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Abstract. This study examines the dependence of the length-tension (L-T) relationship in 
vascular smooth muscle on its level of activation. A horizontal shift of the L-T relationship with 
a change in activation level has been shown in striated muscle when L-T curves could not be 
superimposed. Active force at each length was normalized to the maximum active force in each 
curve. Indices of a horizontal shift of a L-T curve include the initial length for an active response 
(L,) and the length for maximum active force (Lax). In this study normalized L-T curves were 
obtained from rings of the dog anterior tibial artery at low (approximately EDSo) and high (maximal 
activation) concentrations of potassium (K’), norepinephrine (NE), and calcium (Ca”). The 
normalized curve with a low concentration of K+ or NE was shifted to the right of the curve 
obtained with a high concentration. L, and Lax were significantly longer for a low concentration 
of K+ or NE than a high concentration. With the same concentration of NE (lo-’ M) no difference 
in the normalized L-T curves, in I+, or in L,,,= were found when low (0.085 mM) Ca2+ experiments 
were compared to normal (1.7 mM) Ca2’ experiments. It may be concluded that the length- 
tension relationship in vascular smooth muscle is shifted to longer lengths with a decrease in the 
concentration of a chemical agonist but not by a decrease in external calcium. We suggest that a 
concentration dependent shift in the length-tension relationship may have a role in the regulation 
of blood flow. 0 1986 Society for Experimental Biology and Medicine. 

The length-tension relationship has been 
considered to be mechanical evidence for the 
sliding filament model in muscle. However, 
recent studies have shown that this relation- 
ship is dependent on additonal factors (1). 
Studies on striated muscle show that intact fi- 
bers produce proportionally less force than 
chemically skinned fibers when length is de- 
creased from its maximum response length 
( L m a x )  (2, 3). In these studies the force at each 
length is normalized to the maximum force 
in the curve. As a result the length-tension 
curve from intact fibers is shifted to the right 
(longer lengths) of the curve from skinned fi- 
bers. This indicates that intact fibers produce 
less force than the contractile mechanism is 
capable of generating at lengths less than Lm. 
Other investigators have shown a horizontal 
shift of the length-tension curve from intact 
heart muscle (4, 5) and from intact skeletal 
muscle (6) when the degree of activation is 
changed (i.e., changes in external calcium and 
other inotropic agents and in the pattern of 
electrical stimulation). It is generally agreed 
that length affects the activation process of 

striated muscle as well as the overlap of fila- 
ments. 

For smooth muscle Arner and Hellstrand 
(7) have shown that intact specimens produce 
proportionally less force than chemically 
skinned specimens at lengths less than Lmm. 
The effect of changes in activation level on 
intact vascular smooth muscle and its length- 
tension relationship has not been investigated. 
However, from norepinephrine dose-response 
experiments at various lengths we proposed 
that certain characteristics of the length-ten- 
sion relationship may depend on the concen- 
tration of agonist (8). When the responses to 
a high agonist concentration from the various 
lengths were compared a length for maximum 
response ( L m a x )  could be obtained from the 
dose-response data. At a low concentration 
the response appeared to continually increase 
with length. This suggests that L m a x  is shifted 
to longer lengths as agonist concentration is 
decreased. Other reference lengths such as the 
initial length for an active response ( L i )  could 
be similarly affected. Changes in these char- 
acteristic lengths would occur if the length- 
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tension relationship were shifted to a different 
range of absolute lengths. This raises the pos- 
sibility that a change in agonist concentration 
may modify the role of the length-tension re- 
lationship in blood flow resistance (9, 10). 

The purpose of this study is to answer the 
following questions. Is the length-tension 
curve of vascular smooth muscle shifted by 
changes in agonist concentration? Are con- 
centration dependent shifts of the length-ten- 
sion curve mediated by a membrane receptor? 
When agonist concentration is maintained 
constant, will changes in extracellular calcium 
cause shifts of the length-tension curve? Ac- 
cordingly, length-tension curves have been 
obtained from dog anterior tibial artery rings 
at different bath concentrations of norepi- 
nephrine, potassium, and calcium. 

