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Characterization of [’H]-heparin binding in human vascular smooth
muscle cells and its relationship to the inhibition of DNA synthesis
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1 The glycosaminoglycan heparin inhibits vascular smooth muscle cell (VSMC) proliferation and
migration, but the mechanism of its antiproliferative action remains unclear. Heparin has been
reported to bind to high affinity cell surface sites on animal VSMC before undergoing receptor
mediated endocytosis resulting in signal transduction into the cytoplasm and modulation of genes
involved in proliferation. In this study, we have characterized the binding of [*H]-heparin to human
saphenous vein-derived VSMC and examined whether there is any relationship between the affinity
of [*H]-heparin binding and the inhibitory effect of heparin and its structural analogues on DNA
synthesis.

2 At 4°C [*H]-heparin binding to human VSMC occurred in a specific, time and concentration-
dependent manner and was not influenced by the removal of calcium ions. Binding of the ligand
appeared to occur to the cell surface and was both saturable and reversible. Kinetic and steady state
data indicated a single class of binding sites.

3 The pharmacology of [*H]-heparin binding was examined in displacement studies using
unlabelled heparin and structural analogues. A comparison of the rank potencies of heparin,
heparan sulphate fraction II, low molecular weight heparin and trehalose octasulphate showed that
there was a marked discrepancy between their estimated affinities in the binding assays and their
effect on DNA synthesis.

4 In summary, we have characterized the heparin binding site on human saphenous vein-derived
VSMC. Our findings suggest that the action of heparin and its analogues on DNA synthesis does
not simply reflect an interaction with the cell-associated heparin binding site defined in these studies,
but may also be determined by the internalization and metabolism of the glycosaminoglycan(s).
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Abbreviations: DMEM, Dulbecco’s modification of Eagle’s medium; FCS, foetal calf serum; HSI, heparin sulphate fraction I;
HSII, heparan sulphate fraction II; LMW, low molecular weight; PBS-A, Dulbecco’s phosphate buffered saline;

VSMC, vascular smooth muscle cell

Introduction

The highly sulphated glycosaminoglycan heparin, which
comprises repeating units of uronic acid and glucosamine
sugars is a potent physiological inhibitor of vascular smooth
muscle cell (VSMC) proliferation (Clowes & Karnovsky, 1977,
Hoover et al., 1980) and migration (Majack & Clowes, 1984).
The molecular mechanism of action for heparin remains
unclear although multiple targets have been proposed for its
antiproliferative effects. Heparin regulates the expression of
extracellular matrix proteins (Majack et al., 1985; Snow et al.,
1990) and suppresses the induction of matrix-degrading
enzymes (Au et al., 1992a,b; Clowes et al., 1992; Kenagy et
al., 1994) which play a key role in cell migration and
proliferation. In keeping with its antiproliferative effect,
heparin has been shown to inhibit the expression of mitogen-
activated genes (e.g. cellular proto-oncogenes such as c-fos, c-
Jjun, c-myb (Pukac et al., 1992; Reilly et al., 1989)) and other
protein kinases (e.g. protein kinase C (Castellot et al., 1989;
Ottlinger et al., 1993) and serum and glucocorticoid-regulated
kinase (Delmolino & Castellot, 1997)). Heparin may also
reduce the mitogenic activity of some cytokines, either by
interacting with them (Lindner et al., 1992) or their receptors
(Fager et al.,, 1992). In an alternative model, it has been
proposed that transforming growth factor f§; potentiates the
antiproliferative effect of heparin (McCaffrey et al., 1989). As
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heparin exerts multiple effects on VSMC it is not known
whether these effects occur through a single common pathway
or represent a number of different pathways.

Heparin inhibits VSMC growth both in vivo and in vitro
(Clowes & Karnovsky, 1977; Hoover et al., 1980). In most
animal models heparin inhibits intimal hyperplasia which
occurs following vascular injury (Clowes & Karnovsky, 1977;
Clowes & Reidy, 1991). We and others have, however, shown
that cells grown from human restenotic vein grafts (Chan et al.,
1993b) and atherosclerotic lesions (Caplice et al., 1994) exhibit
reduced growth inhibition by heparin. Although there is a
considerable inter-individual variation in the growth inhibition
of human VSMC by heparin (Chan et al., 1993a,b; Munro et
al., 1994), we have previously performed extensive studies to
show that the antiproliferative effect of heparin is consistent
over five passages in VSMC from individual patients (Munro
et al., 1994). Furthermore, we have recently reported that there
is a relationship between the sensitivity of human VSMC to
growth inhibition by heparin and the number of heparin
binding sites (Refson et al., 1998).

