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Abstract

The stimulation of the human umbilical vein endothelial cell
(HUVEC) with recombinant human monocyte-derived colony-
stimulating factor (MCSF) increased the gene expression of
monocyte chemotactic protein (MCP-1). Northern blot analy-
sis indicated that 50 U/ml of MCSFis the optimal concentra-
tion for this effect. The elevation of MCP-1 mRNAstarted as
early as 1 h after stimulation and was maintained for at least 8
h. An increased MCP-1 level in MCSF-treated HUVECwas
also demonstrated at the protein level by immunocytochemical
staining using a polyclonal MCP-1-specific antibody. HUVEC
activated by 50 U/ml of MCSFfor 5 h showed a stronger
immunofluorescence staining than control cells. Micropipette
separation of THP-1 monocytes from HUVECshowed that the
activation of both THP-1 and endothelium by MCSFled to an
increase in the separation force by more than three times
(36.2±6.7 X 104 vs. 9.6±3.6 X 10 - dyn). An increased adhe-
siveness was also observed after MCSFactivation of peripheral
blood monocytes and HUVEC(16.7±2.7 X 1O-' vs. 5.2±0.9
X 10-4 dyn). The increased adhesive force in both systems was
blocked by the use of anti-MCP-1 (5.5±0.8 X 104 and 6.8±1.1
X 1o-4 dyn). Similar results were obtained in experiments in
which only HUVEC, but not monocytes, were activated by
MCSF. This increased adhesion of untreated monocytes to
MCSF-activated HUVECwas also blocked by the addition of
anti-MCP-1. In contrast, experiments in which only THP-1 or
peripheral blood monocytes, but not HUVEC, were treated
with MCSFdid not show a significant increase of adhesion
between these cells. These results indicate that MCSFaug-
ments monocyte-endothelium interaction primarily by its ac-
tion on the endothelial cell and that this function is probably
mediated through an increased expression of MCP-1. The
MCSF/MCP-1-dependent adhesive mechanism might be op-
erative in the arterial wall in vivo to lead to the trapping of the
infiltrated monocyte-macrophage in the subendothelial space
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Introduction

The intimal recruitment of peripheral blood monocytes to the
lesion-prone areas of the arterial tree is an important early
event in atherogenesis. The recruited monocytes undergo a dif-
ferentiation step to become macrophages and may uptake and
degrade plasma-derived LDL to develop into foam cells ( 1-3).
The monocyte chemotactic protein (MCP- 1)' and monocyte
colony-stimulating factor (MCSF) are two important cyto-
kines involved in atherogenesis. MCP-l is a glycoprotein with a
molecular mass of 14 kD and is expressed in vascular endothe-
hlum (4-6), vascular smooth muscle cells (7, 8), monocytes
(9-1 1 ), and fibroblasts ( 12). Its primary function is to serve as
a chemoattractant for monocytes (13). The MCP-1 gene be-
longs to an early response small gene superfamily (14-16).
MCSF, also known as CSF- 1, is a hematopoietic growth factor
stimulating the differentiation and proliferation of monocytic
progenitor cells (17, 18). MCSFis also expressed in vascular
cells ( 19, 20) and is a glycosylated homodimer with a molecu-
lar mass of45 kD(21).

Minimally modified LDL (MM-LDL) has been shown to
activate the expression of both MCP-1 and MCSFin cultured
endothelial cells and in mice models in vivo (22-24). Transmi-
gration of monocytes into the subendothelial space induced by
LDL was inhibited by antibody to MCP-1 (25). MCSFhas
been shown to enhance the clearance of LDL in experimental
animals (26, 27), and the uptake and degradation of acetylated
LDL in cultured macrophages (28). Both MCP-1 and MCSF
have been located in atherosclerotic lesions of humans and
rabbit models ( 19, 29, 30). Although these two cytokines have
been implicated in atherogenesis by many investigators, little
direct evidence is available concerning the roles they play in the
accumulation of monocyte-macrophages in the arterial wall.

