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Oreface

This volume contains th: edited proceedings of & wor’ :nop
conference, THE SMOOTH MUSCLE OF THE ARTERIAL WALL, held at Max
Planck Haus, Heidelberg, West Gz2rmany, on the occasion of the

u=dicationr of the aew Myocardiai Intarct institute of “ae Univer-
sity of Heidelberg.

The conference wis # sequel to cie held three years earlier
at iimndau, West ii~rwminy, on TEE ARTERY AND THE PROCESS OF ARTERIO-
SCLEKOSIS. The earlier confevence examined available dati and
conflicting theories on the pathogenesis of arteriosclerosis. A
maior yield of this gathering was a3 consensus that smooth muscle
cell pro’iferation in the subr-endothelfal space is a fundamental
feature ¢  atherogenesis. it was, therefore, decided in a second
conference 0 dring tcgnather existing kncvledge of arterial smooth
muscle ané =~ the structure and function of smooth muscle in general.
Accordingly  Iaternational and interdisciplinary group of «xpe:ts
vere gatherc.. “sgether to assess current knowledge, to attemnt
reconciliation of disparate data and syn’.iesis of widely scartered
information and to identify critical arz.s cf ignorance. Aa bufore,
the conference was conducted in the forn of o diazlog « with inly
2 r.inimal number of formal presentatior:.

Grateful acknowled: :ment for financial cupport of the confer-
ence is extended to:

The Government of .aden-Wurttemberg, Uz2st Germany

The Marine Biomediial Institute of the University
of Texas Medica! Eranch, Galveston, Texas

The Office of Naval Resecich, 5’shington, D.C. 62
Neoosy-75-C- ©/

T5. Aserican Heart Awiccilation

The Dow Chemical Cospany

G. D. 5S5earle and Company
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The audiovisual responsibilities at the Conference were ably
handled by Mr. Harold Drusc <21 and Mr. Robert Robbins of the Depart-
ment of Medicsl Illustrations, University of Texas Medical Branch.
The %l)ustrations were prepared and some charts redrawn by Edmond
5 Alexander and Carol Hoecker of the same depurtment. Mrs. Joan
Martin undertcok the entire process of transcription, typing of
edits, redaction and organization of the manuscript with the assist-
ance of Mrs. Diane Townsend, Miss Colleen Hogan, Mrs. Lucille Smith

and Ms. Moira Martin.
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WELCOMING REM~ARKS

Dr. Gotthard Schettler

1 an most pleased to have the opportunity to welcome my
colleagues and friends, the participants in this Conference.
After the successful Lindau meeting three vears dago we decided
to continue with chis nmultidisciplinary type of Conference.
Since we had to organize the Third International Symposium on
Atherosclerosis in Berlin it was izmpossible, and probably not
justified at this tize, to organize a meeting as long or as
large as the former Lindau meeting. We therefore decided to
continue in Heidelberg with a "Little Lindau Meeting", a neet-
ing which nuy be understood as a kind of satellite meeting of
our Berlin Conlerence because our topic will be closely reiated
to atherosclerosis research. However, it will concentrate on a
particular topic. This workshop meeting with its i{ntimate
atzosphere will provide excellent opportunities for {ntensive
personal contacts and uninhibited discussions. We feel that the
flair of the oldest university in our country and Heidelberg
itself will be an appropriate and adequate alternative for the
ambience of Lake Constance. The slogan of our alma =mater {3
"Semper apertus”. tHeidelberg has always been very open-minded.
The political atmosphere {s always exciting, sometimes ho".

As in many other places we have had student violence in
Heidelberg. Howaver, as in most other places rhe situation has
stabiiized agaia and the academic vouth of our university has
returned tn the principles of academic engagement and achievement.

Our State “overnzent has made strong efforts to further
develop our university. ¥Not far from this building vou can see
the new University cazmpus of the Heldelberg University. Heidel-
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berg has become a center in many fieids; e¢specially in physics,
chemistry, biochemistry, astronomy and cybernetics. The philo-
sophical sciences, sociology, and the faculty of law have been
internationally recognized for a long time and have produced a
good number of highly respected authorities.

The faculty of medicine is trving to keep up with inter-
national standards. The German Cancer Research Center as well
as the Max-Planck Institutes of Heidelberpg are well equipped to
perform basic researca and these institutes keep strong inter-
national contacts. This is also true for our medical institutes
which are engaged in close cooperation with many foreign univer-
sities. Our smail Myocardial Infarct Institute which opens
officially today also provides the basis for strong cooperation
in the field of coronar: heart disease and we hope that this
Institute will be an adejuate place for scientists and students
from abroad to perform r:sesrch on a high level. Furthermore,
ve hope that this tyre of cooperation will provide :he basis for
inftiating common research projects.

Heidelberg is one of the very few places in Germany which
wvas no% destroved during the second world war. 1t is an exampie
of a city living on old traditions. The oid castle and the center
of the "Altstadt" have bren a great atiraction for many tourists
from all zountries. Therefore, Hefdelberg seems to be a "must"
for most European travel programs. This may also help us to
attract more and myre {:iends from science and research to visit
and work with us in Heidelberg.

Every fifth inhabitant of this city fs from a foreign
country and every sixth is from the United States. So I am
certain most of you will have nv problem getting along in your
oother tongue while walking through the old part of the city.

The barkeeper and '"Schankwirte" especially will answer you in
their partfcular Pfalzisch-English: {-, the same manner as tney
used to answer in Pfalzisch-French several hundred years ago when
most of their guests came from France.

You, ay dear friends, are not asked to express vour axcite-
=ent in the same way as the soldiers of Melac, who particularly
enjoyed small fireworks in the castle and thereby created one of
the m0st famous ruins. You are, hc /ever, welcome to relax in the
over-whelning atnosphere of one of the charming wine-Stuben or
student pubs. This advice, however, holds oniy if the scientific
discussions are not going to be too exhauszinp. The "Roter
Ochse” is a good exanmple of one of these places. I tremendously
regret that I am not able to demonstrate sabre fencing for you
today, since dueling was such an i:portant part of student life
in Heidelberg during the last hundred years.
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Student disagreements presently are usually expressed in

the form of tlLrowing eggs and all kinds of paint spraying, go-ins,
and sit-ins. Heidelberg has also been a particularly good example
of this type of activity. A more physiological tranquilizer for
this area seems to be our w.ae. I hope, dear friends, you will
find enough time and the proper spirit to walk around the Heidel-
berg area in order to enjoy the hospitality of this city and don't
forget to also visit one of the most famous wine areas of our i
country, the nearby Pfalz, I am sure this is the place to perform :
very spacial studies. My colleagues and I are more than happy to
help you in this respect in a most professional way. So please, H
don't forget the slogan of our University, “Semper apertus”, which
holds good not only for science but also for a good glass of wine.
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Dr. Stewart Wolf

T would like to thank Professor Schettler for his gracious
welcome and express our gratitude to our hosts here in Heidelberg

for what looks like not only an intellectually profitable bur an
enjoyable experience.

There were three people tho were unable to ccme at the last
minute but who are listed in your programs: Dr. Benditc from
Seattle, Dr. Cookson from Canada and Dr. Butcher from Massachu-
setts. There may be others. This conference as Professor
Schettler has mentioned, grew out of the Lindau Conference that
we had three years ago in the beautiful area of Bodensee. That
conference was devoted to a general look at the pathogenesis of
arteriosclerosis. The effort was to try to reconcile disparate

theories and to see where lay the most promising leads for future
work.

From that most successful and enjoyable meeting there
emerged the conviction that one of the most important elements in
the pathogenesis of arteriosclerosis was the nature and behavior
of vascular smooth muscle cells. Therefore in planning for this
conference we sought participants who had focused their interest
on the smooth muscle, not limiting the group to those individuals
who had been particularly concerned with arterial smooth muscle
as related to the genesis of arteriosclerosis. The objective
rhen of this conference is not to discuss the pathogenesis of
arteriosclerosis hut to engage in an interdisciplinary discourse
on vascular smooth muscle, attempting a syathesis of our know-
ledge of this very important structure from the point of view of
anatomy, function, metabolism and so forth. As we did at Lindau,
we hope through interdisciplinary dizncurse to reconcile disparate
data, interpretations an’ theories.
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Chapter 1
STRUCTURAL CHARACTERISTICS, MECHANISMS OF CONTRACTION,
INNERVATION AND PROLIFERATION /F SMOOTH MUSCLE CELLS

HA

ULTRASTRUCTURE AND FUNCTION OF VASCULAR SMOOTH MUSCLE
Opening Address by Dr. Andrew P. Somlyo

i i

i The major functions of vascular smooth muscle are contrac-
tion, thereby mediating vaso constriction, and the synthesis of
the extracellular proteins and polysaccharides of the vascular
wall. Through this latter function they contribute to the archi-
tecture or morphogenesis of the artery. I shall deal in this
presentation with contractility. The two main aspects of con-
vcactility that have to be related to structure are: (1) Excita-
tion-contraction coupling, the process of triggering contractions
and (2) the mechanism of contractior itself.
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In a striated muscle twitch the excitation~-contraction
coupling process consists first of

4 f Calcium and contract- the release of calcium by the action
3 . ion. The role of potential. Calcium emerges from an
; sarcoplasmic reticulum intra-cellular storage site, the
and mitochondria. terminal cisterna of the sarco-

plasmic rericulum (157). The rise in
= intracellular free calcium concentration triggers contraction,
- : which is accomplished by the sliding movement of the thin (actin)
filaments along the thick (myvosin) filaments (401), accompanied
by the breakdown of ATP by the actin activated myosin ATPase (73).

One of the questions facing us, until a few years ago was
whether one could demonstrate in vascular smooth muscle an intra-
cellular calcium stnrage site that could function in a manner
analogous to the sarcoplasmic reticulum in striated muscles. To
answer that question, it was necessary to show more than the

: presence of an occasional intraceliular tubule in electron micro-
graphs of single section. Such infrequent tubules could represent
merely extracellular iavaginations rather than the sarcoplasmic
reticulum (158). To establish the existence of a functional
sarcoplasmic reticulum, it was necessary to demonstrate an intra-
cellular organelle system that was not in direct communication
with the extracellular space, vet made sufficiently close contact
with the surface membrane to permit its regulation by membrane
electrical activity. It was also necessary to show that such
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2 CHAPTER }

tubules could accumulate the divalent cations that could activate
i contraction. Each of these criieria have been met in reptilian
and in mammalian smooth muscle (80, 81, 358, 370), and it has
been proposed that the sarcoplasmic reticulum of vascular smooth
muscle contributes to the activation process in a manner similar
to that in striated muscle. This suggestion, however, does nct
imply that the sarcoplasmic reticulum of vascular smooth muscle
. contributes to the activation process in a manner similar to that
2 in striated muscle. Neither does it imply that the sarcoplasmic
’ reticulum is the sole source of activator calcium in smooth muscle.

The sarcoplasmic reticulum in vascular smooth muscle con-
sists of a communicating system of small tubules (Fig.l) that
often form fenestrations about the surface vesicles and, at other
points, come to within 10-12 nm of the plasma membrane. The
; regions of close proximity between the junctional sarcoplasmic
. reticulum and the plasma membrane are called couplings (Fig. 2),
in analogy with the similar structures in cardiac muscle (96, 373).
They are traversed by small electron dense structures tuith a
period of approximately 20-25 nm (80, 81, 358). It is thought
that the twitch contractions of vascular smooth muscles, triggered
by action potentials (371), are mediated through che release of
calcium from the sarcoplasmic reticulum at the couplings (370).
The use of extracellular markers (e.g. ferritin, colloidal lanth-
anum, horseradish peroxidase) tliat enter the extracellular space

‘ including surface vesicles, bu.: not the tubules discussed above,

A confirmed that the system we aru dealing with is a true sarco-

3 plasmic reticulum and not one of extracellular invaginations

i comparable to the T-tubules of striated muscles.

The volume of the sarcoplasmic reticulum is siguificantly
3 different in different types of smooth muscle. It ig only about
: st 27 uf the cytoplasmic volume in the rabbit portal-anterior mesen-~
teric vein or taenia coli, while it amounts to 5 - 7.5Z of the
cytoplasmic volume in the main pulmonary artery and aorta of the
same species (80). The functional properties of these different
smooth muscles correlate rather well with the proportion of the
E sarcoplasmic reticulum, as will be discussed by Avril Somlyo
(see page 44 ). One might recall that the terminal cisterna of
fmoa the frog sartorious muscle, thought to contain z11 the cilcium
necessary for activation of the striated muscle, compris2 approx-
imately 57 of the cytoplasmic vclume (253).
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The uptake of divalent cations by the sarcoplasmic reti-
culum of imtact vascular smooth muscle is most readily demon~
strated by incubation of such preparations, prior to fixation, in
a physiological salt solution containing strontium (370). Siron-
tium has a higher atomic number, and for a given concentrat.on
is, therefore, more electron opaque than calcium, and it can sub-
stitute for the latter in a number of physiological processes.
Strontium is accumulated by isolated sarcoplasmic reticulum
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Figure 1: Sercoplasmic reticulum in rabbit main pulmonary artery. Transverse section shows the
greater amount of sarcoplasmic reticulum in this type of smooth muscle than in portal-anterior
mesenteric vein. The more centrally located tubules of sarcoplanic reticulum continue towards the
periphery and make contact (arrowhead) with the surface membrane. (Devine, C.E., Somiyo, A.V.
and Somiyo, A.P.: J. Cell Biology 52: 690-718, 1972.) Mag. 37,800 x.
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Figure 2: Sarcoplasmic reticulum-surface membrane coupling. This high magnification view of 2
transverse section of rabbit portal-anterior mesenteric vein shows the close relationship between the
two membrane systems, and the periodic densities connecting the gap between the innet plasma
membrane and outer lamina of the sarcoplasmic reticulum membrane (arrowheads). (Somiyo, A.P.
and Somiyo, A.V., In press.) Mag, 153,600 x.
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(from striated muscle) and by mitoctondria (from liver) in a

3 manner similar to calcium {125, 402), and can also activate the

%, actomyosin ATPase of striated muscle (85). Incubation of portal-

x anterior mesenteric verin smootk muscle strips in 2 solution con-

3 taining 10 mM strontium is sccoxpinied by some increase i~ the

23 sportanecvs contractile activity (378). When such prerarations

2 are fixed, after facubation for 1 hour in this solution, and
examined in the electron microscope, the lumen of the sarcoplasmic
reticulum is fourd to contain electiron opaque depogsits (Fig.3),
indicative of the uptake of srrontiun (370)., Similar deposits of
strontiur can be found in smcoth muscles that arc not spontaneously
active, 1f the permeability of the surface membrane of these
musclcs tu strontium is increased Ly incubation in a high K,
deprlarizing sclution. These findings complete the identification
of these intracellular tubules as a functional sarcoplasmic reti-
culim in vascular and other swooth muscles.