Methods. Preparation of vessels. The dog 
anterior tibial artery was used in all experi- 
ments. A 5.0-cm segment was excised and 
placed in a dissection bath containing a phys- 
iological salt solution (PSS) at 37°C. It was 
bubbled with a mixture of 95% O2 and 5% 
C02. The adventitia was dissected from the 
vessel and cuts were made perpendicular to 
the longitudinal axis of the vessel. The cuts 
were approximately 2.0 mm apart in the mid- 
dle portion of the segment. Ring width is the 
distance between the two cuts. Two stainless 
steel wires (0.33-mm diam) were inserted 
through the lumen of the ring. Each wire 
formed a triangle with the corner that was op- 
posite the side in the ring (base) attached to a 
supporting hook. The rings equilibrated in the 
bath for 1 hour at a 1.0-g preload. A contin- 
uous flow of fresh PSS was provided at 37°C. 
pH was maintained by bubbling with a 95% 
O2 and 5% C 0 2  gas mixture. The normal PSS 
had the following composition (mM): NaCl, 
1 15.0; KC1, 5.0; NaH2P04, 1.2; MgS04, 1.2; 
NaHC03, 25.0; CaC12, 1.7; glucose, 11.0; and 
CaNa2 EDTA, 0.026. The PO,, K O 2 ,  and pH 
of the PSS from the specimen bath were mea- 
sured on a Corning 165 blood gas analyzer. 
Thep02 = 481 mm Hg,pC02 = 31 mm Hg, 
and pH = 7.36. 

Experimental apparatus. Distance between 
the wires in the ring was adjusted by a mi- 
crometer. Force was measured by a Statham 
UC2 transducer. The apparatus has been de- 
scribed previously (1 1). The internal circum- 
ference, media thickness, and width of the ring 

were measured on-line with a noncontact 
electronic video caliper. The magnification 
factor was 72. A digital meter (precise to 10 
pm) provided a readout of each distance. In 
other experiments we found that on-line mea- 
surement of media thickness did not differ sig- 
nificantly from light microscopy measure- 
ments of stained sections of arterial rings fixed 
in glutaraldehyde (1 1). 

Length-tension experiments. Length is de- 
fined as the distance around the inside edge 
of the ring. It was computed as twice the dis- 
tance from the lower edge of the upper wire 
in the lumen to the upper edge of the lower 
wire, plus the wire circumference and two wire 
diameters. Media thickness and width of the 
ring were measured at a point half the distance 
between the supporting wire. All measure- 
ments were made with the video caliper. The 
initial length for passive force (Lo) was deter- 
mined first by shortening the ring until resting 
force was zero. Then the ring was slowly 
lengthened until passive force was first de- 
tected by the force transducer. The internal 
circumference of the ring at this position of 
the micrometer was measured as Lo. The ring 
was then stretched in 20% increments of 
(approximately 0.3 5 mm). At lengths greater 
than 240% Lo the increment of stretch was 
10% Lo. After each stretch the viscoelastic 
force was allowed to decrease to a steady state 
value (approximately 1 5 min). The steady state 
viscoelastic force was taken as the passive force 
at all lengths (see Data Analysis). The arterial 
ring was stimulated at selected increments of 
stretch. After each stimulation the ring was 
allowed to relax to the resting force that was 
present before stimulation. At short lengths, 
this occurred in less than 2 min. However, a 
minimum of 4 min was allowed before 
stretching to the next lengths. The relaxation 
time increased with length. At lengths greater 
than L,,, the relaxation time was approxi- 
mately 10 min. Length was increased until the 
additional force resulting from stimulation 
decreased in two successive contractions. The 
length for maximum active force (Lax) is de- 
fined as the ring circumference at which max- 
imum force is first recorded. With potassium 
stimulation at lengths close to Lax the rings 
were stimulated at 20% increments of b. Be- 
cause averaged from 1.70 to 1.8 mm then 
the accuracy of determining Lax was approx- 
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imately 20. 18 mm. Lm, averaged from 5.2 to 
6.4 mm. Thus, the accuracy, as a percentage 

Two groups of dogs were used for the nor- 
epinephrine experiments. Two curves were 
obtained from each dog at the same concen- 
tration to determine the effect of repetition on 
the length-tension relationship. In one group, 
two length-tension curves were obtained with 

M NE. In the second group, two length- 
tension curves were obtained with 1 0-6 M NE. 
EDSO at Lmax for NE is approximately M 
in the dog anterior tibial artery (1 2). Prelim- 
inary studies of norepinephrine length-tension 
curves with M and M from the 
same ring were presented in a FASEB sympo- 
sium (1 3). 