In the present study, we provide evidence that recombinant
human MCSFactivates MCP-1 gene expression in the human
umbilical vein endothelial cell (HUVEC). In addition, using a
micropipette aspiration technique, we have found that MCSF
acts on the endothelium to increase the adhesive force between
monocytes and HUVEC, and that this MCSF-induced adhe-
sion is blockedhbyan antibody specific to MCP-1. These find-

1. Abbreviations used in this paper: HUVEC, human umbilical vein
endothelial cell; MCSF, monocyte-derived colony-stimulating factor;
MCP-1, monocyte chemotactic protein; MM-LDL, minimally modi-
fied low density lipoprotein;
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ings suggest that MCSFmay enhance monocyte adhesion as a
result of an increase of MCP-1 gene expression in the endothe-
lium. The roles of these two cytokines in monocyte-endothe-
lial adhesion may have significant implications in the transen-
dothelial migration of monocytes in atherogenesis.

Methods

Cell cultures. HUVECwere isolated from the human umbilical cord as
described by Jaffe et al. (31 ). The cells were grown in M-199 media
containing 15%FCSsupplemented with 2 mML-glutamine, 100 U/ ml
penicillin, 100 Ag/ml streptomycin, and 1 mMsodium pyruvate. All
the cells used were before passage seven. Human peripheral blood
monocytes were isolated from freshly drawn blood by first mixing 10
parts of the blood with 1 part of 0.9% NaCl (wt/vol) containing 6%
dextran 500. After the erythrocytes had settled, the leukocyte-rich
plasma was layered on NycoPrep 1.068 (Accurate Chemical Co., West-
bury, NY) followed by centrifugation at 600 g for 15 min. The Nyco-
Prep 1.068 layer was suspended with 0.9% NaCl containing 0.13% (wt/
vol) EDTAand 1%FCS. The cell suspension was further centrifuged at
600 g for 7 min. Platelets were finally removed by suspending the cell
pellet in Hank's buffer and layering the cell suspension on NycoPrep
1.063 for centrifugation at 350 g for 5 min. The monocyte pellet was
then suspended in RPMI 1640 supplemented with 10% FCS, 2 mM
L-glutamine, 100 U/ml penicillin, 100 Ag/ml streptomycin, and 100
MMf3-mercaptoethanol. The isolated cells were used within 12 h after
isolation. The human monocytic cell line THP-1 was obtained from
the American Type Culture Collection (Rockville, MD) and main-
tained in RPMI as described above. All cell cultures were maintained in
a humidified 5%C02, 95% air incubator at 37°C.

RNA isolation and Northern blot analysis. HUVECgrown to con-
fluency were washed twice with PBSand stimulated with recombinant
human MCSF(Genzyme, Boston, MA). Total cellular RNAwas iso-
lated by using the guanidinium isothiocyanate/CsCl method as previ-
ously described (32). In brief, the monolayer was washed and lysed
with 4 Mguanidium isothiocyanate. The cell extract was layered on a
cushion of 5.7 MCsCl and ultracentrifuged at 42,000 rpm for 20 h. The
RNAsediment on the bottom of the ultracentrifuge tube was recovered
and purified by ethanol precipitation. 20 Mgof the isolated RNAfrom
each sample was loaded on a 1.5% formaldehyde agarose gel and sub-
jected to electrophoresis. RNAwas transferred to a nylon membrane
for hybridization at 42°C for 18 h with either a 32P-labeled oligonucleo-
tide 48mer complimentary to the coding sequence of human MCP-I or
32P-labeled 0.6-kb baboon vascular smooth muscle cell MCP-I cDNA.
The hybridization buffer contained 50% (vol/vol) formamide, 5X
SSC, 0.5x Denhardt's solution, 0.1% (vol/vol) SDS, and 100 ,g/ml
salmon sperm DNA. The membrane was then washed and exposed to
Kodak X-Omat XARfilm at -70°C.

