major structural
backbone of cells and maintain the cellular function-
ality [13,14]. Reorganization of actin ¢laments in re-
sponse to LPS have been reported in various cell
types, such as macrophages [9], mesangial cells [10],
uroepithelial cells [15] endothelial cells [16] and B-
cells [17]. In endothelial cells, LPS distorted the actin
architecture thereby a¡ecting the barrier function

Fig. 6. E¡ect of LPS on new actin, vimentin, vinculin and tu-
bulin synthesis. 35S-Methionine labeled HSILPF were exposed
to LPS for 2 h and immunoprecipated as described in Section
2. 35S-Methionine incorporation into actin, vimentin, vinculin
and tubulin immunoprecipitates were counted in a Beckman
L-counter and expressed as mean þ S.D. dpm/mg total protein
of four individual experiments performed in triplicate
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[16]. Altogether, these data suggest strong participa-
tion of actin in various LPS-induced alterations in
the cell-like barrier function, synthesis of cytokines
etc.

Our previous study with HSILPF demonstrated
that LPS induced proliferation [5] and enhanced se-
cretion of proin£ammatory cytokines in HSILPF [6].
Hence we further investigated the organization of
cytoskeletal ¢laments, actin, vimentin, vinculin and
tubulin in HILSPF in response to LPS. The early
formation of short actin spikes (by 30 min) probably
may be denoting the early response of LPS in
HSILPF. Further accumulation of the actin in
HILPSF in response to LPS may be depicting the

prior actin arrangement required for LPS-increased
DNA synthesis and IL-6 production.

Actin accumulation in uroepithelial cells in re-
sponse to LPS was related to the actin-dependent
ICAM distribution [15]. In macrophages, the notice-
able change of actin organization began from 10 min
and was conspicuous at 30 min, but the change in F-
and G-actin pool was obvious within seconds [9].
However, in case of intestinal ¢broblasts at a partic-
ular time period of 10 and 20 min of LPS exposure
decrease in the F-actin and an increase in the G-actin
pool was observed (Fig. 5). Probably macrophage
being a highly sensitive cells to the extracellular stim-
uli the response to LPS was much faster than that of

Fig. 7. E¡ect of cytochalasin B on the LPS induced F- and G-actin pool, % `S' phase cells and IL-6 secretion. (A,B) Cells were pre-
treated with cytochalasin B (2.5 Wg/ml) for 1 h followed by LPS treatment for 2 h. F- and G-actin contents were estimated as de-
scribed in Section 2. (A) F-actin pool is expressed as £uorescent unit/mg total protein mean þ S.D. of four separate experiments per-
formed in triplicate. (B) G-actin content is expressed as Wg/mg total protein mean þ S.D. of four separate experiments performed in
triplicate. (C) % `S' phase cells. Cells were seeded on glass coverslips and treated as described in Section 2. The coverslips were ¢xed
at 2 h and processed for immuno£uorescence staining with anti-Brdu antibody and FITC-conjugated detection antibody. Fifty micro-
scopic ¢elds were counted under Zeiss microscope for total cells and Brdu-positive cells. Results are expressed as mean percentage
Brdu-positive cells þ S.D. of three di¡erent experiments. (D) Release of IL-6. HSILPF were pretreated with cytochalasin B for 1 h fol-
lowed by LPS for 2 h. IL-6 in the supernatant was measured as described in Section 2. The results are derived from three individual
experiments in triplicate and expressed as the mean values (pg/ml IL-6) þ S.D.
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the ¢broblasts. Possibly at an early time period after
LPS exposure the cells may synthesize new actin or
reorganize the pre-existing actin which is easily ex-
tractable with Triton X-100, thereby contributing to
the increase in the G-actin and decrease in F-actin
pool (Fig. 5A,B). However, in endothelial cells the
G-actin pool was increased without a concomitant
decrease in the F-actin pool [16]. Probably a di¡er-
ence in the pattern of the F- and G-actin pool in
endothelial cells and HSILPF can be due to the
two di¡erent events induced by LPS: disruption of
the barrier structure in endothelial cells, a destructive
signal and proliferation in HSILPF, a constructive
signal.