In a separate group of dogs length-tension 
curves were obtained with 90 and 30 mM po- 
tassium (K'). The ED50 at Lmax for K+ is ap- 
proximately 30 mM in the dog anterior tibial 
artery (12). In one group of dogs, length-ten- 
sion curves with high concentration were ob- 
tained first and curves with low concentration 
were obtained second. In a second group the 
low concentration curve was obtained first and 
the high concentration curve obtained second. 
Different concentrations of K+ (30 and 90 
mM) was achieved by changes in K2S04 which 
was substituted for KCl. For each concentra- 
tion of K+ the amount of NaCl was adjusted 
to maintain a constant osmotic pressure (12). 
Calcium length-tension experiments were 
performed in a separate group of dogs with 
1.7 mM Ca2+ (normal PSS) and with 0.085 
mM Ca2+. The agonist in all calcium experi- 
ments was 1 0-5 A4 norepinephrine. When the 
low calcium experiments were performed the 
ring was bathed in low calcium solution 
through the entire time of each experiment. 
This includes the use of low calcium solution 
when norepinephrine was injected into the 
bath and when norepinephrine was washed 
out of the bath. When normal calcium exper- 
iments were performed the ring was bathed in 
normal calcium solution through the entire 
time of the experiment including injection of 
norepinephrine and washout of norepineph- 
rine. An equal number of experiments were 
performed with normal calcium or low cal- 
cium for the first curve. 

Data analysis. We have shown in other ex- 
periments ( 1 1) that no decrease in force of the 

OfLm,, is 22.8 to 23.5%. 

resting anterior tibial artery occurs at L, 
when normal PSS is replaced by a calcium- 
free PSS. We have performed additional ex- 
periments which show no difference in resting 
force in normal PSS when compared to force 
in calcium-free PSS over the entire range of 
lengths in this study. Accordingly, we define 
the additional force developed after stimula- 
tion as active force. Force in the resting ring 
was defined as passive force. Stress was com- 
puted as force divided by the cross-sectional 
area of the media at Lmax. The initial length 
for active force (LJ was determined by the in- 
tercept of a straight line connecting the re- 
sponses at the two shortest lengths (b and 
140% Lo) with the length coordinate on the 
length-tension graph. 

Experimental values of force, stress, and 
length are reported as group means 2 SEM. 
The two-tailed Student's t test was used to de- 
termine statistically significant differences in 
the mean. The combined effect of length and 
concentration on active tension was deter- 
mined by an analysis of variance (ANOVA). 
P values, variance ratio (F) ,  and degrees of 
freedom (df) are given for the ANOVA tests. 

Results. The eflect of reference length on 
length-tension curves from the same ring. 
Length-tension curves using high and low 
concentrations of K+ from a single ring are 
shown in Fig. 1. In Fig. 1 A, length is presented 
in absolute units (mm). In Fig. 1B length is 
normalized to Lo, the initial resting length. It 
can be seen that the relative position of the 
two curves is the same for normalized length 
(Fig. 1B) and absolute length (Fig. IA). If the 
length for maximum response L,, in a max- 
imal activated ring (90 mM K+) is used as the 
reference length then the normalized length 
would change to L/L,  . The curves with Lax 
as the reference length are shown in Fig. 1C. 
The curves in Fig. 1C have the same relative 
position as Figs. 1A and B. Hence, the choice 
of reference length for the vessel ring does not 
alter the relative position of the curves. 

In mechanical studies of blood vessels only 
one reference length is used to determine the 
mechanical relationships for each specimen. 
The specific reference length varies from study 
to study and Lmax, Lo, L, or any other well- 
defined length may be used depending on the 
purpose of the study. However, from Fig. 1A 
it can be seen that the determination of L,, 
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FIG. 1 .  Length-tension curves from a single arterial ring with potassium stimulation. (A) Length is given 
in absolute units. (B) Length is normalized to the initial resting length for the arterial ring. (C) Length is 
normalized to L- the length for maximum force at maximal activation (90 mM K’). (D) Length is normalized 
to the length for maximum responsefor each curve. 

depends on the concentration of potassium. 
If the length-tension curves from 90 and 30 
mM K+ are normalized to their respective 
lengths for maximum response then the curves 
are shifted closer to each other. However, the 
curves in Fig. 1D still do not superimpose on 
one another. These figures show that when the 
same reference length is used for all curves 
from a specimen (Figs. lB, C) any horizontal 
shift of the curve is the same as the shift found 
in a graph with absolute length (Fig. 1A). In 
contrast, when each curve from the same 
specimen is normalized to its own reference 
length (Fig. 1D) which may have different ab- 
solute values, the shift of the curve is not the 
same as when absolute length is used (Fig. 1 A). 
Because the purpose of this paper is to detect 
horizontal shifts of the length-tension curve 
to different ranges of absolute length the same 
reference length must be used for both curves. 
Either LO or Lmax are acceptable reference 
lengths. It is necessary to use one specific ref- 
erence length in order to account for variations 

in the size of the animals. We have chosen to 
use LO as a reference length because La re- 
quires a series of length elongation and stim- 
ulations to determine its value before two 
curves can be obtained. 