Immunocytochemistry andfluorescence microscopy. The HUVEC
cultures on coverslips contained in six-well culture plates were grown
to confluency and stimulated with MCSF(50 U/ ml). After incubation
at 37°C for 5 h, the HUVECmonolayers were washed with warm PBS
and fixed with 1% (vol/vol) formalin in PBS for 10 min. The first
antibody, anti-MCP-l, is a polyclonal antibody raised in the rabbit
against a baboon MCP-1 (8, 33). Anti-MCP-l, 2% (vol/vol) in PBS
containing 2% albumin, was applied to the fixed HUVECand incu-
bated at 37°C for 1 h, followed by three 5-min washes with PBS. The
second antibody, tetramethylrhodamine isothiocyanate (TRITC)-con-
jugated goat anti-rabbit IgG (Sigma Chemical Co., St. Louis, MO)
with a dilution of 1 :100, was then introduced for a second incubation at
37°C for 1 h. After three PBSwashes, the coverslips were inverted and
mounted on microscopic slides. An epi-fluorescence microscope (Mi-
crophot-FX; Nikon) equipped with a diascopic phase-contrast attach-
ment was used to study the fluorescence intensity in the HUVECmono-
layer. The observation was made with an excitation filter at 450-490
nm, a dichroic mirror at 510 nm, and a barrier filter at 520 nm.

Micropipette assay of the adhering force of monocytes to the HU-
VECmonolayer. The assay was performed on both the THP- I mono-
cytic cell line and freshly isolated peripheral blood monocytes. In coac-
tivation experiments in which both monocytes and HUVECwere ex-
posed to MCSF, the confluent HUVECmonolayer cultured in plastic
chambers (r = 0.5 cm) was first washed twice with warm culture me-
dium, then incubated for 30 min with or without anti-MCP-l (1%
[vol/vol]), and followed by the addition of MCSF(50 U/ml). Mono-
cytes ( - 04' cells) were washed twice with warm M-199 medium and
added into the HUVECchamber for 3 h of coincubation before the
micropipette aspiration assay. In experiments in which only the HU-
VECwere activated, the monolayer was first treated with MCSF, or
MCSFplus anti-MCP- 1, for 3 h. The activated monolayer was washed
twice with warm M- 199 medium and incubated with untreated mono-
cytes for 1 h before the micropipette aspiration assay. In experiments in
which only the monocytes were activated, THP-l cells or peripheral
blood monocytes were first incubated in M-199 media supplemented
with MCSF, or MCSFplus anti-MCP- l, for 3 h. The cells were washed
twice and then added to the unstimulated HUVECmonolayer for 1 h
of incubation before the aspiration assay.

The procedure of the micropipette aspiration has been described
previously (34, 35). In brief, micropipettes with an internal radius (Rp)
of 1.6-3.3 ,m were manipulated by using a hydraulic micromanipula-
tor (Narishige Scientific Instrument Lab., Tokyo, Japan) mounted on
the stage of an inverted microscope. The tip of the pipette was posi-
tioned in the cell chamber, and the wide end was connected to a pres-
sure regulation system. Monocytes adhering to the HUVECmonolayer
were randomly chosen and held at the tip of the pipette by the applica-
tion of an initial aspiration pressure. Whenthe force due to the aspira-
tion pressure was insufficient to balance the adhesive force, the THP- 1
would slip out of the micropipette when the latter was pulled away by
micromanipulation. The aspiration pressure was increased stepwise
until a critical separation pressure (Pa) was attained, which led to the
complete detachment of the THP- l cell from the HUVECmonolayer
as the micropipette was pulled away by micromanipulation. The criti-
cal separation force (Fc) was calculated as:

F,= rRp P2C.

The experiments were performed at room temperature (23-26°C) and
the aspiration tests for multiple cells studied in the same chamber were
usually accomplished within 1 h. Analysis of the results indicated an
invariance of the separating force vs. time elapsed within the period of
testing.

