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Abstract. Segments of left circumflex coronary artery were obtained from beagles that had been 
exposed to cigarette smoke for 2 years and from nonsmoking controls. A ring sample from each 
was used to determine passive (0-Ca2+ and 2 mA4 EGTA) and active (75 mM K+) force-length 
relations. Other contiguous samples were used to determine collagen and elastin content, water 
content and distribution, and total electrolyte content. No significant differences were found in 
passive mechanical properties or the collagen and elastin content of arteries from the two groups 
of animals. Maximum values of active force development were found to be increased in arteries 
from smoking dogs as were values on the ascending part of the active force-length curve. Total 
water content and the distribution space of an extracellular marker (60C~-EDTA) were not sig- 
nificantly different among arteries from the two groups. This along with the similarity of total 
electrolyte contents suggests that values of cell volume were not different between the two groups 
and that the above differences in active force development represent alterations in smooth muscle 
cells at the subcellular level. These results suggest that the contribution of chronic smoking as 
one of a group of cardiac risk factors may be due to an effect of augmenting coronary artery 
smooth muscle Contractility. 0 1986 Society for Experimental Biology and Medicine. 

A considerable body of evidence exists that 
links chronic cigarette smoking to coronary 
heart disease and a variety of other cardiovas- 
cular disorders (1). Most of the studies upon 
which this conclusion is based have been de- 
rived from epidemiological as well as autopsy- 
type studies. Using results from patients un- 
dergoing selective coronary arteriography, 
Herbert showed a direct correlation between 
coronary artery disease and cigarette con- 
sumption (2). His study suggested that a cor- 
relation exists between the number of ciga- 
rettes consumed and the severity of coronary 
artery disease as well as an accelerating effect 
of cigarette smoking on the development of 
coronary artery disease. 

Auerbach et al. (3), in an exhaustive study 
of autopsy material from male patients, found 
that cigarette smoking had a greater associa- 
tion with atheroma in coronary arteries and 
intramyocardial arteries and arterioles. They 
found moderate and advanced fibrotic intimal 
thickening of the coronary arteries more fre- 
quently in smokers than in nonsmokers, which 
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was correlated with the amount of cigarette 
smoking. Advanced hyaline thickening was 
found in over 90% of those smoking two or 
more packs of cigarettes per day. In a similar 
type of study, Strong and Richards (4) also 
found a close association between chronic cig- 
arette smoking and atherosclerosis in coronary 
arteries of autopsied males from 25 to 64 years 
of age. Also, Naeye and Truong (5) observed 
that proliferative lesions which contained col- 
lagen and elastin fibers and abnormally ori- 
ented muscle cells were more prevalent in in- 
tramyocardial arteries of smokers than non- 
smokers. 

In contrast, the physiological and patho- 
physiological mechanisms responsible for this 
increased incidence of coronary artery disease 
have never been clearly established. Accord- 
ingly, it was the objective of the experiments 
described herein to evaluate the effects of 
chronic cigarette smoking on coronary arteries 
of beagle dogs. The results of these experiments 
document an increased contractile response 
in coronary arteries from smokers. 

Materials and Methods. Animals. These 
experiments were performed using coronary 
arteries from 19 male beagle dogs (3.5 years 
old). The animals were studied under the di- 
rection of Dr. Oscar Auerbach and Dr. Julio 
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Frasca at the Veterans Administration Hos- 
pital in East Orange, New Jersey. All 19 ani- 
mals were prepared for the cigarette smoking 
studies with airway tracheostomies performed 
under sterile conditions. A tracheostomy collar 
containing a polyethylene tube with a one-way 
inhale/exhale valve was fitted to the animals. 
The tubing was attached to a piston-type 
smoking device (A.D. Little Co.). Cigarettes 
calibrated to contain 1.5 mg nicotine and 30 
to 35 mg tar were inserted into the smoking 
pump. Cigarettes of the test group (9 dogs) 
were lit allowing the smoke to be inhaled, 
while the cigarettes of the control group (10 
dogs) remained unlit. The test dogs smoked 
12 cigarettes a day, 7 days a week for 2 years. 
The animals smoked continuously, up to the 
day before they were sacrificed, and tissues 
were removed for study. 

The animals were killed with an anesthetic 
overdose (pentobarbital). A 1.5-cm segment 
of left circumflex coronary artery was ob- 
tained, placed in iced physiological salt solu- 
tion (PSS), and transported within 2 hr to our 
laboratory. The PSS had the following com- 
position (mM): 116.5 NaCl, 22.5 NaHC03, 
1.2 NaH2P04, 2.4 Na2S04, 4.5 KCl, 1.2 
MgS04, 2.5 CaCl2, and 5.6 dextrose at pH 
7.4. Remaining tissues in these animals were 
used by Dr. Auerbach's group for studies of 
morphological changes and were unavailable 
to us. 

