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Abstract. Environmental lead (Pb2+) contributes a small but significant risk to human 
hypertension. It is postulated that the hypertensinogenic action of Pb2+ may be due, 
in part, to its direct action on vascular smooth muscle cells. To investigate this hy- 
pothesis, freshly isolated rat aortic smooth muscle (RASM) cells were propagated in 
defined media containing one of two Centers for Disease Control-based concentra- 
tions of Pb2+ (as lead citrate): 100 and 500 pg Pb2+/1 (i.e., equivalent to 5.5 and 27.5 pg 
Pb2+/di blood; designated 1 00-RASM and 500-RASM). Control (CON-RASM) cells re- 
ceived sodium citrate. 500-RASM cells exhibited suppressed propagation and fell out 
of propagation synchrony with CON-RASM cells: when CON-RASM cell approached 
confluence (-go%), 500-RASM cell density was 6.4% that of CON-RASM cell density. 
By contrast, 1 00-RASM cells exhibited marked hyperplasia albeit this was not appar- 
ent until passage 3 (p3). Overall, when pSp6 CON-RASM cells approached conflu- 
ence, 100-RASM cell density was 107.6% greater than CON-RASM cell density. The 
protein content of CON-RASM and 100-RASM was not different, whereas that of 500- 
RASM cells was 29% greater than that of CON-RASM and 100-RASM cells. Phase- 
contrast microscopy revealed that 100 pg Pb2+/1 converted normal spindle-shaped/ 
ribbon-shaped RASM cells into less spread, cobblestone-shaped, neointimal-like 
cells. lmmunocytochemical analysis revealed that 1 00-RASM cells lacked or had 
markedly fewer actin cables, characteristic of rapidly dividing cells. In addition, Pb2+- 
treated RASM cells exhibited altered membrane fatty acyl composition with a trend 
towards an increase (by as much as 50%) in membrane arachidonic acid. Interestingly, 
hyperplastic 100-RASM cells exhibited a 70.6% reduction in angiotensin II (Ang II) 
receptor concentration whereas the concentrations of a,- and P-adrenergic and atrial 
natriuretic peptide (ANP) receptors were not affected. In addition, in experiments 
designed to control for Pb2+-associated differences in RASM cell propagation, there 
was a concentration-dependent decrease in Ang II receptor concentration: for 100 and 
500 Fg Pb2+/1, Ang II receptor concentration was decreased 39.6% and 65.5%, respec- 
tively. Thus, although Pb2+, depending on its concentration, had contrasting effects 
on RASM cell propagation, it had a consistent, concentration-dependent inhibitory 
effect on Ang II receptor concentration. Recovery (r) from Pb2+ required at least two 
additional passages. At p7,,, the enhanced propagation (+54%) and reduced Ang II 
receptor concentration (-49%) of 1 OOr-RASM cells persisted. However, 500r-RASM 
cells exhibited a rebounded and enhanced (+37%) propagation with a concomitant 
reduction (-58%) in Ang II receptor concentration. These residual effects of Pb2+ were 
almost completely normalized with a second recovery passage (i.e., ~82,). These ef- 
fects of the Pb2+ appeared to be direct since conditioned medium from hyperplastic 
100r- and 500r-RASM cells did not affect CON-RASM cell propagation or Ang II recep- 
tor parameters. Thus, depending on its concentration and duration in culture, Pb2+ 
can differentially alter vascular smooth muscle cell growth and can selectively reduce 
cellular Ang II receptor concentration. [P.S.E.B.M. 1995, Vol 2101 
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ead (Pb2') continues to hold prominence as a 
major environmental and occupational health L hazard. However, despite several decades of 

research, its multifaceted mechanisms of toxic action 
in several organ systems remain obscure. 

The clinical literature is replete with associations 
between Pb2+ toxicity and hypertension. It is gener- 
ally agreed that Pb2+ contributes a small but signifi- 
cant risk of cardiovascular disease to the population 
(1). However, its contribution may be amplified by 
other risk factors (2, 3). In addition, Pb2+ toxicity may 
be a confounding factor in understanding African- 
American-Caucasian differences in blood pressure 
studies (4). 

It is postulated that the risk of cardiovascular dis- 
ease contributed by Pb2+ is largely due to its induction 
of hypertension (1, 5-8). Concern, as adjudged by the 
Centers for Disease Control (CDC), occurs when 
blood Pb2+ concentrations approach and exceed 10 
pg/dl(9). However, other epidemiological data suggest 
that concern needs to be focused at lower blood levels 
(7). In addition, the impact of the rate and duration of 
Pb2+ toxicity has been poorly studied. This is impor- 
tant in terms of the slow release of Pb2+ from bone 
(10) with advancing age and its possible role in post- 
menopausal hypertension. Furthermore, data indicate 
that even transient Pb2+ toxicity has a long-term effect 
in elevating blood pressure (1 1). Moreover, experi- 
mental evidence suggests that Pb2+ can accelerate the 
expression of hypertension in genetically susceptible 
individuals (12). However, despite its growing im- 
portance in the development of hypertension, the 
hypertensinogenic mechanisms of Pb2 + are poorly 
understood. 

There are several plausible mechanisms concern- 
ing the hypertensinogenic actions of Pb2+. (i) Al- 
though lead exerts toxic effects on several organ sys- 
tems, those in the kidney are most insidious. Disrup- 
tion of kidney function may lead to overall failure of 
electrolyte homeostasis and abnormalities in the renin- 
angiotensin system, thus contributing to hypertension 
(13). (ii) Pb2+ disrupts central nervous and peripheral 
nervous function (14), and produces an overall sym- 
pathetic nervous hyperactivity (15). Possibly, this 
contributes to neurogenic-induced hypertension. (iii) 
Pb2+ may have direct effects on vascular smooth 
muscle, thus increasing smooth muscle response to 
neural and/or hormonal stimuli and inducing neointi- 
ma1 properties. 