Indices of the relative position of two curves 
include Li, Lmax, and the effective length for 
one-half the maximum response in a length- 
tension curve or EL50. ELSo is similar to ED50 
in dose-response experiments. For the 90-mM 
K+ curve in Fig. 1B a line connecting the re- 
sponse at 1.40 L / b  to the response at 1.8 L/ 
LO passes through the relative response of 0.5. 
Then the EL50 for 90 mM K+ is 1.70 L / b  and 
for 30 W i t  is 2.87 L / L .  The absolute value 
of EL50 (in mm) with 90 mM potassium is 
significantly smaller than it is with 30 mM po- 
tassium (Table I). In other words the arterial 
ring is more “sensitive” to length when the 
potassium concentration is high than when it 
is low. 

Length-tension experiments with potassium 
stimulation. The results from length-tension 
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TABLE I. COMPARISON OF LENGTH-TENSION CURVES 
OBTAINED WITH 90 d POTASSIUM TO CURVES 

OBTAINED WITH 30 mM POTASSIUM 

90 m M  30 mM 

r, 
ELSO 
Lauu 
L/r, at Lax 
Active force at Lax 
Resting force at L,- 
Active stress at Lax 
Resting stress at Lax 

1.79 k 0.03 
1.80 f 0.08 
3.18 f 0.10 
5.48 f 0.10 
3.07 f 0.04 
23.7 f 1.4 
3.5 f 0.4 
290 f 19 
42 f 6 

1.79 f 0.03 
3.0 f 0.16* 

4.39 f 0.30* 
5.99 f 0.16* 
3.35 f 0.08* 
11.3 f 1.6* 
6.1 f 0.8* 
141 f 18* 
75 f 9* 

Note. N = 12; df= 22. *Significant difference symbols. 
Units of length, mm; force, g; stress, lo4 dynes/cm2. 

experiments with potassium stimulation are 
shown in Fig. 2 and in Table 1 .  Length is nor- 
malized to Lo, the initial length for resting 
force, and force is normalized to the maximum 
active force in a length-tension experiment. 
If the length-tension curve is independent of 
K+ concentration then the normalized curves 
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should be superimposed on one another. 
However, the two curves in Fig. 1 are not su- 
perimposable. The normalized force is signif- 
icantly different at each length from 100 to 
320% Lo. The length for maximum active 
force (Lmax) with 30 mM K+ is significantly 
longer than with 90 mM K+. The longer initial 
length for an active response (L,) with 30 mM 
K+ is highly significant. As expected the active 
response at Lax is significantly higher with 90 
mM K+ than with 30 mM K+. Corresponding 
to the longer Lma, with 30 mM K+ is a signif- 
icantly larger resting force (or stress) at Lms. 

In potassium length-tension experiments 
one curve was obtained with 90 mM K+ and 
one curve was obtained with 30 mM K+ from 
each ring. An equal number of experiments 
were performed with 90 or 30 mM K+ as the 
first concentration and the combined data 
were given in Table I. In addition, the results 
from the two groups have been analyzed sep- 
arately. When the 90-mM K+ curve is ob- 
tained first the two curves are more widely 
separated than when the 30-mM K+ curve is 

9omM 

/iL Maximum Force (gram 
90mM:23.7+1.4 

I ? I 30mM Potassium 

1 /  I' 
I' 

I 

1 0 0  1 4 0  1 8 0  220  260 3 0 0  3 4 0  3 8 0  4 2 0  

Length/Lo x 100 

FIG. 2. Normalized length-tension curves obtained with 90 and with 30 mM potassium stimulation. 
Relative force is the active force at each length divided by the maximum active force in a curve. The 
difference between the two curves is highly significant (indicated by * for P < 0.001) from 100% Lo to 320% 
L+ See Table I for a summary of other characteristics of the length-tension curves. Each symbol represents 
the mean value of relative force from 12 measurements except at long lengths where the number of mea- 
surements is given in parentheses. ANOVA analysis for length is P < 0.0 l (F(7,176) = 2 17) and for con- 
centration is P < 0.01 (F( 1,176) = 177). 
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1 0 0  140 180 2 2 0  2 6 0  3 0 0  3 4 0  