In terms of its mechanism of action, heparin has been
reported to bind to high affinity sites on the cell surface of
animal VSMC (Castellot et al., 1985) before undergoing
internalization by receptor-mediated endocytosis. This is
believed to result in signal transduction into the cytoplasm
and modulation of a number of genes involved in proliferation
and has, therefore, lent support to a cellular site of action for
the antiproliferative effect of heparin. In this investigation, we
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set out to characterize the binding of heparin to human VSMC
and to determine what, if any relationship, exists between the
affinity of [*H]-heparin binding and the inhibitory effect of
heparin and its structural analogues on DNA synthesis.

Methods
Cell culture

Human VSMC were grown from saphenous vein, using an
explant technique as described previously (Chan ez al., 1993a).
Redundant saphenous veins were obtained from patients
undergoing cardiovascular surgery in accordance with the
guidelines of the local Ethics Committee. Cultures were
established in standard growth medium comprising Dulbecco’s
modification of Eagle’s medium (DMEM) buffered with
HEPES 25 mM and supplemented with 15% (v v~") foetal
calf serum (FCS), l-alanyl-l-glutamine (Glutamax-I) 4 mM,
penicillin (100 U ml~"), streptomycin (100 ug ml1~') and
gentamicin (25 ug ml~"). Cultures were maintained in a
humidified atmosphere of 5% CO, (v v~') in air at 37°C.
Immunocytochemical studies of these VSMC have shown
positive staining for the smooth muscle isoform of «-actin
(Skalli ez al., 1987) and smooth muscle-specific myosin heavy
chains, but negative staining for factor VIII-related antigen, a
marker for endothelial cells (unpublished data).

[H ]-heparin binding assays

VSMC, at the second passage, were plated into 24-well plates
at 10° cells ml~', 1.0 ml well~" in standard growth medium
supplemented with 15% FCS and allowed to attach overnight.
The cells were rendered quiescent by removing the growth
medium, washing twice with Dulbecco’s phosphate-buffered
saline without calcium and magnesium (PBS-A) and main-
tained in growth medium supplemented with only 0.4%
(v v™Y) FCS for a further 72 h. These quiescent cells were
cooled to 0—4°C and washed with ice-cold PBS-A prior to the
binding assays which were conducted on ice to prevent
internalization of ligand.

Saturation assay

Saturation binding assays were conducted by the addition of
precooled solutions of [*H]-heparin prepared in serum-free
DMDM at a range of concentrations from 5x 1072 —107° M.
Assays were performed in triplicate wells for 45 min and the
cells maintained on ice throughout. Non-specific binding was
determined by incubation under the same conditions with
precooled solutions of [*H]-heparin prepared in serum-free
DMEM (over the same concentration range) with excess
unlabelled heparin (10~° M). Following the incubation period,
the [’H]-heparin containing solution was removed and the cells
washed three times with ice-cold PBS-A. Cells were solubilized
in 1 M sodium hydroxide solution and aliquots of the cell
lysates transferred to scintillation vials to which Ecoscint was
added. Radioactivity was measured in a 1900CA TriCarb
scintillation counter (Canberra Packard, Pangbourne, U.K.) to
determine the amount of [*H]-heparin bound to the cells.

Association and dissociation of [°H ]-heparin binding
from human VSMC

The binding of [*H]-heparin was examined with respect to time
and binding assays were conducted under the conditions

described above. Total [*H]-heparin binding was assessed by
incubation with precooled solutions of [*H]-heparin (10~ M)
prepared in serum-free DMEM. Assays were conducted in
triplicate for up to 2 h and maintained on ice. Non-specific
binding was determined by incubation under the same
conditions with precooled solutions of [*H]-heparin (10~7 M)
prepared in serum-free DMEM with a 100 fold excess of
unlabelled heparin (10 > M).