Statistics. Results for the measurements made in each group of
experiments were expressed as mean±SEM. Significance of difference
was determined by using unpaired Wilcoxon test.

Results

MCSFstimulates the expression of MCP-J in HUVEC. The
increased level of MCP-1 gene transcripts in MCSF-treated
HUVECwas demonstrated by Northern blot analysis. This
elevation of expression was concentration dependent (Fig. 1).
HUVECtreated with MCSFat concentrations ranging from 5
to 150 U/ml for 4 h showed a threshold concentration for
MCP-1 mRNAexpression at 25 U/ml and an optimal concen-
tration at 50 U/ml. Fig. 2 demonstrates that the stimulation
was also time dependent. When the MCSFconcentration was
set at 50 U/ml, the level of MCP-1 transcript increased at 1 h,
reached a peak at 4 h, and was maintained at this elevated level
for at least 8 h.

MCSF-activation of HUVECalso caused an increase in
MCP-1 at the protein level, as illustrated by imunofluorescence
staining. Representative fluorescence microscopic fields of
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Figure 1. Northern blot analysis demonstrates that the stimulation of
MCP-l gene expression in HUVECis MCSFconcentration depen-
dent. (A) Confluent HUVECcells were stimulated for 4 h with
various concentrations of recombinant human MCSFas indicated.
Total cellular RNAwere isolated and Northern blots were performed
as described. Blots were probed for MCP-l-specific transcripts. (B)
Ethidium bromide staining demonstrates that equal amounts of total
RNAwere loaded on each lane.

layers. The critical separation forces are 16.7±2.7 X lo-,
5.2±0.9 x I 0-, and 6.8± 1.1 X Io-4 dyn for MCSFtreated,
control, and (MCSF + anti-MCP-l) treated experiments, re-
spectively. The strength of adhesion may also be expressed as
the percentage of monocytes that can be separated with a force
< 0-' dynes. While 85.0% of the THP-1 and 85.7% of the
peripheral blood monocytes were separable with this force level
in controls, only 38.0 and 48.6%, respectively, were separable
in the MCSF-treated group; 91.7% of the THP- 1 and 77.1% of
the peripheral blood monocytes were separated in the MCSF
+ anti-MCP-l experiments.

MCSFaugments cellular interaction primarily by its action
on the endothelium. The MCSF-induced promotion of adhe-
sion of monocytes on HUVECmonolayers may result from its
action on either the monocytes, the endothelial cells, or both
cell types. This was assessed by determining the cellular adhe-
sive force in additional sets of experiments in which only the
HUVECor the monocytes were activated by MCSF. When
only the HUVECmonolayer had been activated by MCSF, the
Fc values required to separate the untreated THP- 1 and periph-
eral blood monocytes were 33.1±6.7 and 22.5±4.0 X 10-4 dyn,
respectively. Such increased adhesiveness by MCSF was
blocked by the addition of anti-MCP-1. The Fc values were
reduced to 9.7±2.2 x 10-4 dyn for THP-I and 6.3±1.5 X 10-4
dyn for peripheral blood monocytes when the HUVEChad
been incubated with MCSF+ anti-MCP- 1. These Fc values for
MCSF- and anti-MCP- 1-treated cells were statistically not sig-

A
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__ ~-OMCP-1
MCSF-treated and nonactivated HUVECmonolayers are
shown in Fig. 3. The fluorescence intensity in endothelial cells
activated by 50 U/ml of MCSFfor 5 h is stronger than that in
control cells, indicating that the level of antigenic MCP-1 in
MCSF-treated HUVECwas increased by the treatment.