The last postulated mechanism is supported by 
several pieces of evidence from in vivo and in vitro 
studies. For example, studies in vivo indicate that 
Pb2 + induces hypertension by increasing vascular 
tone (16-18) and vascular responsiveness to adrener- 
gic agonists (15, 17, 18), and this is corroborated by in 
vitro studies (17, 18). 

The intracellular changes underlying this increase 
in vascular tone are probably multiple but those con- 
cerned with calcium (Ca2') metabolism are promi- 
nent. For example, low concentrations of Pb2+ (-1 
pM [- 10 pg/dl blood]), well within the range of con- 
centrations considered a health problem (0-1 pM [&lo 
pg/dl blood]), greatly increase free Ca2+ in platelets 
(19). It can be postulated that Pb2+ has a similar effect 
on vascular smooth muscle cells. Pb2+ is known to 
interact with a number of intracellular proteins (20). 
Some of these targeted intracellular proteins are Ca2+- 
binding proteins, notably calmodulin and Ca2+- 
sensitive protein kinase C (20-22). Several Pb2+-Ca2+ 
interactions with these proteins and the direct inhibi- 
tory effect of Pb2+ on Na+-K+ ATPase (12, 23) result 
in an increase in intracellular Ca2+ in vascular smooth 
muscle (12, 18, 24). 

In addition, there is evidence that Pb2+ acts as a 
divalent cation substitute in second messenger metab- 
olism (20-22). For example, very low concentrations 
(pM) of Pb2+ can compete with zinc (Zn2+)-binding 
sites of protein kinase C (25) and thus activate protein 
kinase C (26). Evidence indicates that both an increase 
in intracellular Ca2+ (18, 27) and activation of protein 
kinase C (18, 28) enhance vascular smooth muscle 
growth and responsiveness. Furthermore, Pb2+ can 
compete with Ca2+ for calmodulin (20-22). The Pb2+- 
calmodulin may activate or inhibit effector molecules. 
The role of calmodulin in advancing the cell cycle and 
regulating cell proliferation is well documented (29- 
32). Moreover, in a limited study of rabbit aortic 
smooth muscle cells, Pb2 + enhanced proliferation and 
increased cellular calmodulin content at the late G1 
stage (33). 

Thus, although there is considerable circumstan- 
tial clinical and experimental evidence supporting the 
notion that Pb2+ can alter vascular smooth muscle 
function, there have been no detailed investigations of 
this postulate. Accordingly, in the present study, we 
examined the influence of Pb2+ on early-passage rat 
aortic smooth muscle (RASM) cells. We report that 
Pb2+, at a low CDC-based concentration (100 pgll; 
i.e., 5.5 pg/dl blood), enhanced RASM cell propaga- 
tion (+ 108%). This enhancement of RASM cell prop- 
agation persisted for one recovery passage (i.e., in the 
absence of Pb2+). Concomitant with this enhancement 
of propagation was a consistent and selective suppres- 
sion of cellular angiotensin I1 (Ang 11) receptor con- 
centration ( - 70.6%). In addition, Pb2+ induced alter- 
ations in the fatty acyl composition of RASM cell 
membranes, namely an increase in arachidonic acid 
and its precursor. Furthermore, Pb2+ induced alter- 
ations in RASM cell morphology and cytoskeletal ar- 
chitecture that are characteristic of rapidly dividing, 
neointimal-like vascular smooth muscle cells. More- 
over, these actions of Pb2+ on RASM cells appear to 
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be direct since conditioned medium from recovery 
passage hyperplastic RASM cells did not alter control 
RASM cells. Interestingly, even a high concentration 
of Pb2+ (i.e., 500 pg/l [27.5 pg/dl blood]), which ar- 
rested RASM cell growth, was not toxic to RASM 
cells. Importantly, these effects of Pb2+ were normal- 
ized by two recovery passages. 

Materials and Methods 
Isolation of Rat Aortic Smooth Muscle Cells. 

Male Sprague-Dawley rats (-2W250 g) were housed 
in an isolation room maintained at a constant temper- 
ature and humidity and kept on a 12:12-hr 1ight:dark 
cycle. Rats had free access to a commercially available 
diet and water. 

Rats (10-15/experiment) were anesthetized with 
ketamine (90 mg/kg) and xylazine (10 mg/kg) and then 
euthanized by excising the heart and subsequent ex- 
sanguination. Their thoracic aortae were removed and 
trimmed free of adherent connective tissue and then 
processed for the isolation of RASM cells as described 
in detail elsewhere (34). In brief, the aortae were cut 
open longitudinally and the endothelial cell layer was 
removed using a cell scraper. The endothelium-free 
strips were incubated in a collagenase-elastase solu- 
tion made up in penicillin/streptomycin-fortified Dul- 
becco’s modified Eagle’s medium (DMEM) (collage- 
nase, type I [ 165 U/ml]; elastase, type I11 [ 15 U/ml]; 
soybean trypsin inhibitor [0.375 mg/ml]; BSA [2 mg/ 
ml]; Sigma Chemical Co., St. Louis, MO) for 30 min at 
37°C to free the adventitial layer. After removal of the 
adventitia, the tunica media was minced and placed in 
the collagenase-elastase solution. The minced tissue 
was digested for 3 hr with intermittent trituration (i.e., 
four times/hr) using a 10-ml pipet. At the end of the 
digestion period, the cells and residual tissue pieces 
were harvested (800 g ;  10 min) and the resultant loose 
pellet was resuspended in complete medium (i.e., 
DMEM containing 10% fetal bovine serum [Hyclone 
Laboratories, Inc., Logan, UT] , penicillin [ 100 U/ml] , 
and streptomycin [ 100 pg/ml]) to a final concentration 
of 2-3 thoracic-aorta equivalent s/ml. The resuspended 
tunica media cells and tissue fragments were plated 
into 100-mm plastic culture dishes (Falcon #3003) at 1 
ml/dish. The material was spread over the surface of 
the dish by agitation and allowed to contact the surface 
for 1 hr at 37°C. After contact, cultures were carefully 
flooded with 5 ml of complete medium and then incu- 
bated for at least 2 days before feeding. RASM cells 
that migrated from the explant tissue fragments were 
left to propagate for up to 12 days, at which time they 
had achieved 70%80% confluence. These cells were 
denoted as passage 0 (PO). 