The volume of the sarcoplasmic reticulum, as 1 indicated
ahove, is rather limited in soze types of vascular smcoth mus:le.
Because of this, and because of observations on vasculsr ultra-
structure that I shall describe now, we have a2ls30 considered the
possibility that under some conditions, mitochondria may also
contribute tc the regulation of freec intracellular calcium levels
(359, 360, 3658). This type of fonic regulation by ritochondria
has been previously considered, although not proven, in cardiac
muscle (63, 151, 198, 327, 422).

i The electron microscope observations that mitochondria
i frequently zake close contacts (average 4-5 mm betw:en the two
; membrane systems) with the surface vzsicles lead to the specu-
) lative rzuggestion that the mitochondrial-surface vesicle contacts
: may be sites where ions are transferred from the cell intc the
extracellular space (361). Such an ion shuttle presupposes that
mitochondria in smooth muscle can accumulate the cations that
subsequently are to be transferred intn the extracellular space.
= : Therefore, we first proceeded to detzrmine the existence of
mitochondrial cation uptake. Incubatioa of vascular zmooth
muscle in barium-containing solytions leads to a contractile
response and tc the appearance of strongly electron opaque intra-
mitochondrial granules that are not found in contrel prepara~
tions (Fig.4). Definitive identification of thase granules as
deposits of barium was accomplished through use of electron probs
x-ray microanalysis (362).
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The principles of electron probe x-ray microanalysis and
details of these experiments have been described elzawhere (131,
362). The electron beam is focused on an area of interest with-
in a tissue section, and the x-ray photons emitted from the area
A3 irradiated by the elcctrons are recorded. The energies (or wave-
= lengths) of the x~ray photons emitted are characteristic of the
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', Figure 4: High magnification view of mitochondria containing elec ron opscue granules, close to
b, the surfsce owsicies. The granules appeer to lie in the mitochondrial matrix space. There is an
element of the sarcoplasmic reticulum (arrow) lving between one of the mitochondria and the

B uninl kA

surface esicles. Rabbit PAMV incubated for 60 min, in 10 mM Ba* *-Krebs’ solution. Fixed in 2%
vy osmium tetroxide. Stained en binc with uranyl acetate. Mag. 94,590 x. 2z
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SMOOTH MUSCLE STRUCTURE 7
'“? elements within the migigﬁoluue excited by “he electron beam. For
- practical purposes, 10 grams or more of the heavier element:

& (Z > 11) can ba ‘a:7ly readily identified in tissus sections. Dark
3 mitochordrial granule: in smocth muscles that have seen incubated,
E: prior to fixation, in barium containing solutions ‘. aarly showed
' the energy peaks cheracteristic of barium (Fig.5). This x-ray peak

= vas absent over th: cytoplasm and over mitochondri: That did not
contair electron dense granules. In more rccent experiments, we
have achieved a spatial x~ray resolution of approximately 500A°,
and demonstrated the presence of barium in individvual mitochondrial
E granulez., Furthermore, through x-ray analysis of vections fixed

a with glutaraldelyde jnstead of osmium (to eliminate interference

4 between che osmium M line and phosphorus K line), it has been

: possible to show that the uptake of phosphorus (presumably in the

) 3 form of phosphates), is in a Ba/P ratio of approximately 3/4.
Occasionally, small x-ray peaks at 3.69 keV, indicative of calcium,
were also recorded over such barium containing mitochondria (362).
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Strontium nas also been identified in the sarcoplasmic reti-
culum and in mitochondria through electron probe x-ray mai>ro-
analysis. In vascular smooth muscle incubated in strontium-
containing solutions, the electron opaque deposits fo:nd in the
lumen of rhe sarcoplasmic reticulum and the gran.les in mito-
chondria show the x-ray spectrum chiracteristic «f Sr. In addi-
tion to the Sr peak, however, we have frequently also detected
a very large calcium peak over mitochondria containing electran
4 opaque granules in vascular smooth muscle loaded with strontium
and fixed with osmium vapor (Fig.6).
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The observaticns on the mitochondrial accumulation of Ba,
Sr and Ca clearly show that the mitochondria can dccumulate
divalent cations. These observations, however, are no: sufficient
: : evidence for a physicological role of mitorhondria in regulating
k- H cytoplasmic calcium levels du:ing the contractile cycle, since
i i translocation of calzium may have occurred during chemical fixa-
- § tion. More definitive evidence for or against such a funczion of
2 | the mitochondria in tb: coniractile regulation of smooth muscle
will require electron probe x-ray microanalysis of chemically
unfixed (frozen sectioned) tissues, currently in progress in our
laboratorv

i ot

A ‘The next question that I shall turn to is the nature of
3 structural information required for
Contractile establishing the mechanism of contrac-
z Proteins - Sifiding tion in smooth muscle. The presence of
Filament !fodel the necessary proteins and the length
depenJence of the contraction of vascu- F
lar smooth muscle were compatible with the sliding filament model i
of contractinn (363), established for striated muscle, where

-
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Figure 5: X.ray spectrum of mitochondria containing electron opeque grinuizs in rabbit

z putal-ant wior mesenteric vein incubated in 10 mM Ba-Krebs’ solution prior to tuxation with
3 yutwraidenyde alone. Upper pancl: prominent Ba Lgand Lg and a small, but significant Ca peak
2 are prescrit. Lower panel shows that the characteristic Ba and Ca peaks are absent when the probe
is moveC off the mitochondrion to the cytoplasm c! tne came fiber. (From Somiyo, A.?., Somliyo,
= AV, Devine, C.E_ Peters, P.D. and Hall, T.A,, In press.)

4 Figwre 6: X-ray spectrum of rabbit portal-anterior mesenteric vein smooth muscle incubated in
strontium-containing solution prior to fixation with osmium vapor. Upper panel: the spectrum over
mitochondrial electron opague granules showing St and Ca pea'ss. Lower panei: the spectrum over
< the cytoplasm showing the absence of both Ca and Sr peaks. (Somiyo, AP, Somiyo, A.V., Devine,
C.E., Peters, P.D. and Hall, T.A_, In press.)
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contraction is accomplished through the sliding movement of thin
(actin) and thick (myosin) filaments relative to each other. The
thin filaments have also been demonstrated in smoth muscle. How-
ever, the specific organization of myosin, whether it formed thick
fi{laments that were present in both the relaxed and in the con-
tracted nammalian smooth muscle, has been the subject of considera%hle
controversy (363, 364).

Recently improved preparatory techniques and the recognition

that swelling of smcoth muscle during

Description of dissection can easily lead to the dis- H

Filazents organizatior of filarent structure during :
fixacion (164) have clearly established

the presence of thirk filaments in vasculsr and other mammalir-

smooth muscles under all ccaditions of cont-action, relexation and

srrecch (82, 271, 261, 36a4. 365, iob). Yarthermore, the thick

filaments form a rclatively regular 600 x 800 A® 1 lattice in

rabbit portal anterior mesenteric vein preparaticns and, in the RADMNT

best organized sectirnc, are in tle center of rosettes surrounded

by thin (50-80 A®) -~ctin filaments (Fig.7). Independent evidesce

for the existence of organized myosin in mammalian smcotn muscle

(taenia coli of guinea pig) is provided by the 143~144 A® neri-- GUINEA PIG

dional x-ray spot thought to be generated by the cross bridge

(205). Most of our electron microscopic studies, for technical

reasons, have demonstrated filament organization in longitudinal

muscles of portal vein, taenia colil or vas deferens (367). Thick

filaments can also be demonstrated in the large elastic arteries

of greater intervst to pathologists, such as the main pulmonary

artecy (80), alvihough the preservation of this material for electron

microscopy is technically more difficult. In such smooth muscle

fibers of large elastic arteries thick and thin filaments can be

found together with elements of rough sarcoplasmic reticulum,

suggesting the concomitant contractile and morphogenetic function

of these tissues.

There {8 a third type of filament encountered in vascular

smooth muscle that i{s both struc.urally and biochemically different
from the myofilaments described so far. These intermediate fila-
ments are 100 A* in diameter and in transverse section they often
surround the dense bodies. In longitudinal sections, intermediate
filaments may be found in bundles over 7u long within the plane
of a given section (304, 365, 368). In some smooth muscle fibers,
presumably abnormal or developing, large conglomerations of these
intermediate filaments occupy much of the smouth muscle cell (Fig.8),
that may contain only a few thin and thick myofilaments (364).
The intermediate filaments are highly resistant to damage during
fixation or extraction {69, 164, 365). They are composed of pro-
teins other than actin or myosin (272), and are very similar, if
not identical, to filaments found in a varlety of other tissues
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Figure 7: Filament orgenization in vascular smooth muscie. High magnification transverse section of
rabbit portal-anterior mesenteric vein, showing thick (large arrows), thin (small acrows), and
intermediate (large arrowheads) filaments. Note the regular spacing of the thick filaments. (Somlyo,
AP, Somiyo, AV., Devine, CE. and Rice, R.V.: Nature New Biology 231: 243.246, 1971;
Somlyo, A.P., Devine, C.E., Somiyo, A.V. and Rice, R.V.: Phil, Trans. Roy Scz. Lond. B. 265:
223.229, 1973.) Mag. 184,000 x.
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Figure 8: Near trznsverse section of a smooth muscle fibre containing an abnormally large number
of imermediate filyments {smali arrows) that occupy much of the central portion of the electron
micrograph and ae seen in both transverse section and obliquely passing through the plane of
section. Comparison with the regions occupied by the shick and thin myofilaments (large arrows)
shows the clear difference between these three types of filaments. (Somlyn, AP, Oevine, C.E.,
Somiyo, A.V. and Rice, R.V.. Phil. Trans. Roy. Soc. Lord. 8, 265: 223-229, 197, .) Mag. 83,600 x.
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12 CHAPTER 1
{159) and in cultured smooth muscles. It is nrobable that earlier

reports hiave frequently confused the intermediate with the thick
filaments.

The dimensinns of the filaments found in portal-anterior
mesenteric vein smooth muscle and the ratio of actin/myosin fila-
ments and their separation are shown in Table I. The thin to
thick filament ratio is high (15/1), but compatible with biochemical
estimaces. The center to center, thin to thick filament separation
is simflar to that found in mammalian striated muscles and compat-
ible with a cross bridge mediated interaction.

The dense areas (dense bodies) on the plasma membrane of
smooth puscles are probably analogous to the Z lines of striated
nuscles, and serve as attachment sites for the actin filaments
(364). Other dense bodies, free floating in the cytoplasm, may
have a similar function, although it is by no means certain that
they represent a homogeneous biochemical or functional entity (368).
Identification of these structures by more specific techniques than
staining with heavy metals will be required to answer this question.

In conclusion, ultrastructural studies show the presence of
a functional sarcoplasmic reticulum in vascular and other smooth
nuscles. It is suggested that this sarcoplasmic reticulum plays
a role, similar to that in striated muscles, in excitation-contrac-
tion coupling. Influx from the extracellular compartment is an
addizional, probabiy variable source of activator calcium in smooth
nuscle. Mitochondria also accumulate divalent cations, under some
experimental conditions, but the physiological significance of this
observation remains to be cstablished. Myosin is organized into
thick filaments bearing cross bridges in vascular smooth muscle.
The organization of actin and myosin filaments strongly suggests
the existence of a sliding filament mechinism contraction in vas-
cular and other mammzlian smooth muscles.
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SMOOTH MUSCLE STRUCTURE

TABLE |

b

FILAMENT DIMENSIONS

Diameter

o —— o i, S Sl b SR YT L ey s

X + S.D.

Thin 64 + 8 & (70)

14 dhat s A o i

Intermediate 97 + 10 A (65)

Thick 155 + 20 A (70)

Thin : Thick= 15 : 1

Center thin tn center thick distance = 256 % 59 R (70)

B bl O A L b3

The number of measurements are given in parenthesis

(Somlyo, A.P., Devine, C.E., Somlyo, A.V. and
Rice, R.V.: Phil. Traus. Roy. Soc. Lond. B.
265: 223-229, 1973.)
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CHAPTER 1

DR. BECKER: I have a question I would like to address to
Dr. Andrew Somlyo aud perhaps it comes from my misunderstanding.
I thought I heard in your talk that in order to demonstrate the
thick filaments the fiber has to be a contracted fiber. 1Is that,
or is that not true?

DR. A.P.SOMLYO: No it is not, but historically it was
thought at one time that thick filaments form in smooth muscle
just prior to the onset of contraction or, alternatively, that
they are only present in smooth muscles that have been stretched.
This is no longer considered to be true, and thick filaments have
been clearly demonstrated in stretched and unstretched and in
contracted and in relaxed smooth muscles.

DR. CHALDAKOV: I should like to present the results of a
study with Sp. Nicolov on the fine structure of smooth muscle cells
(SMC) in the aorta and pulmonary trunk of growing rabbits.