Following on from the association studies which showed
that steady state was reached within 30 min, the dissociation
time course for [*H]-heparin was examined in these cells. Total
binding was determined by incubating cells with [*H]-heparin
(10~7 M) in serum-free DMEM for 30 min and non-specific
binding with [*H]-heparin (10~7 M) in the presence of a 100
fold excess unlabelled heparin (107° M). All the wells were
washed three times with ice-cold PBS-A and a 100 fold excess
of unlabelled heparin (10~° M) prepared in serum-free DMEM
was added to the cells. The cells were maintained on ice for up
to 2 h and washed with ice-cold PBS-A and lysed prior to
liquid scintillation counting as described above.

Specificity of [*H ]-heparin binding

The pharmacology of [*H]-heparin binding to human VSMC
was examined by performing displacement analysis of
radioligand binding. Assays were conducted on ice for 30 min
as described above using a range of concentrations (107°—
10~° M) of unlabelled heparin, low molecular weight heparin,
chondroitin sulphate, dermatan sulphate, trehalose octasul-
phate or heparan sulphate fractions in the presence of [*H]-
heparin (1077 m).

Requirement of calcium ions for [*H ]-heparin binding

Displacement assays were conducted (as described above)
using unlabelled heparin as the displacing ligand. The buffer
used for these assays comprised (mM) HEPES 10, sodium
chloride 120, potassium chloride 5 and either EGTA 1 or
calcium chloride 1 and magnesium chloride 1.

DNA synthesis assays

The incorporation of [methyl *H]-thymidine was assessed as a
measure of de novo DNA synthesis as described previously
(Patel et al., 1996) using cells at the third passage. Briefly,
VSMC were seeded into 96-well plates at confluence in
standard growth medium and allowed to attach overnight.
The cells were rendered quiescent as described above and
maintained either in a supplemented serum-free DMEM
(Libby & O’Brien, 1983) or NCTC 109 medium supplemented
with HEPES 25 mM, Glutamax-I, 4 mM, 0.25% (wv™!)
bovine serum albumin fraction V and antibiotics for a further
72 h. Quiescent cells were stimulated using DMEM supple-
mented with 15% FCS in the presence or absence of heparin or
its analogues (1077—107* M). [methyl *H]-thymidine was
added (1 uCi well™', 5 uCi ml~") for the last 6 h of the 30
hour experiment as these human VSMC exhibit a maximal rate
of [methyl *H]-thymidine incorporation in response to FCS
during this time interval (Patel et al., 1997).

Proliferation assays

Growth assays were conducted over 14 days as previously
described (Chan et al., 1993a) using subconfluent cells. Briefly,
VSMC, at the second passage, were plated into 24-well plates
at 10*ml~', 1.0 ml well™' in standard growth medium
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supplemented with 15% FCS and allowed to attach overnight
and rendered quiescent as described above. Growth was
initiated by exposure to DMEM supplemented with 15% FCS
in the presence or absence of heparin (100 ug ml~'). Cell
counts were performed on triplicate wells every 3—4 days,
using a Z1 Coulter counter (Coulter Electronics, Luton, U.K.),
following harvesting with 0.25% (w v~') trypsin in PBS-A
containing EDTA 1 mM.

Materials

[*H]-heparin (sodium salt, average molecular weight 18,000,
0.0189 GBq mmol~") and [methyl *H]-thymidine (740 GBq
mmol~') were purchased from NEN Life Science Products,
(Boston, MA, U.S.A.)) and ICN Flow (Thame, U.K.)
respectively. Cell culture plastics, supplements and foetal
calf serum (FCS) were obtained from Life Technologies,
(Paisley, U.K.). Bovine serum albumin (fraction V) and
Ecoscint were purchased from Boehringer Mannheim
(Lewes, U.K.) and National Diagnostics (Hull, U.K.)
respectively. Trichloroacetic and hydrochloric acids were
obtained from Fisher Scientific (Loughborough, U.K.).
Unless otherwise stated all other reagents were obtained
from Sigma (Poole, U.K.).