Length/Lo x 1 0 0  

FIG. 3. Normalized length-tension curves obtained with lop5 M norepinephrine and with M nor- 
epinephrine stimulation. The difference between the curves is significant (P < 0.001) from 100% L,, to 3 10% 
L,,. See Table I1 for other characteristics of the curves. Each symbol represents a mean value from eight 
measurements of active force except where the number is given in parentheses. ANOVA analysis for length 
is P < 0.01 (F(6,98) = 77) and for concentration is P < 0.01 (F( 1,98) = 170). 

obtained first. However, the 30-mM K+ curve 
is always to the right of the 90-mM K+ curve. 
Thus, the order of obtaining length-tension 
curves has a small effect but does not change 
the results of the experiments. 

Length-tension experiments with norepi- 
nephrine stimulation. The results from nor- 
epinephrine length-tension experiments are 
shown in Fig. 3 and Table 11. For each dose 
of norepinephrine there were four dogs, one 
arterial ring from each dog, and two length- 
tension curves were done for each ring. The 
two length-tension curves were obtained from 
the same ring with the same concentration of 
norepinephrine (lo-’ or M).  Thus, the 
mean values in Fig. 3 and Table I1 represent 
eight measurements of active force at each 
length. For 14 dfthe difference in relative force 
between lo-’ M and M is significant at 
each length over the entire range of the as- 
cending curve (i.e., from 100 to 310% h). 
Lax, EL50, and L, are significantly less for 1 0-5 
M NE than for 1 0-6 M NE. Corresponding to 
the shorter Lma, for lo-’ M NE is the lower 
resting force at L a , .  As expected the active 

force is higher for lo-’ M NE than for 
MNE. The results from the first length-ten- 
sion curve obtained with 1 0-’ M norepineph- 
rine in four dogs have been compared to the 
first length-tension curve obtained with 1 0-6 
A4 norepinephrine in the other group of dogs. 

TABLE 11. COMPARISON OF NOREPINEPHRINE 
LENGTH-TENSION EXPERIMENTS OBTAINED WITH 

1 0 - ~  M TO EXPERIMENTS WITH M (n = 8) 

10-5 M M 

Lo 
Li 
ELSO 
Lax 
L/L, at Lax 
Active force at La, 
Resting force at Lmax 
Active stress at L,,,= 
Resting stress at Lm,, 

1.83 & 0.10 
2.08 f 0.17 
3.42 f 0.19 
5.26 & 0.14 
2.88 f 0.03 
26.6 f 1.9 
4.2 f 0.6 
389 f 33 
67 & 8 

1.70 _+ 0.03 
2.73 f 0.14* 
4.79 & 0.18* 
5.65 & 0.07* 
3.31 f 0.05* 
18.1 f 2.5* 
6.8 f 0.8* 
258 f 40* 
94 k 12 

Note. N = 8; df = 14. See Table 1 for units and sigmiicant 
difference symbols. 
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In this case N = 4 and the df = 6. L,, ELs0, 
and Lmax were significantly longer for M 
than for l O-’ M norepinephrine. Similarly, a 
comparison of the second curve obtained with 
lo-’ M norepinephrine to the second curve 
obtained with M norepinephrine in the 
two groups of four dogs showed L,, ELSo, 
andLmax to be significantly longer for M. 
A comparison of the first curve obtained with 
l O-’ M to the second curve obtained with l 0-5 
M in the same dogs showed no significant dif- 
ference between Li , ELSO, and Lma,. The same 
result was found when the first curve obtained 
with loY6 Mwas compared to the second curve 
obtained with M in the other group of 
dogs. Thus, the effect of repeating norepi- 
nephrine length-tension experiments is insig- 
nificant compared to the effect of concentra- 
tion. 

The efect of external calcium concentration 
on the length-tension relationship. The results 
from length-tension experiments for the effect 
of external calcium concentration are shown 
in Fig. 4 and Table 111. As expected the max- 

imum active force and the corresponding stress 
is significantly lower with low calcium (0.085 
mM) than with normal calcium (1.7 mM). 
However, none of the parameters associated 
with shifts in the length-tension curve (L,, 
ELso, or Lma) are significantly different. This 
is confirmed by the length-tension curves in 
Fig. 4 where no significant difference between 
the relative forces at any length are found. 

