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CHAPTER I
INTRODUCTION

Large conduit arteries convey blood froh the heart to
the distributing vessels of the peripheral tissues. In ful-
filling this function, the conduit arteries play three impor-
tant rolest 1) they damp flow oscillations by serving as tran-
sient blood stores, filling during systole and draining during |
diastole; 2) they damp the pressure oscillations by serving as
transient energy stores, distending duringsystnle and recoiling
'during diastole; 3) they transmit thepressure pulse, a para-
meter of physiological and clinicalcconcern.

Much experimental information has been obtained re-
garding the arterial wall. In most of the physiological
studiss; vascular strips, rings, or isolated pressure-volume
segments have been used; in pharmacological studises, spiral
strips cut from ths muscular media have usually been used;
These preparations differ from jn situ conditions in that they
fail to maintain appropriate geometry, and in many cases,
‘ignore the mechanical properties of the passive arterial con=-
nective tissue., The wall, in its entirety, must be considered._

The present research is directed toward a more pre-
cise description of the physical characteristics of the arterial
wall, and is especially concerned with‘tha way in which these
character;stics are altered by the presence of active smooth

muscle, 1




CHAPTER II

- REVIEW OF THE LITERATURE

A. Morphological Appearance. Light microscope
studies qf the walls of arteries reveal three fairly distinct,
concentric layérs; an inner intima bordering the lumen, a media,
and an outermost adventitia (Benninghoff, 1927).
1. Intima. The intima is composed of a single layer

of endothelial cells. These are separated from the media by

. the internal elastic lamina. Endothelial cells of the rabbit
.aorta have been described as 30-35uy by 8-15u when fixed in the
* retracted étate (Ferrara, 1950)., They ‘are flat except in the
nuclear region where they may be wider, in order to accomodate
the nucleus. In undistended arteries, the endothelial cells
often bulge into the lumen (Buck, 1958; VanCitters et al, 1962;
Hayes, 1967). Upon examination under the light microscope, the
endothelium appears to form a smooth, flat sheet when it is
distended by physiological pressures. However, electron micro=-
scopy reveals that small endothelial processes may still pro-
:‘jact into the lumen, even when the vesssl is moderately dis-
tended (Matthews and Gardner, 1966).

Buck (1958).and Pease and Paule (1960) observed by

alectron‘microscOpy that an interphase of collagenous fibers is
located between the endothelium and the internal elastic lam-

ina, Qlthough other authors claim that the endothelium rests
—_ : 2

—
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directly upon the internal elastic lamina (Policard et al, 1955,
1960; Karrer, 1958). The mechanical influence of collagenous
fibers in this location could be important, but this would de=-
pend upon whether they'were in‘a slack or stretched state at
physiolog;cal préssures. Endothelial cells are bounded by a
three-layered membrane which often manifests tortuous folds,
egven in the distended artery. Vesicles may be seen within the
endothelial cell cytoplasm, usually near the membrane. The
vesicles are usually interpreted as inpocketings of the cellular
membrane (Rhodin, 1§62).

2. Media. The media of the arterial wall is composed
"of alternating layers of elastic lamina and smooth musclé cells.
~The elastic lamina are composed of many fine, homogenous fi-
bers. These fibers vary in size, and appear to run randomly
in all directions (Dees, 1923; Ayer and Eisenstein, 1963).
‘A tangle of microfibrils may be seen near and &ttached to
strands of elastin (Karrer, 1961). Some of these are as small
as 80& in diameter (Low, 1962). Cross-sections of the lamina
of retracted arteriss show many dots indicating some longitud-
inal disposition of elastic fibers (Huber, 1916). The gross
appearance‘of the lamina is one of thick, corrugated lines.
However, this corrugated appearance is an artifact of vessel
retraction prior to fixation. If vessel distention is main-
tained during fixation, these corrugations are not seen. In-

stead, the elastic lamina are seen as smooth, thin, concentric




4
. 1ines (Wolinsky and Glagov, 1964; Bunce, 1965; Hayes, 1967).
‘Dccaéional breaks aré seen in the lamina, which may be ident-
ified as gaps or windows (lamina fenestrata) when viewed in
longitudinal sections. ' Fine elastic fibers also form a net,
spanning successive concentric elastic laminae. Thus, a three-
dimensional elastin frame provides a network throughout the
media. At physiological pressures these fine spanning fibers
.are pulled into a nearly circumférential position (Wolinsky
and Glagov, 1964).

| In large élastic arteries, smooth muscle cells bridge
successive elastic lamina, forming so-called "spanmuskeln” |
‘(Benninghoff, 1927). The muscle is usually attached directly
to the main body of the elastic lamina, although occasionally
the muscle may be attached to a stray tail, presumably of
elastin, projecting from the lamina (Keech, 1960).

In electronmicrographs the muscle cells appear to be

attached to elastin by a 2004 layer of cement substance
(Pease and Paule, 1960). Strong(1938) discovered during micro- |
- dissection bf arteries that the media can be unravelled as a
spiral strip.‘ Longitudinal muscle was found only in the femoral
artery, and even £hare, it was sparse as compared with the
abundant circumferentially-oriented muscle. Analyses of arter-

ial sections cut at many different angles led Fischer(1951) and

Goerttler (1953) to conclude that the circular muscle is ar-

Tanged in continuous spirals within the media. The presence
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of left énd right spirals probably explains how contraction

- produces a decrease in diameter with no gross twisting of the
vessel.

In the relaxed state, smooth muscle cells are long,

‘ thin, and spindle-shaped, about 60u long and 2u wide._ The
nucleus is usually in the center of the cell. McGil1(1909)
noted that mechanical and drug-induced smooth muscle contrac-
tion caused no changes in the volume of the nuclsus, although‘
it did cause wr;nklzng of the nuclear outlina. Other cytos=

| plasm organelles are usually near the longitudinal poles of the
cells. myqfilamenﬁs of uniform size appear to run throughout
the cells. Successive smooth muscle cells are staggered so
that the wide central portion of one cell lies adjacent to the
narrow; end=-region of another. Individual cells have a three=
layered membrane, and it is generally conceded that the plasma
membrane is normal in appearance. The basement membrane,"
howeﬁar, is controversial. Rhodin(1962) working with the fem=.
Aoral‘artery, and Matthews and Gardner (1966) working with the
mesenteric arte:y, observed well-defined basement membranés,
while Pease and Paule(1960) using the aorta, and Pease and
Molinari (1960) studying pial arteries observed a rudimentary
basement membrane.’ The latter authors noted similar reports of
8 poorly developed bésement membrane by Caeser et al (1957) in

the smooth muscle of urinary bladder and uterus, and by Mark
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(1956) who also studied uterus. Evans and Evans (1964) com-
pared the non-innervated amnionic smooth musclé‘with the in=-
nervated nictitating membrane muscle in the chick embryo., An
interesting correlétion was observed between the consistent |
presence pf a Easement membrane in the nictitating membrane

(a multi-unit muscle réceiving a high ratio of nerve-to-muscle
innervation, and the absence of a basement membrane in the am-
nionic mﬁscle which is totally non-innsrvated. These observa-
tions suggest that the absence of a basement membrane may be
related to excitation by diffusion of neurohumoral stimuli, or
to a cell-to-cell mode of transmission of excitation., Inter-
'cellular bridges between smdoth cells of arteries have not been
observed, although Parker(1958) has observed close contact be-
tween adjacent cells in coronary arteries. In large slastic
arteries an intercellular space is preasent essentially exclud-
ing intercellular contact. In fact, in some arteries a layer
of collagenous or elastic fibers has been séen surrounding the’
individual smooth muscle cells. (MOvatrand Fernando,1963).,

The media also contains many collagen fibrils.

These are randomly dispersed in retracted vessels, but exhibit
Ciréumferential orientation in vesseis distended to 150 mm Hg
(Wolinsky andelagov, 1964). Collagen fibrils are not connect-
ed to either elastic or muscular elements (Pease and Paule,

1960; Pease and Molinari, 1960; Wolinsky and Glagov, 1964).
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pnatomical studies thus indicate that the elastin and smooth
muscle are essentially in parallel, and that these elements,

in turn, are ih parallel with cdllagen.

3. Adventitia. The outermost layér of the arterial
wall is the adventitia. It is composed of elastin, many col-
iagen fiﬁrils, and numerous long, thin tapered fibroblasts.

All but the neural elements are arranged circumferentially.
Wolinsky and Glégov(1964) fixed rabbit aortae while under vare-
ious distending pressures. They reportéd that unlike»medial
connective tissue fibers, the adventitial elastin and collagen
were neither markedly wrinkled at low pressure, nor markedly
'straightened at high pressures.l’These authors concluded,
therefore, that it is the medial collagen which provides the
relative inextensibility at pressures above 80-100 mm Hg.

Since the adventitial collagan'remains somewhat slack, even at
200 mm Hg, this component is thought to provide a protective
jacket against extremely high distending pressures (Burton,
1954). |

4, Vasa Vasora. the vasa and vena vasorum provide
the artérial wall with nutrition and removal of'waste products.
The vasa vasorum usually derives from branches of the artery

in questioh, and also from adjacent arteries. The carotid, for
example, is supplied by variable sources but almost always in=-

cludes small branches which arise from the carotid itself.
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gften a branch derived from the axial artery is also present
(vio et al, 1964). A vena vasorum usually runs with the vasa
vasorumAand, in the case of the carotid, emptiss into the jug-
ular vein (Vio et al, 1964). Extensive studies on the aorta
and coronary arteries indicate that arterial vasa vasorum en-
téring from the adventitia of arteries break up into arterioles
and capillaries, but‘that these are distributed only in the
outer twO-thirds of the media in normal vessels (Paterson,
19363 leary, 1938; Horn and Finklestein, 1940; Nelson, 1941;
Schlichter, 1949; Wartman, 1950; Geiringer, 1951). It is not
surprising that patent arterioles and capillaries are not

" found in the inner third to half of the wall; the predicted
intramural stress (Peterson, 1966) is highest at the lumenal

- margin, declining rapidly across the wall. It is lowest at
the adventitial margin. Interestingly, all of the many ana-
tomical studies mentioned above indicate that capillaries are
found in the intima only where sclerotic thickening is ob =
served. This implies that either increased diffusion dis-
tances somehow induce the development of intimal vasculaii-

 zation to fulfill metabolic needs, or that the presence of

atheromatous plaques and other such lesions provide sufficient
rigidity to prevent compression of intimal vasa vasora.
Studies on the diffusion of various solutes through the wall

of excised vessels (Woerner, 1951; Wilens and McCluskey, 1952;
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kirk and Laursen, 1955) indicate that meny water-soluble and
11pid-scluble substances readily penetrate the intima and med-
ja. The adventitia tends to be. much less permeable than the
inner regions, especially to lipids. Barcroft et al (1944)
presented evidence that mucopolysaccharides may play a role in
facilitating diffusion of nutrient substances in the umbilical
cord. The mucopolysaccharide ground substance in arteries may
play a similar role in providing passage where no discrete

vasa vasorum exist. Shimamoto (1961) identified a large sub-
endothelial space which presumably is fluid-filled in life,

and which could provide a‘channel throughAwhich nutrient and
.metabolic materials might flow ahd diffuse.

Quantitative studies on bulk flow of lumenal fluids
through the vasa vasorum have been undertaken by Jaeger (1964).
Isolated vessels were mounted in a tissue bath which was
se&led except for a vertical pipette. Thse vessels were
stretched, sealed at one end, and the lumen filled with fluid.
A catheter connected to the unsealed endvof the vessel permit-
ted oscillating presgures to be imposed upon the lumenalifluid.
‘Changes in the height of the extravascular fluid in the pipette
were used to measure transmural flow. Pig carotids exhibited
flows of 0.5 to 0.6 ml Tyrode solution per minute per 100 gm

of fissue;lwhile dog carotids exhibited Fiows of 0.3 to 0.4 ml

Tyrode solution per minute per 100 gm of tissue. According
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to the author, these values are about four times as high as
more viscous blood. However, no consideration was given to the
diffareéce in oxygen-carrying capacities between Tyrode's sol=-
ution ahd blood, or to any metabolic autoregulation of vasa
vasorum thaf.might occur. Transmural flow increased rapidly
_up‘tO 150 cm H20 transmural prassure,lihan increased gradually
above this valua. Flow tended to decrease with muscle con-
traction and also with agse. Ihdia ink studies indicated that
4tha flow'may take two routes. UOne path is by the vasa externa,
| vessels which originate at the lumen, pass through the wall and
turn back to reentér the adventitia.. Another path is by the
ivasa'intarna, vessels which supply the wall directly from the
lumen. The ostia for the vasahextarna'appear in the walls of
side braﬁches off the parent artery, while the ostia for the .
vasa interna apbear in smooth portions of the arterial endo-
thelium. Tying all visible external vessels reduces the total
transmural flow to @out 25% of the original value, so that tha‘
vasa interna and diffusion accounts‘For'abotha qﬁarter of
total transmural flow. | .
| 5. Innervation. B8lood vessels receive both afferent
and efferent innervation. Polley(1955) demonstrated by de-
generation studies that blood vessels in skeletal muscle and
skin receive visceral afferent innervation. These fibers ter-

: minatg in the perivascular connective tissue in the adventitia.
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gven in the carotid sinus and the common carotid baroreceptor
areas, regions rich in afferent innervation, light microscopy
studies reveal that afferent fibers terminate only in the ad-
ventitia (deCastro, 1928; Abraham, 1949; Boés and Green, 1956).
prgsumab}y other afferent fibers are similarly localized in

the wall of arteries. With the exception of a few areas of the
body, efferent fibers to the arterial wall are entirely sym-
pathetic. Much research using light microscopy in conjunction
'mith methylene blue and silvef staining has been published
describing the innervation of smooth muscle. It is generally
agreed that the terminal portion of autonomic fibers end in a
.fine, meshed plexus of unmyelinated fibers 0.1 to 1.7 u in 7
diameter. This plexus has been called an "Autonomic ground
plexus" (Hillarp, 1959) and a "Sympathetic ground plexus"
(Boeke, 1949). |

Electronmicroscopy studies of the innervation of tha

arterial wall have also been reported. With few exceptions,

- these studies indicate that all the innervation terminates
 somemhera in the adventitia, usually near the adventitio-medial
border (Caeser et al, 1957; Keech, 1960; Samarsinghe, 1963;
Dahl and Nélson, 1964). Parker (1958) noted that often several
~unmyelinated axons may be enclosed by a single Schwann cell. .

| Zelander et al (1962) and Appenzeller (1964) reported that

fabundqnt numbers of vesicles may be present in the axons in-
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nervating blood vessels., These vesicles appeared to be most
concentrated at regions of the neurons'naarest the smooth mus-

cle cells. Presumably these vesicles contain the granules seen

in sympathetic axons andiwhich Wolfe et al (1962) demonstrated,
by alectronmicroscopic'autoradiography, contain catecholamines,

No specialized nerve-smooth muscle junction compar=
‘able to the skeletal muscle end-plate has been described,

- Yamamoto (1960) reported that axons lose their Schwann cell

sheaths just before reaching the smath muscle, and then

actually penetrate smooth muscle cells. This is contrary to

every other report. Close membrane-to-membrane contacts,

howevar, have been observed., Nerves have been found very close

to outpocketings of smooth muscle cells which protrude into
the adventitia,(Appenzellar, 1964; Dahl and Nelson, 1964;

Lever at'al, 1965). The junctional space has been described

~ to be as small as 0.1 u. in the rat mesenteric artery (Matthews

. and Gardner, 1966) and as large as 0.5 u in rabbit pulmonary

artery. .The outpocketings of smooth muscle cells also contain

numerous vesicles and mitochondria, suggesting some important
metabolic function.

. Extensive analyses of catecholamine content by

Schmiterlom (1948) also Support the restriction of adrenergic

fibers to the adventitia. Bioassay and chemical tests of bo-

Vine and equine carotid arteries indicated that almost all of.
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’tﬁe norepinephrine, 0.75 u per gram of fresh tissue, was con-
pined to the adventitia.
The introduction of the histochemical fluorescence
method of Falck and Hillarp (Falck, 1962; Falck et al, 1962)
has provided a new tool for evaluating the presence of post-

ganglionic sympathetic neurons in arteries. When tissues are

biogenic monoamines.- such as norepinapﬁrine, dopamine and
- S=hydroxytryptamine - become visibly fluorescent. Swedish
investigators (Norberg and Hambarger, 1964) demonstrated fhat
. adrenergic fibers are located in elastic arteries only és a

"thin meshwork layer just outside the meqia and along the vasa

“vasorum., This meshwork sends processes which project centrip-
‘etally toward the muscle layers; however the nerve processes
never‘pedetrata among the muscle cells. Fluorescence tends to
. be most intense at the terminal regions of these apparant ’
neuronal}projections. Several lines of evidence indicate that -
_this fluorescence fades beginning about three hours after re-
serpinization, first in the nerve cell bodies, and later in the
 £9rminals. In some speqiqs pretraatmant with monoamine oxidase
" inhibitors, such as Nialamide tends to increase fluorescence,
while pretreatment with norepinephfina and dopamine increase
fluorescence all along the neuron (Falck, 1962; Norberg and

{Hambagger,:1964; Fuxe and Sedvall, 1965). Sectioning or com-

treated with formaldehyde gas, and then dehydrogenated, certain
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prassing a peripheral sympathetic nerve causes an increase in
' fluorescence on the central side of the obstruction (Norberg

and Hamberger, 1964)

» and results in an accumulation of elec-
tronmicroscopy discernable granules at this location (Kapeller
and mayer, 1966a,b,). In some of thevfluoréscence experiments
the borohydride reductioﬁ test of Corrodi et al (1964) was

used to differentiate catecholamines from non-neuronal fluor- -

escent structures such as elastin,

B. Connective Tissue of the Arterial Wall,

1. Elastin. a. Content in the Arterial Wall. The arteriél

wall contains a considerable amount of elastin,

Lowry et al(1941) extracted everything in the wall

except elastin by boiling arterial samples in dilute alkali.
The remaining elastin represented between 24 and 30% of dry
tissue weight of the human and rat aortae.

| Hass (1942) extracted elastin from human aortae

. with formiec acide The arterial wall was found to contain bee
-;tween 28, 9 to 42,2% elastic tissue with no apparant relation
ixto age, ' .
: Meyers and Lang (1946) used the method of Lowry et al
i‘(19&'&1) to determine that 37% of the.dry weight of young aortic
;*media and intima was elastin. With age this value decreased
;to about 26% |

“ . Neuman and Logan (1950) determined the elastin con-
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_tent of whole bovine, pig, and rat aorta to be 39%, 57%, and

47% respectively. The method used was to remove most of the
non-elastic tissue by boiling in water. The remaining elastin
was assessed by a color}metric determination of hydroxyproline
by weight. This value is in agreement with amino acid analyses
of alastin derived from various tissues

- Faber and Moller-Hou (1952) used the methods of '
'Lowry et al (1S41)5to analyze for elast;n in the media and in-
tima of normél and hypertensive human aortae. In normal aortae
elastin ranged from Ss%yof dry tissue weight at age 20 to

20% at age B80.

Kraemer and Miller (1953) determined by removal of all

but the elastin that the presence of athsromatous plaquas was
not correlated with alterations in the elastin content of the
sorta.s Both normal and-atheromatous human aortas contained
about 35% elastin by dry weight. |

| Harkness et'al (1957) surveyed the elastin content
of different portions of the arterial tree from the aorta .
through the saphenous artery. The tissue was autoclaved to
}remove collagen, and then boiled in 0.1 N alkali to remove
inoncollagenous,‘alkali-soluble proteins. The systemic arterial
gtrae was found to be divided into two distinct regions. In the

;gthoracic aorta from the aortic valve to the diaphragm, the

atio.of elastin to elastin-plus-gollagen by dry weight was
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.50 to 60%. Distal to the diabhragm the ratio of elastin to

f""‘31ast'.rj.n--pluss--t.:ollagt}an dropped to 25 to 30%. The entire trans-

1itioﬂ was found to occur over a 5 cm length of the aorta.

Scarselli(1961) stained the elastin of human aortic

‘tissue with orcein dye, and then enzymically hydrolyzed the

. tissue. Photometric analysis gave quantitative estimations of
:eléstin content. Elastin waé found to represent about 20% of
itha wall at a few months of age, rising to nearly 50% at age

. 20,

| Hosada and Minoshima(1965) assessed the elastin cone
“tent of human aortae and pulmonary arteries using Scarselli'

 orce1n dye method. Both the systemic and pulmonary aortae
‘ﬁontained about 30 to 35% of dry weight taken from sub jects

 hp to 10 years of age. This percentage graddally fell with

s . each decade to about 22% at the sevanth dedade of life,

3 | Smith et al (1957) demonstrated by differential
ystaining, that reticular or collagenous fibers are often seen
?closely applied to the elastic lamellas in the media in the

, ;aged>mouse aorta. Increased quantities of ground substanga

; iwere also observed. It appears that the decrease in elastin
%from about 35 to about 25% seen with aging reported by Meyers
1 iand Lang (1946), Harkness et al (1957) and by Hosada and

f ;Ninoshima (1965) may result, in part, from an increase in the
yéﬁbsoluta quantity of other connective tissue elements, mainly

collagen.’

oedg . b . . 3 . '
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Fischer and Llaurado (1966) reported that the elastin

contant‘of systemic arteries varies wiﬁh different vessels.
?jMOst medium-sized arteries, carotid, femoral, and mesenteric,
contéined 20 and 35% elastin by dry weight. The aorta con-
" tained 40% elastin by weight, while renal and coronary arteries
 contained only 16 to 18% slastin by dry weight. In other exe-
periments these authors (1967) found no difference between

“ the elastin‘content of thése in normal dogs as compared with

" those obtained from renal hypertensive dogs. These studiss
showed, as did those of Harkness et al (1957), that the elastin
.lcontent of ‘the pulmonary artery resembles the peripheral sys-
_temic arteries (about 26% elastin), rather than the thoracic
- aorta (about 40% elastin). . o |
Apter et al (1966), using histological and chemical
analyses, also reported on the elastin content of the aorta.
.. The ascending aorta contained 45% of dry wéight; This vaiue
;;declined with inéreasing distance from the aortic valve.

3 The reason fdr the dif%arences in distribution,of :
f;elast;n in arteriés is not clear; the sharply defined increase
:?in the thoracic aorta is aspedially;baffling. The high con-

. tent of elastin fails to correlate consistently ﬁith‘trans;
i‘mural pressure, negative extravascular pressure, or the intra-
. thoracice movemenis associéted with respiration. Neither the

,{PUlmonary artery, nor the systemic arteries of hypertensive
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:animals exhibits the high elastin contents of the thoracic

;aortao while even the thoracic aorta of newborn puppies show
these high contents.,

b. Morphological Appearance. The morphological
appearance of elastic tissue depends upon the tissue from which
jit is derived. In ligamentum nuchae it is densely-packed with
'tthe appearance of parallel fibers., In the arterial wall the
;alastic fibers are condenséd into flat sheets forming curvad;
:fenestrated lamellae which lieAconcentric to the luhen.