Upon amving at the laboratory, the arteries 
were trimmed of loose adherent tissue, cut into 
rings approximately 3-5 mm wide, and in- 
cubated in normal PSS for 3 hr at 37°C. They 
were then placed overnight in PSS at 0°C. The 
PSS was continuously aerated with a 95% 02- 
5% C02 mixture. The next morning, the seg- 
ments were placed into a metabolic shaker in 
PSS and maintained for 3 hr at 37"C, aerated 
with 95% 02-5% C02.  This procedure has 
been employed frequently in the past in our 
as well as other laboratories and shown to pro- 
duce the most consistent results with regard 
to achievement of normal ion gradients across 
smooth muscle cell membranes (6-9). 

Mechanics. One group of rings was used to 
determine force-length relationships under 
conditions of active and passive smooth mus- 
cle using an apparatus which has been previ- 
ously described in detail (10). The apparatus 
consists of a modified Brush penmotor used 
as an electronically driven lever. The rings 

were attached to an isometric force transducer 
on one side, and to a modified arm in the pen- 
motor on the other side. By applying an elec- 
trical signal to the penmotor input, changes 
in ring length could be produced and measured 
through an internally provided signal in the 
penmotor. Continuous measurements of force 
were obtained from the force transducer and 
the two signals (force and length) recorded on 
an X-Y plotter. The rings were immersed in 
PSS at 37OC which was continuously aerated 
with 95% 02-5% C02. The ring was allowed 
to equilibrate for an additional 1 -hr period af- 
ter placement in the apparatus. At this point, 
the ring was stretched to a stable preload of 1 
g. The normal PSS was then exchanged for 
one which contained 75 mM K+ substituted 
on an equal molar basis for Na'. This pro- 
duced a maximal response to this form of ac- 
tivation. The high K+-PSS also contained 1 
pM phenoxybenzamine and 1 pM propranolol 
to block adrenergic responses of neuronally 
released norepinephrine. The isometric re- 
sponse to K+ was monitored until it reached 
a steady state. At this point, the length was 
decreased until force was zero. The subsequent 
length-force response to the slow increase in 
length was recorded until a maximum force 
of 50 g was obtained (total time to peak force 
= 10 min). Ring force was then again returned 
to zero. The bath was drained, rinsed, and re- 
filled with a Ca2+-free PSS containing 2 mM 
EGTA to inactivate the muscle. Ring length 
was then cycled between the same force limits 
(i.e., 0 and 50 g) at a rate of lo-' Hz until a 
steady-state curve was produced (approxi- 
mately 30 to 45 min). The passive length-force 
curve as well as the length-force curve under 
activated conditions were both recorded on 
the X-Y plotter. These procedures are sum- 
marized schematically in Fig. 1. 

When these responses were complete, the 
distance between the pins was measured in or- 
der to calibrate the length scale using a pre- 
cision reticule in one eyepiece of a stereo dis- 
section microscope. The ring was removed 
from the apparatus, cut open, and the total 
length (circumference) measured. The width 
of the ring was measured at six equally spaced 
distances along the length using a precision 
tool microscope. 

The plotter length-force graphs were con- 
verted to digital form using a digitizer tablet 
(Talos Model 620) and transferred to a digital 
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FIG. 1. Diagrammatic representation of methods used 
to determine active responses. Activation (75 mM K') 
was initiated from a 1-g preload ( I )  to a steady-state re- 
sponse (2), then lowered to a tension ofzero (3). The length 
was slowly increased until tension reached a maximum 
value of 50 g (4) then reversed. Following relaxation of 
smooth muscle, the length-tension response to a slow 
stretch-release cycle was determined ( 5 ) .  Differences in 
values of tension under active and passive conditions at a 
particular value of length were used to construct the active 
force-length curve shown in the lower half of the figure. 

computer (PDP 11/23) for analysis. The active 
curve was divided into 50 equal force steps 
and at each step the value of ring length was 
determined by three-point interpolation. Val- 
ues of passive length-force were obtained from 
the Ca2+-free PSS plus 2 mM EGTA curve at 
equivalent values of ring length. Differences 
in force under active and passive conditions 
between the two curves were obtained and di- 
vided by a cross-sectional area of the ring to 
determine active tangential wall stress. The 
passive length-force data were also divided by 
wall cross-sectional area to obtain a measure 
of passive mechanical properties ( 10). 