Propagation and Treatment of RASM Cells. 
For passage, cells were detached (0.25% trypsin in 

Dulbecco’s Ca2+-free phosphate buffered saline [PBS] 

[Sigma]), resuspended in complete medium and then 
plated at 5 x lo4 celldm1 into T-75 tissue culture- 
treated polystyrene flasks (Falcon #3084). Addition to 
the basic complete medium were one of the following 
concentrations of Pb2+ (as lead citrate): 100 and 500 
pg/l (i.e., 4 . 5  and 27.5 pg/dl blood). Control cells 
were passed in complete medium containing sodium 
citrate at a concentration having the same ionic 
strength as the 500 pg Pb2+/1. 

For most experiments, RASM cells (in complete 
medium with or without Pb2+) were plated at 5 x lo4 
celldm1 into six-well multiwell surface-modified poly- 
styrene culture plates (9.62 cm2/well) (Falcon, Prima- 
ria; #3846) (1 ml/well). Cells were grown to near con- 
fluence (i.e., 80?&90% confluent). Cell morphology 
was routinely monitored and photographed using a Ni- 
kon Diaphot light microscope equipped with phase- 
contrast and Nomarski differential interference optics. 

In some experiments designed to  determine 
whether the growth-promoting effects of Pb2+ were 
mediated through the release of soluble growth fac- 
tors, conditioned medium from hyperplastic recovery 
cells (i.e., in the absence of Pb2+) was tested in CON- 
RASM cell culture. In brief, culture medium from sub- 
confluent (80?&90%) hyperplastic 100- and 500-RASM 
cells after 2 days of culture was vacuum-filtered 
through a 0.22-pm cellulose acetate filter (Corning 
Inc., Corning, NY), mixed with fresh culture medium 
( l : l ,  vlv) and applied to subconfluent CON-RASM 
cells (5.2 x lo3 cells/cm2). Homologous conditioned 
medium from CON-RASM cells served as a control. 

For estimates of propagation, RASM cells were 
harvested by mild trypsin treatment from randomly 
chosen wells (six welldtreatment group) at regular in- 
tervals and were counted with a hemacytometer. Try- 
pan blue dye (0.4%) exclusion indicated that routinely 
greater than 98% of the cells were viable after trypsin- 
induced detachment. The resultant density of cells 
(number of cells/cm2) served as an index of propaga- 
tion. In all experiments, the last estimate or propaga- 
tion for all treatment groups was determined when 
CON-RASM cells approached confluence (-!N%), in 
order to avoid problems of contact inhibition. 

lmmunofluorescent Localization of Actin. 
RASM cells were plated at 5 x lo4 celldm1 into two- 
well tissue culture chambers (2 ml/well) having a glass 
slide as a common floor (Nunc, Inc., Naperville, IL). 
Thus, every slide had both Pb2+-treated and control 
cells. In most experiments, cells were allowed to at- 
tach to the glass and grow to about 80%-90% conflu- 
ence. After reaching a desired density, cells were 
washed with Dulbecco’s Ca2+-free PBS and then fixed 
in ice-cold methanol for 3 min followed by ice-cold 
acetone for 2 min. Cells were air-dried and then rehy- 
drated with Dulbecco’s Ca2+-free PBS. Next, cells 
were blocked with 1% BSA (in Ca2+-free PBS) for 4 
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hr. After blocking, cells were incubated with a-smooth 
muscle actin antibody (monoclonal IgG2a, #A 2547, 
150  titer in blocking solution; Sigma) at 4°C overnight. 
Then cells were washed for 1 hr with Ca2+-free PBS 
and gentle agitation. After washing, cells were incu- 
bated with FITC-conjugated secondary antibody 
(#PF274 against IgG2a, 1 5 0  titer in blocking solution; 
The Binding Site Inc., San Diego, CA) in the dark at 
room temperature for 2 hr. Then, cells were washed 
with Ca2+-free PBS and gentle agitation for 1 hr. After 
washing, slides were mounted and cells were exam- 
ined under a fluorescent microscope (35). 

Receptor Analysis. Ang I1 and P-adrenergic, a,- 
adrenergic, and atrial natriuretic peptide (ANP) recep- 
tor number (Len, cellular density, number of specific 
siteskell) and affinity (K,) were evaluated in intact 
RASM cells using methods published elsewhere (36). 
In brief, cultured cells were washed with Ca2+-free 
PBS. Then warmed binding medium (DMEM contain- 
ing 5 mg BSA/ml, 2 mg bacitracidml, and 1 mM hy- 
droxyquinoline hemisulfate) was added to the cul- 
tures. Additions to the binding medium were the fol- 
lowing radioligands and competing ligands (final 
incubation volume, 500 pl): (i) angiotensin I1 and ANP 
receptors-[ 1251-Tyr4, Ile’] Ang I1 or [ ‘251-Tyr28]rat 
ANP (50-100 pM) (DuPont NEN Research Products, 
Boston, MA) and various concentrations (0, 10- 11-  

M) of [Ile’IAng I1 or rat ANP, respectively (Pen- 
insula Laboratories, Inc., Belmont, CA); (ii) P- and 
a,-adrenergic receptors-various concentrations of 
[ 12’1]-( +)Iodocyanopinodol or [ 12’I]-HEAT, respec- 
tively (0-2500 pM) (DuPont NEN) with or without pro- 
pranolol(200 pM) or prazosin (1 19 pM)?  respectively. 