The calcium length-tension experiments 
yielded a curve with normal external calcium 
concentration and lo-’ M NE and a curve 
with low external calcium concentration and 

M NE from the same arterial ring. An 
equal number of experiments were performed 
with normal Ca2+ or low Ca2+ as the first con- 
centration. The results have been separated 
into the group of vessels where the curve with 
normal calcium curve was obtained first and 
the group of vessels where the curve with low 
calcium was obtained first. All of the reference 
lengths (L,, ELSO, and Lax) are not signifi- 
cantly different regardless of which concentra- 
tion of calcium was used first. The general 

(8) 

0- Normal Calcium(l.7mM) 

Maximum Force(grams) 

Normal : 32.62 1.4 

P J Low:21.9+1.0 

1 /- 
t I I  1 1 1 1  I l W 1  I 1  

100 140 180 220 260 300 340 

Length/Lo x 100 

FIG. 4. Normalized length-tension curves obtained with M norepinephrine and 1.7 mM calcium 
and with M norepinephrine and 0.85 mM calcium. There is no significant difference between the two 
curves. See Table 111 for a summary of other characteristics of the curves. Each symbol represents the mean 
of 10 measurements except where a number is given in parentheses. ANOVA analysis for length is P < 0.0 1 
(F(9,180) = 2 10) and for concentration there is no significant difference (F( 1,180) = 0.34). 
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TABLE 111. COMPARISON OF LENGTH-TENSION 
EXPERIMENTS OBTAINED WITH NORMAL CALCIUM TO 

EXPERIMENTS OBTAINED WITH LOW CALCIUM 

Normal Low 
(1.7 mM) (0.085 mM) 

Lo 
L 
EL50 
Lm, 
L / h  at Lm, 
Active force at L,, 
Resting force at L,, 
Active stress at L,, 
Resting stress at L,, 

1.81 f 0.06 
1.89 f 0.12 
3.58 f 0.16 
5.48 f 0.14 
3.04 f 0.06 
32.6 f 1.4 
4.5 f 0.4 
342 f 18 

50 f 7 

1.81 f 0.06 
1.95 f 0.14 
3.67 f 0.16 
5.68 f 0.15 
3.15 f 0.07 
21.9 k 1.0* 
6.5 f 1.0 
249 f 19* 

72 f 9 

Note. N = 10, df= 18. See Table 1 for units. 

trend for L, ELso, and L,,, is to be longer for 
the length-tension curve that is obtained sec- 
ond when compared to the curve that is ob- 
tained first regardless of the concentration of 
calcium. This illustrates the effect of repeated 
stretching on obtaining length-tension curves. 

To determine if a change in calcium con- 
centration alters the resting stress in the dog 
anterior tibia1 artery length-resting stress 
curves were obtained from a separate group 

en 20 
.d 
c, 

d 
z 1 0  

of dogs. The arterial ring was stretched in in- 
crements of Lo. At each length the resting stress 
was recorded first in normal calcium solution 
( 1.7 mM), then in a 0.085-mMCa2+ solution, 
and finally in a calcium-free solution. As 
shown in Fig. 5 there is no change in resting 
stress at any length for the three concentrations 
of calcium. 

Discussion. It is well known that the mag- 
nitude of contractile force in vascular smooth 
muscle depends on length and on the concen- 
tration of agonist. In previous work we have 
shown that the dose-response relationship be- 
tween concentration and contractile force de- 
pends on muscle length (12, 8). To determine 
a shift of the dose-response relationship irre- 
spective of change in magnitude, the active 
force at each concentration was normalized to 
the maximum force. In this paper, active force 
is normalized to maximum active force in or- 
der to detect horizontal shifts of the length- 
tension relationship. Our experiments show 
that the length-tension relationship in vascular 
smooth muscle is shifted by the concentration 
of agonist. This has been demonstrated with 
potassium stimulation and with norepineph- 
rine stimulation. However, shifts of the rela- 

o 1.7mM Calcium 

0 .085mM Calcium 

Calcium Free 

1.00 1.40 1.80 2.20 2.60 3.00 

Length/ L 0 

FIG. 5. The effect of calcium concentration on the length-resting stress relationship. At each length the 
ring was exposed to a PSS containing 1.7 mM Ca2+, then to a PSS with .085 mM Ca”, and then to calcium- 
free solution. 
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tionship were not found when the bath con- 
centration of calcium is changed and norepi- 
nephrine is the agonist. As expected, we found 
the absolute response (in grams) at each length 
is significantly different with changes in the 
concentration of potassium, norepinephrine, 
or calcium. We conclude that the length-ten- 
sion relationship of the anterior tibial artery 
is shifted horizontally along the length axis ac- 
cording to the degree of activation by a chem- 
ical agonist. This effect is not dependent on 
the membrane receptor for norepinephrine 
nor on the amount of extracellular calcium. 