Unfractionated porcine heparin (average molecular weight
14,000, Payne & Byrne, Birmingham, U.K.), low molecular
weight heparin, heparin sulphate fractions and trehalose
octasulphate were the generous gift of Dr B. Mulloy,
National Institute of Biological Standards and Control,
(South Mimms, U.K.). The unfractionated heparin has
previously been characterized for its anticoagulant and
chemical properties (Johnson & Mulloy, 1976) as well as for
its antiproliferative effects on human VSMC in vitro (Chan et
al., 1992). Heparan sulphate fractions I and II have mean
molecular masses of 25,000 and 8000 daltons respectively
(Casu et al., 1983). Heparan sulphate fraction I is less
sulphated than fraction II which in turn is less sulphated
than the unfractionated heparin. Low molecular weight
heparin was prepared by gel permeation chromatography
(Johnson & Mulloy, 1976) and characterized as having a
mean molecular mass of 5238 (Mulloy et al., 1997). Trehalose
octasulphate is a disaccharide of 1400 daltons.

Data analysis

Data are presented as means+s.e.mean of (n) observations.
Saturation data from radioligand binding experiments were
fitted to a Langmuir function by non-linear regression:

Y = (Buay.[Ligand])(Kp + [Ligand]) ™"
for one site or:
Y = (Buaxi.[Ligand])(Kp; + [Ligand]) ™"
+ (Bmax2-[Ligand])(Kp2 + [Ligand]f1
for two sites where Y = specific binding at a given [Ligand]. K,
is the dissociation constant for site n and B, =maximum
number of each binding site.

Displacement data were fitted to a logistic function for one
site competition:

Y = Minimum + (Maximum — Minimum) (1 + 10*PCx))~!

where Y =specific binding at a [displacer], Maximum = max-
imum value of curve, Minimum =minimum value of curve,
x=log [displacer], pICso=—log ICs.. ICs, values were
converted to K; using the Cheng Prusoff equation (Cheng &
Prusoft, 1973).

Association data were fitted to a monoexponential function:
Y = Ymax~(1 —e~ 11/7.\/)

where Y =binding at time (f), Ypg.=maximum binding,
K,,,=apparent onset constant. Similarly, the dissociation rate
constant was estimated using:

Y = Ymax-(eiK"m) +c

where Y =binding at time (), Y.,=maximum displaceable
binding, K,;=dissociation rate constant and ¢=non displace-
able binding. The true rate constant (K,,) was calculated as:

Ko = (Kops — K(,ﬂ-).([Ligand]Yl

and K, was estimated as (K,z) (K,,) ™"
Binding and concentration-response data were fitted using
Prism (GraphPad Software, San Diego, U.S.A.).

Results

Binding of [*H]-heparin (10~7 M) to human VSMC occurred in
a concentration-dependent and saturable manner at 0—4°C as
shown in Figure 1. Non-specific binding of [*H]-heparin
(1077 M) accounted for approximately 15% of the total
binding as determined in the presence of 100 fold excess
unlabelled heparin (107> M) under these conditions. In these
saturation experiments (n=2), data were best fitted by a single
site model. The mean K, derived from these saturation assays
was 120 nM (range 110—129 nM, n=2). B,,., was calculated
from these data to represent 2—4 x 10° sites cell ™'
[*H]-heparin (10~7 M) binding to human VSMC reached
steady state conditions within 30 min at 0—4°C (Figure 2a)
and the apparent onset rate constant (K,,) Wwas
0.3764+0.100 M~ ' s~! (n=4). Dissociation experiments
(Figure 2b) showed that about 65% of the bound [*H]-heparin
was displaced by the addition of a 100 fold excess cold heparin
(107>M) and that the offset rate constant was
0.087+0.038 M~'s~! (n=3). The onset rate constant was
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Figure 1 Saturation isotherm of [*H]-heparin binding to human
vascular smooth muscle cells. Radioligand binding was performed on
ice for 45 min with [*H]-heparin (10~7 m) either in the presence or
absence of 100 fold excess unlabelled heparin. This figure is a
representative isotherm of two experiments performed in triplicate on
different human cell strains with each point showing the mean+
s.e.mean at each point. Non-specific binding was subtracted from
total binding to obtain specific binding. The K, and B, were
calculated as 110 nM and 952 c.p.m. (i.e. ~4x 10° sites cell ') in the
above experiment.
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calculated to be 2890083 (M~"). The —log K, for [*H]-heparin
binding was determined as 7.5+0.4 (K,=30 nM (11-83 nMm
geometric standard error, n=4)) which compares with the K,
value of 120 nM calculated from the saturation data. Neither
the association nor dissociation data were better fitted using a
double exponential model, hence providing no evidence of two
classes of [*H]-heparin binding sites from the kinetic studies.
The pharmacology of [*H]-heparin binding was assessed
by examining the displacement of [*H]-heparin binding by
unlabelled heparin or structurally analogous glycosamino-
glycans (over the concentration range 107°—107° M) as
shown in Figure 3. Unfractionated heparin, as well as most
of the structural analogues competitively inhibited the
binding of [*H]-heparin to human VSMC. The K; values
for heparin and the structural analogues (Table 1) were
determined by the Cheng Prussof equation using 30 nM as
an estimate of the affinity of [*H]-heparin for its binding site.
The rank order of affinity for the heparin binding site
showed that the unfractionated heparin had the greatest
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affinity, while the highly sulphated sugar trehalose octasul-
phate was virtually ineffective at displacing [*H]-heparin
from its binding site. With regard to the other glycosami-
noglycans, the K; values showed that [*H]-heparin binding
was not significantly affected until the concentration of the
structural analogues was over 20 fold greater than that of
the ligand.