The active length-force curve was normal- 
ized in the following manner. The value of 
ring length at which active force was zero was 
set to a value of zero. The value of ring length 
at which the active force was maximum was 
set to a value of 1. Values of active force were 
obtained between 0 and 1 in steps of 0.1 using 
three-point interpolation. Values of active 

force were obtained above a normalized length 
of 1 in steps of 0.05 by three-point interpola- 
tion. Values of active force were averaged 
among the various experiments for the arteries 
within the two groups at specific values of nor- 
malized diameter. This type of normalization 
procedure was found to produce the smallest 
dispersion in experimental data. The passive 
length-force curves were also divided into 50 
increments of equal length from zero force up 
to maximum value. Data were averaged for 
all arteries in the two groups at each step pro- 
ducing average data with force and length 
standard errors. 

Chemistry. One ring was used for the de- 
termination of total collagen and elastin con- 
tent. Collagen and elastin were separated by 
repetitive application of heat and pressure (1 1). 
Collagen is solubilized by this procedure while 
elastin remains in the residue. Soluble and in- 
soluble components were separated and their 
hydroxyproline content was determined sep- 
arately. From this information and standard 
factors, values of collagen and elastin content 
were determined for tissues from the two 
groups of animals. 

Other contiguous segments of coronary ar- 
teries were employed for the determination of 
extracellular water space using 6oCo chelated 
to EDTA as a marker (12). Following their 
initial incubation in PSS, the samples were 
transferred to a similar solution containing the 
radioactive marker for 15 min. They were re- 
moved from the incubation medium and 
lightly blotted to remove surface water. Tissue 
weights were determined before and after oven 
drying at 90°C for 20 hr. Wet and dry weights 
were used to determine total water content. 
The arterial samples and known amounts of 
radioactive loading solutions were counted in 
a gamma counter. From this information, 
values of extracellular water space were com- 
puted. Values of cell water space were esti- 
mated as the difference between total water 
content and the distribution space for the 
marker. The samples were ashed with hydro- 
gen peroxide (30% v/v) containing excess 
AgNO3 to precipitate tissue chloride. The ash 
was dissolved in 0.1 NHN03 to which 10 mM 
LiCl was added. Electrolyte content was de- 
termined by atomic absorption spectroscopy 
(Perkin, Elmer Model 2380) and expressed on 
the basis of tissue dry weight. 

Statistical significance between various data 
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FIG. 2. Relation between tangential wall stress and strain 
for coronary arteries from control (0) and smoking dogs 
(0) under conditions of passive smooth muscle. Symbols 
are means and bars represent means * 1 SEM. No sig- 
nificant differences were found between the two groups. 
N = 10 for controls and N = 9 for smokers. 

was analyzed by one-way analysis of variance 
( 1  3). The F statistic was calculated to deter- 
mine if significant differences existed among 
the groups. If they did exist, a modified t sta- 
tistic was determined (14) and used to test for 
statistical significance (P > 0.05). 

Results. Figure 2 gives a summary of passive 
coronary artery mechanics. Shown in this dia- 
gram are averaged tangential stress-strain re- 
lationships. As indicated in the diagram, no 
significant difference existed in values of pas- 
sive mechanical properties for coronary artery 
samples obtained from control and cigarette 
smoking dogs. 

There were no significant differences in col- 
lagen or elastin content or their ratio for ar- 
teries from the two groups. Collagen content 
averaged 34.4 k 1.5% dry wt in control, and 
36.6 f 1.4% dry wt in smoker coronary arter- 
ies. Elastin content averaged 23.0 k 7% dry 
wt in control, and 21.9 f 1.0% dry wt in 
smoker coronary arteries. This finding is con- 
sistent with the lack of change in passive me- 
chanical properties of the coronary arteries. 

A summary of the variation of active stress 

(force/area) with normalized muscle length is 
given in Fig. 3. Values of active stress devel- 
opment were significantly higher for the 
smoking than the control dogs for values of 
normalized muscle length between 0.4 and 1 .O. 
Values at smaller muscle length were larger in 
the case of smoking dogs, but did not quite 
reach the level of statistical significance. At 
values above 1, the increase in scatter among 
the experimental data prevented the identifi- 
cation of a significant difference. 

Table I shows a comparison of average val- 
ues of total water content and its distribution 
in these coronary arteries. There were no sig- 
nificant differences in total water content, ex- 
tracellular p o ~ ~ - ~ ~ ~ ~  space) or cell water, 
among arteries from the two groups. This 
finding, combined with the fact that there were 
no significant differences in total collagen and 
elastin content, indicates that the relative cell 
volume of the coronary artery wall in control 
and smoking dogs was not significantly differ- 
ent. This suggests that the increase in force 
development represented an increase in the 
ability of individual cells to develop contractile 
force. 