.Under the light microscope the elastic lamina appear to be
‘_compqsed of two or more kinds of elements (Dees,'1923). The
'ffirst is a coarse network in which the thick fibers show |
,'branchings. These fibers are 3 p or less. The.sécond consists
. of very fine fibrils. More recent stﬁdiaé, however, suggest
;lthat these size differences ﬁay not reflect any basic differ-
1‘ances 1n‘fibar probortion.

| The earliest electronmicroscopic studies of elastin -
:iwera performed by Wolpers(1944) on pepsin-treated ligamentum
g:nuchaa‘and aortae. Fibers ranging from 200 to 2500 R diameter
gfwere observed. Studies on elastin obtained from ligaméntum
?;nuchae (Gross, 1949; Lansing et al, 1952), carp swimbladder
g;(Gross, 1949), aorta (Lansing et al, 1952), skin (Bahr, 1951,
- 19555 Linden et al, 1955) and alveoli (Laitinen, 1960) all
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revealed fine intertwined fibrils. On the other hand, other

studies on carp swimbladder (Franchini and deRobertis, 1951)
and skin (Tunbridge et al, 1951) failad to indicate a fibriller
structure. Ultrathin sections of ligamentum nuchae, 500 to
'1000 R thick (Dettmer, 1956; Usuku, 1958) revealed elastin to
be a reticular network of beaded fibrils, 100-200 5 in dia-
meter, with no axial periodicity.
In 1949, Balo and Banga isolated an elastolytic
enzyme (elastase) from the pancrease. This enzyme was distinct
.from purified trypsin or chymotrypsin (Qalo and Banga, 1950),
Treatment qf ligamentum nuchae with elastase was found to re-
" lease intertwinad fibers, 2p in diameter (Lansing et al, 1952)
or, if treated for long periods of time, to éonvert the insol-
uble fibrous material to a soluble, gldbular form (Balo and
Banga, 1950). Enzymatic hydrolysis of collagen-free aortic
media (Hall et al, 1955) also provided fibers after 30 minutes
_treatment. After 90 minutes treatment, 200 A fibrillar units |
'~ were seen; after 20 hours treatment, nbthing structurallx
 distinct remained., Ultrathin sections of ligamentum nuchae '
" sub jected to elastase treatment (Yokata, 1957) revealed tha£
the first signs of degradation were the abpearance of pit-like
. 98pressions on the outer edge of the fibrils, With longer

. 8lastase treatment the fibers split longitudinally into fine
'afibrils composed of beaded chains,




20

The electronmicroscopists gradually séparated into

;two camps on the issue of'homogeneity of elastin, . One group
described'elastic tissue as a homogenous system composed en-
tirely of anastomosing, rope-like fibrils. Studies on lung
(Woodside and Dalton, 1958), bronchioclar tunica propria

;(Karrer’ 1958), aorta (Ayer et al, 1958; Cox and Little, 1961;

- Jensen, 1962) and ligamentum flavum epiglottis, pinnae, vocal

;chords and renal arteries (Cox and Littla,‘1961) all suppdrtad

:this point of view. When thin films were stripped from arter-,

' ial elastic lamina (Ayer and Eisenstein, 1963) esven swelling
with dilute formic acid failed to indicate any discernible
multiphasic structure. A second group of electronmicrosco-

,pists.subscribed to the view that elastin is a multi-compo-

éfent system, composed of fibrils embedded in an underlying

4?matr1x. Studies on ligamentum nuchae (Gross, i949; Lansing

3}tat'. al, 1952; Tunbridge &t al, 1952; Greenlee et al, 1966),

écarp swim bladder (Gross, 1949), and tracheal mucosa tunica

‘gpropria (Rhodin and Dahlman, 1955) all provided evidence for

ga heterogeneous structure of elastin. X-ray diffraction stud- ;‘

£x1es indicated, in agreement with the elactronmicroscopic stud..
é;ias, that elastin is a disordered, non-crystalline, fibrous

‘%SUbstanca, in both the stretched and retracted states (Kolpak,

% 1935, Astbury and Bell, 1939; Astbury, 1940; Cox and Little,

}

1951), Elastin thus appears to be a fibrillar structurse




_ _ 21
'gﬁompOSBd of bead-like units. The fibrils seem to be inter-

f€bopnactad‘at many points, producing a 109331y-organizqd, ran-
»idom-lika structure, which exhibits great extensibility in all
fdiractions. |

o - c. Chemistry, Elastin is a protein. Amino acid
fanalysgs (Neuman, 1949; Bowes and Kenten, 1949; Partridge and
?Davis’ 1955; Smith et al, 1963) indicate that elastin is about
i25% glycine, 20% alanine, 15% valine, 9% leucine, and 1.5%
%hydroxyproline. Small amounts of most other amino acids are
%also‘presant except for thoss contéining sulfur. .
'{ About 2% of the dry weight of elastin is mucopoly- :
lﬁaccharide, but it has not been possible to remove the muco-
ipolysaccharide except by hydrolysis with the elastomucase
 component oF’elastase (Hall et al, 1952; Hall, 1953; Loavén,
%1960), or by repeated autoclaving (Gotte et al, 1963). There
;is‘also svidence that elastin contains small amounts 0F~lipid.
{A weak osmophilia and light blue-black staining reaction with
§Sudan black have been reportéd by Lansing et al (1952), and
élipid corresponding to 0.5% of the dry weight of elastin hgs
jbean recovered following elastase degradation of chemically
’iextracted elastin (Lansing et al, 1952) and defatted elastin
;(Laballa, 1957). Bénga and Schuler (1953) obtained up to
12% lipid by elastase degradation.' The difficulty in separating
‘T"COquysaccharides and lipids'suggests that they are either
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- intrafibrillar or very tightly bound to the surface of the

fglastiﬂ Fibers. The small amounts of these compounds suggest

*that they probably do not act as a matrix embedding the fibrous

" slements and do not play an essential role in the structural

integrity of elastin. Ayer et al (1958) used formic acid to

“gwell and split aortic slastin into fine, electronmicroscop-

~ ically distinct fibrils. When the formic acid was neutralized

fthe swollen Fibrils shrank and reaggregated to their original
?appearance. Wood (1954) observed that agents which disrupt
ftha integrity of mucopolysaccharides have negligible effects

" upon the tensile strength and load-extension characteristics

ﬂof natural and purified ligamentum nuchae. However, Banga and

ﬂBalo (1961) demonstrated that the tensile strength of human
iaortic strips is markedly lowered by pancreatic extracts.

?Heterogeneous elastase slightly lowered the tensile strength

lat 90% extension, but the elastomucase fraction of the enzyme

. lowered it to one=half of control at approximately the same

extension. It is on this basis that Banga and Balo (1951)

sclassify elastin as a lipoprotein.

The chemical structure of elastin has been exten-

:81vely studied by Partridge and his associates. Pértridge and

Davis(1955) dissolved elastin in boiling oxalic acid.
fraction (Mmw 60,000~

An

80,000) and a B fraction (MW 5,500-6,000)

Yere obtained. The amino acid composition of these fractions
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"and of whole fibers were found to be very similar, indicating

‘?a fairly homogeneous structure., Terminal analyses on the ot
,;and @ fractions indicated that the fibers are probably composed
fof two chains. Stepwise enzymatic degradation of elastin

- (Partridge et al, 1963) yielded the usual amino acids and a
€f1uorescen£ peptide which contained up to 30% of two unknown
;amino acids. Complex fractionation procedures (Thomas et al,

* 1963) isolated these amino acids and permitted their chemical

i

| characterization. The fluorescent amino acids were determined

:to be a substituted quarternary pyridinium compound. The com-

;pound was called desmosine, and its isomar, isodesmosine. In-

formation concerning the biosynthesis of dasmosines has been

.obtained from the rupture-prone arteries of copper-deficient

\chickens (0'Dell et al, 1961) and pigs (Weissman et al, 1963).

'Elastin obtained from these arteries swells to an abnormal

v

'axtent in water and is readily soluble in alkali. The amino

'acid composition of this elastin exhibits up to three times the

-normal lysine content (Starcher et al, 1964). Partridge and

Coworkers (1964, 1966) extended these observations by injecting
normal rats with Cq4 - labelled lysine.' Within 11 days, 80%
.0f the label was incorporated into the desmosines, and all of

:the remaining label was found only in lysine. Similar results

.ware obtained when labelled lysine was introduced into tissue

~cultures of aortic slices (mnler et al, 1964). However,
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'1abelled lysine was not incorporated into the desmosines in

- gxperimental lathyrism, induced by the.adminlstration of

p-amino proprionitrile (0'Dell et al, 1966). This agent is

known to induce malformations of the elastic lamina, and to

. decrease the arterial content of elastin (MCCallum, 1965a,b),

During the course of thase studies, Partridge evolved the

view that fibrous elastin may be formed by the cross-linking
viof a soluble elastin precursor at the sita of fiber grouth,

probably under the influence of a copper-containing enzyme,

The H-shapa of the desmosines, the large size resulting from

their conflguration, and the decreased tensile strength of

;Larteries in which desmosine synthesis is impaired all suggested

 that the desmosines may function as bridges, cross=-linking

‘#

Lparallel amino acid chains in elastin, Such a linkage would

,requlre the correct apposition of four lysine links on at

’least two independent peptide chains, This would give rise to

funotional units or "corpuscles," analagous. to the beads dese

%cribed by Yokata (1957) The theoretical enclosed volume af
g?"ch a corpuscular model was calculated to be 66% of total

ﬁuwlacular volume, a value which compares favorably with the

Bxperimentally-determlned 63.1% water volume of hydrated

;bovine ligamentum nuchae (Partridge, 1967). The importance of

§=roas-llnks will be considered in the following discussion of

ﬁthe mechanical propettias of elastin,

IR
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d. Mechanical Properties. 1. Thermoelastic behev-

ior. The most striking property of elastin is its characteris-
~tic reversible, long-range deformability. This is especially
important in the case of the elastic arteries where recoil of
the wallgplays an important role in maintaining an effective
“parfusion pressure during diastole. The property of rubber-
‘ilike elasticity is rare, and is exhibited by very few sub-
}‘stances. These are usually termed elastomers. The properties
lof elastomers have been summarized by Baumann (1959):
a) They exhibit rabid and long-range extensibility,

- elongating .to strains of 1.0 or more.

b) They exhibit high elastic moduli and tensile

Astrength.at maximum strains.

c) They. retract rapidly when released, often exhib-
1t1ng rabound.

. d) Upon release of.an elongating stress, they return
‘ﬁto theirvoriginal dimensions. According to thermoelastic
theory, typical elastomers behave as though they were composed
%of long, fairly independent polymer chains, Flexible bonds
wWIthin the chains, and only occasional cross-links between the
chalns permit rapid and extensive elongation under stress.
vUnder resting conditions the polymer chains, lie in a shortened,

°rumpled state possessing maximum entropy. When such a system

:13 Subjected to a stress it extends with straightening of the

K
ah




26

A{chaiﬂs3 upon removal of the stress the chains readily retract,

;:rasulting in a reversible elasticity.‘Heating elastomers in-
.v*creases the kinetic energy of the chains. This increases the
{‘:entropy and results in ; further shortening of the chains
(Gough-Jqule‘effact). Rubber, the paragon of elastomeric be-
:-ihavior, actually does shorten when it is heated. Rubber dif-
’ifers from proteins in that rubber is’formed by long hydrocarb=-
=i;on chains witﬁ few interchain bonds, while proteins usually
;possess many radicals capabla of formimg weak interchain bonds,
In order to exhibit elastomeric behavior, therefora, the rade
ricals in the protein structurs must be neutralized by a sol=
.ﬁvant to reduce interchain "friction." Rubber is extensible-
: ieven when dry, while proteins are inextensible and brittle
‘;unless a solvent is present. Rubber alsoc crystallizes upon
:stretching (Guth, 1947) and this undoubtedly underlies much of
. the extension-retraction hysteresis séen with rubber. MCCartney
-(1913) freed bovine ligamentum nuchae of much of its collagen -
ﬁzcontent by pepsin-digestion, and subjectqd strips to incpeased
iﬁtemperature. The ligament was found to contract linearly with
'ﬂincreasad temperature, elongating along the same line upon
»chOIing. It is probable that the prepération actually cone
f?tained considerable amounts of collagen because the strips wera'

"founq to be perfectly reversible only up to 659, the tempera-

" ture at which native collagen exhibits thermal retraction
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:(Gustavson, 19563 Piez and Gross, 1960). Meyer and Ferri
3(1937) and Wohlisch et al (1943) showed that untreatgd liga-
'mentqm nuchae, when 100% extended, conformed to elasfomeric
 th90rY by contracting when heated. Because of an apparantvin-.
crease invinternal energy when extended, Meyer and Ferri con-
?cluded that crystallization took place at large extensions. |
ALHowaver, Hoave and Florey (1958) also studied unpurified liga-
Lmentum nuchae, but did so in a 30% glycol-water mixture. This
¢ mixture was used because in this solvent the volume of the
'?tissua is constant over a w;de range of temperatures, thus
avoiding complicating changes in cross-sectional area, Their
data also supported the view that slastin is a typical elastow
:mer, but calculation of internal energy indicated that crys-
tallization does not occur in the stretched state. This is
1n agreement with X-ray diffraction data of stretched elastin
3 (Astbury, 1940).

The behavior of aortic elastin is also predicted by

ﬁﬁf’@i

elastomeric theory. Lloyd et al (1948) studied strips of ox

t
3

aortic elastin after removal of collagen with formic acid.
Load extension curves were obtained in water. For a given ex-
tansion the load was 60% higher at 750C than at 159C, indicating
;‘ greater resistance to.distention at the higher temperature.

: 2, MBchanical elasticity. Many studies have been

1?390rtad describing the mechanical properties of elastin

18 Q_v
it




28

» praparations. Ligamentum nuchae has often been used to repre-

- gent the mechanical properties of elastic tissua.‘JBeuterwall
>(1921) also studied the elasticity of bovine ligamentum nuchae.
He found this tissue was extensible up to about 20% of resting
length. 'His data have been convertedvby Burton (1954) to con-
,Veﬁtionai stress-strain ferms. According to these measurements
' the elastic modulus of ligamentum nuchae is about 4.0 x 107
;dynes/cmz. This value is higher than most other reports of

, velastic tissue, and may reflect the 9% collagen present in
1unpurified ligamentum nuchae. Krafka (1939) also studied the
;1ength-forqe relationships for strips of ox ligamgntum nuchae. -

'Ha found the‘elastic modulus to be about 3.0 x 10° dynes/cm?,

:;and virtually linear throughout the entire extension rangs.
.?Ramington (1957) did not find the elasticity of ligamentum to
fbe linear, but rather that it progressed from 1.5 x 100
gﬁdynes/cm at moderate extensions, to 4.1 x 106 dynes/cm2 at
%large extensions. Again, the presence of small amounts of

chllagen may have influencad the élasticity at large extensions.

RN
i

Hass(1942) extracted elastin from human aortae with
88% formic acid. The thermal-retraction of this elastic tis-
»sue was found to ba greater than that for the intact blood

,@Vessel. "Burton (1954) recalculated Hass! data and determined

; the elastic modulus to be about 3.0 x 106 dynes/cm?, The ten-

¥ 8ile ptrength of aortic elastin was found to be between
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dynes/cm?. The fact that the tensile strength

1.5 to 6.7 x 10°

 bor9 no relationships to the amount of elastic tissue in mul=
'i'tiple prepérations suggests the presence of a stiff parallel
glement which sustains the load at large extensions, and de-
termines ‘the tensile strength. Presumably this parallel ele-
L  mgnt'is éollagan.. ‘

v Wood (1954) obtained load-extension diagrams of
v;1igamantum nuchae following a number of different treétmants.'
\ ;After treatment with pancreatic elastase the preparation exe
éhibited collagen-like behavior. Intsrestingly, however, the
';elastase-digasted ligament had to be stretched to about 70%

" of resting léngth before showing collageﬁ-like elasticity.

1It was irreversibly extensible up to this length. Once :
;stratched to thié length, however, the praparation exhibited
i{thé highiy elastic behavior of collagen. This suggests that
iat normal lengths the collagen is probably slack, and‘offérs
‘élittle resistance to extension. In other experiments liga-

;mentum nuchae was boiled in 1% acetic acid to dissolve collagen.

&
]

- Hyaluronidase and calcium chloride dissolve, and may also de-

1

ﬁggrada, mucopolysaccharides. Treatment of the collagen-free

3

¥

gligamant with these reagents resulted in almost no change in
¢ the elastic properties, These data suggest that mucopoly-
%accharides associated with elastin contribute little to the

5. Mechanical properties.
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3 > Ayer et al (1958) reported that the maximum exten-

3

~ gion of formic acid extracted aortic rings was 127%, as. com-‘
vparad with 87% for the intact aorta. Extension curves for
| extracted rings rose steeply, then flattened out as the speci-
men resisted further distentions, Following an 80% extension
of aortic rings, recoil was found to be incomplete unless un-
. loaded to less than initial load. Howsver, after treatment with
' formic acid to remove all but the elastin, recoil following .
:axtansion was found to be perfect, although it required long
| durations for completion. Static hysteresis was present in
tuntrgated qortié rings, and was obsserved to increase with
f efqrmic acid extraction.
In 1961, Hall and Czerkawski studied the elastic .
W %modulus of liéamentum nuchae as an indication of the enzymatic
: %dagradation produced by elastase. Preparations of ligament
‘were treated to remove collagen and cut into strips. Young's

modulus 6? elasticity increased linearly with length, up to

0% extension. Extrapolation of their curves to zero time of
nzymatic incubation indicates a modulus of 1.1 x 107 dynes/cm2
n the natural state. These preparations were, however,
partially dahydrated, so that their data were determined on the
%basis of a decreased cross-sectional area, and may .not truly
lflact the normal, in situ properties of elastin.

+ Wwo.experiments have also been undertaken on "single"
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| o1astic fibers. Redenz(1926) teased single elastic fibers
\;free from bovine ligamentum nuchae. He observed that even with
;single fibers, 130 - 140% extensions could be produéed before
breaking. Carton et al (1962) studied sindlelfibers from |
:119amentum nuchae more quantitatively, Cross-sectional areas
;wera not.detarmined so moduli of elasticity were not available,
fHowever, load-extension curves wsere obtained. Thess curves ‘
11ndicatad that strain was an exponential of the applied load,
| ¥ Maximum strains were found to be about 130%, although consi-
:derabla variability was seen., The most unexpected obsservation
“was that single fibars were actually less extensible than the
»parent strip from which they were obtalned. Staining with
QMasson s trichrome revealed only negligible amounts of collagen
érelatzva to the total size of single Flbers, while staining
30? the parent strips indicated that they contained considerable
§amounts of collagen. The presencs of collagen apparaently did
%$not impair the ability of the parent fibers to stretch, since
ﬂstrips were Found to be more extensible than single fibers.
ﬁiThese observations agree with the findings oF Wood (1954) who
{compared untreated llgamentum.nuchaa preparations with collagen=
_%free strips of-ligamént. The difficulty in assessing studies |
éﬁn single fibers is the evaluation of the term "single", if
ndaedla minimum material may ever be obtained which still ex=

1b4t§ mechanical behavior that is representative of elastin.

.
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If these single fibers were truly devoid of collagen, then the
finding that the isolated fiber is less extensible than the E
parent strip is most interesting. It may be that £he reason
for the difference lies in the state of the elastin before
extensiqn, i.e. that the single elastin fiber is actually
‘more Fﬁlly retracted than the parent strips when each is in its
respective unextended state. It seems either that: 1) the
parent strip may actually be composed of a random network of
single elastin fibers, and these are extended into a‘para1161 ‘
orientation with extension, something like that which occurs |
with the pullihg on the corners of a handkerchief; or 2) that
the elastic fibers in the unextanded parent strip somshow are
partly elongated by parallel collagenous fibers. It is also
possible that the increase in‘haximﬁm extensibility of the
single fibaré might have resulted from chemical damage to the
}v elastin during the purification procedures. v ‘

| 2. Collagen. a. Collagen Content of the Arterial
Wall. The arterial wall contains significant quantitaties of
| collagen; Two methods have'beén employed to determine ;ontent.
;ALIn both methods the arteries are;dahydrated and collagen is
. 8xpressed in terms of percent of dry tiésué weight. Lowry et al
‘(1941) reported a mathod'for determining collégen content., |

~ They chemically removed all substances from the tissue except

- collagen and elastin. Boiling this tissue in dilute alkali
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removed the collagen. The difference between the collagen-pluse-
elastin and the remaining elastin was used as a measure of

collagen content. Using this method, Lowry et al (1941) found

‘that the collagen content of the aortae of both man and rat

amounts to 28 to 31% by dry weight. Myers and Lang (1946)
used the same methods on the thoracic aortée of humans of var-

ious ages. The collagen content varied from 12 to 24% in-

_creasing with age. Faber and Moller-Hou (1952) also used these
; methods to determine the collagen content of adventitia-fres
"buman aortae at different ages. Normal aortas contained 20%

- collagen at age 20, and this value rose to 35% at age 80.

‘fnypertensiva aortae showed more collagen and less elastin at

- each age'than normal aortae. Particularly interesting was the

. fact that the inéreaée in cdlagen Exactly accounted for the

;decrease‘in elastin, providing circumstantial support for the

hypothesis of Burton et' al (1955) that collagen and elastin

. may be interconverted.

A secand method of collagen determination was de-

‘Jvised by Neuman and Logan (1950). It was baséd on the fact

tthat collagen is one of the few animal proteins which contains

Zappreciable amounts (13%) of hydroxyproline. Use of a colori-

R
ﬂ;
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_metric hydroxyproline method indicated that the collagen con-
';tent of rat and beef aorta was about 24% by dry weight. Pig

aorta .was found to be only 16% collagen. Harkness et al (1957)
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. used hydroxyproline analysis to determine collagen content of

about three times as plentiful as elastin in mostuarteries.
In the thoracic aorta it was present in amounts equal to elas-

tin. Ebel and Fountaine (1964) used the method of hydroxy-

: proliné analysis to determine collagen content of bovine aortae

at various ages. The collagen content of aortae at age 2 was
33% of dry weight, while the aortae of older animals contained
40%. Apter et al (1966) have used both histological and hy-
droxyproline analyses in determining the collagen content of

dog aortaet About 15% of dry weight was collagen in all re-

~gions of the thoracic aorta. ‘This value rose to 22% in the

abdominal aorta. These data agree qualitatively with the
findings of Harkness et al (1957). Finally, Fischer and

‘Llaurado'(1966) found slightly higher values for collagen cone

tent of various systemic arteries. Hydroxyproline analyses

were also used. The ascending aorta was found to contain only

: ;19.6% collagen. Abdominal aorta, mesenteric, coronary, renal,
' femoral, and carotid arteries contained 36 to 50% collagen.

| - In other studies, the same authors (1967) rendered dogs hyper-

tensive by wrapping one kidney for periods up to six weeks.

ffArteries obtained from these hypertensive dogs exhibited about
_10% less collagen than vessels obtained from normal control

faanimala. It is clear from the above studies that the collagen
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content of arteries is about 20 to 40%, increasing with age.
‘It is also evident that, even in the same animal, the collagen .
content varies from one artery to the next; it is iowast in
the thoracic aorta, and tends to be higher as one proceeds

.,tdward the periphery. Collagen forms a significant percentage
of the arterial wall, and may influence its mechanical proper=
ties. If the collagen flbrils were in an extended state undan

r inormal condltions they would impart great stiffness; if they

‘ ~were in a slack state their potential inextensibility would

'not be manifest. Morphological studies by Wolinsky and Glagov
(1962) indicate that the appearance of medial collagen changes

ff:om wavy linesrat low pressurafto smoqth straight lines when

-arteries are distended with pressures of up to 200 mm Hg.