We have shown that the choice of reference 
length does not alter the relative position of 
length-tension curves from the same arterial 
ring. The reference length chosen for this study 
is the initial length for resting force Lo. The 
determination of LO in the anterior tibial is 
not affected by the presence of any intrinsic 
tone. If tone were present the true would 
not be determined. However, once a specific 
reference length is determined for a particular 
ring with tone then according to our results 
the relative position of length-tension curves 
will not be affected by the choice of reference 
length. Of course the magnitude of the re- 
sponse in length-tension curves will be af- 
fected by tone. If the degree of tone is highly 
variable from one ring to another this will in- 
crease the variability of the reference length 
which could increase the standard errors of 
the responses at specific increments of LO. 

In our earlier papers (12, 8) on a length- 
dependent dose-response relationship and in 
this paper the same three parameters are mea- 
sured: active force (or tension), agonist con- 
centration (or dose), and length. Since the re- 
lationship between agonist concentration and 
active force was shown to be length dependent 
then it follows that the relationship between 
length and active force must depend on agonist 
concentration. The results from our earlier 
dose-response experiments indicated that we 
could expect this result from length-tension 
experiments at different concentrations (see 
Discussion in Ref. (8)). We have verified that 
prediction in this paper. Because of these re- 
sults, we suggest that the dependence on the 
dose-response relationship on length and the 
dependence of the length-tension relationship 
on agonist concentration are physical mani- 
festations of the same biological mechanism. 

In agreement with our result of no difference 
in length-tension relationships at different 
calcium concentrations, Herlihy and Berardo 
(14) found no change in the EDs0 of calcium 
dose-response relationships at different pre- 
loads. They used rat aortic strips in high po- 
tassium. 

Shifts of the length-tension relation with 
various activation procedures and possible 
mechanisms have been widely investigated in 
skeletal muscle and heart muscle. These 
changes were first described by Rude1 and 
Taylor in 197 1 using frog skeletal muscle ( 1 5). 
In the studies that followed, it has been gen- 
erally agreed that the depression of the length- 
tension curve at short lengths in intact skeletal 
and heart muscle reflects an alteration of the 
activation process due to the change in length 
(1, 3-6). Mechanisms not associated with ex- 
citation-contraction coupling such as extrinsic 
restoring forces are also possible but most have 
been discounted in favor of the role for acti- 
vation processes of the contractile system (1). 

Although studies on striated muscle suggest 
that length-dependent activation is related to 
the role of calcium, certain characteristics of 
the excitation-contraction coupling process 
are different in heart muscle, skeletal muscle, 
and smooth muscle (see Discussion in Ref. 
(6)). As a result, the magnitude of the con- 
tractile response in skeletal muscle is insen- 
sitive to changes in external calcium, whereas 
in heart muscle and smooth muscle it is very 
sensitive. In addition to changes in the mag- 
nitude of active force, horizontal shifts of the 
length-tension relationship is sensitive to ex- 
ternal calcium (from 1.125 to 4.5 mM) in 
heart muscle (4) whereas in smooth muscle 
(our study) shifts of the length-tension rela- 
tionship are insensitive to external calcium 
(from 1.7 to 0.085 mM). 

The results from our calcium experiments 
mean that an increase in extracellular calcium 
increases the magnitude of contractile force 
but the change in force is proportionally the 
same at all lengths. Winquist and Bevan (16) 
have shown that tone in rabbit facial vein de- 
pends on stretch and on the concentration of 
extracellular calcium. They proposed that the 
results could be due to a stretch-induced 
change of calcium permeability of smooth 
muscle cells, altered overlap of contractile fil- 
aments, increased affinity of calcium regula- 
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tory proteins, or other mechanisms. In their 
paper the length-tension (instinsic tone) 
curves at different concentrations of external 
calcium appear to have the same L, and L,,, 
(i.e., the curves would superimpose if the re- 
sponses were normalized to the maximum). 
Thus, length (or stretch) does not appear to 
alter the effect of extracellular calcium in rab- 
bit facial vein. These results do not exclude a 
role for calcium in the shift of length-tension 
curve when agonist concentration is altered. 
For example, in the anterior tibia1 artery the 
release of intracellular calcium by norepi- 
nephrine could be length dependent. Further 
studies are required on the exact role of cal- 
cium. 