All binding reactions were carried out for 60-120 
min with intermittent agitation at 37°C. Binding reac- 
tions were terminated by rapid washes with ice-cold 
Ca2+-free PBS followed by solubilization of cells with 
1 N NaOH-0.4% Triton X-100. Radioactivity was mea- 
sured in a gamma counter. 

Lipid Extraction and Analysis. RASM cell cul- 
tures (p6) were washed with Ca2+-free PBS and then 
frozen ( - 80°C) until processing for lipid analysis. Lip- 
ids were extracted from frozen RASM cell cultures by 
the method of Bligh and Dyer (37). In brief, total phos- 
pholipids were separated from neutral lipids by thin- 
layer chromatography. Fatty acid methyl esters were 
prepared from phospholipids using 14% boron trifluo- 
ride in methanol. The fatty acid composition of the 
phospholipids was determined by gas chromatography 
using a Perkin-Elmer model 8500 gas chromatograph 
equipped with a 30 meter Omegawax 320 (Supelco, 
Inc., Bellefonte, PA) fused silica capillary column. 
The fatty acid composition of the samples was com- 
puted by integration and expressed as weight percent. 

Cel I u lar Protein Measurement. Subconfluent 
(-90%) RASM cells were harvested by mild trypsin 

treatment from randomly chosen wells (six wells/ 
treatment group) at regular intervals and were counted 
with a hemacytometer. They were then washed twice 
with Ca2+-free PBS and pelleted (800 g ,  15 min, 4°C). 
Cell pellets were processed for the measurement 
RASM cell protein content (38) using commercially 
available reagent (Bio-Rad Laboratories, Hercules, 
CA) . 

Data Analysis. All receptor binding data were 
statistically analyzed using the LIGAND computer 
program (39). All other data were statistically analyzed 
by analysis of variance using standard computer-based 
programs. Means were separated by the Newman- 
Keuls test and were deemed significantly different at 
P < 0.05. 

Results 
Studies addressed the hypothesis that Pb2+ di- 

rectly enhances vascular smooth muscle growth and 
function. Accordingly, we measured the influence of 
two CDC-based concentrations of Pb2+, 100 and 500 
pg/l (as lead citrate) (i.e., 4 . 5  and 27.5 pg/dl blood) 
on RASM cell propagation and basic parameters (af- 
finity, as determined by the association constant, 
K,;  cellular concentration, i.e., sitedcell) of RASM 
cell Ang I1 and P-adrenergic, a,-adrenergic, and ANP 
receptors. Treated cells were designated as 100- 
RASM and 500-RASM, respectively. Control RASM 
(CON-RASM) cells received sodium citrate at a 
concentration equivalent to the higher lead citrate 
concentration. 

Table I shows the effect of Pb2+ on RASM cells 
propagated on surface-modified polystyrene (Falcon 
Primaria, #3846). Overall, the density of 100-RASM 
cells was 107.6% * 31.9% (mean k SEM) greater than 
that of nearly confluent (-90%) CON-RASM cells. 
Note that the enhanced propagation was not apparent 
until p3. By contrast, 500-RASM cells fell out of prop- 
agation synchrony. Thus, over the six passages, 500- 
RASM cells were passed only twice and never reached 
confluence. For example, at 18 days after plating, 500- 
RASM cell density was only 24.8% of the average con- 
trol RASM cell density (-90% confluent), and when 
harvested at -90% RASM cell confluence, was only 
6.4% of control RASM cell density. 

Morphologically, 100-RASM cells have features 
closely resembling those of neointimal RASM cells re- 
ported by others (34, 40). Figure 1 shows phase- 
contrast photomicrographs of p5 CON-RASM cells, 
100-RASM cells, and 500-RASM cells. Compared with 
CON-RASM cells (Fig. lA), which exhibited well- 
spread, sharply polygonal, spindle-s hapedhibbon- 
shaped profiles, a characteristic of normal rat tunica 
media cells in culture (34,40), 100-RASM cells showed 
less spreading, smaller and more rounded, cobble- 
stone-shaped profiles, a characteristic of neointimal 
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Table 1. Influence of Pb2+ on RASM Cell Propagation 
~~ 

Concentration of Pb2+ (kg/I) 

Control (0) 100 A %b 
Passage Hoursa 

~ 

2 
3 
4 
5 
6 

21 8 
170 
194 
156 
174 

67,250 2 4,180 61,290 2 4,830 - 8.9 
36,710 2 1,910 60,090 2 3,790' + 63.7 
43,740 2 1,940 130,200 2 7,250' + 197.7 
60,290 * 2,450 96,760 k 3,550' + 60.5 
38,380 * 1,640 80,170 2 3,910' + 108.9 

Note. RASM cells were plated at 5 x lo4 cells/ml (1 ml) into six-well multiwell, surface modified polystyrene plates (Falcon Primaria; 
#3846). Data (number of cells/cm2) are the means 2 SEM of six randomly chosen wells from a representative of three independent 
propagation studies. 
a Hours indicate the time elapsed since passage plating at which control RASM cells appeared 80"/0-90% confluent. 

A%, indicates percent change versus control. 
Significantly different (P < 0.05) from corresponding control value. 

cells. In addition, 100-RASM cells exhibit numerous 
mitotic figures despite their high density (Fig. IB). In- 
deed, 100-RASM cells tend to form hillocks and ex- 
hibited decreased contact inhibition at clearly over- 
confluent densities compared to CON-RASM cells at 
nearly confluent densities (images not shown). By con- 
trast, 500-RASM cells exhibit wide variations in the 
degree of spreading with ruffled borders. Profiles 
range from grotesque to unremarkable (Fig. 1C). 