. " Adventitial collégen, hqwever,'remains somewhat wavy even at

;these high pressures.

b. Morphological Appearance. Light microscope’
kﬁstudies of collagen indicated that collagen was composed of
gbundles of fibers. Electronmicroscopic studies showed that
sthese fibers are composed of finer fibrils. Early slectron-
?microscOpic studies of collagen were reported by Schmitt et al
y(1942) using unstained material derived from skin. Their
,kpreparations showed that collagen exhibits axial bands with a
i 640 R period. These bands consisted 6f a succession of dense

é(‘\) and light (B) bands in the axial direction. The light bands
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. were about four times thq iength of the dark bands, and appeared
ita be more extensible because when extended the relativé pro;
. portion of the period occupied by the B band 1ncrea§ed more ¥
‘than the A band. ﬁ
ngolﬁers (1948) used osmic acid as a fikative and a
istain- In these preparations two dense bands and one light
pand per period were found. 'Six intraperiod bands were ob- : %?
f ggerved by Nutting and Borasky (1948) and by Schmitt and Gross |
;(1948) using phosphotungstic acid staih.and platinum and
ichromium shadowing. These bands do not appear to be arti-
‘Tfactual because ultrathin sections of collagen fibrils from

ﬁthe lamina propria of the frog eye show the same sgix bands'

;within the interband, and these appear uniformly across : %
gsevaral fibrils (Rhodin and Dalham, 1955; Wasserman er al, ‘
21957). Unlike aléstin, the alectronmicroscope qbservations {1
.on collagen have been largely unconttoversial, and repeatedly f
;3ubstantiatad. ’ ’ @
Wide angle X-ray diffraction studies have also been i

%performed on collagen fibrils, Astbury (1940) obsarVedvén ‘%
gfppraciable sharpening of the pattern when the fiber was
fstretched, but did not notice any change in the spacings.

G)

.§jamachandran and Kartha (1955) interpreted this sharpening

ﬁﬂf the pattern as an indication that the individual fibrils
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;but descfibe an angle with the fiber axis. Stretching was
Z‘ghaﬂ thought to bring the fibrils parallel.

€§{ : ' Low angle X-ray diffraction studies were perFormed
§by Bear (1942) who obtained a large number of reflections, all
of which were higher orders of a fundamental spacing of 640 R.
éThesa values agree with the observations of the electronmicroe
:;,copists. In dry fibers the long spacing increases in pro-
:?portion to mechanical extension, up to about 10%, at which
ﬁlgngth a dry fiber breaks. Upon hydration the long spacing

*also incraases (Boulduan and Bear, 1950, 1951; Cowan et al, ‘il

1(1955)

§ Ce Chemistry. The chemical composition of collagen
’Yhas been studied extensively. Bowes and Kenten (1949) and
,gEastoe (1955) have published tables summarizing the amino acid
?icomposition. About one-third of the total number of amino acid |
?rasidues are glycine. Proline and hydroxyproline together
?form about two-ninths of the total, while alanine forms
'approximately one-ninth. The content of the polar residues
‘ds about two-ninths, while the remainder is composed of neu-

ytral residues. The model of collagen structure which is most

Qenerally accepted is that of Ramachandran and Kartha (1954,

A e e ——

; :‘..:‘

955) deduced from wide angle X-ray diffraction studies. This
del consists of three helices running beside one another and

};’tﬂbilized by interchain hydrogen bonds between NH and CO.

A
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:Thﬂ gtability of the intact molecule is believed to derive
'jfrom the interchain hydrogen bonds. Breakage of these hydrogen
?bondQ is believed to occur with heating, résulting ih.tharmal

| i”’cm-.t;raction. Repaating'of the structure after every 216 resi-
gdues has been calculated to form a 618 ﬂiperiod, essentially

' fagreeing'with the 640 & banding observed in electronmicroscopq
éand X-ray diffraction studies. The helices form a triple
'éﬁalix, i.e. they are coiled, not only around one another, but
?311 three chains are also coiled around'a central axis. A
‘spiral structure is supportad by hollow, tubular structures

“geen in electronmicrophotographs of cross-sections of collagen

ﬁ@(Kennedy, 1955). According to Banga (1966), the presence of

¥
k3

i‘.fisc the source of restricted mobility. These double bonds,
;coupled with tha presence of additional interchain hydrogen
bonds, are probably the reason for the rigid, inextensibility
ﬁof collagen. ‘

@ ' d. Mechanical Properties. 1. Thermoelastic be-
&havior. R characteristic property of collagen is that, upon
gheating (60-65°C for native collagen-Gustavson, 1956; Piaz and
EGross, 1960) the fiber contracts to one-third its original
?leﬂgth. This property differs from the thermal contraction of

inastin, in that with collagen it is:irreversible. The typical
. X

§

=ray pattarns disappear following thermal shrinkage, and are

e e T O o S AR

édouble bonds along two-thirds the length of the collagen chain
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ot restored by cooling (Bear, 1942). Following heating, the
 .baﬁdad,appearanca is lost and the shrunken fibers afe suscep=-
| tible to chemical and enzymatic proteolysis (Banga,f5966).

. An interesting observation (Verzar, 1956), is that the load
t«inacgssaryfto prevent thermal contraction increases with age.

" 2. Mechanical Elasticity. The elastic modulus of

iicollagenous tendons has been determined; Reuterwall (1921)
gﬁaported load-extension data for various human muscle tendons.
?Burton (1954) used these data to deter&ine that the elastic
;;modUIUs of tendons is about 1 x 10° dynes/cm?. Krafka (1939)
':reportad tha_incremental elastic modulus of collagenous tendons
‘5to be 3.0 x 107 dynes/cm2. Verzar (1956) reported load-exten-
sion data for collagenous rat tail tendon with a cross-sectione
al area of 15 mm2 Because the extensions are very small,
?one may assume a constant cross-sectional area, and then cone
Eevart his load-extension data into elastic moduli. At 2% ex- -
guiension the incremental modulus equals 2.9 x 109 dynes/cm?;
:%@t 4% extension it equals 5.8.x 10° dynes/cm?. A stress-strain
qurve of collagenous tendons published by Remington (1957)
ﬁindicates an elastic modulus of 8.3 x 107 dynes/cm?.

mustacchl (1951) loaded thin strips teased from rabbit tendon.
These were loaded with weights, frozen with dry ice, and pre=-
;épared for electronmicroscopic study while under constant load.

SThG aX1a1 period was observed to increase greatly, in a faw

“”Pases to as much as 7000 4. 'In other cases, fibers were ob-
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? 'éarved to have ruptured. fhe load in these experiments was
unspécified, and. the histological preparation perhaps harsh;
the observation of ruptured fibers attests to the possibility
that extension beyond the yield point had been induced. One: -
"must be skeptical of the meaning of these experiments without
proof of reversibility, because extensions of 1000 times the
axial period far exceed the few percent observed in all of the
hole-tissua studies. | '

Skin is composed of a'netmork of collagenous fibers,
Conabere and Hall (1946) determined the Young's modulus in
dry, tanned leather fibers. WValues of 1 x 1070 dynes/cn?

‘were observed over the linear portiohs of the stress-strain

curves. The fibers also showed some irreversible extension

following the first loading. Hall (1951a) loaded wet fibers
from ox skin for long periods of time. The rate of extension
occurrad rapidly at first, and then proceeded slowly with
additional time. Morgan (1960) studied raw and tanned skin
-collagen fibers., Various tanning processes altered the lpad- ’
;PXtension curves, usually increasing the elasticity over un-
'gﬁreated fibers. Untanned fibers gave almost linear load-
?%GXtension curves, gradually incraasing in stiffness with large

JBXtensions. The structure of skin differs from that of tendon,

sh|skin a loose, network-like arrangement of fibers is found,
¥

wastmmpared with tendons, in which densely-packed collagen
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- of skin. Hall (1951b) obtained stress-strain curves on sim-

jlar preparations obtained from ox skin, and also recorded

* the cross-sectional area. The elastic modulus was found to
' ‘vary, without regard to extension, between 7 x 109 and
Y 1.8 X 1010 dynes/cm2, Calculation of the work of extension

{nwas found to be virtually constant over a pH range of 4 to 11,

Recently the Glasgow biomedical engineering group.

1 (Gibson et al, 1965; Kenedi st al, 1965) has'reported mech-
1" anical studies on skin. Their~s£ress-strain curves show a
l‘gradually rising slope at low strains, and steep, virtually
vilinear slope at higher strains; Histological analyses of
;:the preparations fixed at various degress of strain indicated
jthat the gradually increasing portion of the stress-strain
fpicurves correlated with an increasingly parallel alignment

& of fibers in the collagengus netmgrk. At very low strains.

these fibers were random in their orientation. Elastic fib;
ers are also présént, and appear to be interconnected with
the collagenvfibers. Calculation of an incremental alaétic'
modulus from the slope of the linear portion of their stress-
strain curves gives a value of approximately 2.9 x 108 dynes/
sz. This valuse is undoubtediy influenced by the presence -

of water, elastin and other non-collagenous materials,

Contraction-deformation curves show hysteresis with extension

fibers are found. This may account for some of the alinearity

AN N S P A S A
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exhibiting greater loads than retraction at each strain. An

agsymetric network model was developed incorporating a re-

cruitment phenomenon-to account for the alinearity of the

‘strass-strain curves.

Cartilage is composed of a well-ordered combination

" of collagen fibers and ground substance. Hirsch (1944) present-

'~ ed the load compression data on rib cartllage of Rauber and
? Triepel who found elasticity values of «8 to 1.5 x 108 dynes/
_ em2, Hirsch's (1944) studies on femoral condyle failed to

'provide original, unstressed dimensions, and therefore did not

permit'calculation of elastic properties in exact terms.
However, Hirsch (1944) did note that an index of elasticity
increasad with lncreasing strains. He also observed that the

 preparations exhibited delayed recovery of strains when the

fstress was removed., This delay persisted even after 30 minutes.

’Although cartilage is not purely collagen, it does reflect the

alasticity of collagen, and even more 1mportant, it reflects

the properties of two constituents of the arterial wall,

The tensile strength of collagen.is very high. Bader

1(1963) presented the data of Wohlisch, du Mesmil de Rochemont,

7
¥
i
e
$
!
'i

?ﬁnd Garschler who studied tendon and ligamentum nuchae. These

¥
authors found the tensile strngth of tendon to be 6.6 x 10B

~dynes/cm?. Although this value is low compared with other

x"3Df31‘ted values for the elastic modulus of tendon, it is about
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25 times as high as the same authors reported for elastin,
;Mitton'aﬂd Morgan (1960) found the breaking load of vegetable-
" tanned leather fibers was 1 = 5 x 107 dynes/cm2. A Breaking
gtress of 5 x 10° dynes/cmszas also reported by Harkness (1961}

.The resistance of collagen to fracture following

;flexioﬂ has also been investigated. Mitton and Morgan (1960)
;found the breaking load of vegetable-tanned collagen fibers
¥wa8 reduced after repeated flexion. Maeser (1944) observed |
. that when.leather is flexed it becomes more plastic, and tends
%to crack along the line of flex. Cater and Kanagy (1954) also
;Qubjectad Leatﬁer to a flex tast‘by sliding it over rollers
farranged to produce flexion of betwsen 90° and 180°%. A nearly

straight -line relationship between axial load, and the log of
htima before cracking was found. Increased temperature decreased

tha time before cracking occurred. This suggested to the authors
'“that flexure-degradation was probably the result of flowing,
;and ultimately Fracture, of the individual fibers. Fatigue due-

bR

“ to flexure is probably not a serious consideration in the con-

&ststently cylindrical arterial wall.,
%
'§ The mechanical properties of collagen- the high

£

gelastlc modulus and the high tensile strength- play an importe
R

i

§ant role in maintalnlng the integrity of the arterial wall.
iThB hlstological observations of Bader and Kappel (1958) and

| ES

é,WOIinsky and Glagov (1964) indicate that a significant percent.
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of the arterial collagen is slackvat moderate vessel distent-
jons; at 100% distention or more, medial coilaggnvis,almost
entirely extended. Studies on human iliac arteriss éefore and
after trypsin hydrolysis of elastin (Roach and Burton, 1957)
 gshowed that enzymic removal of elastin shifts the tension-
strain curve to the left. The final slope of the tension-
gtrain curve of thé untreated vesssl was‘virtually identiéal
\ ~with that of the vessel composed predominantly of collagen.,
| - This is strong evidence for the parallel arrangement.of col-‘
;1agen and elastin with one another. If collagen were in series
.with other elements within the wall, then destruction of any
1of these slements wquld undermine the integrity of the wall,
3. Ground Substance. a. Content of the arterial wall.

;Several studies have been reported concerning tha arterial
;ground sdbstance.‘Ahalyses indicate that bovine (Berenson,
.;1959) and human (Gore and Larkey, 1960) aortic ground substance
gis largely mucopolysaccharide. This represents 1.3% of the dry-
f%tissue weight; in sclerotic arteries it represents 2.5%
Q(Buddeke, 1960). Bertelsen and Jensen (1960) examined aortae -

Efrom human subjects of neonatai age through age 90. The

'?FCODplysaccharide content of the intima and media increased:
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yntil age 50, Similar Findings were reported by Kaplan and
peyer (1960). |

b. Mechanical Properties. Studies on the mechanical
prapertj.es of synovial fluid (Chain and Duthis, 1939; Davies,
1944), and its major component, hyaluronic acid (Balazs and
;Laurant’ 1951) revealed that- these substances exhibit viscos-

1tias that are 5 to 300 times that of water, increasing with

-»vqn,m«'uw“

ehyaluronlc acid concentration. Although studies on the mechan=
¥ 1cal properties of arteries following hyaluronidase treatment
3

;‘?hava not been reported, it seems probable that the viscosity

;

L ' of the ground substance may influence the time-dependent

'behavmr of the arterial wall. In retracted vessels the elas=-

,tic lamina are markedly corrugated. The transition between

;the corrugated and the straightened condition raquirés the
'ground sdbstance to flow around, and perhaps through the‘
kfenvastrations in the elastic lamina. Moreover, at small r"adii"
Hlarge changes i.n dimension occur per unit change in pressurs.
It seems likely, therefore, that the viscosity contributed

to the wall by the‘.g‘round substance would be most avidantv at
small dimensions. The energy required to overcome this viscous
‘_1'8819tance may also contribute to pressure-diameter or loade

1'"9*—’1 hysteresis.
c. Cellular Components of the Arterial Wall.

‘.‘ Endothelmm. zf-Circumstantial evidenca suggests that '




. 46
the endothelial cells secrete elastin. Pease and Paule (1960),
using phoéphotungstic acid staining, observed 200 R elastin-
1ike units scattered in the arterial ground substaé&e batwaen_
- the endothelium and the internal elastic lamina. Fyfe and
Gillman‘(1964) observed fine, orcein-staining beads at the site
. gventually to be occupied‘by the intérnal elastic lamina in the
:'f11-20 day old mouse aorta. With increasing age the beads ap-
peared to fuse into larger massas; progressing from inner to‘l
{outef lamina. Because of the location of the elastin beads,
iboth Pease and Paule (1960) and Fyfe and Gillman (1964) con-
' cluded that the endothelium may'secrata elastin. The product-
.ion of elastin or an elastin precursor is an indirect, but
- important, contribution to the elastic properties of the arter-
.ial wall,

i Burton (1954) pointed out that the capillary endo-
v}thelium does not require great‘intrinsic strength because the
§%capillary‘radius'is so small, Since the cylindrical wall of
: caplllaries is subject to the law of Laplace, the circumféer-
%antial distending force is equal to the product of the pressure

%- -20:to 40 mm Hg, and the radius radius- 4 to 5 p. However,

“&?;wﬁ

% in large arterias, both the pressure and radius are much

.3greater.
?N

4 ;,_:,“’

Fung et al (1966) indirectly assessed the alasticity
*gof Capillaries by determining the elastic modulus of capillary-
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‘free fagions of rabbit mesentery subjected to a torsional
stress.'The elastic modulus was taken as an indicat{gn of the

| :anvironment of capillaries in other regions of meseﬁtery which
dolcontain capillaries. The authors then calculated the selastic
properties of the capillary endothelium if: a) a liquid-filled
endothelial cell was assumed; and, if b) a gel-filled endo-

. thelial cell was'a35umed. A liquid will shear under stress, so

;fin the case of a liquid-filled cell, the entire resistance to |

:;defofmation must reside in the membrans. The calculated elastic

"modulus of the membrane oF such a liquid-filled cell was about
2100 times that of the published values (Bergel, 1961) for the

§ ..wa.u

] eell as a.whole.'Beqause of this obvious disparity, the authors

!‘}xejected the hypothesis that the cells are liquid-filled.
;Instead, they tentatively accepted the hypothesis that endo-

7%thelial éells behave as a membrane-enclosed gel. Since the
§sbrrqunding mesentery is also ‘a gel, the autho:s suggasted thgt

Lfthe microcirculation might be viewed, in terms of mechanical |

iy properties, as a set of tunnels in a continuous, gelatinous

i
§

}éanvironment. If the composition and orientation of the compo-
fanents of the mesentery and endothelial cell are similar, then
‘:the gelatinous capillary wall must manifest mechanical proper-
fgtias that resemble those measured for the surrounding mesen=

;;tary, The elastic modulus of the mesentery was found to be

~¥alipggr, commencing at about 3.0 x 10° dyne‘s/cm2 at minimum

v
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strains, and rising convex to the extension axis. If it is

:further assumed that the capillary and large artarial endo-

thelium are comparabla, then it may be concluded that the elas-
tic properties of the large artery endothelium per se, resem-
ble ﬁhe elastic properties of the arterial.wall as a whole

* (using the arterial data of Bergel, 1961). A complication in
;this comparison is the fact that both theproperties and the
;dagree of strain of individual cells of the arterial endothel=

ium may differ from those of the capillary endothelium. The

‘ ~alinearity of the elasticity curve makes the dégree of strain
- a relevant consideration. In any cass, inspection of the wall

'1of large arteries indicates that the endothelium represents a

fsmall percentage of cross-sectional area. It is probable,
thereFore, that the influence of the mechanical properties of
the endothellum, whatever they are, is not very great.

2, Fibroblasts, Fibroblast cells are found in thse

farterial.wall,'mostly in the adventitia. Thess cells are be-

" lieved to be responsible for the manufacture of collagen and

round substance. Light microscope studies of subcutaneous

issues in tissue culture (Bloom and Sandstrom,‘1935)'and in

N

%healing wounds in gitu (Stearns, 1940) reveal that reticular

gfibers appear only .at the outer surface of invading fibroblasts.

iﬁlectronmicrosc0pic studies (Porter and Vanamee, 1949;

Yardlay ot al, 1960) also show that these fibers appear only
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' etracellularly- They also indicate that these fibers exhibit
the typical banded appearance of collagen. ,
Histological studies have also demonstrated that
1 ritation of tissues with turpentine (Gersh and Catchpole,
1949) or quartz dust (Curran, 1953) causes a gathering of
fibroblasts and a proliferation of a material which resembles

ground substance. This material stains Hale-positive, indicat-

'1n9~ the presence of ground substancs, and this staining rea_ct-‘

ioﬂ is abolished if‘ the tissue is pretreated with hyaluron-
d jdase (Curran, 1953; Grossfield et al, 1955). Finally, auto-
fradmgraphic studies indicate that fibroblasts incorporate

*35504 into sulfated mucopolysaccharides (Curran and Kennedy,

1955, Kennedy, 1960).

m No experiments to evaluate the mechanical properties
,‘ot’ fibroblasts have been reported, but the absence of intra-
cellular fibrous elements suggests that these cells do not
exhibit collagen-like resistance to deformation, The ability -
vpf fibeblasts to rapidly migrate to sites of tissue damage»
fattosts to their deformability. The viscosity of the cells

18 also unknown. If fibroblasts secrete the constituents of
the ground substance in monomeric form, then it is not likely
lﬁhat the cells exhibit great viscosity. In any case, fibro-
M“ts, like endothelial cells, represent a small percentage

_{'}‘th.e total arterial wall, Their great influence on arterial
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alasticity is undoubtedly an indirect one, ie., by the sec-

retion of the connective tissue components.

3. Smooth muscle. a. .Morphological Appearance and

: - contractile Proteins., Electronmicroscopic studies of various
| mammalian'émooth muscles indicate the presence of bundles of
filamentg, usually, but not always, oriented parallel to the

; :long axis of the cells. These bundles do not show the banding

| or alternating dark and light regions seen in skelstal muscle.
' ?myofiléments of two diameters have baen‘describad (Weinstein

" and Ralph, 1951; Needham and Schoenberg, 1964; Lane,1965)

- but all of these authors differ as to the diameters observed.
fThey do agree, however, that at least one filament is about
fihe size of actin. Panner and Honig (1967) studied ultrathin
‘isections of smooth muscle. They found only one size of fila-
ji‘f’ment, about 40 R in'diameter, and argued that previous re-
iports of multiple size filaments may have resulted from super-
§dmpositmn of filaments in thicker sections. X-ray diffract-

| *.don studies on dried, wet, relaxed, contracted and glycarol

?&extractad smooth muscle (Elliott, 1964, 1966) also showsd re=-.
5

i

flectlons similar to those obtained from x-ray diffraction

studias of suspansions of extracted actin (Astbury et al,

-
hre
H
~

~

-Studies have been undertaken on the longitudinal

B T R

*Jayer of mouse jejunum in various stages of contraction
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. (Lane, 1965). With increasing degrees of contraction the in-

- gividual muscle cells gradually changed from an elongated,

spindle shape to a more rounded, ellipsoid confiquration. The

.‘calls also exhibited invaginations of the membrane at the

regions of the membrane in contact with the myofilaments,

. such attachment regions have also been described in aftarial

jsmooth muscle (Pease and Molinari, 1960). Presumably the in- .

"vaginations of the plasma membrane of JeJunal smooth muscle

icells reported by Lane (1965) result from shortening forces

axerted by the myofilaments. The attachment areas and the

5359031ated'regions of membrane deformation were not restricted

‘exclusively to the poles of the cells.

T3

$°

Frequent, irregularly-spaced dense bodies in the

:cytOplasm have been noted (Schoenberg, 1958; Prosser et al,
¥

f;1960° hanson and Lowy, 1961; Rhodin, 1962; Lane, 1965; Panner

A; nd Honig, 1967). These dense bodies appear to be attachment

gpoints‘Fdr actin filaments and exhibit stellate radiations of -

Ty

mnin in electronmicrophotographs of homogenized, Fixed,.

stalnad smooth muscle material (panner and Honig, 1967).

sta authors noted that strong internal forces must be present

in the dense body-actin complex in order for it to withstand

.Qmmogenization. They suggested as others had, that the dense

;POdies may be homologous to the Z-line structure found in

ffkelepal muscle. Such a view is very attractive, but it is

8ot
A8
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w'ossible that the dense bodies observed in intact cells and in
vpreparations of homogenates are not identical; thosa obtained
'}f:om homogenates may be the result of random polymerization of
~,ctin.

Studies on contractile filaments have been performed
‘;n homogenates of smooth muscles (Hanson :and Lowy, 1964;

 uegg et al, 1965; Panner and Honig, 1967). Thick filaments
",AcorrGSponding to myosin have never been observaq in these
érgparations. Howe\{er, Hanson.tand'Lowy' (1964) were able to
'isolate myosin-like structures from the supernatant of ultra-
cantrif‘ugeq pregnént uterus. A rod-and-ball étructure, similar
;to' that described for synthetic skeletal muscle myosin |
(""’flay’ 1963) was found. Panner and Honig (1967) corribined
rkey gizzard smooth muscle homogenates with rabbit skeletal
Qscle H-meromyosih. The synthetic acto-H-meromyosin that
gesulf.ed gave the appearance of smooth muscle actin with small
Vilam.ents projecting diagonally outward in the form of arrow-
ads. These arrowheads appeared to be parallel over most of
the length of actin. They were 30-50 A wide and 450 K long.

f sufficient H-meromyosin was present, the actin was virtually
vared with these parallel arrowheads.' Similar structures,
th relatively few arrowheads, were also observed in homogen- -

tﬂs of smooth muscle to which no skeletal muscle extracts’

,f’,been added}.A These experiments indicate that smooth muscle
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actin can, and probably does, combine with H-meromyosin., It
also suggests, in spité of electronmiéroscopic and X-ray

| diffraction data, that smooth muscle probably does contain a
protein which gives myosin-like reactions. Needham and

williams .(1963) were able to combine smooth muscle actin with

gkeletal muscle myosin, and a myosin-like protein from smooth
‘ muscla with actin obtained from skeletal muscle, Both of |
these combinations gave. viscous, actomyosin-like reactions,

i| It may be concluded from these various lines of evidence that
; myosinvis present in smooﬁh musclé, but exists in a disaggre-

gated, perhaps soluble form (Ruegg et al, 1965; Panner and
" Honig, 1967).