RADSIT Newborn, 12-day and 2-month old rabbits were used. Pileces
from the thoracic aorta, aortic arch and pulmonary trunk were fixed
in glutaraldehyde post-fixed in osmium tetroxide, dehydrated in
cold graded alcohenls, embedded in Durcupan ACM (Fiuka) in flat-
tened capsules. Ultrathin sections, cut with a Reichert OU 2
ultramicrotome were stained with uranyl acetate and lead citrate
and viewed through a JEM 7A electron microscope. Other fixations
were also used (Luft's ruthenium red, Richardson's KMn0O4, and
block staining in uranyl acetate before dehydration).

Two main types of SMC were found during postnatal develop~
ment (a) secretory-contractile, and (b) contractile. The gecre-
tory-contractile type showed the

Characteristics of features of so~called modified (myo-
Modified Smooth intimal) SMC, namely prominent rough
Muscle Cells endoplasmatic reticulum and Golgi-

complex surrounded by smooth-surfaced
and small pinocytotic coated vesicles. HMitochondria, large
coated vesicles, subsarcolemmal caveolae intra-cellularis, longi-
tudinally oriented microtubules were numerous but myofilaments
and dense bodies were reduced. In the newborn and 12-day old
rabbit aorta and pulmonary trunk modified SMC were evident in
the media (¥ig.9,10), but no subintimal SMC were seen. By two
months, however, the subendothelial swace was well developed and

modified SMC were seen there and in gaps in the internal elastic
lamina (Fig.l1ll).

A structural transformation of SMC from secretory-contractile
towards contractile type takes place with growth of the rabbit
aorta and pulmonary trunk. This is in accordance with Cliff's
(66) findings for rat tunica media. The rough endoplasmatic
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CHAPTER 1

reticulum and Golgi-complex, micro-pinoeytotic coated vesicles and
microtubules become less prominent and give way to myofilaments,

attachment devices and subsarcolemmal caveolae intra-cellularis
(Fig.12).

It is our impression that modified SMC gain acecv'ss to the
subintimal space through age-induced fenestrations of <he internal
elastic lamina in agreement with the original description ¢53).

We cannot exclude the possibility that the contractility of these
cells may be responsible for their migration into the subendothelial
space. Studies with colchicine and other microtubule-destroying
agents and with cytochalasine B (microfilament~blocking substance)
may shed some light on the question. It is our view that the modi-
fied SMC as a secretory-contractile arterial muscle cell may repre-
sent a case of "stimulus-secretion coupling” (321), and "excitation-
contraction coupling” (359, 369). The proposed cooperation of

- such "double coupling” phenomena in one cellular type is based on

- the fine structural findings and the well known dependence of both
secretion and contractility on calcium and cyclic 3', 5' - AMP
(267). Recently Joo (165) and Masur et al., (212) reported that
cyclic AMP increases the formetion of micro-pinocytntic vesicle:,

in endothelial cells of brain capillaries and in toad bladder, as
well,

We propose the micro-pinocytotic coated vesicles as a new
cytological sign of the modified SMC (62).

Two stages in the morphogenesis of large ::oated vesicles

: were found: (a) local substructural specialization of sarcrlemma
followed by, (b) sarcolemma vesiculation and internalization. This
is in accordance with Roth and Porter's (320) and Fawcett's

(87, 98) results for other cells.

It is well known that coated vesicles are cellular transport
- devices for selective uptake of proteins (10, 97, 98, 111, 166,
312, 320, 330). Therefore, the smooth m.scle coated vesicles may
be involved in the uptake and transport of some specific macro-

3 molecular substances essential for SMCs function. Ome may specu-

= late that both basement membrane and sarcolemma may be geneticaily
: endowed with properties for special uptake and transport of some
macromolecules as implicit in Bennett's theory “or pinocytosis (<5)
and Singer and Nicolson's fluid mosaic model for membrosne structure
(343). Certainly, the transported proteins may serve s a source

of amino acids (lysin-rich and/or proline rich proceins?) for bio-
synthesis of elastin and/or collagen. Conceivably the ccated
vesicles of SMC may be involved in Iverson's extraneuronal uptake
of circulating catecholamines or they may function as "synthesomes"
as suggested by Schjeide and San Lin's studies of oocytes (329).
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20 CHAPTER 1

Certainly our findings are limited at present and our sugges-
tions sound fairly speculative. But they are put forward "by the
belief that a specific field of research serves the general cause
of science better by asking it an occasional original question”
(359).

DR. BURNSTOCK: My particular task is to discuss the in-
nervation of vascular smooth muscle. I will describe the variation
in innervation from large elastic arteries,

Innervation of through large muscular arteries, smaller
Vascular Smooth muscular arteries, arterioles, precapil-
Muscle lary sphincters to the venous system.

There is, of course, a considerable
variation in the patterr of innervation in these systems and we
really don't know all these variations yet in different species
and in differcnt vessels, so I will start by giving you a generalized
model of the innervation of smooth muscle (Fig.13) and then go on
to describe the variation in different vessel types.

One essential feature of this model is that the effector is
not a single smooth muscle cell but rather a bundle of smooth muscle
cells in electrical continuity with each nther. The second feature
which differs from the skeletal neuromuscular system is that the
autonomic nervass run very long distances, have varicosities which
contain high luvels of transmitter and release transmitter 'en
passage®. Now in this very generalized model, some of the cells
are directly innervated, i.e., they have close (500 A®) neuro-
muscular junction; these cells have been termed 'directly-innervated
cells' and they are directly affected by transmitter released from
the nerves. The adjoining cells we have called 'coupled cells'
because they are coupled electrotonically to 'directly-innervated
cells' by low resistance pathways (nexuses} or gap junctious.
Junction potentials can be recorded in them. The junction potentials
are very slow so a whole area of a muscle effector bundle becomes
depolarized simultaneously and this leads to the initiation of an
action potential which then propagates down through the system to
activate a third group of muscle cells which we call 'indirectly-
coupled' cells, because they are not directly affected by trans-
mitter nor are they directly coupled to the cells which are affected
by transmitter. Nevertheless, they are activated when you stimulate
the nerves. We shall see that this is very important when con-
sidering the nervous cont.ol of vascular smooth muscle.

Now we should consider the more specific problem of the in-
nervation of tle vascular system, starting with a very large elastic
artery. The adrenergic plexus in the aorta is confined to the
adventitial medial border. However, there is considerable species
variation in density of innervation of large arteries. For example,

aaT in the rat aorta few adrenergic nerves can be seen (Fig.l14A) but in
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Figure 14: Fluorescence histochemical demonstration of adrenergic nerve fibres supplying arteries.
- A. Transverse section through the rat aorta. Note that no fluorescent nerves are present in the
adventitia, media or adventitial-medial border, but some nerves {arrows) are associated with small
blood vessels in the surrounding tissue. horizontal bar - 100mu. Note aiso the autofluorescence in
= the elastic lutninse of the media.
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‘ B. T.S. Rabbit thoracic aorta showing 2 plexus of adrenergic nerves (arrows) at the adventitial 5
= medial border (°) horizontal bac = 100mu.
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Figure 14 C: T.S. Rabbit ear artery. Note the dense nerve piexus {arrows) at the adventiti i
4 - tial-medial

bor.der ( ). horizontal bar ~ 50my. {A and B. Courtesy of Mary E. Wright, Department of Zoology

University of Melbourne, and C, Burnstock et al., Brit. J. Pharmacol. 46, 243, 1972). ’
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24 CHAPTER 1

the rabbit aorta (Fig.l4B) which is ccmwonly used for pharmacologi-
cal experiments, there is marked variation in adrenergic innerva-~
tion at different times during development. Sections through the
human aorta show nexuses bhetween the muscle cells., According to
the model presented earlier we consider that only the cuter layer
of muscle cells next to the perivascular plexus are directly
affected by the neuro-transmitter. The other muscle cells are
electrically coupled to these and an action potential set up which
propagates through to the intimal side of the media. This does not
exclude, of course, the very strong evidence for the effect of
circulating adrenaline on these muscle cells.

If we consider next a muscular artery, such as rahkbit zar
artery, here again we see the auto fluorescence in the intimnr,
the media completely free of nerves, the adventitia, and a very
dense and well defined plexus at the adventitial-medial border
(Fig.14C). In general these arteries are more heavily innervated
than elastic arteries. Electron microscopy demonstrates that the
closest spposition between the nerve and smooth muscle cells is
about 800A° (see Fig.15A). Basement membrane is interposed and
thiere may be some postsynaptic specialization with aggregations of
plaemalesma vesicles (or caveolae intercellularies). This is in
conrrast to some visceral smooth muscles, where there is a much
closer apposition of nerve and muscle (about 150A°). There is
often an elaborate postsynaptic specialization at these junctions
with subsynaptic cisterns and an elaborate structure between post -
synaptic membranes and the membrane of the cisterna. XNow, some
nuscular arteries, particularly in certain species such as sheep
and also man, do not have the nerves confined to the advenr{itial-
medial border. The nerve {ibers penetrate at least one-third and
searly halfway down into the media (Fig.15B).

Another feature that we need to look at i{s the kinds of
nerves that innezrvate arteries {Fig.16). Cholinergic nerves are
{llustrated here at the adventitial-

Differentiation cf medial border of a2 muscular artery and
Cholinergic and Adren- are within a 1000A® of the muscle. The:
ergic Innervation are characterized by a predominance of

small (400-6D0A°) agranular vesicle..
In contrsst, adrenergic nerves are characterizad by a predominance
of smali granular vesicles (440-600A°). If the tissue is 'loaded'
with 6-hydroxydopamine, this is a marvelous marker for determining
whether adrenergic or cholinergic nerves are present. For example,
in the rat cerebral arzery, some of the vesicles in the nerve pro-
files illuatrated have very dense cores after being loaded with
6-hydroxydopamine; these are adrenergic nerves. Thus, dual inner-
vatfion of these cerebral arteries by cholinergic and adrenergic
nerves is established. Sensory nerve endings in smooth muscle have
no vesicles, but they are packed with mitochondria. Traced back in
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3 Figure 15: 4. Relation of axons (A) and smooth muscie (M) at the adventitial-medial border of the
anterior cerebral artery of the rat. Note the relatively wide junctional cleft of about 800 A, S,

Schwann cell.

8. An axon (A} approaching within 1000 A of the surface of a smooth muscie cell {M), deep within
the media of the sheep carotid artery, S, Schwaan cell. {Courtesy of Burnstock et al., Circui. Res.,
26-27, 5, 1970).
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CHOUNERGIC NORADRENERGIC

MNON ~ADRENERGIC , NON - CHOUNERGIC , SENSORY
(PURMNERGIC)

O AGRANULAR VESICLES (300-600 A)  (8) LARGE GRANULAR VESICLES (LGV)
(e00-1300 A)
© SMALL GRANULAR VESICLES (3GV)
+300-600 A) ume OPAQUE VESICLES (LOV)

@ (§9 N (000 -2000 k)

Figure 16: Diagrammatic representation of sections through the terminal varicosities of autonomic
nerves, For explanation see text, {Courtesy of Burnstock & wayama, Progr. Brain Res, 34, 389,
1971),
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SMOOTH MUSCLE STRUCTURE 27

. serial sections, first they show a Schwann cell investment and

- ‘ eventually they become myelinated fibers in tne nerve trunks. The
sensory nerves illustrated here in a rat coronary artery sometimes RAT
have tiny extra protrusions which lie close to the muscle cell. It

is not yet clear whether 'parinergic' nerves, a third type of

efferent autonomic nerve found in the gastrointestinal tract and

lung, also supply some arteries.

With smaller arteries such as mesenteric arteries there ir a
fine plexus around the media itself and you can also see larger
trunks o»f nerves which are on their way further down to innervate
other regions. Even in the very small muscular 2iceries, where the
nerves are fairly sparse, they are still quite clearly located out~
side the media at the adventitial-medial border.

Now we must consider the innervation of arterioles. In small
arterioles in the heart there is a single layer of smooth muncle
cells and few nerves. However, in order to demonstrate the need to
examine regional differences in innervation patteras, the scanning
electron microscope has been employed to show that at arteriole
z branching sites in the heart, there are large 'intimal cushions'
£ (Fig.174).

The smooth mue:le is arranged in a complex way in these cushions
and they are heavily innervated by at least three different kinds of
nerves (Fig.17B). The role of ticse 'intimal cushions' in coronary

activity is not yet clear. Although, as
Intimal Cushions in mentioned earlier, the innervation of
Coronary Arteries small coronary arterioles is sparse, pre-

c.ipillary sphincters are heavily innervated
by at least three types of nerve.

What about nerves in relation to capillaries?

There has always been a debate ahout whether they are inner-
vated or not. There are no nerves in relation to the capillary
i1llustrated in the heart. On the other hand, if you look at capil-
’ laries in the gut, there are many nerve fibers closely aligned to
, them. Now it may be that they are just running in a common space
f between the muscle cells, but we must realize that these smooth H
‘ muscle cells in the gut, are strongly affected by transmitter
releagsed from varicose nerve fibers and they are further away than
the capillary. Thus it depends upon whether they are sensitive or
not to the transmitter, and you cannot tell from the presence of
nerves whether there is functional innervation or not.

PR T T

§ : In general, veins have a less dense perivascular nerve plexus
} than arteries. For example in the mesentery illustrated, there is

; an arcery and alongside is a vein with a nerve plexus which is much
less dense.
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Figure 17: Scanning {A) and Transmission (B) electronmicrographs of an intimal cushion’ at the
“ orifice of the rat septal artery at its junction with the left coronary artery.

’ A. Scanning electronmicrograph demonstrating the well developed ridge of the cushion around
the orifice. x 360

ufas

4 8. Transmission electronmicrograph through a ridge showing the complex relationships of
H smooth n,uscle cells and the presence nf nerves {arraws). {Courtesy of Yohro & Burnstock, Z. Anat.
Entwicki.-Gesch. 140, 187, 1973).
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SMOOTH MUSCLE STRUCTURE 29

Finally, we must not neglect the possibility that extra-
adrenal chromaffin cells contribute to the nerve plexuses around
blood vessels. These cells contain high levels of catecholamine
and they send processes to join the perivascular plexuses. Drugs
used to degranulate the nerves do not necessarily affect the
chromaffin cells so you need to be very careful about the conclu~
sions from pharmacological experiments under these circumstances.
The ultrastructure of chromaffin cells is quite different from
adrenergic, cholinergic and sensory nerves; they contain very
large granules.