To determine whether 100-RASM cells were actu- 
ally smaller than CON-RASM cells, the protein con- 
tent of isolated cells was measured. The protein con- 
tent of CON-RASM and 100-RASM was not different 
whereas that of 500-RASM cells was 29% greater (P < 
0.05) than that of CON-RASM and 100-RASM cells 
(protein content [kg/106 cells] was respectively 151.5 
* 5.9, 160.8 * 6.4 and 200.5 * 5.1 [means 2 SEM 
from 18 randomly chosen wells, six wells from each of 
three experiments]). 

Figure 2 shows immunofluorescent localization of 
a-smooth muscle actin in p5 control RASM cells (Fig. 
2, A and D), 100-RASM cells (Fig. 2, B and E), and 
500-RASM cells (Fig. 2, C and F). Compared with 
control cells, 100-RASM cells exhibited fewer, finer, 
and less prominent actin-containing cytoplasmic fibers 
(actin cables), a characteristic of rapidly dividing cells. 
Collectively, Fig. 1 and 2 suggest that low concentra- 
tions of Pb2 + induced neointimal-like properties in 
vascular smooth muscle cells. By contrast, 500-RASM 
cells possessed actin cables that were thick but less 
prominent and disorganized compared with control 
RASM cells. Another prominent feature of 500-RASM 
cells was the greater incidence of cells having two or 
divided nuclei (Fig. 2C; Table 11), suggesting that com- 
plete mitosis was arrested by the high concentration of 
Pb2+. This might also explain the greater protein con- 
tent of 500-RASM cells compared to CON- and 100- 
RASM cells (vide supra). 

Figure 1. Phase-contrast photomicrographs of P5 control RASM cells (A), 100-RASM cells (B), and 500-RASM cells (C). Note the 
numerous mitotic figures (arrow heads) of 100-RASM cells. Original objective magnification: x10 for all. 
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Figure 2. lmmunofluorescent localization of a-smooth muscle actin in P5 control RASM cells (A and D), 100-RASM cells (B and E), 
and 500-RASM cells (C and F). Original objective magnification: x40 for A, B, and C, and x10 for D, El and F. 

In order to assess the influence of Pb2+ on some 
aspect of RASM cell function, we evaluated Ang I1 
and f3-adrenergic receptors in various passages of con- 
trol and Pb2+-treated RASM cells. The data are shown 
in Table 111. Pb2+ (100 pg/1) did not alter the affinities 
of these receptors. However, Pb2+ decreased the cel- 
lular concentration of Ang I1 receptors without affect- 
ing the cellular density of P-adrenergic receptors. A 
significant Pb2 + -induced decrease in cellular Ang I1 
receptor density occurred at p3 and persisted through 
p6. Interestingly, this Pb2 + -induced decrease in cellu- 
lar Ang I1 receptor concentration was coincident with 

the Pb2 +-induced increase in RASM cell propagation 
(Table I) (i.e., both occurring at p3). 

It is possible that the effect of Pb2+ on cellular 
Ang I1 receptor concentration was mediated by its en- 
hancement of RASM cell propagation, clustering and 
crowding. To investigate this postulate, propagation 
experiments were conducted in which the plating den- 
sity was adjusted for each passage to compensate for 
the stimulatory or inhibitory effect of Pb2+, depending 
on its concentration. Thus, CON-RASM cells were 
plated at -1 x lo5 cells/ml, 100-RASM cells were 
plated at -5 X lo4 cells/ml, and 500-RASM cells were 
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Table II. Influence of Pb2+ on the Incidence of RASM Cells (%) Containing Two or Divided Nuclei 

Field' 
P b2 + concentration (pg/l) 