In order to separate actin and myosin from skeletal
muscle, Huxley(1963) found it necessary to chelate calcium
and provide high concentrations of ATP and magnesium. By

contrast, Panner and Honig (1967) were able to isolate actin
Afrom smodth muscle homogenates with Just a buffer solution,
. even in the presencevbf low concantrationg of calcium, It

. 8ppears, therefbre, that actin-myosin bonds in smooth muscle

;;ia?e more easily broken than those in skeletal musclé.

: Corralated with this view are the reports of
E'fNeedham and Schoenberg (1964) that uterine actomyosin exhibits -
%l-°ﬂlx about one-tenth the ATPase activity of skeletal muscle

. ‘8ctomyosin., Similarly, low calcium-ATPase activities were
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fou
, Howe"er' f‘ollowing trypsin treatment to obtain He and L-mero=-

nd by’Barany et al (1966) for chicken gizzard myosin.

emyosln’ both uterine (Needham and Schoenberg, 1964) and gizzard

- (garany et al, 1966) acto-H-meromyosin ATPase activity was
graatly increased, approaching that of skeletal muscle; Bohr
ot al (1962) studied the ATPase activity of proteins extracted

, from hog carotid artery'media in .6M potassium chloride sol=-
'sutians. The ATP_ase activity of this pra_paration was also

found to be lower than that extracted from skeletal muscle. It
"" was apparant, however, that some of the protein was bound tov
the insoluble poftion of the extract because this portion

" showed considerable ATPase activity. Gaspar-Godfroid (1964)

. also extracted boviné carotid artery pfotains, but in .05 M

f potassium chloride. The protein extracted at this ionic

strength 'showed ATPase activity equivalent to that of skeletal
muscle. |

i Filo et al (1963) found that actomyosin extractad
from hog carotid arteries in <05 M potassium chloride exhzbited‘

many of the typical propertiss of skeletal muscle actomyosin:

}ﬂsuperprecipitation; 2) reversible viscosity changes with

the addition of ATP; 3) ATPase activity which was 1néiuancad |

by calcium, magnesium, and ionic strength. However, unmodified

1 O_Xtractad arterial actomyosin exhibited high solubility and

,‘ did not show superprecipitation. It was the investigators'
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f'ropiniO" that this high solubility was the result of either a

peduction in bound calcium, or the presence of an unusually
affactlve solubilizing factor. Addition of calcium chloride
Apermitted superprecipitation, suggesting that the calcium
chloride somehow inactivated or saturated the proposed relaxing
factor. A similar opinion was offered by Briggs (1963) to
| explain the high solubility of uterine actomyosin. The obsar-l
vation that trypsin hydrolysis greatly increases myosin-ATPasev
activ;ty (Needham and Schoenberg, 1964; Barany et al, 1966)
'3uggests that L-meromyosin might be the locus of such a solu-
~bilizing chtor. A different interpretation has been offered -
Qiby Laszt (1961) and Haﬁoir and Laszt (1962), who isolated
g;éontractile proteins from arterial and uterine smooth muscle
Tat-low ionic strengths. According to these authors, two

I proteins are present in smooth muscle; ‘the usual‘actin and
 $myos1n, and a unique "tonomyosin". This protein is believed

g to be soluble under normal ionic conditions, but is thought to.
‘hprecipxtate as "insoluble tonoactomyosin® with elevated
;;1ntracellular potassium concentrations. According to thé

¥ intracellular precipitation of tonoactomyosin under-
;;lies tonic contréctions. Conti et al (1964) held strips of
glMMdne carotid artery under constant loads, treated them with
iso mM potassium chloride and prepared them for electronmicro-

| 8Copy,  Published microphotographs supposedly show a network
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1ike array of intracelldlar.filaments, and decreased area of
}tha contracted cells. .Electrical stimulation or epinephrine
treatment caused shortening, but failed to produce ihe formation
" of a network, or decreased muscle cell area. According to
Lagzt (1964), syneresis resulting from the precipitation of

. the soluble actomyosin is the céusa of the reduction in cell
cross-sectional area. However, neither the eleﬁtronmicro-
jphotographs nor Laszt's measurements of small changes in
cross-sectional area and density are very convincing. Further-
~more,'Schoenberget al (1966) treated extracted bovine carotid
tonoactomyosin with ATP to form an insoluble superprecipitate.
Excellent‘electronmicrophotographs of the preparation showed
“only actin-size filaments. - |

The present status of knowledge of smooth muscle
contractile proteins is best summarized by saying that actin

‘is fibrous, soluble and electronmicroscopically discernible,
-while myosin or a myosin-like protein may exist in a dis-
taggregated form. | | |

| b. Membrane and Coupling Phenomena. The develop-
Jment of microelectrodes has permitted the measurement bf

f resting membrane potentials in vascular smooth muscle. Intra-'
Efcellular‘recordings of smooth muscle in large elastic arteries
. reveal a resting potential of aboyt -40 mV in turtle aorta
if(Rodd}a, 1962), =49 MV in sheep carotid artery (Keatinge, 1964)
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] d - 52 mV in rabbit pulmonary artery (Su et al, 1966; Bevan
gnd Veritys 1966). These may be contrasted with oscillating
;.,mbraﬂa potentials of veins, some arteriolas and visceral
'.ugcle' The mean resting membrane potential in taenia coli is
F st mV (Bulbring, 1954; Holman, 1958). These values are cone
: 'idarably lower than the resting potential for skalatal mus=

k some of this difference may be attributed to the presence

clso
of different intracellular ion concentrations in smooth and 4
,kelatal musclee. Intestinal muscle (Barr, 1959), taenia coli

] (burbin and Monson, 1961), and frog stomach muscle (Armstrong,
if‘ 1954) have been shown to contain higher intracellular concen=-
trations of‘ sodium, and lower intracellular concantrations of
\pot‘asalum, than skeletal muscle (Conway, 1957). However,

,the resting membrane potential cannot be fully accounted‘for
by the existing concentration gradients, bec‘ause the resting

] nembrana potential is about 20 mV less than predicted by .the

| Narnst-Goldman equation (Goodford and Hermansen, 1961). Both .
Durbin and Monson (1961) and Goodford and Hermansen (1961)
'reported l:hat the rate of labelled sodium flux is extremely
ihigh, the half-time for 95% transfer is only about 30 seconds.
,Kuriyama (1963) studied thé influence of altered extracellul‘ar
sodiurﬁ, potassium and chloride concentrations on the resting
;lembrane potential in taenia coli. The curve relating the log

9f the external potassium concentration to the resting membrane

i\
e«
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potential exhibited a slope of only 38 mV per ten fold change

in potassium concentration. This may be compared with the
44 mV per ten fold change in potassium concentration in skel=-
-etal muscle fibers oﬁservad by Ling and Gerard (1950). When
non-penetrating tris*_was used to replace extracellular sodium,
: Kuriyaha found a slope of 44mV per ten fold change in extra-
'cgllular potassium conbantration. Kuriyama interpreted these
'krasults as an indication of greater sodium permeability in ‘
* smooth muscia than in skeletal muscle. Still unresolved,
| however, is the question of whether the resting membrane
 fluctuatioqs cause, or are themselves caused by the alterations
1n‘membrane permeability. Although the smooth muscle of largé
- arteries does not exhibit oscillating membrane potentials, it
. does exhibit a lower resting membrane potential than skeletal
_muscle and nerve. It may be surmised that this is correlated
';;with‘intracellular concentrations of potassium and sodium
‘t'which differ from thage found in.skaletal muscle. Increased

.- permeabilities to these ions may also exist, but recording

of membrane potentials during experimental manipulation of ion
‘Concentrations has not been performed in smooth muscle.

¥ Action potentials have been recorded from smooth
muscle celis. Bulbring (1954) demonstrated, in taenia coli,

that strétch was associated with an increase in action potential

requency and an increased contractile tension. Action poten=-
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§_ t1a1 frequency correlated better with tension than with length,

 pecause following stretch, the increased alectrical activity
declined as the tension declined in spite of continued alonga-

tion. It would therefore appear that the contractile element

: is coupled in series with an element which, when stressed, can

alter ion movements into and out of the cell. A likely candi-

" date for this role might be the membrane itself,

Keatinge (1964, 1966a,b) has recorded a slight hypo-

polarization of sheep carotid artery smooth muscle in response

:,?to sympathetic nerve stimulation or the application of con-

funstrictor drugs.. Only occasionally were actual spikes recorded.

Su et al (1964) similarly recorded strong contractions from

irabbit pulmonary artery strips with little or no changs in

i’,

membrane potential following sympathetic nerve stimulation or
treatment with norepinephrine. Both hypopolarization and

mechanical contraction were seen follbwing treatment with high

agconcentrations of potassium chloride. Evans et al (1958) re-

. corded the mambrane activity of taenia coli. Continuous de-

p01arization was observed when the tissue was bathed in potas-

‘gsium chloride or Ringers solution in which the sodium had been

'§replaced with potassium. Neither stretching nor electrical

stimulation of this tissue elicited mechanical contractions,
bUt application of acatylcholine resulted in prompt, reversible

Contractions. Waugh (1962) bathed perfused mesenteric arteries
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in potassium sulfate solutions. Although membrane potentials

wergAnOt recorded it was presumed that depolarization had

/’

taken place. TreatmantAof these preparations with epinephrine
gave typical contractile responses. Unlika other innervated
artarias, non-innervated umbilical artery (Davignon et al,
.‘1955) showed strong contractions in response to stretch. Con-
:traction could also be elicited by treatment with angiotensin
or serotonin; Response to angiotensip ‘was gradually depressed
‘by tachyphylaxis, and response to serotonin was blocked by

: fphenoxybenzamine. ‘However, myogenic responses could still be

~elicited under these conditions of unresponsivensss, Evidantly,'

| these responses are mediated by separate mechanisms,

A number of studies on smooth muscle have demonstrated
" a mixed populatiop ofvcalis.- Intracellularly applied currents
iin taenié coli (Kuriyama and Tomita, 1965) and vas deferans
‘E(Benngtt, 1967) demonstrated two classes of cells. One group
li?exhibited action poﬁentials in response to depolarizing cur=-
:‘;rents, while the other group exhibited only electrotonus.
1:%Tha passively responding cells were about three times és numer=
| ;ous as the active cells. In the case of the vas deferens,

| ;hypogastricnarve stimulation gave similar results. Intra-
.';cellular recordings of arteriolar smootﬁ muscle (Funaki, 1961)
a halso shﬁwed two populations; one group of cells exhibited spon-

- taneous electrical activity, and the other was persistently

i
o
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polarized at the resting level. Siggens and Berman (1967)
also reported intracellular microelectrode studiag,on‘arteriq
olar smooth muscle. Stimulation of vasomotor nerves causad.
mechanical contraction in all arterioles studied, but caused
" the development of an action potential in only 25 of the 103
arteridlar cells studied. It.appears, therefore, that in
smooth muscle, electrical activity may be an>important inter-
vening step,‘as in the contraction which occurs in response to
stretch. However, it may a;so be entirely bypassed, as in the
v'contractile response to neurohumoral agents,

Sandow (1966) has summarized the current concept of
excitation-contraction coupling in skeletal muscle. Dnéa inje
tiated, membrane depolarization radiates inward along the Te
ttubules, depolarizing the lateral cisterna of the sarcoplasmic.
reticulum., This structure releases ionic calcium, an agent

fwhich greatly facilitates the polymerization of actin and

'-;myosin. Following the induction of contraction, ionic calcium

,‘;is ré-bound, curtailing its facilitatory action on actomyosin,
;:The agent responsible for this re-binding process has been
rgftarmed "relaxing factor". It is carriéd out by a vesicular
1?fractiqn of the sarcoplasmic reticulum (Muscatello et al, 1962)
%tWhICh is probably manufactured by the safcoplasmic reticulum

‘, (Briggs and Fuchs, 1960). Recently Lee et al (1966) demon-
g:strated that the calcium-binding capacity of suspensions of
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sarcoplasmic reticulum is briefly and reversibly inhibited by

the passing of an electric current through the suspension.,

Palmer and Posey (1967) showed that the introduction of sodium

- jons also inhibits the calcium-binding capacity of sarcoplasmic

reticulum suspensions, and studies with labelled calcium re-

- vealed an actual release of bound calcium.

While. the excitation-contraction process is now

well established for skeletal muscle, the mechanisms of acti-
vation of contractile proteins in smaoth muscle are poorly
understood. Electronmicroscopic ctudies of smooth muscle in=
~dicate that only a rudimentaryvsarcoplasmic reticulum exists.,
(mark; 1956). Electro-machanical latency is too brief in
lskeletal,muscle to be accounted for by diffusion of calcium

from the membrane to the contractile proteins; However, the

ong latency in smooth muscle can readily be explained by such

iffusion (Peachey and Porter, 1959). Where smooth muscle

.« subserves rapid movaments, as in the swimming motions of
Tamphioxus, the contractile system has been found to be laid

out in flat, thin sheets, 1 4 thick:and closely apposed to
,,the membrane (Peachey and Porter, 1959).

Although diffusion of ionic calecium or other acti-

;Vation substances may account for activation of mechanical
contraction in smooth muscle, the location of the relaxing

factor remains to be datarmined. Filo et al (1963) suggested
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that the relaxing factor in carotid arterial smooth muscle
may be firmly bound to the contractile protein itself, so
firmly in fact, that it is apparantly extfacted ﬁ;th the pro-
b | tein. Briggs (1963) came to the same conclusion in his studies
ii on uterine muscle. The nature of the relaxing factor in smooth
muscle is unknouwn.

13 Normalienergy production in taenia coli can be in-

hibited by exposure to metabolic inhibitors (Bulbring and
‘Lullman, 1957) or, to a glucose-free medium (Axelsson and
‘Bulbring, 1961). Such inhibition was fqund to cause a marked
B increasese iq membrane action poﬁential frequency and a transient
increase in tension followed by a gfédual decline in contractile
R tensioﬁ. These effects were pfevented if the faenia coli was
;i bathed in a calcium-rich medium (Bulbring and Kuriyama, 1963).
The authors 'suggested that a decrease in metabolic energy may
i permit a release of bound calcium from the membrane, and that
this in turn permits increaééd permeability to sodium and pot- -
-assium ions; elevated calciuh in the extracellular fluid would
thus replace unbound, lost calcium, maintaining normal permea=-
“bilities and sufficient calcium levels to sustain contractile
‘mechanics. These experiments suggest that the cell membrane
itself may be the important site of calcium-binding, as was
suggested earlier for neurogenic contractions of smooth muscle.

The protein-bound relaxing factor of Filo et al (1963) and
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iariggs (1963) may be a separate relaxing factor; it may be the
¥ iTpase-inhibitor uncovered by Needham and Schoenberg €3964)

co Mechanical Properties. 1. Active tension.

gmooth muscle contraction differs from that of skeletal muscle

- {n ggveral respects. Both the stimulus-response latency and
 the duration of tension development are many times longer for
gmooth muscle than the combarable esvents for skeletal muscle..

- smooth muscle also exhibits a slow increase in contractile
%_tansmn. In smooth muscles of Holothuria (Hill, 1926) quick
gtretches and quick releases revealed that the speed of con-
“traction is only 1/100 that of frog skeletal muscle. The fall
of the taﬁsionfto the level characteristic for the new length

| was very similar in its time course to"the rise in tension pro-
P duced by the stretch. In smooth muscle of Mytilus (Abbott and
iLouy, 1953) electrical stimulation evoked contractions as‘slow
“as 1/40 to 1/20 the velocity of frog skeletal muscle. In
;these and other species (Pecten and Helix - Bozler, 1936)
iémaoth muscle contraction consists of a slow, gradual increase
E1n tension followed by a prolonged, assymptotic decline in
gtmuuon. The contractile phase of this response may be elicited
';by electrical or chemical stimulation orvby‘stretch (Bulbring,
;1954). If the muscle is spoﬁtanaodsly active, stretch may in-
jhibit contractile tension. However, myogenic responses to

;%strGtCh'are not seen in multi-unit smooth muscles such as those"
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of the carotid artery or nictitating membrane (Burnstock and
prosser, 1960). Similarly, Kosan and Burton (1966) found no
increasse in oxygen consumption in segments of dog‘femoral
arteries subjected to cifcumferential stretch.

The assymptotic decline which follows the tension
" ijncrease has been analyzed by a number of investigators.
Bozler (1936) noted that the time course of the decline fol-
lowing an isometfic contraction almost exactly parallels the'
'tension-decline,following anvalongation-induced tension in-
‘crease. Abbott and Lowy (1958a) reinvestigated this coﬁpari-
son with more sensitive apparatus, and concluded, contrary to
Bozler, that tﬁese reflect fundamentally different events.
Zétzman ét al (1954) studied the time course of stretch-induced
stress relaxation of-arteries. These authors attributed the
viscous fall in tension to the muscle component of the wall
because it was most pravalantbin arteries dantaining largé
amounts 6? the muscle,'and because it was largely abolished
in arteries in which_tﬁa muscle was presumed inactive after
~heating. - _ |

The active force developed by striated muscle in-
Creases with length, reaches a maximum at an ideal lengtﬁ, and
dec;ines with further elonéation. This phenomenon is believed
to result from the number of actin-myosin bonds that are formed,

and this is believed to‘dapand upon the longitudinal overlap
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and the axial proximity of actin and myosin filaments (Huxlay
1960). In length-tension studies, Evans and Hill (13}4),ob-
gerved that the amount of heat produced by contracting skel-
gtal muscle closely parélleled the tension that was developed.
This indicates that the length-active tension relationship
reflects‘some underlying force-producing process, and is not
just the result of changes in the efficiency or force vector
of the contractile system. Contractile tension has been cor-
related with sarcomere length ih skeletéi muscle (Carlson et
‘a1, 1961) and cardiac muscle (Spiro et al, 1964), but in
~smooth muscle no Z-1lines are present and no distinct sarco-
‘_mares can be defined. In spite of thé absence of thess struc=-
tures, there are several reports that smooth muscle exhibits
'a length-tension curve which resembles the length-tension
curve for skeletal and cardiac muscle.

Winton (1926) systematically extended dog retractor
‘ penis muscle to various lengths. Electrical stimdlation at
| each length produced discrete isometric contractions, the
- length-tension curve obtained by'tﬁié prdcedure resembled the
;%length-tension relationship recorded for skeletal muscla,
.ibut exhibited maximum active tension at very long lengths,
:corrBSponding to strains of 3.5. |
Hampel (1934) stimulated cat nictitating membrane

"lﬂ.gigg with electrical stimulation and with intravenous in-
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jgctions of epinephrine. Length-tension curves were obtained
at various stages during extension, and during release. Paak
active tensions were found to shift according to tﬁg prdcedura.
Active tensions recorded during extension occurred at short
jengths, and were of greater strength than those recorded during
‘releasa\of extension, The strength of contraction was about
11.5 grams, but the cross-sectional area was not determined.
Csapo'(1954) electrically stimulated uterine muscla’
,iﬂ.!i££2° A broad peak active tension was recorded which
approximately corresponded to the length of the tissue at rest.
" The actual‘tansion developed depended upon hormonal conditibne
,Abbott and Lowy (1953, 1958a) recorded contractilse
properties of Mytilus and Helix smooth muscles. When stimu-
‘lated electrically, these tissuses exh;bited length-tension
ﬁith peakAactive ténsion_occurring at very long lengths} The
acfive tension described a rather flat curve with a very °
rounded peak. The entire curve was shifted if the muscles
were extended overnight between successive stimulations. Peak
active stresses ranged from 0.5 to 4.5 Ko/ecm?. In another
paper, Abbott and Lowy (1958b) noted that the force-velocity
diagram for these molluscan muscles could be approximated by .
Hill's load-velocity equation for skeletal muscle.
Winton (1926) obtained in vitro ipngth-tension

Curves for pregnant guinea pig uterus muscle stimulated with
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pitditafY extract., The tissue was stretched, treated with tha‘
1horm009"th°" washed before further extension. The agtiva
length-tension curve obtained fpom this preparation exhibited
‘a peak at a strain of about 4.0.
Brocklehurst (1926) recorded a length-tension
ficurve for cat ileal muscle. The intestinal segment was per-
%lmittad to relax and then was stimulated to ‘contract with hist-
ffamine. Tensions as high as 200 gm were recorded, but cross=- '
" gectional areaslwgrq not given, The drug was then washed out-
{iand the tissue segment was extended. Data obtained by these
:‘gxperimenters gave two length-tension diagrams. When the
tissue was'stimulatad at successively shorter lengths a peak
;fwas obtained at very large strains., When the tissue was
' stimulated at successively longer lengths; a peak was obtained
| at very low strains. The directional difference was explained
’on the basis of viscosity and the possibility of stretching of
non-muscular elements in the intestine, but neither explanatiob
liwas developed. | | o
| Ducret (1931) studied the influence of initial load
ipn active tension déveloped by epihephrina-treated rings of
fmesentaric artery. Ducret found that the drug-treated ring
?devaloped a maximum of 1.5 gm active tension per quarter mm2

,%°f cross-gsection of smooth muscle. The dimensions were ob-

ﬁ'tainad from measurements of histological sections and therefore

/
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;ra of limited applicability to unf‘ixad, hydrated vesssls,
Alth°”9h Ducret reported his data in terms of initial ]}oad,
the load can be alinearly related to length. Maximum contrace
| sile tensions were found when the tissue was initially loaded
 gith 2 grams before epinephrine treatment.

| Speden(1960) obtained length-tension diagrams of
spiral strips cut from sheep mesenteric arteries. Contractibn
‘ gas induced by treating the strips with norepinephrine. A
peak active tehsion of 3.0 gm was observed at a strain of 1.25.
 (ross-sectional areas were not determined.

Sparks and Bohr (1962) studied strips cut from dog
mesenteric arteries. Contraction was elicited by sither elec-
tfically stimulating tissue strips, or treating them with epi=
ephrine. Peak active tensions were recorded at lengths that
were 55 to 138% above the length at whi.ch resting tension ini-

tially appeared. Maximum active tensions ranéed from U.Q‘t‘o

5,3 grams,

| Hinke and Wilson (1962) studied the blood flow
through an isolated, cannulated 550 w rat tail artery. The
tesistance, and therefore the radius, was calculated from the
Pressure gradient and flow of Krebs-Henseleit solution. |
AL°"9th-tension "diagrams were obtained uﬁder résting conditions

ﬁﬂd during perfusion with norepinephrine. Acf.ive tension

e
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curves were obtained which showed no peak, but ross monotoni-

cally. If the pressure was elevated in constricted vessels,

/

. i 7
the arteries maintained their constricted size, describing

a virtually infinite elastic modulus.

| Apter (1966) obtained length-tension curves for
rings 6? pulmonary artery treated with Ringer solution, neo-
synephrine and later with a chelating agent. The diffarence
between the tension following administration of Ringer solution
and EOTA provided an active tension curve which was very flat
and with little peak. Maximum tension was egbout 10 grams,
When the same ring was treated with naos}nephrine,'a stesp,
monotonic, unpeaked curvs waa‘obtained. These curves were
plotted from data acquired by extending the arterial segment.

Lundholm and Mohme-Lundholm (1966) cut mesenteric

artefiesilongitudinally and rolled the tissue out into flat
sheets. The longituqinally cut edges wers mountad in plastic
holders and extended as st:ips under load. A length-tension
diagram was obtained by extending or réleasing the‘specimen,

treating it with epinephrine, washing this out, and then

changing the length. The specimens were also studied in the

untreated state, and following treatment with monoiodoacetic

acide The thickness of the specimen was measured with calipers.