There are other possibilities for a mecha- 
nism of concentration-dependent length-ten- 
sion curves in vascular smooth muscle. These 
include an inhibition of the release of an en- 
dothelial-derived relaxation factor (EDRF) 
from the endothelium with the subsequent fa- 
cilitation of the contractile response at longer 
lengths. For the same amount of EDRF the 
sensitivity to a low dose will be depressed pro- 
portionally more than a high dose at a given 
length. Nilsson and Sjoblom ( 17) proposed 
that an increase in sensitivity might have its 
origin in the contractile machinery of the 
muscle cell. At short lengths small contractions 
would be absorbed by the series element and 
a measurable force would be generated only 
with stronger activation. This mechanism 
would apply equally to cell agonists. Based on 
stereological analysis of dense body distribu- 
tion, Walmsley (18) has suggested that a 
change in orientation of intracellular contrac- 
tile units as a function of cell length may play 
role in length-dependent sensitivity. 

Regardless of the mechanism for length-de- 
pendent activation it is now well accepted that 
length and the contractile (or inotropic) state 
in heart muscle are not independent regulators 
of tension. Indeed, length is thought to affect 
activation in a manner similar to inotropic 
agents (4). We suggest a similar point of view 
for length and contractility in vascular smooth 
muscle. In agreement with studies on heart 
muscle (4) and skeletal muscle (20), our results 
show that the length for maximum response 
in vascular smooth muscle is shorter as the 
magnitude of activation is increased (i.e., in- 
creased concentrations of norepinephrine and 

potassium). Horizontal shifts in the length- 
tension curve of rat cerebral microvessels can 
be observed in the studies of Halpern et al., 
( 19). In Fig. 6 of their paper the length-tension 
curve for the myogenic response in normal 
calcium PSS was clearly to the right of the 
curve with high potassium PSS. The myogenic 
response in normal calcium PSS at each length 
was lower in magnitude than the maximum 
response to high potassium. Further support 
for length-dependent activation in smooth 
muscle comes from Arner and Hellstrand (7) 
who found a lower relative force at lengths 
below Lax in intact segments of rat portal vein 
than in skinned preparations. Their results are 
similar to the results for skinned heart muscle 
(3) and skinned skeletal muscle (2). 

One distinction should be made concerning 
the various studies of length-dependent acti- 
vation. Experiments with skinned prepara- 
tions show that their response is greater than 
intact muscle at short lengths and help to elu- 
cidate the mechanism of length-dependent 
activation (2, 3, 7). Studies on intact muscle 
show that change in activation levels produce 
shifts in the length-tension relationship. 
Hence, there exists an intrinsic depressive ef- 
fect on contractile force due to a suppression 
of the activation process when intact muscle 
is shortened. Further, the degree of this intrin- 
sic depressive effect is modulated according to 
the degree of activation by an external chem- 
ical or electrical stimulus. This suggests that 
shifts of the length-tension relationship by 
changes in agonist concentration alters the 
control of blood flow resistance by blood ves- 
sels. For example, the magnitude of vasocon- 
striction is a linear function of resistance prior 
to stimulation in the vasculature of the dog 
hind limb (10). Because the initial resistance 
imposes different degrees of stretch on the 
smooth muscle its capacity to respond is al- 
tered through the length-tension relationship. 
Studies by Gore (9) show that single vessels 
do respond to a constant dose of norepineph- 
rine in proportion to their initial wall stress. 
In view of our results the in vivo effect of con- 
centration changes is to reset the length-ten- 
sion relationship to a different range of arterial 
diameters. Shifts of the length-tension rela- 
tionship through change in agonist concentra- 
tion have been indicated by Speden (21) with 
perfused cylindrical segments of the rabbit ear 
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artery. In his experiments the effect of varying 
adrenaline concentration was to vary the ra- 
dius at which active tension was first devel- 
oped. This corresponds to our result of a sig- 
nificant increase in the initial muscle length 
that is required for an active response (LJ 
when agonist concentration is decreased. 
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