EGITORIAL COMMENT

Eranko (92) has reported on small intensely fluorescent
(CIF) cells that elaborate norepinephrine apparently independently
of the cardiac innervation. They are not obliterated by treat-
ment of the animal with 6-hydrcxydopamine that knocks out sympa-
thetic innervation.

DR. BJORKERUD: 1t is certainly very interesting that the

innervation of the intimal cushions in the coronary arteries has

heretofore been overlooked. I think you
Coronary Intimal implied that there might be a mechanism
Smooth Muscle Cushions for tangential contraction of the seg-

ment. Is that possible since the orien-
tation of the smooth muscle cells in the cushions is mainly longi-
tudinal? Also, do you have any data on the location of nerve
endings in cushions in other regions?

DR. BURNSTOCK: First of all, in analyzing the orientation
of the muscle fibers in intimal cushions, we find with a combina-
tion of scanning and transmission electron microscopy, that, in
some coronary arteries at any rate, the intimal ridges are arranged
spirally around the orifice. The function of these intimal cus-
hions is not clear. The second question was, where are the nerves
located? They are located mostly at the adventitial~medial border,
although to some extent they project into the back of the cushion.
There appear to be at least three types of nerve involved. Thirdly,
your question was, where else have we seen these cushions? We
have been looking at the cerebral arteries and in the kidney. We
have found them in both these places. It is too soon to say how
heavily innervated they are, but we are beginning to look at that
now. Do not forget that the precapillary sphincter are also in-
credibly heavily innervated, even more so than the cushions.

DR. ADAMS: Gecvcge Krelle, for example, has used the acetyl
cholinesterase technique co demonstrate cholinergic nerve fibers.
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I sn~uld think it would be highly desirable to show adrenergic and
cholinergic nerves simultaneously. Is there some problem in smooth
muscle in demonstrating acetyl choiinesterase?

e

DR. BURNSTOCK: There are some problems. In some species,
mat the rat in particular, adrenergic nerves stain with cholinesterase
2 as well. So you see you have to be very careful if you are look-

i ing at rat tissue not to use cholinesterase as a marler for cholin-
: ergic nerves.

DR. LINDNER: Did you often find adrenergic or cholinergic
nerves around capillaries in this or other tissues? Is it possible
that they innervate pericytes?

DR. BURNSTOCK: I really cannot comment on what the proxi-
mity of nerves to capillaries means. This sort of evidence is not
enough to suggest functional innervation. It would be necessary
3 to inject the transmitters on to the surface of the membrane to
5 gather evidence on specific receptors.

00G DR. HAUST: I should like to add the dog to the list of
species mentioned by Dr. Burnstock as having (arterial) intra-

3 medial innervation. We have observed nerve fibers both in the

E canine carotid and femoral arteries.

= Cytoplasmic Filaments We have not attempted to identify their

3 In Relation To Rough type and neither did we have the courage

Endoplasmic Reticulum to rush this observation into publication

because it was so contrary to conven~
tional teaching (135).

T KIN T T- Ri  0 RN R

Next, I should like to address myself to the question of
the intracytoplasmic filaments of the arterial smooth muscle cells.
In addition to the well established two types discussed in detail
by Dr. Somlyo, filaments appear in human fetal aorta that are
distinct by their spatial association with the profiles of the
rough~surfaced endoplasmic reticulum. At this stage, one often
observes "open ends" of the profiles and "streaming" from these
into the cytoplasm bundles of filaments {136). It is difficult tc
state whether these filaments arz of the "thin" or "thick" variety
as they are usually the only filaments present at this stage of
development and one is not able to compare their thickness with
either of the two varileties. Actual measurements, to my simple
mind, are totally unreliable if one wishes to compare the diameters
of filaments not in the same but In different tissues.

M

AR T P A g

A
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I would like to ask whether any of the participants had
observed similar filaments and how one might interpret this spatial
E assoclation of filaments and rough-surfaced endoplasmic reticulum.
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SMOOTH MUSC\E STRUCTURE 3

DR. A. P, SOMLYO: 1I'd like to talk a bit about the identi-

fication of the intermediar< iilaments. It is quite surprising

how in transverse section these fila-~
Identification ments really cluster around about 100A°,
Of Filaments In other words, in aldehyde~fixed, osmium

post-fixed material I think it is reason-
able to assume when you see the 100A° filaments that these are,
in fact, the intermediate filaments. Other tvpes of filaments are
rather sensitive to preparatory procedures. For example, if you
swell the muscle, and in our case we have done this with high
potassium chloride solutions, or more recently with metabolic
inhibitors. In swollen mus:le, the thick filaments are very poorly
preserved, or not at all. Furthermore, actin filaments, the thin
filaments, (50~80A°) are very poorly preserved after primary osmium
fixation. So, by using 211 of these tricks, if you still have a
filament that is 100A® and stains rather densely, it is very likely
that this s an intermediate filament.

DR. HAUST: I am wonderirg, however, whether you have ever
observed the phenomenon of spatial association betwesa filaments
and rough-surfaced endoplasmic reticulum?

DR. A. P, SOMLYO: We are aided in the identification of the
intermediate filaments by two factors: (1) the width of these
filaments is relatively constant, clustering about 100A*; (2) the
filaments are more stable during preparatory procedures than are
the myofilaments, and are preserved in spite of swelling that could
tend to destroy the thick filament lattice. Unlike the tuin fila-
ments, the intermediate filaments are also well preserved after
primary fixation with osmium.

I cannot specifically speak of the close association of the
intermediate filaments with the sarcoplasmic reticulum, as we have
not looked at this question in detail. 1In general, we find that
such associations are best investigated with stereo electron micro-
scopy, using a tilt stage, to achieve a three-dimensional view and
clarify whether associations between different portions of the cell
are true contacts or merely represent overlap in the focal plane.

DR. ROSS: I cannot comment on these observations although
we have seen such close relationships. I have, however, never
seen direct openings of the cisternae of the rough endoplasmic
reticulum to the cytoplasmic space. All the studies that I know
of (in the literature regarding secretory cells) demonstrate that
it is a component of the protein synthetic apparatus that is
agssociated with secretory protein. And by secretory protein, one
has to say protein that is sequestered in membrane bounded com-
partments that is utilized in some way, either intracellularly
or extracellularly. For example, lysosomal proteins are secretory
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32 CHAPTER 1
proteins, but they are always bounded by membranes within the cell
until the cell secretes them outside, which they sometimes do.
Connective tissue proteins are secretory proteins that are seques-
tered in membrane bounded compartments until they are released
outside the cell. So, to my knowledge, all the data that has been
accumulated concerning cytoplasmic proteins demonstrates that they
are synthesized on ribosomal aggregates that are not attached to
membranes. Whereas those that are secreted outside the cell or
considered to be secretory proteins are synthesized on aggregates
of ribosomes, presumably polysomes, attached to membranes. So I
don't think I can give you an answer for the observation, but it
certainly does not agree with all of the hard data that is presently
available about synthesis of secretory proteins.

DR. ROBERT: 1Is there any correlation whatcoever in the
experiments available, between the morphological signs of inner-
vation and the rate of synthesis of intercellular macromolecules
by smooth muscle cells? Of course, for a biochemist it is easier
to define the differentiation by relative rates of biosynthesis
than on a morphological basis. We can just extend our hypothesis
(see page 110) and define differentiation of smooth muscle cells
in terms of the ratio of intercellular macromolecules they syn-
thesize., I think you mentioned that innervation had something to
do wira differentiation. How can that be really proven by morpho-
; logical (bservations concerning the rate of innervation and the
rate of synthesis of elastin or other intercellular macromolecules?

DR. BURNSTOCK: This is a tremendous question., To me it is
really an exciting field, that is, the long term effects of nerves
on differentiation and development. I do not think anybody has
got terribly far with it yet. My reason for suggesting this in
the smooth mt cle system is because Julie Chamley in our laboratory
has been stuuying the effect of nerves on smooth muscle jointly in
tissue culture. Nerves delay the dedifferentiation of muscle cells
grown in tissue culture. You can see in the same field of joint
cultures of nerve and muscle, muscle cells which have dedifferenti-
ated and divided which have no nerves on them, while other muscle
cells which have formed long-lasting relationships with nerves are
still contracting, still have thick and thin filaments and they
have not dedifferentiated. At a later stage in the joint cultures
those bundles of muscle cells or those monolayers of muscle cells
which are heavily innervated by nerves produce nexuses at about
twice the rate as those that do not have a relationship with nerves.
We do not yet understand the underlying mechanisms.

H
3
i
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DR. A. P. SOMLYO: Geoff Burnstock mentioned seeing lanthanum
inside the tubules that he considered to be sarcoplasmic reticulum
in his preparations. 1 shall forego the question whether these
tubules were longitudinal invaginations, such as found in developing
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striated muscle and in some cardiac muscles, and accept for the
moment that they were a true sarcoplasmic reticulum. However, it
is questionable whether the presence of lanthanum in these tubules
reflects the true communication of the sarcoplasmic reticulum with
the extracellular space under normal conditions. Sommer and co-
workers (373) showed a similar entry of lanthanum into the sarco-
plasmic reticulum of cardiac muscle, and took great pains to

point out that this was a very rare occurrence and probabiy re~
presented a preparatory artifact. I think rthis is a point worth :
considering. As is also well known to microscopisis, maintaining .
lanthanum in the colloidal state is a rather tricky business,
depending upon the control of pH and possibly on a number of other, ;
less well defined factors. Under certain condiiions lanthanum may '
enter the fiber in the fonic form and, once inside, precipitate

in the colloidal form. This mechanism, ruther than direct communi-

cation with the extracellular space, could account for the locali-

zation of colloidal lanthanum in the sarcoplasmic reticulum.
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DR. BURNSTOCK: We do not know the circumstances when these
channels open up, but are currently carrying out experiments to
try to find this out. I do not think you can assume that because
it occurs in less than 20% of the preparations that it is an arti-~
fact.

Ao 01"

EDITORIAL NOTE

i

To help resnlve the problem of reliable identification of
cells, especially smooth muscle cells and to throw light on prob-
lems of cell differentiation and trophic effects, Dr. Burnstock
showed a motion picture. The film illustrated the effects of
nerves on the development of smooth rziuscle cells as well as the
effect of the muscle cells on the pattern of growth of the nerves.

AP g i

| DR. BURNSTOCK: Two kinds of experiments are depicted in the

: film. We grow out joiat cultures in Roze chambers. Sympathetic

3 . ganglia are placed under dialysing cellophane to keep them in

= position and then we give the nerves a 'choice' between normally

* ' densely-innsrvated tissues like the ventricle, lung or uterus.
The nerves appear to grow preferentially to the normally densely-
innervated tissue. This 1is probably because these tissues produce
Nerve Growth Factor. In the second kind of experiment we again
place the explants of sympathetic ganglia centrally, but this time
we enzymatically separate the smooth muscle cells. In this way

. we can observe the relationship of individual nerves with indivi-

: dual muscle cells under time lapse cinematography. What happens
is that nerves palpate any cell in their path for about fifty
minutes. Then, if it is a fibroblast, the nerve goes on i.s way,
but if it is a smooth muscle cell it forms a dense, long-lasting
and intimate relationship with it. If another nerve comes along
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later, it is "rejected." In the case of a non-innervated single
smooth muscle cell from the taenia coli, for example, contractions
were seen to occur independently on each side of the nucleus at a
rate of about three a minute. Sometimes the smooth muscle cells
are quite complicated with many processes which contract indepen-
dently of each other. After they have been in culture for a while
they aggregate into muscle effector bundles. Initially they line
up but there are no 'nexuses' between them, so they contract in-
dependently of each other. Later, when nexuses develop synchro-
nized contractions appear.

g
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Nexuses are the specialized membrane junctions where there
i1s the close relationship between neighboring muscle cells. Nex~
ujes are actually 'gap junctions' and constitute the low resistance

pathways allowing electrotonic spread of activity between muscle
cells within effector bundles.

The behavior and development of smooth muscle cells in cul-
ture depends on (1) the density of cells in culture and (2) whether
: they are differentiated or not. If they are differentiated cells,
' they first dedifferentiate and then divide. It is only when they

form a monolayer (or confluence) that redifferentiation occurs,
and it is only then that nexuses and effector bundles form.

With fibroblasts in the culture with smooth muscle cells it

, was shown that there was no interaction between sympatuetic nerves
: and fibroblasts.

In a sequence where a nerve is in a ‘cinoice' situation between
. a beating smooth muscle cell and a fibroblast, it was clearly shown
; that the nerve terminal "palpates” both cells for a while and then
: it grows very strongly toward the muscle. As it grows it appears
: to make the muscle beat faster. Whether this is due to release of
' the transmitter or whether it is a mechanical effect on the sur-
face is not yer clear.

LA O

QUESTION: What was your source -~ smooth muscle cells?

T G

E DR. BURNSTOCK: This is actually a smooth muscle from the

- vas defer:ns, but we are now carrying out similar explants with

E: arterial smooth muscle. In general we find arterial muscle harder
- to culture than the visceral muscles. We have now managed to
record from these cells during stimulation of the nerve and have
shown that there is a functional relatfonship. Of course many

issues are raised by these experiments but this is not the place
to discuss them in any detail.

AR (1 )

iy

DR. AVRIL SOMLYO: 1 plan to briefly review some of the
aspects of normal function of vascular smooth muscle with particular
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emphasis on the action of drugs and on excitation-contraction cou-

pling. It is well established that there
Regulation of are very marked differences in vascular
Contraction reactivity and pharmacological behavior

in the same vascular bed of different
species, and also between different vascular beds within the same
species (359). For exampnle, contractile responses to vasopressin,
unlike the responses to epinephrine or to angiotensin, differ very
markedly at different levels of a canine aorta (Fig.18). The
thoracic aorta does not respond to vasopressin at all, but more
distal portions of the aorta contract when stimulated with this
peptide. Thus the distribution of specific receptors may vary even
among different cells within a single blood vessel.