§Max1mum contractile tension was found to be 2000 gm/cmz.
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Uchida et al (1967) studied mesenteric and cerebral

arteries as small as 50 to 250 y diameter using tha‘fonstant-
flow perfusion technique of Hinke and Wilson (1962). Addition
of norepinephrine to the perfusate caused an increase in re-
gistance. . The magnitude of the resistance incremant increased
with a}rise in perfusion pressure‘up to 25 mm Hg. It remained
unchanged in the 25-60 mm Hg pressure range, and then decreased
with higher pressures.

2. Resting tension and tona;' Bozler (1936) stud-
ied the resting tension of smooth muscles of fhe snail by
recording stretch-induced stress relaxation over a wide range
‘of lengths. The static stress achieved following relaxation
 was ploﬁted as a function of length. It may be that this para-
meter is more residual tone than resting tension. However,
Bozler found the familiar resting tension hyperbola, but it
was vary flat, steepening only at strains of almost 4.0. The
significance of this curve as a plot of resting tension is

dlfficult to assess. The concapt of "resting length", as it is
.used with respect to skaletal muscle, is virtually without
meaning when it is applied to tremendously extensible smooth
muscle. The cléésical picﬁure for skeletal muscle (Carlson

et al,'1961) is that resting tension does not appear until the
resting length ierekceaded. Cardiac papillary muscle (Spiro |
et al, 1964), on the other hand exhibits resting tension at
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! langtha well below that at which maximum contractile tension.
is:developed. Smooth muscle develops negligible resglng,ten-
sion until extraordinary strains are achieved, but it is at
these very great strains that the peak in active tension is

gncountered. This 1mplies that the contractile system may be

1nvolved.in the apparent "resting"vteneion.
Resting tension of mammalian smooth muscle ls dif=
ﬁcult to evaluate because this tissus is inevitably surrounded

by large amounts of connective tissue. From a functional point

~of view it is reasonable to consider the résting tension of
' the tissde'as a whole. This is actually what was done to obtain

‘lhe resting tension in skeletal muscle. If this approach is

taken with mammalian smooth muscle, length-resting tension

‘characterlstics will probably be obtained which closely re-
‘jsemble tﬁe'load-extension diagrams of elastin and collagen.

‘ l One characteristic of smooth muscle is its ability
to resist distention for long periods of time. Winton (1926) -
stated that "skeletal muscles are often described as function-

§fally isometric, while unstriated organs approach more closely
étOisotonic conditlons". Although the maintenance of tone

;requires metabolic energy, it does not demand the amount oF

,“energy required’for;pha91CUdontraction. Carbohydrate depletion

§°r inhibition of carbohydrate metabolism by anoxia or metabolic

Poisoning 'in longitudinal muscle of rabbit intestine
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(Neukirch and Rona, 1912; Prasad, 1935; Furchgott and Schorr,
1946) and isolated rings of carotid artery (Sudhof, 1950)
resulted in decreased smooth muscle\tone. However: maintained
tone in the adductor muscles of bivalve molluscs (Conheim and
vonUexkull, 1911) and uterus, vagina and intestine of rabbit,
| . Guinea pig and cat (Evans, 1923) caused no increase in oxygen
consumption., Bulbring (1953) reportadvsimilar results for the
oxygen codéumption of both isometric and isotonic contractioné
‘of guinea pig taenia coli. Similarly, Parker (1922) reported
~that the quantity of carbon dioxide released by day-long, tonid
contractions of the sea anemone was not augmented, except for
a 25% iﬁctease at the onset of contraction. Lundholm and
Mohme-Lundholm (1962) have reported similar findings for arter-
ial strips during epinephrine-induced isotonic shortening.
After the ihitial rise in tension, enerqy production fell to
precontraction levels, in spite of the persistence of isotonic
tone. Lundholm and Mohme-Lundholm (1965) also found that dur--

ing the tension-increasing phase of epinephrine-induced iso-

| metric contractions of arterial strips, the energy utilized

was 3 to 4 times that of the subsequent phase of sustained
elevated tension. ATP, ADP and creatine phosphate have been
measuréd in iodoacetate-treated carotid arterial strips
(Daemers-Lambert and Roland, 1967). A 20-second phasic con=-

traction consumed .35 uM ATP/gm of carotid tissue, while a
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tonic contraction maintained for 1 minute consumed 22 M
ATP/gm/minute. These studies also showsd that phasic con-
tractions consume much ‘more energy per unit time than tonic
ontractions. Lundholm and Mohme=-Lundholm (1960) observed
that agents such as histamine and barium ion increase the tone
of arterial strips with no increase in oxygen except during
the .initial phase of tension increase. However, if the pre-
parations were first depleted of energy stores than neither
histamine nor barium would increase tone. It thus appears
that two distinct processes are involved in the development
.}and maintainance of tone. The First is clearly an energy-
.consuming contractile response, and the second appears to be
a passive, holding mechanism,
Three general hypotheses have been presented to
explain tona. One hypothesis views toné as the product of a
fpassive "ratcheﬁ“ mechanism, arranged in parallel with the
contractile elements (Cohnheim and von Uexkull, 1911) A

second hypothesis views tone as the product of raversible Cryse

{ -tallinization of a muscle protein that is distinct from acto-

~Myosin. Johnson (1962) proposed that this function may be
;fUIFilled by paramyosin, arranged in parallel with phasically
;contractlng alements in molluscan smooth muscle. A third
1ghYpoth9813 views tone as a sustained polymerization of actin

;&nd myosin, due either to a decrease in available ATP (Bozlar,
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{1957), or perhaps to a slow-acting relaxing factor. A de-

| crease in available ATP probably can be ruled out a; a possi-

pility because energy depletion in smooth muscle results, not

- jn rigor, but in flaccid relaxation (MacWilliam, 1902). A
slow-acting relaxing factor has yet to be evaluated. In line

. with this poésibility is the suggestion of Lowy and Millman

(1959) that a low rate constant of acﬁin-myosin depolymeri-

. zation might be the factor underlying tone. Finally, the

possibility that different or even multiple mechanisms may
.operate in different smooth muscles must also be considered.

D. Mechanical Properties of Arteries. 1. Relaxed

" Vessels. Early studies on the mechanical properties of artere

ies were descriptive and largely concerned with pathological

considerations. Roy (1880), Israel (1886) and Herringham and

- Wills (1904)vemployad strips qut from arteries, usually from

. the aorta, Whgn these preparations were extended with weights,
.it was noted by all of these experimenters that the greatest
~amount of lengﬁhening occurred with the addition of weights
"to unextended arterial tissue., When weights of the same

magnitude were added to extended arteries, decreasing incre- ‘

ments of extension were observed. Roy and Israel also noted

that transverse strips were less extensible than longitudinal
strips. Poletbnow (1868) and Herringham and Wills (1904) core

|- related the presence of sclerotic lesions with decreased




76
gxtensibility.
Marey (1880), Roy (1880), Grunmach (1888), MacWilliam,
(1904), Strasburger (1907), Bramwell et al (1923b§; and Hurthle
(1923) perforhed pressure-volume experiments on excised cylin=
drical arterial segments. Fluid was injected into thess ves=-

. sels and the pressure developed at each level of capacity was

| noted. This method more nearly resembled jn situ conditions,

and the results obtained confirmed the findings of studies
on strips that distensibility decreasesiwith extension.
gramwell et al (1923a) compressed the arms of living humans
with é presgure cuff to control distal transmural pressures.
‘Artarial pulse wave velocities were measured at various levels
of compression permitting éalculation‘of extensibility by
application of a modified form of the Moens-Korteweg equation.
The results of these studies also showed that extensibility
decreases with increased transmural pressures. |

One of the first systematic analyses of the tensibile
ity of arteries was presented by Reuterwall (1921) who per-
formed load-extansion‘studies on strips of arteries, ligamentum
nuchae and collagenous tendons. Because of the biphasic nature
of the arterial extensibility curve, Reuterwall suggested that
the elastin and collagen of the wall might be arranged in par-
allel, the elastin bearing the load at moderate extensions, “

and the collagen bearing the load at larger extensions,
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1QRauterwall also described histological observations which re-

- yealed that collagen was "curled" or slack in retractég ves-
vsals’ Light and electronmicroscopic studies of vessels which
 war6 systematically fixed at various distending pressures
(Wolinsky and Glagov, 1964), supported these early histological
observations. Krafka (1939) extended the ana;ysis of vesssel
distensibility in noting that the elastic moduli of strips of

" sortae (1.5 to 1.9 x 106 dynes/cmz) were consistently lower than .t
lfhat of elastin-rich ligamentum nuchae (about 4 x 106 dynes/cm?)
:Ihis obseryap;oq led Krafka to conclude that a network arrange-
ment of'eiagtindmust exist within the walls of arteries. When
vessels were permitted to putrefy to remove elastin and any

- active muscle that might be present, a general rise in the

halastic modulus was seen at all loads. Histological inspection
'verified'a disintégratiqn of elastin and a relative persistence
of collagen. In some experiments on unpufrafied vessels, '
-Krafka separated the intact aorta into media and adventitia;

At 100 gm load, the elastic modulus of ‘the media was Jjust less
;than the modulus of the intact artery; at thé same load the
?ﬂastic modulus of the adventitié was 15 times greater than

- that of the intact artery. The adventitia is rich in collagen.

;Correlation between the presence of much coliagen and a high

§°133tic modulus of the adventitia supported the interpretation

;}hﬂt it was predominantly collagen that was baaring the load

f'blloming putrefaction of the intact vessel. Krafka also

)
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int,‘.(_-,dn.u':ed an important methodological approach by using an

f ltr,crament:'al elastic modulus in place of the standard Ypung's
,"madulus of elasticity. An incremental modulus is actually a
gﬂ_i—g_g_ of approximations of the slope of a curvilinear stresse-
gtrain curve, This is a counterpart of Young'g modulus, a
single value describing the slopebof a linear stress-strain

* urve. |
Remington et al (1945) repeated Krafka's putrefaction
"j,f-'axpariments on isolated segments of aorta. After 15 days of
‘putrefaction, pressure-volume curves throughout the pressure
;range paralleled those encountered at large extensions, i.e.
resemblad those apparently dominated by collagen. After 22
fdays, the vessel easily ruptured, and histological inspection

K revealed that little intact collagen remained. Stress-strain

'exhibj.t elastic moduli of 1.7 x 10% dynes/cm2 to strains of

.}dropped to 8.6 x 105‘ dynes/cmz. An even more elegant éxperi-
Pnent of this type was performed by Roach and Burton (1957).
ZThe'se authors treated segments of human iliac arteries with
;..""puvrif‘ied trypsin to remove elastin, or farmic acid to remove '
.C0llagen and other materials. Franchini and DeRobartis (1951)
fhad Previously demonstrated in electronmicroscopic studies

fhat trypsin does not hydrolyze collagen. Roach and Burton

»about +70. After putrefaction, the elastic modulus of this had

R
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determined the tangential tension ( the product of pressure
~ and radius) at each elongation in treated and untﬁeated sege -
‘ments of human iliac artery subjected to volume distention.
The slope of the tension-elohgation curve throughout the dis-
tensibility range, following treatment with formic acid, par=-
alleled the slope of the tension-slongation curve of untreated
vessels at small to moderate distentions. After treatment
- with trypsin, the slope of the tension-elongation curve
throughout the distensibility range parélleled the slope of the
;untreated vessels at large distentions. These data provids
convincing'evidence that the elastic characteristics of normal,
" relaxed vessels result from an interaction of elastin and col=-
lagen. Elastin dominates at low extensions, and collagen
dominates at higher extensions. Evidence for the role of
kcollagenAalso derives from studies on the influence of age on
artepiés. Many studies have indicated that the elasticity of
human arteries increases with age (Roy, 1880; Herringham and
Wills, 1904; Yater and Birkland, 1930; Wilens, 1937; Hallock
~.and Benson, 1937). Roach and Burton (1959)-correiated the
‘tension-strain curves and ﬁistology of human iliac arteries of
;patients of different ages. The majority of histologically-

defined collagen fibers in young arteries were strétched only

| at large strains; and the strain at which the majority were

~ ‘stretched became prograésivaly smaller with age. The strain
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ot which stiffening of ten‘sion-strain curve occurred also
@9hiftad' correlating with the histological data. The /gort.ae
»of' rats (Hume, 1939) and rabbits (Saxtan, 1942) show a decline
*. in glasticity with age. It would be of interest to repseat
foach and Burton's (1959) comparison of mechanical behavior and
.;histomgical appearance of the arteries of these animals.

; The apparently parallel arrangément of elastin and
;mllagaﬂ should set the limits of minimum and maximum elast-
1c1ty' It might be predicted that the elasticity of the mtact
vessel would never be as high as purse collagen, as exemplified
f;by tendon, ‘and would never be as low as pure elastin, as exam-.
:pnf‘ied by ligamentum nuchae. fhe first prediction has been .
!vérifiad, but the second prediction has not been found (Krafka,
| 939). When the fibers are predominantly in a stretched state

the elastic modulus of the whole arterial wall should be

jgreater than that of elastin, but still less than collagen.,

This is because the elastin represents a portion of the cross- -

sectional area which is less elastic than collagen. At low

extansions collagan is apparently slack. This greatly com-;

Plicates the analysis for it is difficult to assess the ine

flusnce of a population of collagen f‘ibers in various stages

of " Slackness e« If the collagen fibers are predominantly in

‘ Slack state then the elastic modulus of the whole tissus

9“1d be less than that exhibited by the elastin component
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1 alone. In this condition the slack collagen fibers offer

;.11tt1° resistance to distention. Because the elastic modulus
| s
- relates stress to strain, the increased ¥passive" cross-sec-

‘ . tional area resulting from slack, and therefore extensible,
'collagan‘fiaers should reduce the elastic modulus to a level

. pelow that of pure elastin. This appears to be the case
i(Krafka, 1939) but retraction of the elastin network into a
ﬁrandom orientation at extremely small strains renders assess-
%ﬁent of the influence of elastin and collagen almost impossible.]
?jn any case, these strains never occur in life.

; Thegmoelastic analyses of the intact arterial wall
;also have been performed. Roy (1880) placed a thermocouple
ioh isolated aortic strips and coated this preparation with oil

1B

ﬁto prevent drying. When the load on extended strips was re-

ot

éduced, the strips retracted, and exhibited a decrease in

g

L

ﬁtemperatureg when the strips were reextended, the temperature

| rose. Lawton(1954) measured the retractive force generated

s

jﬁﬁy aortic strips-subjected to changes in temperature. An
.%glmost linear relationship was found between the temperaiure
ipnd the ret:active force exerted. The slopqs of these curves
fwere approximately equal for circumferential, diagonal énd

vf}ongitudinal strips. Calculations indicated that the retractile

b
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was found to remain essentially constant throughout the ex-

~ tensibility rangs, jUst as Hoeve and Florey (1958) had found
//‘

for ligamentum nuchae. Identical entropic energy=-to-length
characteristics wers found for intact aortic strips, and for
aortic elastin extracted with alkali. This reaffirms tﬁe view
that much of the behavior of the arteries may be accounted

for by elastin. A marked increase in entropy found upon re-

>traction of both the aorta and the extracted slastin suggasts

that retraction is correlated with configurational changes,

‘as the elastin gradually assumes a more and more random orient=-

ation. The fact that strips cut at all angles from the aorta

showed equal entropic energies suggests that the elastin in

;tha wall also exhibits equivalent properties in all directions.

The many in vitro studies performed on arterial

~strips and rings suffer from a failure to maintain appropriate

- geometry. When an artery is excised, it retracts to 60-70%

~of its in situ length (McDonald, 1960). When this retraction

, occurs the wall thickens, the intramural structures are re-

| oriented and are permitted, perhaps, to retract into a slack

_state. These unnatural conditions do not represent in situ

 iconditions, and the mechanical behavior obtained under such

" conditions probably does not reflect the mechanical properties

'? of the same arteries jin situ. Learoyd and Taylor (1966)

studied arteries extended to various lengths, beginning with ‘




| - viscosity, by the accelerated mass of the wall, and by the
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the excised, unextended length, A typical curvilinear cire
cumferential elastic modulus was obtained. This shifted
'gradually as the artery was elongated in steps, A/progress-
ively increasing stiffness was observed at each radius as the
artery was eslongated.

| It might appear that the ideel location in which to
study arteries is in situ. Such studies have been undeftaken
on living dogs (Lawton, 1957; Peterson et al, 1960; Patel et al,
119603 Remington, 1962) and humans (Greenfield et al, 1965).
However, in vivo conditions are unsatisfactory for studying
mechanical properties of arteriesvbecause of the incessant
pressure puisations. These oscillations preclude the possibility
‘~oF the artery ever achieving a static equilibrium state.

- Estimates of eiasticity are also complicated by the effects of

- many Facters present which may influence smooth muscle activity.
"In spite of these shortcomings, in vivo studies do indicats
(that the conduit arteries exhibit small changes in dimension.‘
iArterial diameter increases 2 to 8% over the course of the
:hormal cardiac cycle, changing in phase with the pressure pulse.
fLength changes are in the order of 1%, and these may occur
feither.in phase or 180° out of phase with the diameter changes,
Bergel (1961) has described the only systematic in

Vitro study on the properties of arteries performed under con-

“ditions of appropriate geometry. Dog aortae, femoral, carotid
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‘and iliac arteries wers excised and studied in air, at in situ
;1an9t“" The vessels were inflated from 40 to 240 mm Hg, while
- the diameter was simultaneously measured with a photoelectric
device. Incremental elastic moduli were calculated from .

these pressure~-diameter data. At low extensions, values of
about 1.0 x 106 dynes/cm? were observed. The elasticity

rose slightly with moderats extension, and then rose more and"
‘more steeply, but without a sharp inflection. Elastic moduli .
"of 12.0 to 16.0 2 100 dynss/cm2_were obéerved at extensions
tproduced by 240 mm Hg pressure. The state of the smooth muscle
in thesebaﬁteries was unknown, but presumably it was relaxed.
: 2. Influence of Smooth Muscle on Mechanical Proper-
.ities of Arteries. a. Shortening Behavior. It has been ob-
piserved that activation of vascular smooth muscle causes a

fdecrease'in the diameter of conduit arteries. This has been

reported where contraction was produced by direct stimulation

of peripheral sympathetic nerves (Dav;s, 1964; Keatingse, 1966b),
| ¢
éfbe hypothalamic stimulation (Weckman, 1960), by reflexes ini-

;..

ggby reflexes initiated by decreased environmental temperature
Qﬁ(Haddy et al, 1957b) and by injections of catecholamines
‘ (Haddy et al, 1957a). Keatinge (1966b) found that stimulation

;°f cervical sympathetic nerves caused a reduction in the dia-
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qeter of the common carotid artery to 60-70% of control.

Davis (1964).studied the outflow from a cannulated digital
artery in dogs. He reported that sympathetic nerve stimulation
caused a complete cessation of digital artery blood flow in

7 out of 12 animals. Haddy et al (1957b) cannulated lateral
{branche; of large and small arteries, and large and small

'yeins in intact, innervated dog limbs., The limb was supplied.
with arterial blood from a constant flow pump. The authors
" observed a general increase in resistance following injection
.of pressor agents. The large arteries contributed to the rise
" in resistaqce; but failed to maintain constriction fdr as long
|| as the smaller vascular segments.’

| Length-tension curves have been obtained in vitro
from studies on rings (Ducret, 1931) and strips (Speden, 1960;
Lundholm and Mohme=-Lundholm, 1966) cut from mesenteric arteries,
_and from perfusion experiments on small arteries (Hinke and
‘Wilson, 1962; Uchida et al, 1967). Epinephrine and norepi-

4.

%nephrine were used to stimulate the smooth muscle in these

v
H

S
3

tissues., These studies were discussed in the section consider=

N

17109 the active tension of smooth muscle. Burton (1951) has

R o

yconsidered the constricting influence of contracting smooth

nguscle. According to Burton's analysis, the walls of arteries

E;;.t:an maintain equilibrium in .a purely passive state bedauée of
i )f, . : ' '

i the restraining force of the connective tissue. He calls this




86
wglastic tension!. Additional stress, provided by active

.| smooth muscle, upsets this equilibrium and causes a decrease

in diameter. A decrease in diameter further increases the
disequilibrium and leads, ultimately, to complete closure of the
artery. ., Complete closure does not occur in large arteries,

_he reasons, because of the large amount of connective tissue
iprasent, which somehow prevents excessive constriction. Al~'
though never stated as such, this would mean that the lehgthv
of connective tissue eslements under}zero net stress would be
'greater than wquld be found with zero transmural pressure. In
other wordg, active energy must be required to compress the

' conneétivs tissue elements down to obliterate the lumen. This
pﬁint has mever been evaluated. Many pharmacological studies

. on arterial strips and rings have shown that addition of strong
doses of‘epineph:ine and'norepinephrine'causes shortening and
thus mimic vasoconstriction. Barbour(1912a,b,) reported that
abinephrine produced stroqg contraction only on transversely-

~cut strips; longitudinally-cut strips exhibited only slight

contraction. In situ stbdies on isolated segments of dog aorta
}(Alexander, 1953) indicate that local application of epinephrine
ujcauses contraction. Marked constriction was observed at pres-
Sures below 100 mm Hg, but little constriction was seen above.
that pressure. This appears to be at variance with the many

;ﬁbservétiong of peak active tensions at very long lengths.
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b. Distensibility. Active arterial constriction is
lan important function of smooth muscle, but alterations of
arterlal resistance to distention may be even more important.,
Wezler and Boger (1936) assessed the distensibility of arteries
22_2i!g by means of measuring the pUlsa wave velocity, using
. the Bramwell and Hill expression relating pulse wave velocity
to pressure-VOIUMB distensibility. Injections of epinephrine
increased arterial distensibility., Wiggers and Wegria (1938)
recorded the diahetqr of the thoracic aérta in living dogs.

‘Bilateral carotid occlusion produced an increase in arterial

_pressure which caused a passive increase in the diameter of the'

- aorta. Subsequently, howevar, a secondary decrease in aortic '
diameter was observed. Aortic distensibility was increased
"during thé constricted phase.

" Lawton (1957) stitched beads onto the aorta and
photographed the artery in vivo. Administration of norepi-
-nephr;ne produced a markedciﬁcrease in distensibility; admin-
istration of acetylchplinashad Just the opposite effact,

_ ;Petarson et al (1960)}measured the diameter of the aorté with~
‘a moving-core transforme:. They also found that topical appli-
J'cation of norepinephrine to the arterial wall produced de-
Creased distensibility. Patel et al (1961) measured c;rcum-‘
ferential and longitudinal strains in vivo with calibrated

Blectrical caliper sewed to the outer surface of the aorta.