The influence of the divalent cation Ca’*" was examined on
the binding of [*H]-heparin by these human VSMC.
Radioligand binding assays were conducted using a HEPES-
phosphate buffer containing either EGTA (1 mMm) or Ca®*
(1 mM) and Mg*>* (1 mM). Chelation of calcium ions had no
effect on the level of [*H]-heparin binding under these
conditions, indicating that [*H]-heparin binding to cell surface
sites in these cells was independent of Ca*>* (Figure 4).

The effect of unfractionated heparin and structural
analogues on human VSMC was assessed using DNA
synthesis and proliferation assays. In the proliferation assays
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which were conducted over 14 days, VSMC cultures
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Figure 2 (a) Onset of [*H]-heparin binding to human vascular smooth muscle cells. [*H]-heparin (10~7 M) binding was performed
for 2 h in the presence or absence of 100 fold unlabelled heparin. This figure shows a representative example from four experiments
performed on different cell strains with each point showing the mean+s.e.mean of triplicates at each time point. Non-specific
binding was subtracted from the data which were fitted to a monoexponential association equation as described in the Methods
section. (b) Offset of [PH]-heparin binding from vascular smooth muscle cells. Cells were preincubated with [PH]- heparin (10~ M)
for 30 min prior to the addition of unlabelled 100 fold excess heparin. Binding was measured at times up to 2 h following addition
of unlabelled heparin. This figure is representative of three experiments performed on different cell strains with each point showing
the mean+s.e.mean of triplicates at each time point. The data set are fitted to a monoexponential dissociation equation after

subtraction of non-specific binding.

Table 1 Comparison of the potencies of unfractionated heparin and its structural analogues in heparin binding and DNA synthesis

assays

Glycosaminoglycan

Heparin (unfractionated)
Low molecular weight heparin

[‘fH]—heparin binding K; (um)

0.0246 (0.0241-0.0251)
0.59 (0.57-0.61)

DNA synthesis ICsy (um)

23 (12-44)
201 (4.2-9700)

Dermatan sulphate 1.33 (1.29-1.38) N.D.
Chondroitin sulphate 2.39 (2.36-2.42) N.D.
Heparan sulphate fraction II 3.32 (3.14-3.50) 101 (13-798)

Heparan sulphate fraction I
Trehalose octasulphate

0.88 (0.76—1.01) N.D.
>10 > 1000

ICs values were estimated using non linear regression analysis of the data derived from DNA synthesis experiments on eight different
VSMC strains using heparin at 100 ug ml~'. K; values were calculated by the Cheng Prusoff equation using 30 nM as the estimate of
the affinity of [*H]-heparin binding for the heparin binding site from experiments on 5—8 different cell strains. N.D.=not determined.