In order to have a better understanding of the different con-
tractile effects of drugs, it is necessary to look at some of the
electrical events associated with excitation-contraction coupling.
There are some vascular smooth muscles that spontaneously generate
action potentials which in turn trigger contractions. The portal-
anterior mesenteric vein is a good example of a vessel with this
type of activity (117, 163, 193, 363, 372). Fig.19 shows a spon-
taneous tetanus in the rabbit mesenteric vein recorded by extra-
cellular methods. With the second burst of actfon potentials thure
is fusion of mechanical activity. Variations in action potential
morphology in different vascular smooth muscles are seen when
elactrical activity is recorded with micro-electrodes (Fig.20).
There are differences in the rate of rise of the action potentials
in various preparations and also in the time-course and presence
or absence of slow wave activity.

When a spike generating type of vascular smooth muscle is
stimulated with an excitatory agent such as norepinephrine, there
is an increase in actlion potential fre-

Spike Generation and quency and a concentration-dependent de-
Graded Electrical polarization of the tissue (Fig.21). The
Activity in Smooth extent of contraction is proportional to
Muscle Contraction the amount of depolarization. The regu-

lation of contraction by action poten-
tials is an electromechanical coupling mechanism also seen in
uterine and intestinal smooth muscle (209, 264). The fonic species
involved in carrying the current during this type of electrical
activity have not been established, although experiments using
voltage clamp techniques (12, 174, 226) as well as experiments
involving changes in the ionic environment suggest that both sodium
and calcium may be carriers of the inward current during the action
potential of uterine smooth muscle.

Action potentials are not a prerequisite for contraction. If
spike-generating rabbit portal vein smooth muscles are exposed to
caffefne, their action potentials are abolished: if one stimulates
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E- Figure 18: lsotonic responses of the same canine gorta at four levels. T_A.: thoracic aorta. UA.:
abdominal aorta above coeliz. axis. M.A.: between cranial mesenteric and renal arteries. L.A.:
1 below renal arteries. The loading tension applied was of the order of in vivo tangential stress.
(Somlyo, A.V., Sandberg, R.L. and Somlyo, A.P.: J. Pharmacol. Exp. Ther. 149: 106-112, 1965.)
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Figurs 19: Spontaneous tetanus of rabbit mesenteric vein. Upper record: electrical (sucrose gap). :»
T Lower record: isometric tension. The spontaneous contractions are triggered by action potentials e
= 2ising on the crest of slow waves. During the first contraction, the action potential frequency is too 3
E: low for complete fusion of the mechanical record, which occurs during the initial part of the second

3 contraction as the result of the increased frequency of action potential discharge. Note that without

= the electrical record, a tetanus (associated with rapid action poteritial discharge) and a contracture

= {sustained depolarization) may be indistinguishable.

Figure 20: Variations in action potential morphology in different vascular smooth muscles. Figure

= 3a: Slow and fast sweep speed records of intracellular action potentials of guinea-pig portal anterior

mesenteric vein, Figure 3b: Slow sweep speed record of initial penetration and a burst of action

potentials, and progressively faster sweep speed play backs of portions of the same volley of action

potentials. This record was obtaired in rabbit main pulmonary artery, where such action potentials .
are observed extremely rarely (1 out of 500 penetrations), and may represent a fiber type other
3 than the usual, gradedly responsive fiber or, possibly, fibers deteriorated due to injury. 3c: The E:
= effect of intracellular polarization on the action potentials in guines-pig portal-anterior mesenteric e
z vein, Right panel shows a fast sweep speed play beck of one of the action potentials in the volley
%; <hown on the left during the passing of hyperpolarizing current and one action potential after the
nyperpolarizing current was turned off. The second action potential corresponds to the left side 3
= {hyperpolarization) of the siow sweep speed record shown in the left panel. Rate of depolarization 3
' and spike amplitude are increased by the hyperpolarizing current. In comparing the fast sweep E
= speed record of the portal vein prepacation (a and c) with the fast sweep speed record of the main 1{
pulmonary artery record (b) note the much faster rate of rise of the action potential in b.
{Unpublished observations of Avril V. Somlyo and from Somlyo, A.V., Vinall, P, and Somlyo, AP.:
Microvasc. Res. 1: 354.373, 1969). o
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Figure 21: Extracellular recording of electromechanical resrunses of rabbit portai-anterior
mesentetic vein to norepinephrine. Note 2 and b; the increasing depolarization, {requency of action
tertial discharge, and contractile response to increasing concentrations of norepinephrine, .
during the maintained phase of the contraction elicited by the largest concentrass-  of
rorepinephrine, the action potentials have been “wiped out”, In the center of *".c mechanical
record, the cain was decreased: see vertical calibration. {Somlyo, A.P. and Somr*y0, A.V.' In Airway
DOynamics, Ed, by Bouhuys, Chacles C. Thomas Publishers, Springfield, 111, ~y9-228, 1970.)
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40 CHAPTER 1

such nuscles with norepinephrine they will depclarize and contract
without generating actfon potentials (363}

A second type of smooth muscle does not spontaneousiy pener-
ate action votentials and respords to excitatory agents by gradely
depolarizing (Fic.22) (130, 146, 363, 372, 390). Norepinephrine,
5-hydroxytryptamine, angiotensin and histamine produce graded de-
polarization in large multiunit blood vessels such as the aorta
and main pulmonary artery.

Smooth muscle exhibits a rather unique ability to respond
with unequal contractions to maximal concentrations of varicus
drugs. For example, after stimulation with a maxinal concentration
of angiotensin, norepinephrine will further contract the same
aortic smooth muscle. {t is not known whether the underlying
mechanisns of these differences are qualitatively or just quanti-
tatively different. The unequal maximal contractile resronses
persist ifrer depolarizatfon with high potassium solutions (Fig.23)
(363), showing, therefore, that the inequalities are not simply due
to unequal amounts of membrane depolarization.

Vascular smcoth muscles that exhibit spike electrogenesis

respond te high concentrations of potassium with a more phasic

contraction than wuscles ¢that exhibit
Phasic vs. Tonic graded depolarization and are more tonic
Contraction (Fig.24). Phosic and tonic muscles also

differ in their calcium permeability when
depolarized with high K to increase cheir (low) restinz Ca perme-
ability (372). The threshold (Ca) for con:zgction of depolarized
main pulmonary artery is of_she order of 10 M, whereas that for
the portal vein is above 10 M. In this type of experiment the
concantration of cytoplasmic calcium that the myofilaments see is
menbrane limited. When muscles are treated with glyceroli, the
rembranes can be made very leaky and then the minimal calcium con-
centration necessary for actomyosin ATPase activity and tension
can be titrated. Filo, Ruegg and Fohr (104), and Schadler (323)
have reported that a calcium concentration of the order of 10 'M
is recessary for tension deveiopment and for ATPase activity in
glycerinated taenia coli; this is comparable to the conceantration
necessary to activate glycerinated skeletal myofibrils.

Spike electrogenesis and/or graded depolarfizaticn pracede
the rise in intracellular free calcium, the final commoun pathway
of excitation-contraction coupling, leading to tension development.
However, Evans, Schild, and thesleff (93) reported that smooth
nuscles would still contract in completely depolarized preparations
in which the depolarization step in excitation-contractica coupling
is eliminated. The unequal maximal contractile effects of different
drugs are zls> maintained after depolarization (363). Drug induced
relaxation may also occur in polarized smnoth (209) and tonic
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i to a hign concentration of the catecholamine. In each panel the upper trace is the electrical {sucrose
gap) recory and the lower trace shows tension. The depolarization and contraction increase in
response to increasing concentrations of norepinephrine and the change in membrane potential
‘i preceeds the tension development, ruling out the possibility that depolarization is a junction
> potential due to rovement. The low resting potential shown is indicative of the degree of short
circuiting of the sucrose gap in this preparation that, by intracellular measurements, has a normal
' resting membrarnie potential of approximately 60 mV. {Modified from Somiyo, A.V. and Somlyo,
g A.P.: J. Pharmacol. Exp. Ther. 159: 129-145, 1968.)
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Figure 22: Graded depolarization and contraction of rabbit main pulmonary artery smooth muscle 3
3 stimulated with norepinephrine. The upper nanel shows the response to a low, and the lower pane!
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Figure 23: Responses of depolarized canine abdominal asta to supramaximal drug stimuli,
Preparation depolrized with 179.2 mM K (S04-Ci} solution prior to addition of drugs, and
maintained in depolarizing solution. Upper trace: maximal isotonic responses of single strip,
determined indiviqually, to supramaximal concentrations of three agents. Note unequal respofises
of depolarized v.s.m., similar to those reported by us to nccur in polarized state. Middte and lnwer
traces: the effects of the ame three agents added consecutively to depolarized preparazin-.s. The
order of adding angiotensin and vasopressin did not affect the magnitude of the response to either
agent. (Somlyo, A.V. and Somiyo, A.P.: 5. Pharmacol. Exp. Ther. 159: 129-145, 1968).
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' to eliminate the potential effects of catecholamine release. (Somiyo, A.V., Vinall, P., and Somiyo,
g A.P.: Microvasc. Res. 1: 354-373, 1969.)
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striated muscles without a necessary change in the membrane poten-
tial. Pharmacomechanical coupling is a term used to describe the
processes through which drugs can affect contraction without a
necessary change in membrane potential (363, 371). The relative
importance of pharmacumechanical and electromechanical coupling in
different vascular smooth muscles and under different experimental
conditions may vary. The underlying mechanisms of pharmacomechan-
ical coupling which bring about the rise in intracellular free
calcium are not understood.

Calcium influx from the extracellular space, displacement of
bound calcium from the surface membrane or release from intra-
cellular storage sites are possible

The Relationship of sources of calcium for the contractile
Calcium Concentration mechanism. Varying degrees of influx
and Membrane Potential of extracellular calcium into vascular

to Contractile Proteins smooth muscle are observed under the
influence of different excitator; stimuli

(123, 370, 397). However, drugs are able to contract some depo-

larized (and also polarized) smooth muscles even if extracellular

calcium is kept below levels that can activate the contractile

proteins (48, 80, 358). The relative magnitudes of the drug-

induced maximal contractions are also maintained in virtually

calcium free solutions (Fig.25). The experiments in Ca-free

media are done at room temperature, rather than at 37 degrees C,

to retard the loss of calc.um from intracellular stores (176, 358).

There are significant differences in the volumes of sarco-
plasmic retiziium in different types of smooth muscle and a posi-
tive correlation exists between the ability of smooth muscles to
contract in the absence of extracellular calcium and the volume
of sarcoplasmic reticulum (80, 358).

(For a discussfon of vascular smooth muscle ultrastructure
including the sarcoplasmic reticulum see A.P.Somlyc, page 1).

The carcoplasmic reticulum content of the main pulmonary
artery and of the aorta i3 5 - 7.5%. Such smooth muscles respond
with sizeable contraction to drugs (e.g. acetycholine, angiotensin,
and norepinephrine) even in the absence of extracellular calcium
and also synthesize large amounts of collagen and elastin (314,
363). The latter morphogenetic function may be related to the
presence of a well-developed sarcoplasmic reticulum. Other smooth
muscles, such as the portal-anterior mesenteric vein ~nd taenia
coli normally contain lesser volumes of sarcoplasmic reticulum
(2-3% of cytoplasm volume) and unlike the large tonic vessels,
contract not at all or only minimally in the absence of extra-
cellular calcium.
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Figure 25: Contractile responses of two types of vascular smooth muscle in normal and in Ca-free
{4 mM EGTA solution). The contractions in the right-hand column illustrate the responses in
normal (Ca-containing solution to supramaximal concentrations of acetylcholine {Ach, Sug/mi) and
to norepinephrine (Ne, 10ug/mi). The laft-hand column shows the effect of the same drugs on the
same preparations placed in Ca-free Krebs' (two upper records) o7 Ca-free depolarizing {left lower
record) solution, The amplifier gein wes increased in the upper left-hand record {see vertical
calibration), Note that the contractile response of the portal-anterior mesenteric vein (mesenteric
vein) is almost completely abolished in the Ca-free solution, while the main pulmonary artery
smooth muscle still develops sizesble contractions in this medium. The unequal maximal
contractions produced by the two drugs still persist in the depolarized main pulmonary artery
smooth muscle in Ca-free, high K medium {left bottom panel). Note that these experiments were
done at room temperature to avoid the loss of intracellular calcium accelerated at high
temperatures. (From Devine, C.E., Somiyo, A.V. and Somiyo, A.P.: J. Cell Biol. 52: 680-718,
1972)
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(The accumulation of divalent cations by sarcoplasmic reti-
culum and mitochondria of smooth muscle are discussed by A. P.
Somlyo, page 2.)

Summary: In general there are two major types of vascular
smooth muscle: (1) spike generating with relatively p’.asic K-
contractions; (2) gradedly responding with more tonic K-contrac-
tions. Therc are quantitative differei.ces amongst vascular smooth
muscles within each category and it is likely that some smooth
muscles may normally exhibit properties of both types or may be
induced to do so by altering experimental conditions. Pharmaco-

mechanical coupling is a process of
Pharmacomechanical excitation~contraction coupling which
Coupling is not mediated by a change in membrane

potential. The relative contributions
of electromechanical and pharmacomechanical coupling in normal
polarized smooth muscle have not been determined and may vary
from one muscle to another. Unequal maximal contractions produced
by drugs are usually accompanied by unequal depolarization, how-
ever, unequal contractions persist in completely depolarized
tissues. The relative volume of sarcoplasmic reticulum varies
in functionally different smooth muscles and correlates with their
ability to contract in the absence of extracellular calcium. It
is probable that both the influx of extracellular calcium and the
translocation of intracellular calcium are involved in excitation-

contraction coupling and the contribution of these may vary from
one blood vessel to another.