These authcré found that addition of norepinephrine decreased
circquerential exﬂensibility with little or no apparent change
in longitudinal extensibility. ‘However, the longitudinal ex-
'kensibility is so small under control conditions‘that small
changes hight easily go undetected. Finally, to complete all
the possible effects of norepinephrine in vivo, Remington (1962)
;reported elabtrical and drug stimulation of vascular muscle, by
'and large, had ho effect at all on arterial distensibility. o
In some of Roy's pressura-vol&me stddies»it was noted
: that the greatest distensibility occurred at moderate exten=-

| sions, corresponding to abdut 70 mm Hg pressure. MacWilliam

.(1902) and MacWilliam and Mackie (1908) interpreted this inex=

tensibility found at low extensions as a manifeétation of

smooth muscle tone, They noted that stiffness was not seen if
the vesséi was heated, frozen, treated with cyanide, ammonia
vapor, or sodium fluoride‘solution prior to extension. If e
,treaﬂed in this way, distention curves were not sigmoid in
’shape; they were simply monotonic,'rising steeply at first,
~then flattening to é‘gradual slope. Presumably these treat-

~ ments killed the vascular muscle. ' |
Remington‘et al (1945) performed putrefaction experi=-

ments on isolated arteries in vitro. The normal pressure=vole

ume distensibility curves of aortic segments were sigmoid in

shape; they were slightly distensible at moderate pressures,
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| cdrrBSP°"di"9 to normal physiological conditions. After 72
hours the stiff portion of the curve encountered at/}om,pres-
_gures was abolished. Histological examination indicated that
'tha smooth muscle cells were in the process of degeneration,
while elastin and collagen appeared quite normal. Thus, from
. the results of procedures which eliminated the muscle, both

| i,”[aacmlliam (1902) and Remington came to the conclusion that
llow pressure stiffness results from the action of smooth musclé.
Landgren (1952) microscopically maasuredvtha diameter
" of the cat's carotid sinus in situ and in vitro. The carotid
visinus wés gaparated from the circulation, filled with oxygen-
'Tated Tyrodes solution, and stimulated with non-oscillating in-
;trasinus pressures., Pressure-diameter curves gensrated by this
jsystem providad distensibility data. Treatment with epinephrine
icaused an observable reduction in the diameter of the carotid
fsinus. It also caused a decrease in distensibility below' 100
vfmm Hg and above 200 mm Hg pressure. An increase in distensi-
%bility was observed between 100 and 200 mm Hg. Treatment with
«sodium nitrite also slightly decreased distensxbillty at pres-
;fsures below 100 mm Hg, and slightly increased distensibility at
:kprassuras between 100 and 200 mm Hg. Although epinephrine and
|5 sodium nitrite had qualitatively similar effects on distensie-
? bility, the magnitude of‘thase effects was two or three times
 iﬂreater with epinephrine than with sodium nitrite. |
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In situ pressure-volume studies were performed on
isolated ‘dog aorta (Alexander, 1954a) and on innepvated loops
of dog intestine (Alexander, 1954b)., Treatment with epineph-
‘rine caused constriction, slightly increased distensibility
with pressures up to 100 mm Hg, and markedly increased dis-
tansibility.in the range of normal physiological pressures,
Carotid sinus hypotension also caused contraction and increased
‘distensibility, but carotid sinué hypertension caused dilation
‘and decreased‘distensibility. Alexander observed that the ef-
fects of smooth muscle on vascular distensibility are most proQ
. nounced at low transmural pressures, and noted that it is also
-at low pressuras that smooth muscle caused ths most pronounced"
shortening (1953). This agrees with the 9arly observations of
MacWilliam (1902) that the effects of smooth muscle are most
pronounced at low pressures, However, MacWilliam had noted
that the muscle conferred decreased distedsibility, not the
incraase‘observed by Landgren (1952) and Alexander (1954a, b),
Leonard and Sarnoff (1957) studied ﬁhe influénce of
drug-stimulated smooth muscle contraction on the extensibility
of venous strips. Active muscla clearly decreased extensibility
iat all lengths of the strip. Torrance and Shwatz (1961) excised
the lower portion of the aorta including the iliac and femoral
arteries, These were cannulated in a few locations, and all

, Other patent vessels were tied. The specimen was perfused in a

P
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ﬂ.’sealed bath, which also served as a volume plethysmograph.
Addition of norepinephrine to the bath caused a degrease in
total volume of the specimen, i.e. vasoconstrlctlon, and a de=-
crease in distensibility. ‘

Burton (1954) considered the problem of how smooth
@uscle confers decreased disﬁensibility of the wall. One of
vthe Few.studies on smooth muscle available at the time of
Burton's publication was that of Winton (1926). Burton used
these data to calculated an approximate elastic modulus for
smooth muscle of about 1.0 x 10° dynes/cmz. Reasoning that
tﬁis would not éighificantly increase resistance to distention,‘
‘Burton pfoceedea to construct‘a mechahical model which connected
smooth muscle to collagen to form a mechanical amplifier., How-
ever, in order to increase the contractile force 100 times, a
100 Fold.increasebin sho:tehing is required, ana there is no
evidence that any kind of smooth muscle can contract to this
extent. Fortunately, since publicatioh of Burton's analysis,
several dlrect measurements of smooth muscle elast101ty (Bozler,
' 1957) and active tension (Aboott and Lowy, 1958a) have appeared.
; These indicate that the force that can be deve10ped by smooth
| muscle is several huhdred times that calculated by Burton from
Winton's data.

C. Hysteresis. If a tissue or tissue specimen is

Subjected to a load; the tissUe will extend., However, when the
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load is removed, the tissue usually will not return completely
to its original length. This behavior is termed hysteresis.
Hysteresis is exhibited by load-induced axtansion/énd retrac-
tion of aortic rings (Remington, 1945), by pressure-volume be-
havior of the isolated perfused pulmonary vasculature (Sarnoff
and Befglund, 1952), by pressure-diameter behavior of the

carotid sinus (Landgreﬁ, 1952), and by in vivo pressure-diameter

‘behavior of dog aorta (Lawton, 1957; Remington, 1962).

Hysteresis has usually been explained on the basis
of internal viscosity, an apparent viscous effect caused by
structural rearrangements within the wall (Hardung, '1953).
However, egperimantal studies on aortic rings (Remington} 1955)
indicate that the amplitude of the hysteresis is not dependent
upon the rate of stretch until“some eritical value £$ exceeded.'.

This varies between specimens, but corresponds to a pressure in-

- crease of about 1 mm Hg/msec. The amplitude of the loop appears

to be unrelated to the rate of pressure decreass.

Goto and Kimoto (1966) studied thse tensions developed

by vascular strips under cyclic stretch. Muscular vessels ex-

hibited more hysteresis than Hon-muscular vessels. Stimulating

. the smooth muscle mainly elevated the tension-increasing limb

.0f the hysteresis loop. Formic acid digestion of collagen de-

Creased both the elastic modulus and the amplitude of the.loop,

>while trypsin digestion of elastin increased the elastic modulus

and maintained the normal amplitude of the loop. In further
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studies (Kimoto and Goto, 1967) an increase in the amplitude

of the hysteresis loop was observed in arteries h?jted‘ove:
50°C, but this was not seen in arterial strips digested with
formic acid. It thus appears that muscle, during extension
frbm low strains, and collagen, at higher strains, play a
‘gignificant role in generating arterial hysteresis under dy-
namic conditions.

A time-dependent phepomenon related to hysterésis

is after-stretching or "Nachdehung" (Hoéhrein and Singer,
1927). This may also be referred to as creep, i.e. an increase
in strain which proceeds, over time, under a constant extending
stress. A.Eore subtle characteristic of cresp is that the re-
straining force opposing the deforming force must be falling

in order for creep tb occur. This decline of the resisting
force is also known as stress ralaxation. Stress relaxation
and .creep are counterparts; the phenomenon that will be observed
depends upon whether tension or lengfh is being measured. Ffur=-
thermore, any increase in circumference of a cylinder under
constant pressure will cause an increase in stress.

| Zatzman et al (1954) measured stress relaxation in
arterial strips. They found that arteries which contained much
muscle (umbilicql) exhibited a long time course of stress relax-
‘ation, while arteries which contained relatively less muscle

(carotid) exhibited a much shorter time course of stress
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relaxation. Thus, blood vessel stress-relaxation, as well
as some aspects of hysteresis, correlates with the presence
e

of smooth muscle.




CHAPTER III s .

MATERIALS AND METHODS

A. Theory. The arterial wall may be represented by

. the curved solid body illustrated in Figure 1A, where C denotes

the circumferential or tangential direction, L denotes the long-

itudinal dlrection, and R denotes the radial direction. The

mean stress and strain in each direction are considered in the

following discussion. Stresses may be determined at a moment

when the vessel is neither expanding nor retracting. Under

these conditions, the forces tending to distend the vessel are

counterbalanced by equal and ogposité festfaining.?orces which

tend to resist distention.

l. Stress. Circumferential strass may be determined

by considerlng a vessel in such an equilibrium state:
F

F-CD = CR .

- where, FCD = the distending force in the circumferen

.tion, and FCR =

(1)

tial direc-

the restréining force in the circumferential
~direction. Figure 1B illustrates a longitudinal section of a
Vessel at equilibrium. Force is equal to the produce of a

Btress and. the area over which that stress is exarted.

Fg

Thus,
D = (PT) (dj x L) . (2)
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Pt = transmural pressure

di'= internal diameter

L = length

gimilarly, ;
Fegy = (op) (h x L) . o (3a)
Fepa = (o) (h x L) (3b)
where, O = intramural stress in a circumferential
' direction

h = wall thickness

L = length

:,Tha total restraining force is equal to the sum"oFchRl and

. FEppe - If it is assumed that the wall thickness and length of

- the cylindrical arterial wall are uniform, then Fch and FCRZ

.are equal. Therefors,

, |
Fep = FCRl + Fep, = 2 x (o) x (h x L) (3c)

Substituting equations 2 and 3c for equation 1:

C(PT) (di” x L) = (og) x 2(h x L) (4a)
o _PL) LAy x LY (P (F) (ab)
2 (h x L) | h ]

. where r{ = internal radius

<

Longitudinal stress may be calculated in a similar

fmanner. Figure 1D illustrates a cross-section of a vessel.

At equilibrium, distending and restraiqing forces are equalt

F F . |
Lp = ‘LR (s)
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L yhere, FLD = distending force in the longitudinal direction

FLR = restrainihg force in the longitudinaf/diraction

; fha distending force again may be calculated as the product of

the longitudinal stress and the area over which that stress is

| exerted.

o fLp = (Pg) (xry2) . (6)
?Similarly:

- FFR = () (vro? - rri?) ; (7)
;uhata, | qL = intramural stress in é longitudinal direction

Ly = external radius

' Then substituting equations 6 and 7 for equation 53
i (P3) (wr‘z) = (o) (wroz = Tk 2)

! (8a)

o ,
ET x r,

g =
L Fo? = r,? ,
(8b)

Ftrally, the radial stress may also ba calculated
fPYa similar procedure.. Figure 1C illustrates a vessel seg-

ghent and the forces involved. At equilibriums

F F : ‘ )
FRp = distending force in the radial direction
FRR s restraining force in the radial direction




99
The transmural pressure decreases monotonically as one pro-
gresses across the wall from inner to outer margins.'_At the
inner.margin of the wall, the intramural stress f; equal to
the intralumenal pressuraf at}the outer margin of the wall the
intramural stress is equal to zero. Therefore, the mean transe

mural stress may be épproximated ast o ,

= Pr=z (Pr) (10)
whers, “"BT = mean transmural pressure.
G, = mean intramural stress in radial direction

2. Strain, Dimensional change, by convention, is

expressed as strain, i.e. percent changefin dimension. Thus,

AC _ 2mAr _ Ar
c C 2nr_ - . r

o o o
| ' (11)

ﬁwhere,‘ g = strain in the circumferential direction ‘
o AC= change in circumfarepcﬁ -
C_="original circumference
‘Ap=‘chénga in radius

ro; original radius-
- Mean circumference or mean radius should be used to be precise.
Howsver, the fact that the arterial wall is extremely thin,‘and
rgpresents only about 10% of the radius at most transmural prés-

sures, permits the calculation of strain on the basis of
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gxternal radius. This introduces only a négligible error.

Longitudinal and radial strains may be calculated in

+much. the same mannert | | s
LA | :  Qa2)
L Lo
where, ‘e = longitudinal strain /

&L ‘= change in length

L = original length

‘where,’ strain in the radial direction

change in wall thickness

u

original wall thickness

3. Elasticity. Stress and strain are interdependent.

The proportionality constant relating these functions is the

\ﬂasiic moddlusx

E= 2
€

(14)

5
. o
"
-
-
m
n

‘the elastic modulus in any direction

the stress in that direction

Q-
n

¢ = the strain in that direction

%wevar, E calculated in this way is only an approximation of

; the true elastic prOparties of a body in a given dimension,
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because it ignores the fact that é strain in one direction
induces stresses and strains in the remaining diggctions.
Consider a more precise assessment of these relationships.
The least complex case is one in which it is assumed that a
body is homogeneous and isotropic. Homogenity means that

the aléstic behavior in a given direction is uniform at every
point in the body. For examplg, the elastic modulus in the
longitudinal direction would be the same,'no matter where
along the langtﬁ of the intact vesssel tﬁe cross-section

| shown in Figure 1C is taken. Isotropy means that the elastic
-moduli a:eQQqual in all directions, i.e. that the}elastic
moduli in the circumferential, iongitudinal, and radial
directions~a;e identical. It was pointed out above that

a strain in one direction will pfoduce stresses and strains
"in other directions as well. "An expreésion relating thess
interactions is Foissdn's ratio. ,Poisson's‘rétio is defined
as the ratio of.percent contraction in.one direction to per?
cent extension in a normal direction. If‘this is applied to
'the curved podyvshown in Figure 1A, it‘migﬁt be said ﬁhat
Poisson's iatio is the rétio of radial gor longitudinal con=-
traction to cifcumferential elongation. If the material is
isovolumetric, then Poisson's ratio will be 0.5. |

| It 1s possible fo calculate idealized, unidirectional

stresses for the arterial segments illustrated in Figure 1.

!
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comparison between a pure circumferential étress (equation 4b)
and a pure radial stress (equation 10) reveals that the former
is about 10 times the latter, at most transmural pressures.

' This is because the ratio of radius to wall thickness is about
.10 to 1 (Hurthle, 1920; Bergel, 1959), Neglecting radial stress
" thus introducés only a minor error, and greatly simplifies anale
ysis. Consider, then, the two-dimensional body illustrated in
Figure 2A., This is assumed to be homdggﬁaous and isotropic,

.ahd freely distensible. When this body is subjected to a pure

| stress in the c1rcumferant1al direction, a circumferential

Strain will results: -

g

(15) :

where, €0 strain in a circumferential direction
| 0 = stress in a circumferential direction

E elastié modulus

If the body is-isovolumetric, the circumfersential strain will'
produce a simultaneous negative strain in the longitudinal
direction. Theselintaractioné are illustrated in Figure 28,

and may be expressed:

) ' .
- cL ves Ve : ‘168)




.

CURVED, 2-DIMENSIONAL SHEETS ILLU

’F'IGLIRE 2' ’
STRATING CIRCUMFERENTIAL-LONGITUDINAL STRAINS
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veg r il 06w

n
n

€ = strain, the direction indicated by the subscript
0 = stress, the direction indicated by the subscript

vV = Poisson's ratio, assumed to be 0.5 for an
isovolumetric body

E ;lelastic modulus ‘
If, instead, the same body is subjected to a pure'

'ﬂmess'in the longitudinal direction, a longitudinal strain

will result as followst , .
. . O‘L .
LT | (17)

'dmre, gL strain in the longitudinal direction

o

stress in the 1ongitudinal'direction

elastic modulus -
These will cause a simultaneous negative strain in the circum-
fmmntial direction. These interactions are illustrated in

[

|, Figure 2C, and may be BXpréssed_asffollows:

(18b)
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€ = strain,'tha direction indicated by the subscript
o = stress, the direction indicated by the subscript

v = Poisson's ratio, assumed to 0.5 for an isovol-
umetrlc body :

E = elastic modulus

In reality, howsver, it is“idpossible to exert a

! \pura, unidirectional stress in a cylinder distended by trans-

mural pressure both circumferential and longitudinal stress
,will_ba'produéed.‘ In order to consider the multiple inter-

actions which result in the body shown in Figure 2A, both cip-

;_'cumferential and longitudinal stresses, and their simultaneous

interactiohs must berdetermiﬁed. :Thus, the net circquersntial
strain (Ze%) resulting from_both circumferential and. longitudi-
nal sﬁresses may be determined by Finding the sum of equations
[| 15 and 18b. This sum iss |

OL"

t — C_
e i vr_._--

Similarly, the net . longitudinal strain (Ze ) resulting. from
.simultaneous longitudinal and circumferential stresses may be

determined by flnding the sum of equations 17 and 16b.

O’t O’C

g
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Equations 19 and 20 may then be combined to give the net cir-

‘,cumferentlal and longitudinal stralns rasultlng both, from the
dgirect effect of the stresses, and from the indirect effect of
the.strains that are produced by these stresses. The algebraic
operatiO"VOF addition of equations 19 and 20 may be simplified

by multiplying both sides of aquation 20 by w° before ‘adding it
to equation 19. i |

)
L - u2 C
. V:EL = \)"E"'— \Y] 'E—-

: o o
C L

c c
TecitiieL = g = Vi (21)

If this equation is applied to a thin-walled cylinder in which

the ends are fixed, the lbngitudinal strain, R is zero. The

,'natveL term is thus zero, and tha remaining equation may be

solved For tha elastic modulus,

o ‘
E = —,-75'(].‘\)2)
S g o (22)

In an isotropic body the elastic modulus in all diractions are
§°qUa1.
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4. Influence of Alinearity. Equation 22 is equiva-
flont to the expression used by Bergel (1961) to determigp the
»dxcumrerential elastic modulus in fixed-length arteries., Ime
iﬂicit in the use of this expression are the assumptions that
?ﬂw artgrial\wall is homogeneous and isotropic. The figst
fgssumption may be correct, but the definite orientation of
?”moth muscle cellsvwithin the wall suggests that the arterial
pll is not isotropic. However, sven if both assumptions were
;}ufactly valid, the marked alinearity of the arterial wall
iajtensibility curves greatly complicates precise assessment.

It is demoqstrable that at any given transmural pressure the

;dfmmWBrential stress is about ten times the radial stress,
;ldabout two times thé longitudinal stress. A strain in one
irection produces a strain in.ofher difections as well, but .
oven if the wall were absolutely isotroﬁic, non-uniform behavior
wuld still result because of the combined effects of aliheérit}
ind differential stresses at a given transmural pressura.‘ The -
disparity between the stresses exerted in the different direce
tions means that at.any given transmural bressure the strains
hibited in each direction will also be different. The’inter-
tiction of these stresses depends upon where each of the indi-
1QMI components falls on its respective alinear stress-strain
“rvg. For example, an increment in stress in the circumfer-

tial dlrection, when the circumferential strain is located
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] the inextensible portion of its elasticity curve, will confer

apparent inextensibility to the radial direction, eve;t if the

gial strain is simultaneously located on a relativaly extensi-
partion of its respectlve elasticity curve. Similarly,

» der these conditions, the radial strain will confer an appar-

”, high extensibility to the circumferential direction, even

pugh the circumferential strain is actually on a relatively
Loxtensible portion of its respective elasticity curve. This
terdapandency thus dictates that even an expression as simple
bs oquation 22l‘.must be used with reservation, especially with
ispBCt to the apparent precision that its use implies. A more
"brehensive three-dimensional expression is required which

! corpdrates corre’ctio‘hs for anisotropy and alinearity.' In
gder to obtain such corrections, data are required colncerning
] alasfic properties in each direction. These data should
obtained under experimeﬁtal conditions which result in as
ttle interaction as possible. [Measurement of circumferential,

ngi.tudinal and radial properties in flattened, unrestricted 1

pests, such as shown in Figure 2, might be such an approach;
til the expanded, corrected expression is available the use
'. some approximation of elastif:ity is all that is possible.
}"ation 22 is a reésonable estimate. |

5. Incremental Elastic Modulus. Equation 22 is a

*%0nable approximation of the elastic modulus, but only if
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he~stress-strain is constént, or very gradual in its change.

In 2 rapidly changing, alinear curve the. stress-strain ratio
//

gescribes a straight line which joins the origin to some final

point on the curve without coinciding with the actual curve.

guch 2 measurement is termed a "secant” modulus because it

gescribes a straight line which cuts across the actual curvs.
since the object is to measure the_incrementalbstrass-strain

¥rdﬁo of the actual curve, a more exact approach is to measure

-the slope of the actual stress-strain curve at many points

‘ along the curve,. This may be termed a "tangént" or "incre-
wmntal“ elastic modulus (Krafka, 1939)., When the stress-strain
j'vc;‘;rve is linear, the secant and tangent moduli are identical;

F 'when the stress-strain curve is curvilinear, the tangent modulus
s a more useful estimate. Thus, the incremental circumferen-'
?tial:elaétic modulus is‘gi?an by the.following,qxpression: |

.
‘.

b o
o

(23)
B. Apparatus and Techniques. Apparatus was developed

'§t0 maintain isolated arteries at in situ length in a physiolog-

ical salt solution, and to measure external radius, internal

§ Tadius, and wall thickness at various transmural pressures.

g Tuo lucite chambers were constructed; a large, thick-walled,




| water, nearest the surface, was the first to be renewed., Black
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‘outer chamber to serve és water jacket, and a smaller, thin-
yalled inner chamber to serve as a tissue bath (Figgre 3).
“Water was circulated through the outer chamber, fed by a
sargent model 84880 thermostatically-controlled tissue bath
heater. Warmed water was delivered by an inlet port at the
jowest level of the water jacket, and was drained by an outlet
port located at tha highest level of the water jacket. In this

way an effective circulation was maintained and the coolest

ink injected into the inlet port revealed relatively stagnant
regions only in the corners of the water jacket. This sysﬁem
imaintained the temperature of the tissue bath to within 0.5 C°.
.Tha temperature of the tissue bath,.at the level of the arterial
 segment was constantly monitored with a Yéllow Springs modél_
8443 surface thermistor and model 43-TA telethermometer. An
additional heated lucite chamber (ﬁot shown in any of thé
figures) was used to preheat solutions destined fof the tissue
~ bath, before intrbducing them into that chamber.' The tissue
bath was construﬁted of 1/8 inch thick lucite with a stéinless'
-steel floor to facilitate heat exchange with the water of the
- water jacket. The tissuse bath had a 100 ml capacity. Two up=
right lucite blocks were set 5.3 cm apart in the tissue bath

chamber, and one holse was drilled in each upright on a common

~axis, Short segments of gtainlqss stesl tubing were pressed




FIGURE 3
APPARATUS USED TO MAINTAIN ARTERIES AT IN SITU LENGTH
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.
- throy

;sagments of polyethylene PE 240 cannula tubing were forced onto

gh these holes and fixed permanently with epoxy. Short

the stainless steel tubes on opposing faces of thé uéfight
plocks for mounting arterial segments. Long segments of‘can-
nula were pressed onto the stainless steel tubes on the outer
 faces of the uprights. Une of these long segments of polyethy=-

l 1ene tubing was connected to a éystem of compressed gas, con=

“trolled by a Conoflow H-10XT-H pressure regulator. The gas
usad was 100% oxygen, except in. the few cases specified where
100% nitrogen was used. The other long segment of polyethylene
catheter was connected to a Statham model P23Dc pressure trans-
f %ducen. | |

,t ' A second tisgue bath was constructed which was iden-
itlcal to the first one, except that it contained only ons up-
j:tight block. A plate of 1/2 inch thick lucite was mounted on
fYthe movable sensing arm of a Grass model FT 10 force transducer
(Figure 4), This lucite plate contained a longitudinally ori-

| ented hole through which a polyethylene PE 240 catheter was
?;pressed. A nylon locking screw held the cathster firmly in
‘place. One end of the catheter protruded beyond the lucite
plata about 1/2 inch, while the other end extended out to
,.easily reach the pressure transducar. The force transducer
fiwas mounted on a ringstand so. that the portion of the catheter

Protruding from the lucite plate faced the single upright block

" n the tissue bath., This system provided a method for mounting
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ttva bload vessel in a way that was idenﬁical to that employed
"giﬂ the tissue bath with the two-Fixed'uprights, but also per-"’
| pitted the recording of longitudinal,?orces. ,
 Excised arteries were mounted in either of the two -
tissue baths and were immersed under about 1 cm of fluid. The
small pressure exerted by a column of fluid of this‘height was
naglectad, and transmural pressure was equated with the intra-
tlumeﬂal pressure,recordad by the Statham pressure transducer;

| except for a slight correction to be noted below.