95% confidence intervals are expressed in parenthesis.
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Figure 3 (a and b) Pharmacology of [*H]-heparin bindingg to human
VSMC. Displacement assays were performed using ["H]-heparin
(1077 M) in the presence of various analogues (over a range 10~°—
107> ™) during the 30 min period of incubation with ligand.
Experiments were conducted on 5-8 different VSMC strains.

displayed a range in the sensitivity to the antiproliferative
effect of heparin in agreement with our previous findings
(Chan et al., 1993a,b; Refson et al., 1998). There was a good
correlation between the degree of inhibition of FCS-
stimulated growth by heparin (100 ug ml~') at 14 days and
its effect on DNA synthesis either at the same concentration
(Spearman coefficient r=0.61, 95% confidence interval
0.32-0.80, P<0.0002) as shown in Figure 5 or at
1 mg ml~" (Spearman coefficient r=0.52, 95% confidence
interval 0.20-0.74, P<0.005, data not shown). The effect of
heparin and some of the other structural analogues was
examined on [*H]-thymidine incorporation in these human
saphenous vein-derived VSMC for comparison with the
pharmacology determined in the radioligand binding studies.
The rank order of potency with regard to the inhibition of
DNA synthesis was as follows: heparin>heparan sulpha-
te II>low molecular weight heparin> >trehalose octasul-
phate (Figure 6). We have also examined the effect of
heparin (100 ug ml~"), both heparan sulphate fractions, low
molecular weight heparin and trehalose octasulphate on the
proliferation of human VSMC over 14 days using a single
(molar equivalent) concentration of the analogues and
observed that the inhibition of growth is in keeping with
the DNA synthesis experiments (data not shown).
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Figure 4 The effect of chelating Ca>" on the binding of [*H]-heparin
to human VSMC. Radioligand binding assays were performed as
described either in buffer containing EGTA (1 mM) or CaCl, (1 mMm)
and MgCl, (1 mm). [*H]-heparin (107 M) was displaced by cold
heparin over a range from 107°-107> M and non-specific counts
were subtracted prior to data analysis from three experiments on
different VSMC cell strains.
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Figure 5 Relationship between the effect of heparin (100 ug ml~!,
7.14 umol 17"y on human VSMC proliferation over 14 days and
DNA synthesis assays. Data points represent the mean+s.e.mean
values obtained (for individual cell strains) from DNA synthesis and
proliferation experiments which were conducted simultaneously.
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Figure 6 Effect of heparin and structural analogues on DNA
synthesis in human saphenous vein-derived VSMC. Experiments were
performed in triplicate and data points (meanzts.e.mean, n=23)
represent the percentage inhibition of DNA synthesis with respect to
15% FCS.
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Discussion

In this investigation we have characterized the binding of [*H]-
heparin to human VSMC grown from explant cultures of
saphenous vein and compared the pharmacology of binding
with the ability of structural analogues to inhibit DNA
synthesis. Ligand binding studies revealed that [*H]-heparin
bound to a single class of heparin binding sites in a specific,
time and concentration-dependent manner and did not require
the presence of calcium ions. The ligand-receptor interaction
was both saturable and reversible suggesting that it occurred
on the cell surface either to an integral cell membrane protein
or extracellular matrix protein tightly associated with the cell
surface.

In this study the estimated K, for [’H]-heparin binding from
saturation and kinetic studies ranged between 30—120 nM. A
similar affinity (31 nM) was estimated for unlabelled un-
fractionated heparin from our displacement studies. Previous
reports have defined specific high affinity, protease sensitive
binding sites in rat VSMC (x10° sites cell !, K,~1 nM)
(Castellot et al., 1985; Resink et al., 1989; Letourneur et al.,
1995a) whereas one study with human monocytes identified
1.9 x 10° heparin binding sites cell™' with a K, of 190 nM
(Leung et al., 1989). In view of the differences in B, and K,
it cannot be assumed that these represent the same site as
characterized in this study.

Heparin has been reported to bind to VSMC and
subsequently undergo internalization at 37°C (Castellot et al.,
1985; Sing et al., 1993). Once internalized, it has been localized
to endocytic vesicles close to the nucleus and undergoes rapid
degradation before ultimately being cleared from cells
(Castellot et al., 1985; Barzu et al., 1987). There is some
controversy regarding the entry of heparin into the nucleus.
For example, there are reports of the nuclear accumulation of
heparin fragments (Busch et al., 1992) and fluoresceinamine-
labelled heparin (Sing et al., 1993) while more recent reports
have failed either to detect heparin in the nucleus using
confocal microscopy (Barzu et al., 1996) or an action on the
AP-1 transcription factor (Watanabe et al., 1993; Au et al.,
1994).