DR. GOLENHOFEN: During the last twenty vears spike poten-
tials have been measured in almost all types of mammalian smooth
muscle. This led to the concept that
Blocking Spike the spike is the only process capable
Potentials of triggering tension developement under

normal conditions. Until recently the
relatively few papers which reported normal mechanical activation
without spike discharges were not able to convince the majority
of smooth muscle physiologists for the following reasons. Spike-
free activation was described mainly for tissues such as aortic
and arterial smooth muscle (44, 371, 392) where successful intra-
cellular measurements of electrical activity are particularly
difficult, and other authors have alsn described spike-like action
potentials in these tissues (31, 177, 178, 218). Furthermore,
Somlyo et al (372) themselves sometimes found spike discharges
in pulmonary artery. Therefore the interpretation of negative
results concerning spike discharges raises special problems: it
is difficult to exclude the possibility that spike discharges are

present but cannoi be detected because of methodological limita-
tions.
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A new approach was made possible by using drugs which block
the spike potentials of smooth muscle. Verapamil and its methoxy
derivative, D 600, were described by Fleckenstein et al (101) as
calcium antigonists, which block electromechanica’ coupling in
heart muscie. In smooth muscle these drugs are able to suppress
spike discharges (102, 118) as shown in Fig.26. 1In an {solated
portal vein preparation all components of the complex pattern of
spontaneous electrical activity disappear after application of
verapamil, the potential record becomes a smooth line and the mem-
brane becomes slightly depolarized compared with the maximal
potential values during normal spontaneous activity. The suporession
of electrical activity is accompanied by & disappearance of the
mechanical activity.

R

j—

Fig.27 shows the reaction of an isolated portal vein on
application of noradrenaline (NA), under normal conditions (a) and
after application of verapamil (b) and (c) (117). NA produces
under normal conditions (Fig.27A) a depolarization and an increase
in the frequency of spike discharges. Nuring treatment with vera-
pamil, NA produces a depolarization witaout spike discharges but
still with an increase {n tension which was on average 42% of the
control reaction. The size of the NA-induced depolarization under
verapamil was not signiffcantly different from that under normal
conditions.

ARG g P RETRRR WO T  RY T W
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Parts (a) and (b) of Fig.27 are sections of a continuous
intracellular potential recording in one and the same cell. The
recovery of the impaled cells after verapamil treatment could also
be observed in continuous long~term recordings. We, therefore,
have direct evidence that the microelectrode is able to detect
spike potentials under verapamil treatment and can therefore con-
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clude that the NA-induced activation of portal vein under these
4 conditions is really spike-free.
E: Comparable results could be obtained in stomach smooth
8 muscle where acetylcholine is able to produce a spike-free, tonic
E activation during treatment with vera-
. Calcium Activation pamil (119). Since, in some prepara-
= Mechanisms tions, both the spike~free activation

mechanism and the spike activation
mechanism can similarly be suppressed by lanthanum ions and by £
calcium dcpletion, we concluded that the smooth muscle cell
membrane has two different calcium activation mechanisms (120).

st

AR 5

= The final proof for the dual nature of calcium activation
can be seen from the observation that both mechanisms can be
selectively suppressed (43). This is shown for stomach smooth
muscle in Fig.28. Under stimulatfon with acetylcholine (ACh) the
antrum preparation shows an increase of the typical phasic,
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¢) PROVERATRL, § 10" motst
NA15 107

MP

MR 1 W W 0

Fipure 27: Effect of noradrenaline (NA} application on membrane potential (MP} and tension
development (T) of portal vein smooth muscle (guinea-pig). Records (a) and (b) are sections of a
continuous potential measurement in the same cell, § min excluded. The electrode was accidentally
displaced in record (b} at the time indicated by the arrow. Record (c) from another experiment, the
electrical recording not disturbed by an electrode displacement. NA was given as a single application
to the pertused organ barh: the initial concentration is indicated. {After Golenhofen et al., 1973,)
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: peristaltic contractions, while in the fundus strip a more tonic

= activation is induced, and an intermediate type of reaction occurs
: in the corpus strip. Sodium nitroprusside (known to block the
activation of aortic smooth muscle, (191)) suppresses the tonic
reaction in the fundus and the tonic c. ponent of the corpus re-
action and leaves the phasic contractions of the antrum almost un- :
changed. D 600 (10"S mol/i), on the other hand, suppresses all .
phasic components of mechanical activity. After its application, y
= ACh only produces a spike-free, tonic activation which is partic-

ularly pronounced in the fundus ard nearly absent in the antrum .
& region. This D 600-resistant tonic activation is equally suppressed i
E: ! by sodium nitroprusside (right part of Fig.28) as is the tonic com- !
3 , ponent of the control reaction (left part). :

Comparable results can be obtained with vascular smooth
muscle as shown in Fig.29 with a spiral aortic strip and an isolated
portal vein (both from the rat). The aorta behaves similarly to
stomach fundus, the portal vein similarly to stomach antrum; in
the vascular preparations, NA and not ACh must, of course, be used
oUmEAPa as stimulatory agent. Portal vein of the guinea-pig shows a more
< intermediate type of reaction comparable to a corpus strip of the
stomach, as can be seen in Fig.27.

e 2Tt T
g

BT AR e

These results have led to the theorv of P- and T-systems for
calcium activation in smooth muscle (121) (Fig.30). The P-system,
which is blocked by verapamil and related substances, 1s preferen-
tially used for producing phasic mechanical activity and its activ-
ation i{s usually combined with spike discharges. The T-system is
A preferentially used for tonic activation and {ts activation is
= usually combined with depclarization of the celi membrane, without
e spike discharges. The basis of this differentiation is a difference
in the chemical nature of the calcium activating systems, reflected
in the selective antagonisti: effects of diffarent substances.

The concept of P- and T-systems allows a better explanation

of old observations and opens new aspects for the theory of smooth
muscle motility. The description of motoric function of smooth
muscle organs has long been dualistic. For example, Cannon (56)
distinguished clearly between tone and motility in the stomach. We
can now say that this functional dualism i{s also represented in the
differentiation of calcium activativn uystems in the membrane of
smooth muscle cells. P- and T-blocking agents are helpful tools
for the further analysis of smooth muscle activation, and the prin-
= ciple of P~ and T-blockade will become useful in clinical applic-
ations.

it bt

DR. KREYE: I shoula like to comment on the question: "Do
there exist two types of smooth muscle cells or two different
mechanisms of activation?" Fig.3l shows the relaxant effect of
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SMOOTH MUSCLE STRUCTURE 53

sodium nitroprusside on various types of smooth muscle. The aorta

and trachea (both of which are tonically
Two Types of csontracting smooth muscles) are highly
Smooth Muscle? sensitive to the ralaxing activity of

sodium nitroprusside. On the other hand,
smooth muscle with phasic responses as in the duodenum and the por-
tal vein is much less sensitive and tends to become tachyphylactic
to sodium nitroprusside, or, as in the case of the rat uterus, may
be even totally resistant to the action of the drug. These find-
ings apparently suppor: Dr. Golenhofen's assumption that sodfum
nitroprusside preferenifally inhibits the tonic activation mecha-
nism but little or not at all the phasic activation mechanism.

Recently we have tried to provoke phasic contractions in
rat aorta. This can be done by cutting the helical strips from
rat aortae at a very flat angle; thereby "tight junctions" between
the single cells are better preserved and propogation of action
potentials becomes possible. In this preparation we do not see
any differential effect of sodium nitroprusside on the phasic or
the tonic responses. (ur observations speak in favor of the exist-
ence of two types of smooth muscle cells rather than of two differ-
ent mechanisms of activation.

DR. ZEMPLENYI: 1 would like to address a question to Dr.
Avril Somlyo and Dr. Golenhofen concerning some of the electro-
mechanical properties of vascular smooth muscle. We know that in
cardiac muscle, which is embryologically

Sodium Pump in the Con- and functionally related to vascular
trol ot Muscle Contrac- smooth nuscle, many of the electrical
tion and mechanical properties are associated

with the sodium pump and in particular
with the activity of an enzyme, the sodium-potassium linked ATPase,
Since ouabain is a potent inhibitor of the latter enzyme 1 wonder
whezher ouabain and other cardiac glycosides do also alter the
electrical and mechanical oroperties of vascular smooth muscle as
strdied by Dr. Somlyo.

DR. AVRIL SOMLYO: I zm afraid that ouabain is not as useful
1 tool in vascular smooth muscle as it is in some other systems.
Dipitalis glycosides and K-free solutions in general do contract
and depolarize isolated smooth muscles or perfused vascular beds.
Digitalis seems to have both a direct and an indirect neurogenic
effect on perfused preparations. Changes i{n tissue ion contents
such as would be expected from blocking the Na pump have been re-
ported in some smooth muscles and not in others. There is also
some evidence that ouabain actually affects Na permeability rather
than the Na pump. We have recently used ouabain in our laboratory
in studies concerning beta adrenergic hyperpolarization, which is
K dependent but is not simply due to an increase in K permeability.
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54 CHAPTER 1

Upon addition of ouabain the pulmonary artery resting membrane pot-
ential became very unstable, sometimes polarizing and at other times
hyperpolarizing and not reaching a steady level for at least two
hours.

DR. RODBARD: Once the countractile mechanism is locked, what
is the next step toward releasing the contractile element?

DR. AVRIL SOMLYO: Well, this would actually be at the cross
bridge-actin site itself. Calcium releases the inhibitory action
of troponin allowing the myosin-ADP.P* to interact with actin sites.
As the cross bridges turn over ATP is hydrolyzed. The myosin~ADP,.P*
actin complex is involved in the force generating step.

DR. GOLENHOFEN: Ouabain affecots more the slower components
of smooth muscle activity and not the spike potentials. For example,
in stomach smooth muscle it suppresse: che large ''slow waves" in
the electrical activity. This indicates that an electrogenic sodium
pump may be involved in the control of this type of electrical
activity.

DR. BURNSTOCK: One central question that worries me is the
pharmacomechanical coupling idea., I
Membrane Potential Change still have some reservations. Does this
and Spike Activity happen under normal physiological con-
ditions? 1 agree that you can demon-
strate this kind of coupling under certain abnormal conditions.
However, this reservation apart, there seemed to me to be some in-
congruity in your presentation on two particular pointw.

Avril Somlyo talked in terms of two smooth muscle types.
Dr. Golenhofen talked in terms of two smooth muscle mechanisms,
presumably occurring in the same muscle type. I would like to know
vhat evidence thzre is that there are two distinct smooth muscle
types and whether there is some agreement on this? The other point
which needs clarification i{s that, whereas A\~il Somlyo made it
clear that what she meant by pharmacomechanical coupling was that
there were no me.brane potential changes preceding contraction and
in this she presumably included spikes and any slow events that
might occur in the membrane, Dr. Gclenhofen talked exclusively in
terms of no spike activity. These again are very different concepts
because, while I do not find it hard to accept the idea of a graded
potential change in smooth muscle, I find it very much harder to
accept the idea of no membrane poteuntial change at all. I would
like clarifica%~ion on these two important issues.

I will make a comment on a different subject. This is the
question that was raised by Andrew Somlyo concerning whether there
is any ronnection of the endoplasmic reticulum to the outside and

N T ARAE LI NI TL AT

b A 15 L Vi sl ) e

¢ gt 8 0 kL AU ) 0t g e




S, TG Fudeh T,

e i

P .
K KA P

55 5

AR e

A

!

26

@
PR ot s

o -
1l ANty

3
f,
.

TR,

s

A8

R R R T Tk i e B

SMOOTH AMUSCLE STRUCTURE 55

this is, after all, a critical question when considering excitation-
contraction coupling. Under our experimental conditions there is
penetration of lanthanum specifically i the smooth tubular systems,
suggesting that under some circumstances at any ratz, there might

be some connection with the outside. 1 am well aware of the sorts
of problems involved in looking at lanthanum penetration and the
dangers that it might be penetrating into the cell ir a non-specific
way. But it does seem to me that it is very significant that the
lanthanum is located on the inside of these membranes and not on

the outside, nor is it localized on any other structure.

DR. AVRIL SOMLYO0: 1I classify smooth muscle into two types,
on the basis of their electrical properties. One is spike generating
while the other produces a gradient response. There are also
morphological differences. Muscles that generate action potentials
have a smail volume of sarcoplasmic reticulvm and display phasic
potassium contraction while gradiently responiing muscles such as
found in the large eiastic arteries and 1 think, the anococcygeal
muscle and the trachealis have a larger volume of sarceplasmic
reticulum and undergo tonic contraction without normslly genera ing
action potentials.

DR. A. P. SOMLYC: As Avril Somlyo's discussion and slides
illustrated, chere are various graduations between action potential
generating and gradedly responsive smooth muscles. Furthermore, as
the records clearly show, spike generating smooth muscles are also
capable of graded depolarization. In these types of smootl. muscle
both forms of electromechanical coupling (action potential and
graded depolarization) co-exist. This behavior, of course, does
not differ greatly from striated twitch muscle fibers, in which
graded activation can also be demonstrated, if the regenerative
action potential is blocked with tetrodotoxin. The difference
between Dr. Golenhofen's terminology and ours is one of emphasis:
he treats primarily the different types of activation, while we
emphasize the fact that in different tvpes of smooth muscle one
or the other form of activation may predominate.

Incidentally, I am very much pleased, Gecoff, that you no
longer find it difficult to accept graded depolarization as a means
of activation in smooth muscle, as you were not quite ready to
accept this at the 1968 Congress in Washington.

DR. BURNSTOCK: It seems to me that you are saying that there
are not two dist:inct smooth muscle types.