A summary of arterial wall electrolyte con- 
tent is given in Table 11. There were no statis- 
tically significant differences in total content 
of K', Na', Ca2+, Mg2', or C1-. 

Discussion. The results of these experiments 
document for the first time an increase in 
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NORMALIZED MUSCLE LENGTH 

FIG. 3. Variation of active stress response to Kt as a 
function of normalized muscle length for the two groups 
of arteries. Symbols are as defined in Fig. 2 and represent 
means f 1 SEM. Significantly larger values of active stress 
response were found for coronaries from the smoking 
group. N = 10 for controls and N = 9 for smokers. 
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TABLE I. WATER CONTENT AND DISTRIBUTION 
(% Dry Wt) 

Total 60C~-EDTA Cell 
Group N water Space water 

Control 9 78.1 f 0.7 62.4 * 3.3 16.5 f 2.8 
Smoking 8 76.4 f 1.2 59.1 f 1.2 17.8 f 1.9 

Note. Values are means f 1 SEM. 

maximum force development (contractility) of 
coronary arteries from dogs exposed to chronic 
cigarette smoke for a period of 2 years. This 
increase in contractility was in response to a 
nonspecific activator, K+. K+ activates vas- 
cular smooth muscle by at least two mecha- 
nisms. The first mechanism involves a direct 
effect on the smooth muscle membrane pro- 
ducing depolarization and increasing calcium 
influx causing contraction. An intracellular 
Ca2+ pool is also released by K+ activation 
which contributes to force development. The 
second mechanism involves an activation of 
adrenergic nerve endings in the walls of blood 
vessels leading to a release of norepinephrine 
and an a-adrenoreceptor-mediated contrac- 
tion along with a P-adrenergic-mediated re- 
laxation (1 5). Contributions from neuronal 
transmitter release were blocked in this study 
by phenoxybenzamine and propranolol treat- 
ment. This suggests that augmented calcium 
influx with potassium activation could ac- 
count for the observed differences in maxi- 
mum force development, possibly along with 
augmented release of intracellular Ca2+ stores. 

The results of these experiments are sup- 
ported indirectly by results of a recent study 
by Klein et al. (1  6). They evaluated the effects 
of chronic cigarette smoking on coronary vas- 
cular reserve. The latter was assessed from the 
hyperemic response to coronary artery injec- 
tion of contrast media during diagnostic car- 
diac catheterization. The coronary vascular 
reserve was substantially smaller in chronic 

smokers than nonsmokers. Klein et al. suggest 
that this could be due to an action of nico- 
tine inducing chronic ganglionic stimulation 
thereby limiting the capacity for maximal va- 
sodilation due to chronically increased a-ad- 
renergic tone ( 16). As an alternative possibility, 
they suggest a depressed vasodilatory mecha- 
nism, perhaps related to 0-adrenergic recep- 
tors. 

An interesting secondary finding of this 
study was the fact that no significant difference 
existed in the passive mechanical properties 
of coronary arteries. In addition, no significant 
changes were found to occur in the collagen 
or elastin composition of coronary arteries, the 
amount and distribution of water, or the total 
amount of arterial wall electrolytes. Since all 
these factors are ultimately related to arterial 
smooth muscle cells, this result suggests that 
cigarette smoking does not influence extra- 
cellular protein biosynthesis by coronary artery 
vascular smooth muscle cells or less likely af- 
fects synthesis and degradation in a parallel 
manner. This may add some additional sup- 
port to the concept that another site of action 
is responsible for these changes in active force 
development, rather than directly the arterial 
smooth muscle cells. 

These findings lead to two additional ques- 
tions. What are the causes of these changes 
and what are their consequences? In terms of 
the initiating factors, several factors could be 
evolved. Carbon monoxide, nicotine, and ox- 
idants present in cigarette smoke have all been 
implicated in causing alterations of arterial 
wall function and alterations in body functions 
associated with smoking (17, 18). In terms of 
consequences, an increase in contractility to 
vasoactive stimuli could contribute to the in- 
crease in coronary artery disease associated 
with cigarette smoking. A causal link between 
augmented contractility of coronary artery 
smooth muscle and coronary artery disease 
remains to be proven. 

TABLE 11. ARTERIAL WALL ELECTROLYTE CONTENTS (mM/kg Dry Wt) 

Group N Ca2+ Mgz+ K+ Na' c1- 

Control 9 90.3 f 14.6 25.5 f 2.0 104 f 11  659 f 31 530 f 35 
Smoking 8 99.8 f 30.7 25.3 * 4.0 134 f 15 638 k 49 492 * 38 

Note. Values are means f 1 SEM. 
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