© External radius was continuously and dirabtlyvmea-

sured with a linear displacement transducer (Figure 5). This

to a Lufkin model 613 flat rod micrometer depth gauge. The flat
"rod on thls instrument was non-rotating, and merely extended -
‘more as the micrometer was turned in a clockwise direction. _A
'ﬂblockAof nylon rod was ground into a mushroom shape, and Ehe’
Estem of the mushroom was threaded into the hollow steel core of
:the displacehent transformer to increase the effective length of
éthe core. The total core assambly, consisting of steel rod ahd
‘%mushroom, weighed .,635 grams in air. When submerged to the
v{depth employed during experimental procedurss, the»umbrella por-
%tion of the mushroom displaced a volume of fluid sufficient to
éraduce the effective weight of the core-mushroom assembly to

w'ﬁlU grams., The area of contact betwsen the flat surface of the

" consisted of a'Robinson-Halpern differential transFormar coupled
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qushroom and the artery was determined by inflating a vessel
mnuntad in the empty tissue bath with a number ofltraﬂsmu:al
2 praséures. The vessel was wrapped with a strip of scatch tape
::with the adhesive surface outward, and the cors-mushroom assem-
ply was permitted to rest against the tape under the influence
af.graQity; Inspection of the adhesive surface of the tape in-
§ dicated that the area of contact between the mushroom and the
kape was approximately .10 cm? over most of the pressure range.
The weight oF'the transducer core assemﬁly‘thus decreased trans-
t'mural pressure by about 5 mm Hg., When arteries were mounted in
the tissue bath they were immersed under abqut l cm of Krébs-'
Mnger_solg£ion. The small pressure exerted by a column of
Afhdd of this height was neglected, and transmural pressure was
equated with the intralumenal pressure recorded by the Statham
%ﬁressdre'transducer; less the S5 mm Hg exerted by the weight of
ium displacement transducer core assembly.

An exciting voltage (4 volts, 2300 cps) was supplied
bya Sanborn model 64-500b carrier amplifier to the primary
mndings of the displacement transducer COll. The Sanborn unit
;mm also used to ampllfy the output of the secondary windings of

fﬂm displacement transformer. The output from the Sanborn ampli—
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The linearity of the displacement transducer was

'tésted by permitting the mushroom to rest on the foot plate
, v / d
-while the micrometer was turned clockwise to advance ths coil

~ downward around the core in .010 inch steps. The Polygraph

pen def;ection was recorded at each step. After the entire

channel had been traversed, the micrometer was turned in a

‘ ounterclockwlse direction raising the coil from around thav

’ 'core ln\.Dlﬂ inch steps. The Palygraph pen deflection was again
;noted. The, Sanborn and Polygraph ampllfiers were adjusted to

..fgivé a 1.0 cm pen deflection for every .010 inch core-to-coil

1disp1acemeqt. Thus, 1 mm channel deflection corresponded to

;.010 inch .actual mechahical deflection. The results of one
'%such test are illustrated in‘Figura 6. The points fall quite
,{ciose to the libe of linearity. The difference between the
;points obtained on ascending and descendlng sequences reflects
ﬁthe backlash inherent in the spring-loaded, non-rotating blads
Emlcrometer. However, the backlash did not enter into experi- -
'?mental measurements because all vital measursments meré made

}by turning the micrometer in one direction only. According to

'%Robinson-Halpern,vthe manufacturer of the transformer used in
‘?fhé displacement transducer, this instrument has a linear range
;Of * .075 inches. However, in order to achieve adequate sen=
f?Sitlvity for experimental applications the transformer was

: Used only + ,025 inchas. When a vessel changed radius more




FIGURE 6
LINEARITY OF DISPLACEMENT TRANSDUCER
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;tha" +.025 inchés the micrometer was.turned to bring the Poly=-
;graph pen to a more central region of the recordipg ?Pannal.
é'This was done at a time when a vessel was exhibiting a steady
radius. The adjustment was indicated as a shift of a given
vessel size from one location to another location on the re-
cording channel, This amounted to a shift in baseline, and
éﬁpermitted the use of a high sensitivity and still kept the

f}maasuring apparatus in the linear pdrtion of the range of both

\ the displacement transducer transformer and the Polygraph re-

cording channel. ;
| Although the displacement transducer was used for
Z&easuring‘dassals under steady state conditions, the initial
;édmnge in dimension produced by a pressure change occurred at
‘iafairly rapid rate. In order to test the dynamic response
iofthe instrument the nylon mushroom was removed ffom the stesel
%ane of the transformer, and a wooden applicator stick was
;threéded intovthe core in its place. The other end of the

:“applicator stick was threaded into the mechanical piston of a

gBMm oscillating pump (Yanof et al, 1963) which: produced vir-
%tually perfect sinusoidal oscillatlons up to 90 cps. The out=-
iimn from the displacement transducer was recorded on the Poly=-
29raph using a paper speed of 100 mm/sec. The Beta pump was run
;at various speeds, for a period of about 10 sec at sach fre-

;mmﬂcy. The exact frequancy was determined by measuring the.
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" frequency of oscillations of the displacement transducer on

‘tha Polygraph record. Figure 7 illustrates the results of such

‘8 test. At frequenciss up to 40 cps the responss amplitude fell

ot a rate of 3%/10cps. * This gradual decraase in response ampli-

ftudg continued until 40 cps was reached. Above this frequency

ofoscillation the response amplitude fell steeply.
to McDonald (1960)

According

and E. Attinger (personal communication),

95% or more of the variance of the pressure pulse wave can be

Ttaprasented by the first five Fourier.harmonies. This corres-

5ponds to a maximum of 8 tps in humans, and about 15 cps in dogs.

. The pressure pulse induces correlated circumferential displace-

mwws of tha arterial wall, but the v15co-elastic’properties of

The present data

hwicate ‘that the displacement transducer exhibits 95% of true

mwlituda at a frequency of 15 cps. It was concluded, therefore,
(

“ﬂmt the displacement transducer is adequate for measuring me~.
Edmnical transients occurring in steady state studies, It is

t¥ell to note that the linearity and frequéncy response data were

EWtained using the entire recording system, just as it was

*Wplied for recordlng experimental data,
] Arteries were measured by clamping the displacemant
:hansducer to a ringstand and using the following procedurs.

ime foot plate was lowered onto the floor of the tissue bath-

Fint{l the entire displacement transducer was forced slightly
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pmard’ This took up any slack between the ringstand and the
[ (958 path and mechanically coupled the tissue bath and dis-
‘p1ace’“9“t transducer. This procedure sffectively removed ale
' 11 vibrations and minor mechanical disturbances from

b gost @
::3 radius recordings. Inflated vessels were visually ob-
,9;-\/90' to expand uniformly in a radial direction. This was
pecause the cathsters on which the vessels were mounted were "
“t on a common axis, and also because ‘the vessels were elong-:
[gted under a longitudinal stress at all times. Observation

of' radiographs of theée vessels also indicated that radial
dxlation was essentially uniform. Measurement of diameter

be 'rasting the lower surface ‘of the ‘artery against the foot
1at;e was rejected because the restriction imposed by ths foot
ate t:;aused obViou;é visible distortion. Thus, the displace=~
nnt transducer was used to measure only changes in external
radiu(s'by recording the movements of only the upper surface

the vessel. In order to convert the changes in radius to
sbsolute radius, the following procedure was performed. At the
d of each experimenAt the vessel was permitted to achieve

%ome steady dimension under a high transmural pressure. The
1ssue bath was drained and the foot plate was brought up by
Bse of the rack and pinion gears until the foot plate just
“tGCted the lower surface of the vessel. This was indicated

Y Visual observation of changes in the light reflection of

e meniscus aof the Krebs-Ringer solution film remaining on
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the upper surface of the foot plate. It was also indicatad by
g sudden, small apparent increase in the radius of/}ha blood
vessel, as the foot plate forced the vessel upward. This was
observed on the Polygrabh channel recording the displacement
transducer output. The micrometer was then turned clockwise,
.advanciﬁg the coil down around the core until the pen of the
polygraph channel recording the radius was centered.precisely
in tﬁe center of the channel. The micrqmeter reading at this
point was noted. The clamp holding the displacement transducer
to the ringstand was loosened and the diéplacement transducer
moved laterally until the mushroom slid off the artery and

' dfopped directly onto the foot plate bslow it. The micrometer
‘was again turned clockwise until the pen of the Polygraph chan=-
nel recording the radius was again centered precisely in the
center of the channel. The micrometer at this point was again
notad, The difference between the two micrometer readings was
.recorded as the diameter of the vessel. OUne-half of the value-
was recorded as radius and the position corresponding to this
{value was noted on thé Polygraph record.  Knowledge of this
;value, and of the calibration of this éhannel, permitted speci-
fchation of the external radius values for each of the other
points on the Polygraph record. The exclusively clockwise
;rotation of the micrometer was adhered to in order to avoid

- the backlash in the instrument.




:' small chip or two of dried lead oxide powder was also placed on

k| by the height of the mercury column in the vertical open ctan-
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Following completion of all pressure-radius measure-
ments and the final diameter determination, the displapement'
_transducer was removed and the tissue bath was liféed out of
>the water jacket. A dilute suspension of powdered lead oxide

in saline was applied sparingly to the outer surface of the

vessel, and was then washed away with clean saline. The residue| !

which remained was so dilute that it failed to leave more than
a trace of the bright yellow-white color of the lead oxide sus-

pension. However, it did impart discernible radio-opacity. A

the outerrsurfaca of the vessel in the region where the mush=-
room had :ésted, to serve as a marker; The cannula at‘the
ofher end of the bath was discbnnected from the gas supply

|| and connected to a syringe containing liquid mercury. The ves-

sel was perfused with mercury to various pressures, as indicated

nula. A packet of Kodak Morelite DF-58 dental x-ray film was
»placed.on a plastic block, directly bensath the vessel, and

radiographs were obtained at each of the pressure levels. In
:some experiments a GE 11CE2 dental x-ray machine was used with ‘
@ collimating tube 16 inches long. Exposure parémeters'were
d50 KVP, 10 ma, a/ls‘seconds. In other experiments a Ritter
Model D dental x-ray machine was used with a collimating tube
.16 inches long. Exposure parameters were 54 KVP, 17 ma, 6

' 88conds,




125

X-rays of the vessels were measured microscopically

to determine internal diameter and wall thicknessv, Internal

diameter was ‘measured with a Bauch and Lomb zoom lens binocular

dissecting microscope. This microscope was fitted with a Cook

AEl image-splitting eye-piece. The highest overall magnifica-

. tion was used which includad the entire vessel diameter in a

single field. This was Usually 2 to 4 power. Wall thlckness

was measured with a Spencer binocular mlcroscope using the 40
t| power lens with 10 power ocular containing a micrometer reti-
~cule. Typical x-rays are shown in Figure 8.

.025, .050, and

Hypodermic needles|
«072 inches in dlameter, were mounted in the tis-

sue bath in the same posxtlon as an artery. X-rays were taken

of these needles, and these X-rays were used as standards to

calibrate the image splitter and eye-piecs micromater.

A test was undertaken to compare displacement trans-

ducer measurements of an object with microscope measurements of

the same object. A number of cylindrical and rod-shaped objects

of uniform diameter were measured by both techniques, coded and

1 . Compared by a blind method. A papsr clip, aluminum and steel

rods, and wooden dowels coated with the lead oxide suspens;on

were used. Comparison between transducer and X-ray measurements

of identical objects are presented in Figure 9. Deviation from

the line of equality indicates the degree and direction of error,

It is clear that there is no systematic error. These data argue
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‘,avorably for the validity of the two techniques, and the use

of the two techniques in conjunction with one anothar.\ In méking
; ' 7/
mcros‘”pic measurements on the»x-rays only the edges are sub-

ject to real uncertainty. This uncertainty has been markedly

B

raduced by coating the outer surface of the vessel with a radio-
opaqug lead oxide residue. The inner surface of the wall is
gharply outlined by the liquid mercury.

A number of inherently radio-opaque objects, such as

aw.;;_im.:m and steal rods were also treated with the lead oxide

wm‘w@ﬁmmmm' e R

suspension. The same procedure that was used on arteries was

performad the lead oxide _suspension was applled to the surfacse

W

of the rods, and then this was washed away. X-rays taken before
and after lead oxide treatment failed to indicate a meaaurable

~,

increasa in thlckness due to the lead oxide. It is probable
that when the lead oxide was applied to arteries, some of the
ﬁsradio-opaque suspension mixed with the outer layers of the ex-
tracellular water and remalned there when the bulk of the sur=
i face particles were washed away. If the lead oxide was placed
:i , 0n metal rods in localized areas and not washed away, then dis-
1 tinct "high spots® of slightly increased diameter could be dis-
cerned on x-rays of these preparations. Once washed, however,
,the high spots disappeared.

c. Prdcedura. 1. General Procedure. Mongrel dogs

°f both sexes, 9-12 kilograms body weight, were anesthetized

!
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4ith either 32 mg/Kg Nembutal (Abbott) intraperitoneally or

2 ng/Kg Sernylan (Parke=Davis) intramuscularly and 30 mg/Kg

'g-chloralose (Kuhlmann) intravenously. An incision was made in
the mid-cervical region and a carotid artery was exposed. A 5.3
cm segment of the vessel was measured with calipers and the ves-
gol was marked with a small nick in the adventitia. The artery
was ligated a short distance from either side of the marked seg-
ment, and the segment was excised. It was rinsed and flushed |
with 25%C Krebs-Ringer solution. The vessel was immediately

" ¢rimmed of excess connective tissue apd mounted on the cannulas

in the tissue bath. In mounting, the retracted artery was re-

" glongated to the original length of 5.3 cm. The interval from

'the time of excision to the time of mounting was 3 to~5 minutes.
The vessel was then completely immersed in buffered Krebs-Ringer
§olution'héld at 36.5 + 0.5°C. This solution was prepared ac-
cording to Umbreit et al (1957). It was composed of 120 mM
NaCl; 4,8 miM KCl, 2.5 mMCaCl,, 1.2 mM MgSO,+7 H,0, 15 mM phos-.

-phate buffer - pH 7.4 and 11.0 mM dextrose. The foregoing- des=-

.cribed procedure of éxcising arteries and mounting thembat in

tg;gg length in a Krebs-Ringer bath was followed for all of the

?folLowing experiment, except those specifically statgd other-

?wise.
| 2. Wall Volume. A number of arteries were excised,.

. Mnsed and flushed with Krebs-Ringer solution, and were mounted,
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dry, at in situ length, in the tissue bath. Each artery was
subjected‘tobthe following procedure: The outsr/gurﬁace of the
vessel was coated with a trace layer of lead oxide, along with a
number of lead oxide marker chips. The lumen was perfused with
liquid mercury under a variety of pressures'ranging from 40 to
250 mm Hg. Perfusion pressures were begun at lowest lpvels and
increased sequentially to highest levels. X-rays wers taken of
the artery at each pressure level. Internal'radiué and wall
thickness were microscopically measured on each x;ray, and wall

N

~volume was calculated as followst

= . X 2-"- 2 . :
\J LCmry LAY ) |
(24)

where,  V = volume
L = length between the ligatures of thé cannulated
segment :
T, = external radius

ry = internal radius

The length of each éfeparation was held constant, and‘was there-
fore treated as unity. |

3. Action of Norepinephrine and Potassium Cyanids.
a. .Dose-Response Relatidpships. Arteries were excised, rinsad
and mounted at in situ length in the tissue bath, immersed in

Krebs-Ringer dextroSe,solution; Each vessel was perfused with
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100% oxygen gas. Transmural pressures were increased in 25 mm
Hg steps to 200 mm Hg. They were then decreased/;n a stepwise
fashion to 75 mm Hg while the radius of the arteries was contin-
yously recorded with the displacement transducer. The transe
mural pressure was held at each step until the displacement

transducer indicated a steady radius for 2 minutes or mors.

| Equilibrium usually was achieved in 5 to 10 minutes. These

steps will be referred to as "equilibrium steps". At 75 mmng,
vasséls were treated sequentially with 0.1, 1.0, 10.0, 100.0, -
‘;nd 300.0 pg of norepinephrine (NEpi) (Winthrop) per 100 ml of
tissue bathAfluid. The drug was administered in drops in the
vicinity of the arterial segment. Each dose of the drug used
was that amount necessary to bring the total concentration up
to the level stipulated. For example, after the 0.1 ug dose
has giveﬁ and the change in radius recorded, 0.9 ug was given
to bring the following total dose level to 1.0 ug/100 ml of
bath. No attempt was made to wash out the previous dose. A
fresh ampule of the drug was opened each day shortly before ad-
ministration, and diluted when necessary, in isotoniﬁ saline.
The total volume injected was 1 ml for all doses.

‘A second group of arteries also was excised, rinsed
and mounted at in situ length in the tissue bath, and immersed;
in Krebs-Ringer dextrose splution. They were subjected to the

identical stepwise transmural pressure sequences as the NEpi-
treated arteries described above, but the ascending sequence

o
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of pressure steps was stopped at 200 mm Hg. These vessels

were treated.with lDD‘pg/IUD ml norepinephrine and permitted to
équilibrate. The bath was then changed ssveral tiées with
fr95h136-370c Krebs-Ringer solution which contained no dextrose.
A dose of potassium cyanide (KCN) 0.1, 1.0, 10.0, or 60 mg/100

- ml of Bath was injected into the bath. Each dose was diluted in
~isotonic saline so that fhe total volume of each dose was 1 ml,
One ﬁour was permitted to elapse after treatment with one of |
these doses, and the degree of dilatioﬁ produced by the cyanide
was recorded. It»was found, in pilot studies, that 60 mg/lOD'ml
onbath KCN caused a degree of dilation which could not be sig-
nificanyly increased by any higher additional dose of cyanide.

A 60 mg/100 ml of bath dose was therefore given after the vessel
‘had been subjected to some lower dose for one hour. An addi-
tional hdur was permitted to elapse after the dose of 60 ml/100
ml}of bath and the degree of dilation achieved at this time was
- considered to be maximum.

b, Time Course of KCN Action. A number of arteries

‘were excised, mounted in the tissue bath at in situ length, and

'| - immersed in 36-37°C Krebs-Ringer dextrose solution. The arter-

ies were inflated with 100% oxygen, while external radius was 
continuously recorded with the displacement transducer. The
‘transmﬁral préssure was increased in 25 mm Hg equiligfium steps
to 200~-250 mm Hg, and then decreased to 150-200 mm Hg. A 200

»g/100 ml dose of NEpi was given. After about 15 minutes the

{




134
bath was rinsed and refilled with fresh dextrose-frese Krebs-
Ringers solution, and a 60 mg/100 ml doss of KCN was admini=-
stered. The external radius of the artery was thé; recorded
for up to 8 hours to observe the time course of KCN action.
In a‘Few experiments an additional 200 mg/100ml KCN was given
at the end of the period and an additional hour was permitted
to elapse to evaluate the degree of'dilation. |

c. Specificity of NEpi and KCN. Another group of
arteries was excised and subjected‘to oﬁe of a number of pro-
cedures to kill the arterial muscle. These procedures weres

a) exposure to a dextrose-free, anoxic environment by inflation

of the vessels with 100% nitrogen gas for 8-10 hours; b) immer-

? sion in distilled water for 10-12'hours; c) immersion. in Krebs-
Ringer - solution and subjection to slow freezing for 10-12
‘hours; and d) immersion in Krebs-Ringer solution and subjection
to heating to 500C for one hour, with approximately 40 addi- |
tional minutes required to heat up to, and cool down from,

'; that tamperatﬁre. Those vessels immersed in distilled water and
those that were frozen were subjected to these treatments prior
to mounting in the tissue bath, They were immersed in fresh

'| Krebs-Ringers solution for about eight hours before being
mounted and testad.l Those arteries subjected to nitrogen ex-
bosure, and those exposed to 509C temperatures were subjected'

to those procedures while mounted in the tissue bath. Following
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jts respective procedure, each artery was immersed in fresh
16-37°C, Dextrose-fres Krebs-Ringer solution and was inflated
with 100% oxygen. Transmural pressures were incfgased in 25
mm Hg steps up to 250 mm Hg,.and then decreased in 25 mm Hg
steps to either 175-200 mm Hg or to 50-75 mm Hg. External
radius was recorded with the displacement transducer. Each
artéry was treated sequentially first with 200 p/100 ml NEpi,
and then with 60 mg/100 ml KCN., Adequate time was permitted
to observe the diameter changes produced by these agents. .
d. Effect of NEpi and KCN on Wall Volume. An
additional group of arteries was excised and mounted in thg
dry tissde‘bath at in situ length. The outer surface of the .
véssel'was coated with a trace layer of léad_oxide, and a
number of lead oxide chip markgrs. The bath was then filled witH
‘Krebs=-Ringer dextroée solution, and the artery was 1nf1atéd with
100% oxygen. The transmural pressure was increased in 25.mm Hg
equilibrium steps to 100 mm Hg. The displacement transducer
was removed and 200 ug/100 ml NEpi was administered; Affer 30
.minufes the bath waa drained and the artery.was filled with
liquid mercury under a range of perfusion pressures. An x-ray
was taken at each pressure. Following this procedure the tissue
bath was gently rinsed and refilled with fresh glucose-free
Krebs-Ringer solution, and 60 mg/100 ml KCN was added to the

bath., After one hour the bath was again drained and X=rays
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were taken over a range of liquid mercury pérfusion pressures,
Wall'volumesAwere determined after both.NEpi tregtment and KCN
treatment for each artery. |
4. Influence of Smooth Muscle on Mechanical Charace -

teristics. a. Shortening and Extending Cycles. Arteries were
" egxcised, rinsed and mounted at in situ length on cannulas Pro=
truding through the upright blocks.in the tissue bath, They .
were immersed ianrebs-Ringer dextrose ;olution and inflatéd'
with 100% oxygen while external radius was continuously re-
corded. Transmural pressures were incraaséd in 25 mm Hg steps
to 200-225‘mm5Hg, and then decreased in this stepwise fashion to
‘25 mm Hg, and back up to 200-250 mm Hg. In some experiments

350 mm Hg was used for the high pressure,.and in some 0 mm Hgq
was used for thé lowﬂpressure. At the high pressure the arter-
ies were treated with 200 pg/100 ml NEpi and the vessel was
permitted to contract until a new equilibrium was establiéhed.
The pressure was then decreased to thé low pressure in 25 mm Hg
equilibrium steps, and then incrqasad again,‘in steps, to high
pressure. At high préssure the tissué bath was drained, finsed,
and refilled with dextrosq-?fee Krebs-Ringer solution, AVGU mg/
100 ml dose of KCN was added to the bath and the vessel was per=-
mitted to remain at 200 mm Hg or more for one hour. At the end
of this period the artery wasnagain'subjectéd to 25 mm Hg equiii~
brium pressure steps down to é low pressure, and back up to a |

high pressure level. In a few experiments the pressures were
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jecreased to zero, and even to negative values only after KCN

| treatment. In some experiments all steps were equilibrium steps
L in othafs either the shortening or distention phages were carrieq
L out in steps performed as the vessel approached, but did not yset
attain full, final equilibriﬁm. At the end of these procedures
ithe diameter of the artery was determined at high pressure, and ]
* finally, x-rays were taken of each vessel.