DR. A. P. SOMLYO: The text books are, indeed, gcing to talk
about different types of smooth muscle. As both your laboratory
and ours has nct~-d there can be wide variations in the action pot-
ential morphologies (e.g, rate of ¢:polarization, etc.) in differ-




RAT

GUINEA PIG

WA

56 CHAPTER 1

ent types of smooth muscle, ranging from the very fast action pot-
ential to the "conventional" spike seen in tissues such as the
taenia coli and portal vein (see presentation by Avril V. Somlyo).
But, allowing for these minor variations and for different degrees
of phasic or tonic behavior, there are essentially two major types
of smooth muscle: one that responds tc excitation normally by gene-
rating action potentials, but depolarizes gradedly, when stimulated
with an excitatory agent. Examples of *he first type are the
smooth muscles of the large elastic arteries, and, according to the
literature, the rat anococcygeal and canine trachealis smooth
muscles. The second type of smooth muscle has been studied in much
greater detail, and includes intestinal, uterine and portal vein
smooth muscle.

DR. GOLENHOFEN: After our first results with verapamil we
distinguished between a "spike activation mechanism' (SAM) and a
"spike-free activation mechanism' (SFAM). This cl:ssification is
very similar to Dr. Somlyo's, it only avoids the term "pharmaco-
mechanical coupling” and also the term "nonelectrical activation".
The term SFAM therefore does noc include any statement about the
open question to what extent electrical processes other than
spikes or truly nonelectrical processes participate in this type
of activation. Our new concept of P- and T-systems has different
foundations. It is based on chemical differences in the calcium
activating systems, which are reflected in the fact that they can
be selectively blocked - comparable to the diffeicatiation of
adirenergic receptors into alpha and beta receptors. There is cer-
tainly a great over-lap between this classification and Dr.
Somlyo's: the "spike-producing type" of smooth muscle operates
mainly wich the P-system and the "gradedly responsive type' mainly
with the T-system. However, the P-T-concept is certainly more than
only another terminology. We can, for example, show that in some
spike-producing tissuer such as guinea-pig portal vein and pre-
parations from the corpus region of the stomach, a T~-system {is
present in addition to a P-system. Other spike-producing types
such as taenia colf of the guinea~pig operate with a P-system only.
We can also show that the contracture of taenia coli induced by
K+ depolarization, which is spike~free, is mediated by a P-system.

Dr. Burnstock's question about the role of the different
mechanisms in normal activation can clearly be answered in terms
of the P-T-concept. The whole noradrenaline-induced contraction
of guinea-pig aorta is mediateg by a T-system, it is not reduced
by P-blockade (D 600 up to 107° moi/l), and similar results can
be obtained in the gall bladder and in the fundus of the stomach.
In some respects the T-system is more important than the P-system,
because the P-system i{n {tself appears as rather homogeneous wiere-
as greater differences exist between the T-systems of different
organs, which is of particular importauce for clinical applications.
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SMOOTH MUSCLE STRUCTURE 57

DR. KREYE: I have a question for the Somlyo family, the
first part of which regards the sources of calcfum for excitatfon-
contraction coupling in vua ~ular smooth

Extraceliular vs. muscle. It had long been assumed that
Intracellular Sites the calcium necessary for smooth muscle
of Ca Release activation comes from the extracellular

environment of the cell. More recently,
the possible role of intracellular binding sites for calcium, namely
the sarcoplasmic reticulum, has been elucidated. Are you prepared
to make any decision as to what extent extracellular calcium and
calcium released from intracellular sites contribute to the excit-
ation-contraction coupling of vascular smooth muscle under physio-
logical conditions? 1 think this i{s primarily a question on the
quantity of calcium stored in intracellular binding sites and on
the rate of its release into the cytoplasm. Secondly, it has been
shown by your group that mitochondria accumulate divalent cations.
s it likely that mitochondrial calcium plays a role in the acti-
vaticn of vascular smooth muscle? 1Is the rate of calcium extrusion
from mitochondria sufficient to contribute to the excitation-
contraction coupling?

DR. A, P, SOMLYO: 1t is probable that both intracellular
and extracellular calcium contribute to the activation of smooth
muscle, but the relative contributions may vary in different types
of smooth muscles and with the experimental conditfons. Quanti-
tating th: different relative contributions from these two sources
would be very difficult, except when all the extracellular calcium
has been removed with the aid of calcium chelating agents.

Some of our research is obviously motivated by our interest
in determining the role of nirochondria in the physiological
regulation of intracellular free calcium levels in smooth muscle.
However, it has yet to be shown that the apparent affinfity constant
and the rate of accumulation of calcium by mitochondria from smooth
muscle are of the order of nraznitude sufficient to reduce the intra-
cellular calcium of vascula: smooth muscle sufficlently rapidly to
the levels required for relaxaticn. We hope to test this question
directly with the use of electron probe X-Ray microanalysis that
has already enabled us to show the net accumulation of divalent
cations by mitochondria In smooth muscle.

DR, RODBARD: I weuld like to discuss somne of our findings
with respect to the permecabllity of the arterial wall.,

We have obtalned results which suggest that the arterial
wall {8 much more permeable than would
anpear from the apparen: tightness of
fts collagenous, elastic and smooth
nuscle framework. Two liscrete pools

Permeability of
the Arterfal Wall

A s A i e o e 2 e,




APTor T Av sﬂf{g"".’mﬁ g T T B o ey e o LR TR s B R § | AR R g e T T -

58 CHAPTER 1

appear to enter into the fluids that bathe the smooth muscle cells
of the arterial wall. One of these pools originates in the blood
that flows in the vessel lumen. This fluid may pass via the vasi
; vasorum to supply the metabolic needs of the smooth muscle cells.
< The second pool lies outside of the vascular adventitia, in the
trabeculae. The trabeculae serve as avenues through which the art-
eries, veins, nerves and lymphatics pass, and in which fat cells
and other extracapsular ceils are found. This conclusion concern-
ing two-fluid mixing is based on a two-injection technique.

H
3

1. Ringer's solution containing ferrocyanide ion was infused
via the arterfes or veirs of various tissues, including skeletal
muscle, myocardium, lung, kidney and optic nerve. This introduced
the ferrocyanide ion into the vasa vasorum and thereby into the
outer medial wall of the vessel.

2. Ringer's solution containing ferric ion was then injected
into the parenchyma (not intravascularly). This introduced the
ferric ion into the trabecular cl.fts of the tissue (307, 308).

Wherever ferric ion came into contact with ferrocyanide, the
insoluble ferri-ferrocyanide (Prussian blue) marked the site with
. its characteristic deep blue-black precipitate (309). The appear-
. ance of this color in the medial wall indicated that the intra-
lumenal fluid containing the ferrocyanide communicated, via the
extravascular fluids that contained the ferric fon, with the intra-
mural fluids of the blood vessel.

3 We hase observsad this relationship in the arteries that feed
skeletal and myocardiial muscle bundles, in the small intrarenal
arteries adjacent to the glomerulf, in the pulmonary vessels, and

< in the veins adjacent to the optic nerve. Tangential cuts through
3 blood ves.~1s exhibit precipitation of Prussian blue on the endo-
5 thelium and .. the outer media (Fig.32). Since our counterstain

5 i{s nuclear fast red, the blue coloration can be attributed only to
4 ferri-ferrocyanide precipitate. This technique clearly outlines a

basket-work arrangement of the fluid pool that surrounds the smooth
muscle cells in the arterfal wall (Fig.33). The circumferential
arrangement of the smooth muscle cells

" .
TR i

: Arrangement of of the inner layers of the vessel with-
3 Vascular Smooth stands the outward push of the blood
E Muscle Cells pressure and the resulting stretching

(tensile) forces in the wall. Near the
adventitia the smooth muscle cells are aligned with the long axis
of the vessel in a manner that can withstand the tendencies of the
vesgsel to be stretched excessively, to elongate, or to buckle.
Similar findings have been obtained in the smali arteries and veins
of the kidney (Fig.34).
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Figure 30: Diagram illustrating the concept of P- and T-systems for calcium activation in smooth

muscie.
Organe Molsrity of Sodium Nitroprusside Remarks
{Species} 1010 109 108 107 108 105 104 103
Aoete {4} + -
{Rat)
2 Traches . " e
(Guines pig)
H Duodenum 3 Y3 - *" Tachyphylaxis
- (Rat)
Poriel vewn (53} . " e Single dows
(Rat)
s 1] 4 . + ** Cumulstive dowes
Vas deferons - - - .
- (Ret}
H Uterus - - - -
(Rat}
Cardesc suricie - - - -
{Gunes pig)

Figure 31: Relaxant ettects of sodium nitropruside on different kinds of isolated smooth muscle
and cardiac auricle. { {+) = relaxant eftect observed in some experiments; ¢ = slight refaxant effect;
++ = intermediate relaxant effect; ¢+ ¢ = total relaxation),

ety wy wndnin il

e

[

s S kb F

it K o

L0

N T GEE e

430D o U B

W

ok it o i W

e d i

b o

e g 8 0l 010 0 GO 2 0 ot




SISV A gindi Sl " ” A
TSy oHee A, Z@‘?fg;!g;é?—{b T A I ey e TS

f

CHAPTER 1

o A o Vet T (e, R P

E
H
2 :
:
3 H
= .
: :
=3
e 4
i H
3 .
= B
3 i
]
;

l

g G010 000 00 o Bl o 0 0 1 0, i

% . .
‘..mmf TR DA it AL Rt A i
L 0

PO o

Figurs 32: Skeletal Muxcic and trabeculse. Ringer’s solution containing ferrocyanide ion was
, perfused through the arterial system. Ringer’s containing ferric ion was injected
intraparenchymally. Prussian blue was precigitated around the smooth muscle cells of the media of
= the blood vessel wall {heavy dark lines).
] Tissues were stained only with nuciear fast red. Blue color therefore represents only Prussian blue .
E: precipitate. Each smooth muscie cell and its nucieus can be identified; the dark fines are the
E precipitate, x85. 26A Red Vivitar filter. :
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Figure 34: Kidney. Prussian biue around smooth muscle fibers in renal arteriole adjacent to
glomeruius. The tangential cut shows radial arrangement of spaces between adjacent smooth muscie
cells. Precipitate (dark lines) also appears in the extratubular clefts. x 85,
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SMOOTH MUSCLE STRUCTURE 43
Under normal circumstances, the direction of flow from the

arterial stream may be expected to pass from the lumen through the
vasa vasorum to the adventitia. During contraction of smcoth muscle,
trabecular fluids may be squeerzed into the extracellular interstices
of the adventitia, thereby reversing the divrection cf flow. Fluid
shifts of this type may transfer information concernirg the concen-
trations of metabolites and other materials in the vessel wall and
in the trabeculae, and thereby coordinate and contrel smooth muscle
contractility. Our results indicate a continuous fluid exchange
through the apparently tough and tightly organized vessel wall. It

18 well known that mast cells in the
Local Chemical trabecular clefts can release heparin,
Regulation of histamine and serotonin, especizlly in
Vasomotion response to an increased hydration of

the tissues (z74, 339). Heparin, which
originates in the trabeculae, also has a local effect on lipoprotein
lipases, apparently at the endothelial level. The possibility that
fluids in the trabeculae may enter into the adventitia and thereby
come into contact with the smooth muscle cells of the media must
therefore be considered. Vasoactive substances derived from mast
cells can thereby affect local vasomotion, clotting tendencies and
the metabolism nf 1lipids. These considerations must be added to
the equation of the known dynamics of the vessel wall, {f the pot-
ential fnfluences of local factors on vascular regulation are pro-
perly to be understood.

I would like also briefly to discuss the seguence of Lhe
events that must precede each muscular contraction. If a muscle
is to accomplish its function, careful
Electrical and coordination of its contractile activity
Chemical Coordination is necessary. OQtherwise, ita action
of Muscular Contraction and the definite metabolic costs that
are incurred, will accomplish nothing.
This need for coordinatica of the contraction process is clearly
evident in the uselessness of fibrillation of cardiac or skeletal
muscle. Machinery has evolved that ensures proper coordination
of the contraction of t':2 units of each muscle. Coordination of
contractile energies must alzo be necessary in smcoth muscle f{bers.

The sequence neczessary for such coordination is inadequately
appreciated. Several discrete events must franspire befare a
muscular fiber can contract. The first event {s d2polarization of
the muscle cell membrane. This can be measured with the electro-
gram. Depolarization may be viewed as eqguivalent te pressing a
"power on" button. The srstem is thercty armed for contraction,
but contractica does not yet take place. Thus, thert is no immed~
inte temporal relationship between the action potential and che
ultimate mobilization of the torsile forces of the affected con-
tractile elenonts, This i1s clearly evideut {n the myccardfum,
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in which measurable shortening does not usually begin until rela-
tively long after much of the depolarization process has been com-
pleted. Only then does the force of myocardial contraction take
effect. This force increases during another long interval, for as
much as 300 msec. (310). Similar lags betweecn depolarization and
contraction are measurable in skeletal and in smooth muscle.

Depolarizaticn increases the permeability of the membrane of
the muscle fiber. Potassium fons then diffuse out of the fibers,
while sodium ions diffuse into the fibers. Calcium ions, previously
bound to the proteins of the membraie, are also released and these
diffuse .r possibly are pumped through the transverse tubules toward
the Z bund. Near the Z band, the calcium ions chelate troponin, a
myocardial protein. Troponin functions as a safety-lock which in
its unbound state inhibits contraction. Chelation of the troponin
by calcium removes this safety lock. <Tontraction may then take
place, provided one more important step is completed. That step

is the mechanical application of a pulling force on the muscle
fiber,

Evidence for this pulling force may be seen in the ;'.enomenon
of latency relaxation (325). Within a millisecond or two after
depolarization, the load acts to stretch the muscle fibers. Only
after this "latency relaxation" has taken place can the tensile
force of the muscle come into motion.

Our studies on muscle pain (311) suggest that the pulling
force of the load fragments a portion of a molecule of the contract-
ile equipment. This may be viewed as equivalent to applying a
small force to the trigger of a mouse-trap. Only then can the
energy of the system, previvusly stored in the pre-lozded spring,
be released to accelerate the tensile forces of the muscle and to
produce muscular shortening.

Coordination of the process of contraction therefore requires
a sequence of events that includes: (1) depolarizatfon; (2) release
of calcium; (3) binding of troponin; and (4) a stretching force
that finally triggers the release of the energy of the contractile
machinery.