Control (0) 100 500 
~~~ ~ ~ ~ ~~~~ 

>10 cells/cluster 1.7 5 0.6 (n = 20) 3.5 k 0.8 (n = 25) 24.8 5 4.7 (n = 20)b 
1 to 4 0  cells/cluster 51.3 k 10.5 (n = 25)b 17.3 5 6.7 (n = 35) 22.1 k 6.7 (n = 35) 

Note. RASM cells were propagated for the first five to six passages (pl-p6) in the presence of the indicated concentrations of Pb2+. 
Cells were then plated at 5 x l o 4  cells/ml into two-well tissue culture chambers (2 ml/well) having a glass slide as a common floor such 
that each slide had both Pb2+-treated and control cells. In most experiments, cells were allowed to attach to the glass and grow to 
about 80%-90% confluence. Cells were then processed for immunofluorescent localization of a-smooth muscle actin as described 
in Materials and Methods. 
a Random fields from three propagation studies ending with either p5 or p6 cells containing either single cells or clusters of cells were 
photographed and then analyzed for the occurrence of RASM cells bearing two or divided nuclei (see Fig. 2C) (number of cells 
bearing two or divided nuclei/total number of cells per field expressed as percent; n = number of fields analyzed). 

Significantly different (P < 0.05) from corresponding control value. 

plated at -5 x lo5 cells/ml. Thus, for p5 and p6, 
roughly equivalent over-confluent cell densities were 
achieved for each treatment group. Ang I1 receptors 
were evaluated and the results are shown in Table IV. 
Overall, there was a concentration-dependent inhibi- 
tory effect of Pb2+ on cellular Ang I1 receptor concen- 
tration: for 100 and 500 pg Pb2+/1, cellular Ang I1 
receptor concentration was reduced by 39.6% and 
65.5%, respectively (P < 0.05). 

In other experiments, the effect of Pb2+ on al- 
adrenergic and ANP receptors, as well as on Ang I1 
and P-adrenergic receptors, was investigated. Consis- 
tent with the data presented here, Pb2+ decreased the 
cellular concentration of Ang I1 receptors but did not 
affect P-adrenergic receptors (Table V). In addition, it 
had no effect on the affinity and cellular density of 
a,-adrenergic receptors. However, 500 pg Pb2+/l 
had an inhibitory effect on the cellular density of ANP 
receptors (Table V) but did not affect ANP receptor 
affinity (data not shown). 

Interestingly, even a high concentration of Pb2+ 
(i.e., 500 pg/l E27.5 pg/dl blood]), which arrested 
RASM cell growth, was not toxic to RASM cells. Im- 
portantly, these effects of Pb2+ were normalized by 
two recovery passages. However, noteworthy is the 
fact that recovery 100-RASM cells exhibited a persis- 
tent enhanced propagation and suppressed 500-RASM 

cells exhibited a rebound enhanced propagation 
(Table VI). Thus, prior treatment with 100 and 500 pg 
Pb2+/1 enhanced recovery RASM cell propagation 
by 48.0% and 34.7%, respectively, for one passage 
( ~ 7 , ~ ) .  This enhancement in propagation was accom- 
panied by a decrease in cellular concentration of Ang 
I1 receptors (control: [2.02 k 0.321 X lo4 siteskell; 
100 pg Pb2'/l: [LO3 k 0.161 x lo4 sitedcell [ -48.9%]; 
500 pg Pb2+/l: [0.89 2 0.121 x lo4 siteskell [ - 56.0%] 
[mean * SEM; P < 0.051). However, at the second 
recovery passage (p82,), these residual effects of 
Pb2+ on Ang I1 receptors were completely normalized 
(control: [2.14 & 0.361 x lo4 sitedcell; 100 pg Pb2+/l: 
[2.63 * 0.301 x lo4 siteskell; 500 pg Pb2+/1: [2.55 * 
0.731 x lo4 sitedcell [mean * SEMI). This normal- 
ization of cellular concentration of Ang I1 receptors 
was coincident with the normalization of RASM cell 
propagation. 

These actions of Pb2+ on RASM cells appeared to 
be direct and not mediated by stabile soluble growth 
factors. Compared with homologous conditioned me- 
dium from CON-RASM cells, pooled conditioned me- 
dium from recovery passage hyperplastic 100- and 500- 
RASM cells did not alter final CON-RASM cells den- 
sity ([11.22 * 1.201 x 104cells/cm2 vs [11.71 t 1.181 x 
lo4 cells/cm2, respectively) or Ang I1 receptor param- 
eters (Ka: [2.45 * 0.421 X lo9 M-' vs [2.48 * 0.361 x 

Table 111. Influence of Pb2+ on Affinity (K,) and Concentration of RASM Cell Ang II and 
P-Adrenergic Receptors 

Ang II receptors p-Adrenergic receptors 

Passage K. (109 ~ - 1 )  Concentration (lo4 sites/cell) K. (109 ~ - 1 )  Concentration (lo5 sitedcell) 

Control 100 pg Pb2'/1 Control 100 pg Pb2+/1 Control 100 pg Pb2+/1 Control 100 pg Pb2+/1 

2 2.71 f 0.29 2.49 * 0.31 6.87 * 0.12 6.58 * 0.15 2.68 2 0.13 2.98 2 0.41 5.51 zk 1.10 9.48 f 2.95 
3 1.62 2 0.71 1.56 0.18 6.11 f 0.42 5.08 2 0.38' 2.63 zk 0.34 2.04 f 0.53 6.13 2 3.11 10.50 * 1.37 
4 3.12 f 0.34 3.10 2 0.51 3.71 2 0.22 0.82 2 0.08' 3.13 * 0.46 2.74 2 0.52 4.81 * 1.83 4.14 zk 1.62 
5 2.55 k 0.46 3.08 f 0.52 3.68 f 0.37 1.00 f 0.10' 2.14 2 0.39 2.64 f 0.51 9.22 2 3.10 4.69 f 1.98 
6 2.24 * 0.28 2.19 2 0.26 6.24 * 0.47 2.23 k 0.16' 2.49 2 0.41 2.74 2 0.58 7.18 f 4.33 6.61 f 3.98 

Note. Binding studies were performed directly on cultured RASM cells at approximately 180 hr after passage plating (80?&90% 
confluent) as described in Materials and Methods. Data are the means 2 SEM derived from three propagation studies. Binding 
isotherms were statistically analyzed by the LIGAND computer program (39). 
a Significantly different (P < 0.05) from corresponding control value. 
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Table IV. Influence of Pb2+ on the Concentration 
of Ang II Receptors of Equivalent Densities of 

RASM Cells 

bk2  + Concentration 
RASM cell density of cellular r u  

(cel I s/c m2) Ang II receptors 
(lo4 sitedcell) 

concentration 
(I.s/l) 

Control (0) 131,200 k 8,630 3.13 k 0.24 
100 132,000 k 8,440 1.89 k 0.21" 
500 137,300 k 9,150 1.08 k 0.09' 

Note. RASM cells were propagated with the indicated concen- 