MCSFincreases the adhesive force between THP-J and
HUVEC, and this effect is blocked by anti-MCP-J. Wetested
whether the treatment of HUVECand monocytes by MCSF
(coactivation experiments) increased their adhesion by mea-
suring the critical separation force in micropipette aspiration
tests. Separation forces were calculated and subjected to statis-
tical analysis. In a few cases, monocytes could not be separated
from the HUVECeven with a aspiration pressure as high as
1,000 mmH2O;this magnitude of aspiration pressure was used
to calculate the separation force for these nonseparable cells. As
shown in Fig. 4, while a Fc of 36.2+6.7 X 10-4 dyn was needed
to separate the THP- 1 from HUVECin these coactivation ex-
periments, a value of 9.6±3.6 X 10-4 dyn was found in control
experiments. The addition of anti-MCP- 1 blocked the increase
in cellular adhesion caused by MCSFand reduced the separa-
tion force to 5.5±0.8 x 10-4 dyn. As indicated in Table I,
similar results were also obtained in experiments in which pe-
ripheral blood monocytes were aspirated from HUVECmono-

0 1 2 4 8

Time IhI

B

Figure 2. Northern blot analysis shows the time course of MCP-I gene
expression after the addition of 50 U/ml of MCSFto HUVEC(A),
and ethidium bromide staining demonstrates that equal amounts of
RNAwere loaded (B).

Monocyte Colony-stimulating Factor Induces Monocyte Chemotactic Protein-I 1747



A B

F'zgire 3. The detection of MCP-1 in MCSF-treated HUVECas demonstrated by immmunofluorescence staining. Confluent HUVECmonolayers
were incubated in medium containing 50 U/ml MCSF(1). or in medium only (B). for 5 h. Monolayers were washed with PBS followed by
fixation in FV formalin for 10 min. Antigenic MCP-I in fixed HUVECwas first recognized by polyclonal anti-MCP-l. which was in turn detected
with a tctramethvl rhodamine isothiocvanate (TRITO)-conjugated goat anti-rabbit IgG second antibod!.

nificantly different from those in control experiments on un-
treated cells. The percentages of THP-1 cells separable by
forces < Io-3 dyn for the control, MCSF-treated, and MCSF
+ anti-MCP-l-treated HUVECwere 89.8, 30.0, and 76.2%,
respectively. Similarly, the percentages of peripheral blood
monocytes separable from these three types of treated HUVEC
were 82.9, 51.4, and 88.6%, respectively.

In experiments in which monocytes were first activated by
MCSFand then added to untreated HUVECmonolayers, the
F, values were 9.2±4.2 and 4.1±0.7 X 10-4 dyn for THP- 1 and
peripheral blood monocytes, respectively. These F, values were
not statistically different from either the values obtained for the
control groups (untreated THP-l and HUVEC) in this series
or the values for the control groups in the coactivation experi-

50-

ments. They were also not significantly different from the F,
values required to separate MCSF+ anti-MCP- 1-treated
monocytes. The percentages of control, MCSF-treated, and
MCSF+ anti-MCP-l-treated THP-l cells separable by forces
< l0- dyn from untreated HUVECwere 89.8, 88.9, and
100%, respectively. The percentages of these three groups of
peripheral blood monocytes separable by the same magnitude
of force from untreated HUVECwere 82.9, 91.4, and 85.7%,
respectively.

Discussion

There are three central findings in this study. First, MCSFstim-
ulates the expression of MCP-1 in endothelial cells. Second, the

N=79

El THP-l

* Peripheral blood

N=34
N=24

IF iC

MCSF+anti-MCP- I

Figure 4. The critical separation
force (Fe) required to separate
THP-1 and peripheral blood

monocytes monocytes from HUVECwas
increased after coactivation with
MCSF, and the effect was
blocked by anti-MCP-l. The
confluent HUVECmonolayer
was incubated for 30 min with
or without anti-MCP- I (1%
[vol/vol]), and was followed by
the addition of MCSF(50 U/
ml). THP-1 monocytes or
freshly isolated peripheral blood
monocytes were then added into
the HUVECchamber for 3 h of
coincubation before the micro-
pipette aspiration assay. Bars
represent SEM. (N) Number of
monocytes aspirated.
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Table I. The F, between THP-J, or Peripheral Blood Monocytes, and HUVECMonolayers