§

g 5. Hysteretic Behavior. a. Interrupted Loops. Ar-
iteries were excised, rinsed and mounted at in situ length. The
%vessels were subjected to pressure éycles in pretreatment, NEpi-
EtreatedAand cyanide~poisoned states, just as described in the
;previous séction. A modification of these procedures was that
,the distending limb was halted before reaching the maximum pres-
iQure.« A sequence of descending equilibrium steps was perfcrmed
5From that point. In some experiments the distention limb was
zrepeated'and this was also halted before maximum pressure.to
:ﬁive é second shortening sequencs.

b. Shortening from Multiple Origins. In order to
iwstematically analyze the characteristics of the hysteresis
7bop, a number of arteries were mounted at in situ length and
ere subjected to the following procedures. After completion of’
the pretreatment cycle the arteries were treated with 200 wg/100

%\ NEpi at a high pressure, and the pressure was decreased in

Nuilibriud‘steps. When the vessel achieved stability at the
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lﬁlow pressure, the pressure was increased in a single step to

'tsomé higher, "starting" pressure. The radius assqcie}edlwith
this starting pressure may be referred to as the "origin", A

+ ggquence of descending ‘equilibrium steps was then carried out
“until the.lowaét pressure .in the cycle was achieved. This pPro=
fﬂmdure was repepted until shortening curvss originating from
Fmany different starting pressures were obtained. The order of

gstarting pressures was-randomized. The same procedure was fole

“Jowed after one hour poisoning with cyanide at high pressurs.

C. Distention from Multiple Origins. An additional
igroup of arteries was studied in a similar manner to obtain dis-

‘tention sequences commencing from various starting pressurass.
8 .

‘After a full pretreatment cycle, the artery was treated with

iy -

jQDOLm/lDO ml NEpi at a high pressure. A full decrease-lncrease

Jprassura cycle was performed, and the pressure was dropped in a -
g@ingle step to some lower "starting" pressure. A sequence of as-
v?cending equilibrium pressure steps was performed from this ori-
fsin. This procedure was repaated until distention curves ori-
% ﬁnating from many origins were obtalned. The.brder of starting
% pressuras was randomized,

: 6. Longitudlnal Propertles. Arteries were excised,

!rhmad and one end of the vessels was- mounted on a cannula pro-

truding ‘through one of the upright blocks in the tissue bath.

b
v
i

@ﬂm other end of the artery was cannulated with flexible silastic




e
8

length. The vessel was coated with a thin layer of lead oxide,
" perfused with liquid mercury and x-rayed over a wide range of

 distending pressures. At the end of the experiment the force
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tubing, and this cannula was secured to the lucxte plate and
connected to the pressure transducer. The radiu;‘of‘these prep-
arations was measured with the displacement transducer, and the
longitudinal force was measured with the force transducer. The
vessels were‘subjected to an initial stepwise distention, and

this was followed by the usual pressure cycles in the pretreat-
ment condition, after treatment with NEpi and after poisoning

with -cyanide. A pressure of 200-225 was used as the upper limit,
and - 0 25 was used as the lowsr limit. Upon completion of these

procedures the lucite plate was removed from the cannula, and

the cannula was clamped in place to maintain the approprlate

transducer was turned so that the sensing arm could be deflected
vertically, and the'displacement transducer mushroom was rested
against the sensing arm. The arm was deflected to the same ex-
tent Observed on the Polygraph record during experimental pro-
cedures, This tast indicated that the elongatad artery was per=-
mitted to change less than .01 percent in length,




CHAPTER IV

RESULTS

A. Wall Volume. Cérotid arteries were perfused
under pressure with liquid mercury, énd the wall volumes were
determined at each pressure. These data are shown in Figure'
10. The‘meah wall volume of each értery was designated as

100% and the points contributing to that mean were then plotted
against diameter. Each artery is represented by avdifferent
symbol; all the open circles indicate individual volume deter-
minations for one artery, all the closed circles for another
-artery, etc.. The abscissa is external diameter, expressed as
;the percent of each individual vessel's diameter at 50 mm Hg.
The ordinate is wall volume, expressed as the percent of heaﬁ
wall volume for each vesssl. Thase'data are expressed in psr= '’
centage form in order to compare wall volume of afteries ob-
tained from animals of different sizes and weights. if the
wall underwsnt volume compression with increased distention,
then the points would show a general tendency to fall from

left to right. If the wall underwent a volume expansion with
increased distention, then the points would show a genefal
tendency to rise from left to right. It is clear From}'
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FIGURE 10
ARTERIAL WALL VOLUME
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Figure 10 that neither trend is observed, and it may be con-
cluded therefore, that the arteries in this preg;ration eXe=
hibit isovolumetricity. This means that each change in dia-
meter is accompanied by an approbriate, opposite change in

the thickness of the wall, and the magnitude of change in the
thickness is dictated by the incompressibility of the méterial
of the wall. The isovolumetricity of the arterial wall may be
expressad mathematically as a Poisson's rétio of 0.5. | |

B, Actions of NEpi and KCN., 1. Dose Response

relationships.' Figure 11 presents portions of polygraph re-
cords illustrating the response of a carotid artery, fixed at
in situ length in the tissue bath, distended with 175 mm Hg
pressure, and treated with 200 wg/100 ml NEpi and 60 mg/100 ml
KCN. Figure 11A provides an example df the prompt arterial
contraction produced by 200 wmg/100 ml NEpi. An additional
dose of 300 pg/100 ml NEpi caused‘no further contraction.,’
Figure 11B provides an example of the dilation produced by

60 mg/100 ml KCN. An additional 200 mg/100 ml dose of KCN
given after 90 minutes caused no further dilation.
| - Figure 12A presents a NEpi dose-ressponse curve. The
absciésa is the dose of the drug, plotted on a logarithmic
scale, and. the ordinate is the amplitude.of contraction exe
pressed in percent of the maximum observed in each individual

experiment. The points indicate the mean determined for 9




FIGURE 11 | | | \

POLYGRAPH RECORDS ILLUSTRATING CONTRACTILE EFFECTS
- OF NEpi, AND DILATION PRODUCED BY KCN,
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carotid arteries, and the brackets indicate standard errors.
ffaximum response was obtained with 300 Lo} /100 m%/of NEpi.,
In a few cases as much as 600 pg/100 ml was given with no in=-
crease in response over that produced by 200‘ﬁg/100 ml dose.
It was concluded, from these results, that a 200 pg/100 ml
dose of the drug could be used to strongly contract the muscle
in subsequent experiments.
Figure 12B presents a KCN dose-response curve. The
abscissa is the dose of KCN, plotted on-a logarithmic scale,
.and the ordinate is the amplitude of dilation, expressed in
percent. The 10 and 60 mg/100 ml points on the graph repre-
sent the mean of 9 carotid artéries, and the 1.0 hg/100 ml
point represents 6 carotid arteries. Three additional.arteriés
were treatad with 0.1 mg/100 ml, but these were discontinued
when it became evident that they produced negligible dilation,
The bracketsAindicate standard errors. It was concluded from
thess resdlts that 60 mg/100 ml kCN could be used to maximally
inhibit smooth muscle contraction.
| 2. Time-Course of KCN Action. Figure 13 presents
data describing the time-course of KCN dilation for 5 carotid
arteries.' The abscissa is time in hours. It is broken to
provide detail regarding the first 2 hours, and also to indi-
Cate the duration that the experiments were permitted to run.,

The ordinate is the amplitude of dilation expressed in percent,
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TIME COURSE OF KCN DILATION IN 5 ARTERIES
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where maximum dilation was that observed at the end of each
expefimant. Each symbol represents a different aptery. Vessesl
dimensions were recorded continﬁously on the Poiygraph, but only
the responses observed at 20 minute intervals for the first 2
hours are plotted. Ohce a vessel reached its maximum radius
'it retained that dimension for the duration of the test. The
final points shown on the graph incidafe the duration of eacﬁ
individual experiment. Treatment with an additional dose of
200 mg/lUU‘ml KCN failed to augment the dilation produced by
exposure to 60 mg/100 ml KCN for many hours. It is clear from
Figure‘ls that approximately 95% of the maximum dilation occurs
within the first hour after treatment. It was concluded, there-
fore, that waiting one hour after KCN treatment would be suffi-
cient to consider vascular smooth muscle essentially inactive.
‘Thus, 60 to 100 minutes were permitted to elapse before the
Final,pfessure—radius studies in each experiment werebperformad.
In many experiments the vessels were treated with an additional
200 ug/100 ml dose of NEgi after having undergone poisoning with
cyanide for one hour or more. NEpi never elicited a contractile
.respbnse‘after poisoniﬁg with KCN.

In several experiments, the pH of the bath was mea=-
sﬁned immediately before and after administration of NEpi and
KCN. It was 7.4 before and after treatment with NEpi, but in-
creased to 8.8 after treatment with cyanide. This high pH was
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bablY important in relaxlng or even killing the smooth muscle

i glls. Two arteries were treated,. first with KCN buffered to pH

,;7 4, and then with Krebs-Ringer solution buffered to brlng the

3;bath to pH 8.8. Two additional arteries were treated, first

E:yith the alkaline Krebs-Ringer solution, and then with KCN buf-

"ferad to pH 7.4. In esach case more than 90% of maximum dilation

E;was produced by the first of two treatments. Data presented in

?gthg following section on the spedificity of KCN action indicateé

nghat neither the pH nor the cyanide ion grossly disturbs the me=-

fychanical characteristics of the connective tissue elements.

3. Specificity of NEpi and KCN., The results of

*;kesting various arteries with NEpi and KCN are shown in Table I.

?fﬂmse data show that vessels subjected to procedures intendsed

%to kill the smooth muscle .never responded, in any way,’to admin=-

5yistration of NEpi. Vessels subjected to immersion in distilled

.water, exposure to an anoxic environment, to freezing or to

{heating failed, in all}cases, to dilate in response to KCN,

iThese vessels were tested in two ranges of pressure to determine

which, if either, of the connectlve tissue elements might be ef-

facted by NEpi or KCN. Elastin bears most of the distending

j4load in the 50-75 mm Hg range, while collagen bears most of the

load in the 175-200 mm Hg pressure range. The present data in=-

fgdicate that neither elastin, nor collagen, are obviously ef=-

5§fected by NEpi or. 'KCN because neither of these agents elicited




TABLE I .

ACTION OF NEpi AND KCN ON ARTERIES

SUBJECTED TO VARIOUS PRETREATMENT PROCEDURES

: - Treatment Number

“Procedure = " " ‘Pressure of Arteries - Effect of NEpi Effect of KCN
Perfused with 175-200 2 none none
N2 for 8 hours 50-75 LZ none none
Soaked in dis- . - .
tilled H,0 for 175-200 3 none none

" 8 hours 50-75 5 none © none
Frozen for 8 175-200 3 none none
hours 50-75 3 -~ none none
Heated to 50° 175-200 1 ~ none " none
for 1 hour 125 1 ~ none none
Refrigerated 225 3 dilation (3/4) dilation
for 8 hours 100-150 : contractipn dilation

N

0ST -
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a response from arteries in which the contractile system had
been inactivated by various methods. C

4. Effects of NEpi and KCN on Wall Volume. Figure 14
presents a comparison of. mean wall volumes in 10 arteries after
successive treatment with NEpi and KCN. The abscissa is the ar=-
"terial volume after .treatment with NEpi, and the ordlnate is the
arterial volume after treatment with KCN. If there were no

change in wall volume after these successive treatments,. then

each of the points would fall along the 45° line of equality.
Figure 14 indicates that thers is a tendency for the wall volume
to increase following poisoning with KCN. A 16% increase was ob-
served in a single case, although 6% was the average increase foj
the 10 Veesels. The influence of NEpi and KCN on the wall vole
ume‘mas studied because the wall volume was used in all subse-
quent experiments to calculate the internal radii which corres-
pond to the direcﬁly measured external radii. Equation 24 was

used fqr,this pufpose; rearranged to solve for ii’

(25)
Note thaf the'square root of the wall.volume is used. Therse-
fore, the average increase in wall volume of 6%, after treatment

with cyanide, results in an average underestimation of about
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2.5% in the calculation of internal radius after treatment _
with NEbi, because in subsequent experiments x-rays were taken
only after poisoning with KCN. No attempt was made to correct
for this error because of its small and inconsistent magnitude,
‘ Figdre 15 presents the individual points comprising
‘the meaﬁ wall volumes considered in Figurs 14, ‘Each symbol re-
presents a different artery.‘ The abscissa is external diamseter,
expressed as the percent of each individual vessel diameter at
50 mm Hg following treatmant with NEpi. It applies to both the
left and rightvpanels of the Figure.> The common ordinate is

wall volume, expressed as the percent of mean wall volume for

. |' each individual vessel obtained following 9ach treatment. Thus,

the points clugter about their raspectivevmeans, although the
mean ?ollowing treatmant with KCN is actually 6% greater than
the mean following treatment with NEpi. Each artery is repre-
sented by a different symbol. Five points were obtained for
most arta:ies afﬁer NEpi, and after.KCN, although in a few cases
only 4 péin£3'could be satisfactorily determined,

 ?THe dispersion of the individual points in those
- figures is‘obViously greater than the similar plot for untreated
vessels {llustrated in Figure 10. This is because the treated
arteries underwent immersion in a Krebs=Ringer bath for 30

mlnuteé with NEpi, and 60 minutes with KCN. These procedures

Washed away some of the lead oxide layer and rendered the x-rays
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more difficult to measure. In spite of this, howsver, most of
the scatter in Figure 15 is within +10% of the mean, with just
a few points greater than that range. This figure indicates
that there is little change in the slope of the wall volume
curve after NEpi or KCN, suggesting that the presence of active
smooth muscle does not alter the Poisson's ratio. There is a ~
slight tendency for the slope of the wall volume curve after
-poisoning with KCN to fall from left to right, but this may have
reflected a tendency for the wall to gain water after cyénide.
| "ol Fixed-Length Arteries. 1. Shortening and Dis=-
tention Behavior. Figure 16 presents a sample Polygraph record
.illustrating part of a pressure-radius cycle experiment.. De-
creasing radius and increasing rédius curves are shown in the
pratreatmant‘condition, after treatment with NEpi and after
poisoning with cyanide. Figure 17A and 18A present pressufe-
radius curveé for 2 typical arteries subjected to a wide range
of distending pressures. "Pre" indicates the behavior of the
vessels during the pretreatment condition; "NEpi" after activa-
tion of the smooth muscle with NEpi; and "KCN" after poisoning
with cyapide.' It is svident that the vessels described in these
figures ﬁéré considerably relaxed before treatment with NEpi;f'
- because the Pre and KCN curves are similar. At low pressures
and radii the vessels exhibited large changes in radius with
each step change in pressure (4r/4P). When the pressure and

_radius were increased, the (4r/AP) became progressively smaller.




FIGURE 16

POLYGRAPH RECORDS IN PRETREATMENT STATE, AFTER TREATMENT WITH NEpi,
‘ : AND AFTER POISONING WITH KCN.
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o , FIGURE 17A _
'ARTERY 1: PRESSURE-RADIUS CURVES IN THE PRETREATHENT CONDITION
AND AFTER TREATHENT WITH NEpi AND KCN.
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ARTERY 2: PRESSURE-RADIUS CURVES IN THE PRETREATMENT CONDITION

AND AFTER TREATMENT WITH NEpi AND KCN.

218 - e S S
I
,o-:‘.../;‘_o ..... ./ ) a
:;i;//VQ"”' °
ke AT / | /
Ayal® . ¢

EXTERNAL RADIUS cm
>\" o
z ‘t...‘.
m K%
.\.

23F ¢ ?,

076 [ ! ! ! |
0 | 50 100 150 200 250

TRANSMURAL PRESSURE mmHg

b ———— W o e

- R . i v

8SsT




—

159
he dependence of (ar/2P) upon pressure or radius was most
appa:ent in the pretreatment condition and aftar_poigpning
with cyanide. Treatment with NEpi caused a gradual contrace
tion so that the (Ar/AP) was less dependent upon radius or
pressure.: Treatment with NEpi also greatly increased the
amplitude,vor width, of the extension-retraction hysteresis
loope. | ,
The amplitude of muscle shortening is the difference
in radius at any pressurs between the vaséel following treatment
with NEpi and following poisoning with cyanide. It is clear
from Figqrqs‘l7A and "18A that the amplitude of muscle shortening

s great at moderate pressures, and exhibits a maximum at or !
below physiological pressuress. ’

' ‘Table II presents similar data for a total of 16 ar-
teries. Maximum active stress, the strain at which the maximum
strassesuoccurred, and the pressure at which the maximum ampli-l
tude of shnrtening occurred are presented. Means and standard
errors are included at the bottom of the Table. The mean peak
active stress was .88 & .11 x 106 dynes/cm « It occurred at a
~mean circumferantial strain of .57 + .04, Maximum amplitude of
muscle shortening occurred at a mean pressure of 62 + 4,8 mm Hg.

D. Extansion Behavior. It is evident from the pres-

sure-radius curves presented in Figures 17A and 18A that each

radius is associated with a higher pressure during the disten- .=

tion sequences than during the shortening sequences. This is




ARTERY 1: SHORTENING STRESS-STRAIN CURVES AFTER NEpi, KCN,
. AND THE DIFFERENCE BETWEEN THEM (ACTIVE muscLlE)
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FIGURE 188

ARTERY 2: SHORTENING STRESS-STRAIN CURVES AFTER
4 NEpi, KCN AND THE DIFFERENCE BETWEEN
[ | . THEM (ACTIVE MUSCLE).
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SHORTENING CHARACTERISTICS OF
- NOREPINEPHRINE-ACTIVATED CAROTID ARTERIES
" Artery Maximum Active Stress Strain at Maximum .Pressure At
6 2 : Active Stress Maximum Shortening
"~ (x 10" dynes/cm ) (Ar/ro) (mm Hg)

| o
- 1 1.20 : " .80 50
| 2 .60 - : .90 - 75
3 .40 .55 75
4 .70 .53 75
5 .60 S .50 90
6 1.90 .30 75
7 1.70 . .73 50
8 .50 ' .68 . 50
-9 .50 S .47 75
10 .30 ' .34 25
1 1.20 - ' .74 75
12 .90 , . .65 75
13 .75 , .36 50
14 .91 .40 25
15 1.10 .74 55
16 .86 ‘ .50 75

o N

- Mean .88 .57 62
Standard Error 01 o +.04 4.8

o e v o
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gspecially pronounced after treatment with NEpi. Because the
circumférential stress is directly related to the pressure at
any given radius (equation 4b), it is apparent that the stress
is greater at any'strain during the distention sequence than
during the shortening sequence.

| Figures 17C and 18C present the distention data in

the form of stress-strain curves. The slopes of these curves-

were determined graphically. Seventy-five percent of the valué

of the slope was used as a measure of the elastic modulus, in
Ao
accord with equation 23, i.e. E; = AEC (I-v2) , Since Poisson's

ratio is equal to 0.5, the expression (l1-v2) is equal to 0.7S.
' These elastic moduli are plotted as a Funcgion of strain_in‘
Fiqures 170 and 180, It may be observed that the eslastic modulug
of the arteriesbis higher after treatment with NEpi, than after
poisoning with cyanide. This is found at all but the largest
strains. The consistency ofbthis finding is demonstrated by
the data presented in Table IIIA, Figures 17E and 18E present
the same alasticiﬁy data plotted as a function of transmural
pressure. Contrary to the data presented in the stress-elastici-
ty graphs, these Figures indicate that the arteries are less | |

elastic at any given pressure after treatment with NEpi than

after poisoning with cyanidse. _ : ﬁ;
Interpretation of the pressure-slasticity data pre-

"sented in Figures 17E and 18E is camplicated by the fact that




FIGURE 17C
ARTERY 1: DISTENTION STRESS-STRAIN

CURVES
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FIGURE 18C
ARTERY 2: DISTENTION STRESS-STRAIN CURVES
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FIGURE 17D

ARTERY 1: STRAIN-ELASTIC MODULUS CURVES FoR DISTENTIGN BEHAVIOR,

THE ARROWS INDICATE THE STRAINS AT 100 mm Hg.
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ARTERY 2: STRAIN-ELASTIC M

x10% dynes/cm?2
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TABLE III A

ELASTIC MODULUS (x 108 dynes/cn?)

"AS A FUNCTION OF STRAIN

» Strain
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(Continued Table III A)

Artery S R 34 5 e a7 8 .9 1.0 1
12 NEpi 1.6 2.2 4.0 4.6 6.7 |
KN .6 1.0 1.7 3.0 51 7.1 8.0
14 NEpi 2.5 3.5 5.6 4.0 7.0
KN - 1.3 2.6 5.3 7.4
17 NEpi 6.0 4.0 5.7 15 24 30
. KN 1.6 1.6 4.0 12 29 56
18 NEpi 3.5 5.4 5.5 12.0
KN 1.0 2.3 5.0 13.0
TABLE III B

ELASTIC MODULUS (x 10° dynes/cm?)
AS A FUNCTION OF PRESSURE

' Pressure .

‘ Artery . o5 . 50 75 100 125 180 ]75 ..... 200
§ 1 NEpi - .8 1.3 1.5 1.8 2.0 2.3 2.5
‘ KN .3 1.2 1.5 3.0 3.5 8.4 8.5 19.5
2 NEpi - - 1.0 1.1 1.6 2.1 2.7 3.0
KN .6 1.2 2.2 4.5 6.3 6.2 125 174
3 NEpi 1.2 6.8 5.2 7.0 n.2 1641 23.3 26.9

KN 1.7 3.6 8.3 13.4 20.0 22.3 : .
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Pressure

(Continued Table III B)
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FIGURE 17E

ARTERY 1t PRESSURE-ELASTIC MODULUS CURVES FOR DISTENTION BEHAVIOR
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FIGURE 18E
ARTERY 2: PRESSURE-ELASTIC MODULUS CURVES FOR DISTENTION BEHAVIOR
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very different strains are associated with each pressure, de;
pending upon whether or not the smooth muscle was active. The
arrows in figures 17D and 18D indicate the strains associated
~with 100 mm Hg after treatment with NEpi and after poinsoning
with cyanide. Clearly NEpi decreases the strain at physiologie-
cal bressures, and also decreasses the elasticity.

Results for 12 arteries are presented in Table IIlIB.
Some of these arteries were thoss subjected to equilibrium steps
in both the shortening and distention sequences. These vessels
also appear iﬁ Table II. The remaining arteries were those sub=-
jected to incomplete equilibrium steps during the distention se-
quences. In spite of considerable variability in the elasticity
and maximum strain that was attained, every individual artery
described in-Table IIIA and IIIB agrees, qualitatively, with the
two arteries analyzed in detail in Figures 17A - E and léA - E.
In every artery studied, activation of smooth muscle caused con-
traction and rendered the arteries less distensible with respect
to strain, but more distensible with respsect to pressure.' Fi=

‘gure 19 presents the mean elastic moduli and their standard er=-

rors plotted as a function of radius. It is clear that the slas-
tic moduli gradually increase with increasing pressures, and
that NEpi decreasss the elasticity at a;l but-the lowest pres-
sures. The elastic moduli after NEpi and KCN were compared usgs-

ing the WilcoXon'matched-pairs signed-ranks test (Siegel, 1956).




FIGURE 19 174

MEAN ELASTIC MODULUS AND STANDARD ERRORS AS A FUNCTION OF
PRESSURE; EFFECTS OF NEpi AND KCN ARE COMPARED
WITH THE UNTREATED ARTERIES OF BERGEL.
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The differences at 25 and 50 mm Hg were found to be insignifi-

cant, but the differehces at all higher pressurss wereAsigni-
ficant (p<.025). p

E. Hysteresis. l.l Interrupted Loops. It was noted
~above that treatment with NEpi markedly increases the hystere=-
sis of arteries subjscted to wide-rangse pressure-radiﬁs cycles,
In order to investigate the properties of the loop, 4 arteries
were subjected to interruption of the distentioﬁ limb, Figurs
20 illustrates one such experiment. After treatment with NEbi,
the distention limb was intarfupted first at a low pressuras,
and then during'a second distention sequence, at a higher
pressure. It was also interrupted at ssveral pressures during
distention sequences after poisoning with cyanide. Pressurs-
radius curves after treatmént with NEpi ére plotted with
filled circles and solid curves, after poisoning with KCN
with open circlaé and broken curves, and during 