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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
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. 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




10
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,
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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
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'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
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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
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» 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;
30

_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




37

;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 '
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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-




47

‘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




49

' 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
L
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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




1

\d

s

2
i

62
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,
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