Possibly the G-actin pool is increased in the cells
undergoing cellular injury, whereas the F-actin pool
is increased in the cells undergoing proliferation.
However, the equilibrium between the F- and G-ac-
tin pool and actin polymerization is important for
maintaining the cellular function. Actin polymeriza-
tion is inhibited by cytochalasin B by binding to the
barbed end of the actin ¢lament thereby preventing
the actin assembly and is used as a useful tool to
elucidate the role of actin polymerization in control-
ling cellular function [18^20]. Prior treatment of cells
with cytochalasin B, signi¢cantly increased G-actin
pool and reduced the F-actin level in LPS-treated
HSILPF.

Cytochalasin B hampered both the increase in the
% `S' phase cells as well as IL-6 secretion in HSILPF
in response to LPS, thereby suggesting the role of
actin in the LPS-induced cellular responses. Vincris-
tine, a tubulin depolymerizing compound which is
known to induce structural changes in the vimentin
distribution in ¢broblasts [21] did not have any e¡ect
on the F- and G-actin pool as well as % `S' phase
cells and IL-6 secretion in HILSPF stimulated with
LPS (data not shown). These combined data strongly
suggest that actin is the major cytoskeletal protein
required for cellular signaling and other cytoskeletal
protein may interact with actin for the alteration in
cell functions induced by LPS in HSILPF. Actin and
not vimentin or tubulin have also been suggested to
be the major cytoskeletal ¢lament in formation of
protrusions in ¢broblasts [22]. Actin polymerization
was obligatory for epidermal growth factor induced
signal transduction in epithelial cells [23]. These re-
ports and our study suggest the involvement of actin

in mediating the signal by an e¡ector molecule in the
target cell.

To our knowledge, there is no report related to the
change in vimentin or vinculin pattern in response to
LPS. Vinculin, an actin binding protein rearranged
itself to the cell periphery in response to LPS in
HSILPF. The disappearance of vinculin plaques
from the cell body and arrangement in the cell pe-
riphery probably suggests the loss of focal adhesion,
thereby preparing the cells to undergo proliferation
(Fig. 3a^f). Bundling of the vimentin as observed in
response to LPS perhaps may be required for the
progression of the cell in the proliferative phase.
However, no noticeable change in the tubulin struc-
ture was observed in HSILPF in response to LPS.
The methionine incorporation study suggested new
actin synthesis in HSILPF in response to LPS, there-
by suggesting that new actin units may be incorpo-
rated by LPS in HSILPF thereby leading to en-
hanced cell proliferation and IL-6 secretion. Other
cytoskeletal ¢laments did not undergo any change
at the synthesis level in response to LPS.

Although the cytoskeleton is an integrated, dy-
namic structure in which there is a high level of co-
ordination between the components, we found that
actin ¢laments, of all the cytoskeletal ¢laments are
involved in IL-6 secretion and cell proliferation in
HSILPF in response to LPS. The phenomenon of
actin assembly involves a di¡erent set of regulatory
proteins [24,25]. The new actin synthesis observed in
response to LPS in HSILPF may be controlled by
some regulatory proteins and second messenger like
diacylglycerol (DAG), inositol triphosphate (IP3).
DAG and IP3 have been suggested to be involved
in the modulation of actin ¢laments by a¡ecting
the PI (phosphoinositide) cycle [22,26]. Probably,
LPS may a¡ect the actin organization by interacting
with the actin binding proteins like pro¢lin, gelsolin
or actinin thereby modulating the PI pathway.
Hence, further study is required to elucidate the
role of actin regulatory proteins and the role of sec-
ond messengers in increased actin synthesis and LPS-
mediated signaling in lamina propria ¢broblasts.
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