trations of Pb2+ for four passages. In each passage, cells were 
plated at 1 x lo5, 5 x lo4, and 5 x lo5 cells/well (1 ml) for 0 
(control), 100, and 500 pg Pb2+/1, respectively, in order to nor- 
malize differences in propagation rates. Ang II binding studies 
were performed directly on cultured RASM cells at passages 5 
and 6 in which roughly equivalent over-confluent RASM cell 
densities were achieved for each Pb2+ concentration. Data 
(pooled from passages 5 and 6) are the means k SEM from three 
propagation studies. Ang Il-binding isotherms were statistically 
analyzed by the LIGAND computer program (39). 
a Significantly different (P < 0.05) from corresponding control 
value. 

lo9 M -  ', respectively; concentration [lo4 sites/cell]: 
4.33 * 0.37 vs 3.94 * 0.39, respectively) (means 5 
SEM of parameter estimates from three experiments). 

Since soluble stabile growth factors did not appear 
to mediate the enhancement of RASM cell propagation 
induced by Pb2+, we investigated the postulate that 
lipid mediators were involved. For example, enhanced 
entry of arachidonic acid into the 12-lipoxygenase 
pathway may be an important mechanism for augmen- 
tation of vascular smooth muscle growth induced by 
diverse factors such as high plasma glucose and Ang I1 
(41). As a first step in the investigation of this postu- 
late, we analyzed the fatty acyl composition of RASM 
cells. Interestingly, Pb2+ induced significant alter- 
ations in the unsaturated fatty acyl composition of 
RASM cells (Table VII). For example, 18:l (0-9) was 
decreased 21.7% (P < 0.05). By contrast, 18:2 (0-6) 
linoleic acid), a precursor for arachidonic acid (20:4 
[0-6]), was increased 21.1% (P < 0.05). Indeed, this 
increase was consistent with the trend of an increase 

(-50%; P = 0.08) in arachidonic acid. The data sug- 
gest that the actions of Pb2+ in RASM cells may be 
mediated, in part, by alterations in the metabolism of 
lipid mediators. 

Discussion 
Pb2+, depending on its concentration, had diver- 

gent effects on RASM cell propagation: 100 pg Pb2+/l 
enhanced RASM cell propagation whereas 500 pg 
Pb2+/l depressed propagation, presumably in part due 
to an arrest in cytokinesis. This observation is not sur- 
prising considering the multiple cellular loci of Pb2+ 
action and the Pb2+ concentration-dependent sensi- 
tivity of these loci (20-22). Conceivably, Pb2+ has di- 
rect aberrant growth factor properties that circumvent 
and subvert the normal cascade and balance of sec- 
ond-messenger, second-messenger-effector , and ten- 
segrity (cytoskeletal signaling)-dependent events. 

Prior treatment with 100 pg Pb2+/l and 500 pg 
Pb2+/l caused a persistent enhancement and rebound 
enhancement, respectively, of RASM cell propagation 
for one recovery passage. It is not clear whether this 
was due to mnemonic alterations in cellular function 
induced by Pb2+ or to the gradual dilution of Pb2+ 
influence on cellular function. 

Although Pb2+, depending on its concentration, 
had divergent influences on propagation, it had a con- 
sistent and fairly selective inhibitory effect on RASM 
cellular Ang I1 receptor density, regardless of concen- 
tration. This apparent selective inhibitory effect of 
Pb2+ on cellular Ang I1 receptor density is notewor- 
thy. Although Ang I1 has been postulated to be an 
important growth factor of vascular smooth muscle 
cells (4245), its precise role had evaded investigators. 
Recent evidence suggests that enhanced endogenous 
growth factor expression may mediate the growth- 
inducing effects of Ang I1 on vascular smooth muscle 
cells (43,44,46). In this connection, other recent work 
indicates that growth factors, that are known enhanc- 
ers of RASM cell proliferation, markedly downregu- 
late gene expression and destabilize mRNA for the 

Table V. Influence of Pb2+ on the Concentration (lo4 sites/cell) of Ang II, p-Adrenergic, a,-Adrenergic, 
and ANP Receptors of RASM Cells 

Pb2 + concentration (kg/l) 
Receptor 

Control (0) 100 500 
Ang II 
f3-Ad renerg i c 
a, -Ad re ne rg i c 
ANP 

5.32 k 0.32 
158.96 k 31.13 

3.43 k 0.93 
7.03 k 1.59 

2.28 k 0.18" 
149.72 k 27.81 
7.65 * 0.97 
2.45 k 0.49 

~~ 

1.62 k 0.13" 
160.57 k 37.15 
7.71 k 1.25 
1.70 k 0.26" 

Note. RASM cells were propagated with the indicated concentrations of Pb2+ for four passages. In each passage, cells were plated 
at 1 x lo5, 5 x lo4, and 5 x lo5 cellslwell (1 ml) for 0 (control), 100, and 500 pg Pb2+/1, respectively, in order to normalize differences 
in propagation rates. Binding studies were performed directly on cultured RASM cells at Passages 5 and 6. Data (pooled from 
Passages 5 and 6) are the means 2 SEM from three propagation studies. Binding isotherms were statistically analyzed by the LIGAND 
computer program (39). 
a Significantly different (P < 0.05) from corresponding control value. 
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Table VI. Recovery of RASM Cell Propagation from Pb2+ 

Pb2+ concentration in p l  through p6 (pgA) 
Passage Hoursa 

Control (0) 100 AYob 500 AYob 

71 r 92 1.02 k 0.07 1.43 2 0.09" + 40.2 1.35 * 0.08" + 32.4 
140 3.82 t 0.15 5.58 2 0.18" +46.1 5.23 2 0.26" + 36.9 
193 9.58 2 0.24 16.16 2 1 .OO" + 68.7 13.25 2 0.54" + 38.3 
21 7 23.43 2 0.85 32.14 t 1.14' + 37.2 30.67 k 1-26" + 30.9 

82r 172 23.86 ? 0.93 25.29 k 1.61 + 6.0 19.27 2 0.90" - 19.2 
192 34.39 t 1.04 37.16 2 1.41 + 8.1 36.86 k 1.08 + 7.2 
242 35.67 * 1.75 34.76 2 1.81 - 2.6 34.50 2 1.63 - 3.3 

Note. RASM cells were propagated for the first six passages (pl-p6) in the presence of the indicated concentrations of Pb2+. Cells 
were then propagated in the absence of Pb2+ for an additional two recovery (r) passages designated p7,, and ~82,. At each recovery 