Heparin binding to VSMC appears to be a prerequisite for
its growth inhibitory action (Resink et al., 1989; Edwards &
Wagner, 1992; Barzu et al., 1994). In VSMC grown from
spontaneously hypertensive rats the number of heparin
binding sites was reduced and this was accompanied by a
reduced sensitivity to growth inhibition by heparin relative to
cells from the normotensive Wistar Kyoto counterparts
(Resink et al., 1989). Similarly, the resistance to growth
inhibition by heparin in rat VSMC (induced by treatment with
200 ug ml~' heparin between passages 2—10) was character-
ized both by a 10 fold reduction in the number of binding sites
and a reduced intracellular uptake of FITC-heparin (Barzu et
al., 1994). Furthermore, this loss of sensitivity to the
antiproliferative action of heparin and its analogues was
irreversible after further growth of the rat VSMC for two
passages in heparin-free medium (Barzu et al., 1994). By
contrast, San Antonio et al. (1993) and Letourneur et al.
(1995a) who also employed heparin-resistant rat VSMC
phenotypes generated by continuous growth of cells with
200 ug ml~" heparin did not observe this relationship as both
the heparin-resistant and sensitive VSMC bound and
internalized similar amounts of heparin.

In human VSMC our group was the first to describe the
phenomenon of heparin resistance, i.e. the lack of growth

inhibition by heparin (Chan et al., 1993b). Heparin resistance
in these human VSMC is associated with a reduction in the
density of heparin binding sites compared to sensitive cells
(Refson et al., 1998). Furthermore, there is a good correlation
between the amount of [*H]-heparin binding and the
antiproliferative effect of unfractionated heparin in these
human VSMC (Refson et al., 1998). The relationship between
[*H]-heparin binding at 4°C and its antiproliferative action has
been examined by several groups. In VSMC grown from the
spontaneously hypertensive rats, Resink et al. (1989) observed
a 50% reduction in the density of heparin binding sites
compared to cells from control normotensive rats. In heparin-
resistant rat VSMC induced by pharmacological selection,
Barzu et al. (1994) identified two classes of heparin binding
site, but notably there was a 10 fold reduction in the number of
both classes of sites in the heparin-resistant cells. Letourneur et
al. (1995a) reported a similar K, for heparin binding in both
heparin-sensitive and resistant rat VSMC, but observed a
greater density of binding sites on the heparin-sensitive cells.
Another report, however, failed to show any significant
difference between either the number of heparin binding sites
or the Kj in human VSMC grown from aorta and saphenous
vein which were inhibited and stimulated respectively by
heparin in DNA synthesis assays (Stohr ez al., 1995).

Comparison of the affinities for heparin, heparan sulphate
fraction II, low molecular weight heparin and trehalose
octasulphate in the ligand binding studies with their potencies
as inhibitors of DNA synthesis shows marked differences with
unfractionated and low molecular weight heparin being several
hundred fold more potent in binding than DNA synthesis
assays. Although the binding assays were conducted at 4°C
and the DNA synthesis assays at 37°C, it seems unlikely that
this difference could account for such marked discrepancies in
potency, particularly as binding affinity is generally increased
at higher temperature. Similarly, the rank order of potency
shows differences between the two assays most notably for the
low molecular weight heparin and heparan sulphate II
fractions. At 37°C, the binding of heparin is followed by
internalization (Castellot et al., 1985) and its subsequent
degradation (Letourneur et al, 1995a,b). The disparity
between the affinity of heparin and its inhibitory effect on
DNA synthesis has also been reported by Letourneur et al.
(1995a) and may be due to differences either in the
internalization and/or metabolism of the glycosaminoglycan
which have not been examined in this study.

In summary, the binding of [*H]-heparin to human VSMC
occurs through a single class of sites in a specific, saturable,
reversible, time and concentration-dependent manner and this
was unaffected by the removal of calcium ions. The rank order
of potency for heparin and structural analogues in [*H]-
heparin binding studies deviates from their actions on DNA
synthesis. Our data appears to argue against a simple
relationship between cell-associated heparin/analogue binding
and the inhibition of DNA synthesis and suggest that
internalization and/or metabolism of glycosaminoglycans may
also determine their inhibitory actions on DNA synthesis.
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