F, (lo-4 dyn)* Percent separation at 10-3 dyn

Peripheral Peripheral
Experiment Treatment THP-1 blood monocytes THP-l blood monocytes

Coactivation Control 9.6±3.6 (n = 5l)* 5.2±0.9 (n = 35) 85.0 85.7
MCSF 36.2+6.7§ (n = 79) 16.7±2.7§ (n = 35) 38.0 48.6
MCSF+ anti-MCP-l 5.5±0.8 (n 24) 6.8±1.1 (n = 34) 91.7 77.1

HUVECactivation
(monocyte untreated) Controlll 5.3±0.9 (n = 59) 5.4±0.9 (n = 35) 89.8 82.9

MCSF 33.1+6.7§ (n = 42) 22.5+4.0§ (n = 35) 30.0 51.4
MCSF+ anti-MCP-l 9.7±2.2 (n = 21) 6.3±1.5 (n = 35) 76.2 88.6

Monocyte activation
(HUVECuntreated) Controlll 5.3±0.9 (n = 59) 5.4±0.9 (n = 35) 89.8 82.9

MCSF 9.2±4.2'(n - 27) 4.1±0.7'(n = 35) 88.9 91.4
MCSF+ anti-MCP-1 3.2±0.4 (n = 27) 5.3±0.8 (n = 35) 100.0 85.7

* Mean±SEM. t Total number of cells tested. § P < 0.0002 between MCSFand control, and also between MCSFand (MCSF+ anti-MCP- 1).
The control experiments in HUVECactivation and monocytes activation were the same. ' F, values were not statistically different from

those for control and (MCSF + anti-MCP-l ) groups.

adhesion of monocytes, i.e., THP-l or peripheral blood mono-
cytes, to HUVECmonolayers is enhanced by MCSF, and this
effect is blocked by an antibody specific to MCP-1. Third, such
augmentation of cellular interaction by MCSFis primarily
through its action on the endothelial cell rather than the mono-
cyte.

Cushing et al. and Rajavashisth et al. (22, 23) observed
increased levels of MCSFand MCP-l transcripts in vascular
endothelium treated with MM-LDL. Our finding ofthe upregu-
lation of MCP-1 transcripts in HUVECby an optimal concen-
tration of MCSF(Fig. 1) suggests that the signal transduction
pathway leading to the MCP-1 gene expression in response to
MM-LDLmay be partially mediated via MCSF. In addition to
MM-LDL, the stimulation of gene expressions of MCSFand
MCP-l in cultured vascular endothelium by commonstimuli
has been reported in many other conditions, including platelet-
derived growth factor (PDGF) (9, 36, 37), bacterial LPS (6,
19), recombinant human tumor necrosis factor-a (TNF-a) (4,
6, 19), and recombinant human IL-1 (4, 6, 19, 38). In accor-
dance with the present findings, the induced MCSFin the endo-
thelial cells activated by these stimuli would further increase
the gene expression of MCP-1. An optimal stimuli concentra-
tion to induce the expression of MCP-1 is not unique to MCSF.
For example, l0-7 Mof 12-0-tetradecanoyl-phorbol- 13-ace-
tate (TPA) and 100 ng/ml of LPS have been shown to be the
optimal concentrations required to induce the maximum lev-
els of MCP-I transcripts in HUVECor fibroblasts (32, 39). In
a separate time course experiment, we found that the level of
MCP-1 transcripts in cells treated with MCSFfor 16 h was
similar to those treated for 4 h. This together with the data
shown in Fig. 2 indicate that the induced increase in the levels
of MCP-1 message sustained for at least 8 h. Thus, the signal
transduction pathway in MCSF-induced MCP-1 gene activa-
tion may differ at least partly from that in the transient expres-
sion of MCP-l in TPA-stimulated HUVEC(32) or in LPS-
stimulated BALB/c 3T3 cells (39).