passage, cells were plated at 2.5 x lo4 celldml (1 ml) into six-well multiwell, surface modified polystyrene plates (Falcon Primaria; 
#3846). Data (lo4 cells/cm2) are the means 2 SEM of six randomly chosen wells from a representative of three independent 
propagation studies. 
a Hours indicate the time elapsed since passage plating at which control RASM cells appeared 80%-90% confluent. 
* A%, percentage change versus control. 

Significantly different (P < 0.05) from corresponding control value. 

vascular type-1 Ang I1 receptor (47), which may be an 
important negative feedback mechanism in Ang 11- 
induced vascular smooth muscle growth. In the 
present study, the mechanism of Pb2 +-induced reduc- 
tion in RASM cell Ang I1 receptor concentration is 
unknown, albeit it does not appear to be mediated by 
growth factors. However, Pb2+,  like some growth fac- 
tors, may operate through common intracellular sig- 
naling mechanisms leading to reduced Ang I1 receptor 
expression. In addition, although the previously men- 
tioned mechanism may operate here (47), other plau- 
sible mechanisms deserve attention. For instance, in 
the type-1 Ang I1 receptor, the carboxyterminus, a 
region implicated in desensitization and downregula- 
tion (48), has potential phosphorylation sites for pro- 
tein kinase C (48) and is a substrate for the Src family 
of tyrosine kinases (49). Conceivably, Pb2+ competes 
with Zn2+-binding sites of protein kinase C (25), thus 
activating the enyzme (26). In addition, in some tis- 
sues, Src is regulated by a Zn2+-dependent tyrosine 
kinase (50), another potential site of Pb2+ action. Con- 
ceivably, both protein kinase C and Src pathways con- 
verge to downregulate the vascular type-1 Ang I1 re- 
ceptor and both pathways are enhanced by Pb2+. 

Further emphasizing the selective action of Pb2 + 

on RASM cell Ang I1 receptors is the fact that al- 
adrenergic receptors, which like type-l Ang I1 recep- 
tors, are coupled to mobilization of intracellular Ca2 + 

(51, 52),  have potential phosphorylation sites for pro- 
tein kinase C (53, 54) and are implicated in vascular 
smooth muscle cell growth ( 5 3 ,  are not affected by 
Pb2+ (Table V). Since Pb2+, depending on its concen- 
tration, can dissociate RASM cell propagation from 
cellular Ang I1 receptor density, it may serve as a new 
"tool" for elucidating the relationship between vascu- 
lar smooth muscle proliferation and the mechanisms 
regulating Ang I1 receptor expression. 

Interestingly, there was a trend for Pb2+ to in- 

crease arachidonic acid in RASM cell membranes. 
This is noteworthy since recent work suggests that 
enhanced entry of arachidonic acid into the 12- 
lipoxygenase pathway may be an important mecha- 

Table VII. Influence of Pb2+ on the Fatty Acyl 
Composition of Membrane Phospholipids Derived 

from RASM Cells 

Fatty 
acid Control (0) 100 500 

P b2 + concentration ( pg/I) 

13:O 
14:O 
14:l 
16:O 

18:O 
1611 (0-7) 

1811 (0-9) 
1811 (0-11) 
1812 (0-6) 
20:l 
20:3 (0-3) 
2014 (0-6) 
205 (w-3) 
2216 (0-3) 

23.03 2 8.52 13.00 k 2.09 28.55 2 3.05 
2.92 2 1.53 2.52 k 0.52 1.15 2 0.20 
0.29 k 0.17 1.19 t 0.48 0.95 k 0.13 
9.30 k 1.42 11.07 5 1.12 10.94 t 0.36 
4.86 2 0.67 4.44 k 0.63 5.59 t 0.28 

12.13 * 2.77 9.49 2 0.69 9.26 k 0.35 
22.52 k 1.70 20.40 2 2.10 17.64 2 0.43a 
4.47 t 2.68 8.35 2 1.20 9.71 k 0.55 
0.57 t 0.25 0.49 ? 0.03 1.26 2 0.07a 
0.61 k 0.35 0.95 2 0.13 0.86 ? 0.16 
0.35 k 0.23 0.46 t 0.08 0.32 k 0.19 

0.79 2 0.72 0.60 2 0.54 0.22 t 0.20 
2.05 k 0.19 2.43 k 0.68 3.11 t 0.53b 

0.57 2 0.35 0.88 2 0.44 0.30 k 0.25 

Note. RASM cells were propagated with the indicated concen- 
trations of Pb2+ for five passages. In each passage, cells were 
plated at 1 x lo5, 5 x lo4, and 5 x lo5 cells/well (1 ml) for 0 
(control), 100, and 500 p,g Pb2+/l, respectively, in order to nor- 
malize differences in propagation rates. At p6, cells were 
washed, snap frozen, and then harvested and processed for the 
determination of fatty acyl composition as described in Materi- 
als and Methods. Values are the weight percentage of total fatty 
acids in cellular phospholipids and are the means 2 SEM of four 
propagation cultures. Fatty acids are designated by chain 
length: number of double bonds with the number in parentheses 
representing the number of carbon atoms between the terminal 
double bond and the methyl group. The unsaturation index (Z 
[weight percentage of unsaturated fatty acid x number of dou- 
ble bonds]) was not different between groups: 51 k 9 (control), 
56 * 9 (100 pg Pb2+/l) and 53 2 5 (500 pg Pb2+/1). 
a Significantly different (P < 0.05) from corresponding control 
value. 

P = 0.08 vs corresponding control value. 
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nism for enhanced vascular smooth muscle cell growth 
induced by Ang I1 and for accelerated vascular disease 
produced by Ang I1 in certain disease states (41). 

The disparate effects of the two concentrations of 
Pb2+ on actin organization deserves some attention. 
Possibly, cytoskeletal organization is better correlated 
with propagation than is cellular Ang I1 receptor den- 
sity. For example, there is an emerging role of cyto- 
skeletal-associated proteins in the growth response of 
vascular smooth muscle cells to Ang I1 (56). In addi- 
tion, cyclic mechanical strain is an efficacious stimu- 
lator of vascular smooth muscle cell proliferation (57). 
Thus, it is equally plausible that Pb2+ acts at intracel- 
Mar loci at which tensegrity (cytoskeletal signaling) 
and vasoregulatory molecule/growth factor signaling 
converge. This and other complex hypotheses raised 
here on the mechanisms of action of Pb2+ on vascular 
smooth muscle cells await further investigation. 
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