Micropipette aspiration has been used widely in investiga-
tions on cellular interactions (34, 35). In the present study, this

technique was used to assess the adhesive force between mono-
cytes and MCSF-activated HUVEC. Wealso performed the
conventional attachment assays (40), and the preliminary re-
sults are consistent with the findings in the present micropi-
pette tests. The micropipette aspiration technique has the im-
portant advantage of assessing the adhesive force of each at-
tached monocyte individually and quantitatively, information
that can not be obtained in the attachment assay. The coactiva-
tion of either THP- 1 or freshly isolated peripheral blood mono-
cytes and HUVECwith MCSFcaused more than threefold
increases in the critical separation force when compared with
that in controls, and this increased adhesion was effectively
blocked by anti-MCP- 1 (Fig. 4). These data suggest that MCP-
1 may act not only as a chemoattractant molecule ( 10, 13), but
also as a factor for increasing the strength of monocyte-en-
dothelium interaction. It is possible that the induction pathway
for MCSF/MCP-1 expression interacts with the regulatory
pathway for the expression of adhesion molecules such as the
endothelium-leukocyte adhesion molecule (ELAM- 1), inter-
cellular adhesion molecule (ICAM- 1), and vascular cell adhe-
sion molecule (VCAM- I ) on the surface of the endothelial cell.
Although there are no previous reports that MCSFleads to the
expression of adhesion molecules on endothelium, the above
hypothesis is supported indirectly by the observations in vivo
that VCAM-I and ICAM- 1 are expressed in the atherosclerotic
lesions in which MCSF/MCP-1 expression are known to be
active (41, 42). In addition, the stimuli that cause an increase
in the gene expression of both MCSFand MCP-1 have all been
shown to increase the adhesion of monocytes to endothelial
cells (43), and this may be due to the upregulation of adhesion
molecules (44-47).

Our results also suggest that MCSFpromotes monocyte-
endothelium adhesion by its action primarily on the endothe-
lial cells rather than the monocytes. That the activation of leu-
kocytes is less critical in promoting their adhesion to endothe-
lium is also supported by previous reports that the activation of
monocytes with endothelin or PDGFdid not increase their
chemotaxis (48), and that TPA or TNF stimulation of high
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endothelial venule cells, but not lymphocytes, increased the
cellular interaction (49). During the preparation of this manu-
script, MCSF-induced MCP-1 gene expression in monocytes
was reported ( 10). The question as to why such MCP-1 expres-
sion in the monocyte did not bring about an enhanced adhe-
sion to endothelium needs further investigation.

That MCSFincreases both the gene expression of MCP-1
and the adhesion of monocytes to endothelium may be signifi-
cant not only in the initial cellular interaction, but also the
subsequent development of atherosclerosis in the arterial wall.
Endothelium activated by the exposure to atherosclerotic risk
factors such as modified LDL may release MCP-I in vivo. As a
consequence, there may be an increase in the monocyte re-
cruitment and in the adhesion strength between monocytes
and endothelium, which may lead to an increase of monocyte
penetration into the arterial wall. This hypothesis is supported
by the in vitro data that antibody specific to MCP-l blocks the
transmigration of monocytes into the subendothelial space in-
duced by MM-LDL(25). In addition, intimal monocyte-mac-
rophages probably synthesize and release MCSF, which may
further stimulate the expression of MCP-l in the surrounding
vascular tissue. Thus, monocyte-macrophages would be fur-
ther recruited from circulation to the intima with subsequent
LDL uptaking and ultimately develop into foam cells. This
would be an important mechanism in plaque progression. The
possibility of a reciprocal regulation, i.e., whether MCP-l can
increase the gene expression of MCSFin the endothelium, has
not yet been investigated. If such a relationship exists, then a
MCSF/MCP-1 autocrine system might be operative in the arte-
rial wall in vivo.
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