Our findings that the smooth muscle cells of the arterfal wall
appear to be bathed in fluids that are derived from the blord plasm:
and from the extra-vascular fluids of the interstitium, suggest
that this arrangement may also contribute to the coordination of
the contraction of vascular muscle fibers.

DR. ROSS: The experiments I shall present have been conducted
in collaboration with Dr. John Glomset and Ms. Beverly Kariwva, Dr.
Lawrence Harker also collaborated in some. 1 would like to take
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SMOOTH MUSCLE STRUCTURE 65 “
you through the growth of arterial smooth muscle, not in vivo but ; %
in vitro; describe the cell culture system we have developed and :
how we use it with particular emphasis s 5
The Growth of Arterial on the growth properties of these cells :
Smooth Muscle Cells in in culture. I will discuss their require-
Tissue Culture ments for growth and how we can modify
their growth response. When we get into ?
a discussion of metlabolism this afterncon, we will talk about some H
of the many things these talented cells can make.
It is important to recognize the limitations of the cell cul-
1 ture system in terms of relatirg anything oune observes f{n vitro to ;
! what happens in vivo. Nevertheless, if one can find reproducible

circumstances where one can establish criteria for cell performance,
in vitro, in terms of cell physiological responses, that are akin
to wkat one observes in vivo, then one begins to have some confi-
dence that the manipulations one can exert under controlled circum—
stances in vitro may provide some ingight into how these cells act-
ually respond in the animal. We are particularly interested in the
proliferative response of these cells to growth factors.

First we had to convince ourselves that arterial smooth muscle
can be grown in homogeneous culture; second, that the cells retain
the phenotypic appearance of smooth muscle cells from the donor;
and, third, that they will do many if not all, the things in vitro
that they do in vivo.

15 SO ol o 15 08 5 O WG 10 bt b 4 Bt B

We hoped to go one step further and gain insight into how we
could BETTER understand the response of the cells by developing a
chemically defined medfum. Then we would be able to add various
substances and be able to interpret, hopefully, what we are doing
to the cells. [ think we are well along this road as you will sce
from our observations. There are many problems left.

First let us begin by showing how these cells appear in cul-
ture and how we get the cultures going. Everything I am going to
show you this morning with the exception of a few micrographs
deals with the primate Macacca Nemestrina, the pig-tailed monkey. MONKEY
The University of Washington fortunately had a breeding colony so
that we are able to breed tiie monkeys. Thus we know a great deal
about their genetics.

41 il el bt

In our inftial cell culture stud.es we used a culture medium

that has the black magic of serum added to it. We thought it would
be proper if we could use serum from the

Requirements for same genus of primate so we could system-

Growth atically aiter the properties of the
medfum. Thus, in theory, the cells

would see in culture at least a large proportion of the same sub-

stances thev see in vivo.
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66 CHAPTER 1

Our cells are derived from explants of the thoracic avrta of
this primate. We remove the inner one~third of the media, which is
easily done using a dissecting microscope. These segments are cut
into small cubes approximately one millimeter square. Large num-
bers of these explants are placed in Falcon flasks. Each flask
may contain from fifty to one hundred explants in a medium contain-
ing up to twenty per cent homologous serum. This medium is a modi-
fied form of the Dulbecco-Vogt modification of Eagle's medium con-
taining five, ten or twenty per cent homologous primate serum.

Within two or three days the cells begin to grow out from the
explants. Their outgrowth is quite variable. If one looks withir
a given flusk one will find after several days that perhaps 20% of
the explants have cells growing out, and after seven days as many
as 707 may have cellular outgrowth., No matter what we do, about
ten to twenty per cent of the explants never display outgrowth.

It takes perhaps a total of two to three weeks before the
growth points will become confluent. The cultures are then trypsin-
ized -~ the explants are trypsinized away. We carry them through
one trypsinization which represents three to five cell generations.
The doubling time for these cells fs apprximately 36 hours. We
start to use the cells for our studies after the second trypsiniza-
tion.

We have karyotyped the cells and about 80 to 90 per cent of
the cells are diploid and 10 to 20 per cent of them are tetraploid.
The cells will generally survive for fifty cell generations before
we run into difficulties and they begin to die. Therefore we must
periodically go through the process of setting up new cultures.

All of the cells are derived from one to two year old monkeys.

All of the experiments I am going to describe were performed
with smooth muscle cells obtained between the second and seventh
trypsinization. We do not use the cells after that because they
begin to react oddly in fashions we don't conpletely understand.
The cells demonstrate changes in culture tha: are not reproducible
after that point in time, therefore we don't use them.

To prepare the cells fcr electron microscopy we fix them in
situ, embed them in situ, and invert beam capsules over them filled
with resin and polymerize the whole thing. As soon as we take them
out of the oven we pop the capsules out of the dish so that the
celis are on the flat end of each capsule. Then we can easily
stain them with a number of stains, visualize them in the dissecting
scope, pick out the area we want and them trim the block so we
obtain a section tangential to the surface of the dish. we can
turn the block ninety degreces and obtain a transverse section. As
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SMOOTH MUSCLE STRUCTURE 67

you will see in the light micrographs the cells have interesting
growth properties in that they grow in hilis and valleys in culture.
The hills may have as many as fifteen cell layers and between each
layer there are extra-cellular products. 1In the valleys there may
bte no cells or there may be a single cell. Fig.35 shows these cells
containing deuse bodies between bundles of myofilaments in low
magnification. In Fig.36 one of these cells is shown in higher
magnification illustrating that the mitochondria are often bifur-
cated or trifurcated.

The bundles of myofilaments can be seen to run in numerous
directions in culture. ‘the cells take different shapes depending
on what is present in the medium. If
Ultra structural one should have serum in the medium as
Characteristics the cells grow out these cells become
rather long and ribbon-shaped. In the
presence of no serum or one per cent serum, when they reach sta-
tionary growth the cells are long and irregularly shaped.

- sy

The filaments described by Andrew Somlyo can be seen together
with microtubules (mt) as well as aggregates of ribosomes. At
higher magnification one can see sixty angstrom filaments that
Somlyo described. In some regions all three sizes of filaments
(60 angstrom, 100 angstrom, 150 angstrom) are visible. These cells
also make junctional contacts in the forms of gap junctions. They
are not "tight junctions" because there is a twenty angstrom gap
betwecn the external leaflets of the cwo unit membranes. In some
tissues in vivo these gap junctions have been shown to be associa-~
ted with electrotonic couplings between the cells. We have no evi-
dence for this in our i{n vitro system, but there may be evidence
in other systems.

In addition, 1 would point our some other material outs:de the
cells that appears morphologically like basement membrane. There-
fore you can see that phenotypically, the cells retain the appear-
ance of well developed, .lifferentiated smootn muscle cells in cul-
ture. If one examines them during the very early stages of growth
(Wight, who works in our ladboratory, has done this with smooth
mugscle cells from the pigeon) one can see that smooth muscle cells smo
from the monkey already contaiin numerous myofilaments. There are MONKEY
areas in their cytoplasm that don't contain filaments and as the
cells go through logarithaic growth, fairly rapid changes occur in
their phenotypic appearance. It takes a couple ¢f days in culture
before they appear like fully developed
Modifiers of smooth musclie. We wanted to begin to
Cell Growth look at factors that influence the
growth of these celis in culture. Teo
do this we modified a system that Robert halley has been using in
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Figure 35: This miccograph demonstrates a aoss-sectional view of 2 6 week culture of smooth
muscle cells. The boltommost csil rests on 2 corbon film, Batween three of the layers of cells,
mucrofibrils siitae in appearance 10 elastic fiber microfilails can be scen Material reminiscent of
basemeant membrans {zirows) is 2150 wsible arourwt nrany of the colls. Mag x 18,000
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. Figure 36: Electron micrograph ¢z nonstrating the tywncal appearance of 3 macaque aortic medsal
smeoth muscle cell after several gyeneraons of growth in culture The cells were fixed in situ,
embedded, and sectioned parallel to the plane of the surface of the culture dish so that anen face
view of the cell s seen. The cytopfasm 15 abundant ».th myofilaments and dense bodes {arrow)
Microtubules (mt) and mitoc! ondria (m) o are visible
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70 CHAFTER 1

his laboratory at the Salk Institute. In essence what he did was
to take fibroblasts in culture and put them in a medium that pro-
vided minimal growth. After the cells had reached stationary phase
after minimal growth, he examined the effects of adding varicus

serum factors, to test the potentisl proliferative properties of
these factors in the cultures.

In the design of our .tudies, the cells are placed in a parti-
cular medium containing 1X pooled primate serum. They are then
grown to stationary phase. At this point, if one finds a proper
additive the cells wil] return to iogarithmic growth. This is a
very sensitive method to monitor the effects of the addition of
various substances or factors which may eventually lead us, we hopv,
to the development of a defined medium. 1In the cage of primate
smooth muscle cells we begin with approximately 10° cells in a 35 am
petri dish. The cells are grown in medium containing 1X pooled
homologous monkey serum. One usually observes a drop in cell num~-
ber in the first 24 hours, due to plating efficiency. Then they

grow logarithmically for from two to four days and then become
essentially stationary.

At this point, we set up a growth experiment with perhaps a
hundred dishes. Each dish will contain an essentially identical
number of cells (¥ 51) to which the varfous factors to be tested

can be added. Proper instruments to plate out the cells permit this
accuracy.

One of four groups of cells werc grown {n zero per cent serum
for the entire experiment. Another group of cells were grown in
10Z serum initially. Fig.37 shows that they grow logarithmically
quite a while before they become stationary. A third group of cells
grown in 4% serum failed to reach the same level as those grown in
102 serum when they became statfonary. The fourth group was grown
fn 17 serum until they became atationary.

We then changed the medfum to 10% serum and at that point the
cells took off again (Fig.37). 1t has been known for many years
that there are many factors present in serum that are stimulatory
1o the growth of these cells, or {f you wish to look at it from
another view, thit are able to control the growth of cells.

Cne of the things we have done was tc fractionate serum con-
stituents in a way thot has not bLeen done for fibroblasts., We
scparated the lipoproteina by diffeventially floating them out and
then fraciionated the LDL from the HDL in a potassium bromide grad-
fent solution to a maximu. density of 1.25 grams per ml. at the
bottom of this tube there Is 2 non lipoprotein containing fraction
of serum rongtituvents that contains the remaining serunm protelns
and fatty acids. This experiment contained two control groups,
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Figure 37: Replicatan of smooth muscle calls in tissue culture in vatious concentrations of serum
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zero per cent serum and 5% serum which grows logarithmically for
this period of time.

We found, Interestingly enough, (Fig.38) that a number of
serum constituents were stimulatory to growth. In particular, we
found that when we added low density lipoproteins (on a 5% choles~-

terol equivalent basis) together with
Effects of Lipoproteins the 1.25 bottom (on the same basis) that
and Serum Concentrations we obtain growth equivalent to that
in Medium geen in 5% whole serum. In contrast,
high density lipoproteins (HDL) were
not stimulatory when compared with LDL. The 1.25 bottom {8 also
stimulatory but again not to the same degrce as LDL. 10Z LDL has
the same effect as 5% LDL, howeve:r albumin will not act a3z a carr~
fer for the lipoprotein. There {s something In the 1.25 bottom

that we derive from the serum that {s {mportant and {t is not albu-
min.

When the cells are grown in 1% serum they are very large and
are frregularly shaped. If one looks at these cells with the
electron microscope they have a falr amount of rough endoplasmic
reticulum and a number of autophagic vacules. They contain a full
complement of myofflaments that are visible {f one sections the
cells in the appropriate plane.

When the cells are grown {n zero per cent serum they appear

similar to those grown In 1% serum except thit there appears to be

a perinuclear halo around them when viewed in phase optics. When
the cells are grown {n medium cont:ining 57 serum, they grow {n the
form of hills anc valleys. The hiiis may contain as many as ten or
fifteen cell layers. In the presence of 5% serum, the cells contain
an extensive rough endoplasmic retfculum, bundles of myof{laments,
mitochondria and autophagic vacules or secondary lysosomes.

When the cells are grown fn 5% LDL plus 1.25 bottom, they con-
tain lipid droplets of which we saw very few (n the other experi-
ments. The lipid droplets are usually associated with aggregates
of glycogen. The HDL showed one marked change that the LDL did not
show. This {s the presence cf many large sutophagic vacules and
secondary lysosomes that form in the presence of HDL that we have
not seen to the same extent as when the cells are grown (n the pre-
gence of LDL., This (s interesting and may be potentially important,
because In long term studies with HDL the cells begin to appear
sick. Even though it appears that HDL may be stimulatory to growth
it may also have a secondary erfect on the celis that {s deleter-
fous. Interestingly enough there are many one hundred angstrom
fi{laments in the cells that we do not believe to be contractile.
When the cells are grown in the presence of 1.25 bottom alone they
contain relatively few liptd droplets but demonstrate a falrly
extensive development of thelr rough endoplasmic reticulum.
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Figure 38: Rewponse of arterial smooth muscle to serum fractions. Equal numbers (105) of wmooth
muscle cells were added to a large series of petri dishes and incubated in 3 modified Dulbevro Vogt
modification of Eagle's mediv * containing 1 percent «erum pooled from teveral Macaca
nemestrina, After 7 doys (urow), the dishes were separated into five groups 10 be further
incubated. One group was incubated in serum-free medium, The remaining yroups were incubated
in media containing: diaivzed protein of density greater than 1,26 g/ml from the equivalent of 5
peczent serum, this protein fraction contained very littie high dentsity tipoprotein (HDL) or fow
density lipoprotein {LOL); proteins of density greater than 1,25 g/ml plus HDL (154 nmole of
cholesterol per milliliter of medium); proteins of density greater than 1.25 g/ml plus LDL (154
ninole per milliliter of medium; andd reconstituted serum containing proteins of density greater than
1.25 g/mi plus HDL {77 nimole of HOL cholesterol per milliliter of medium) plus LDL {77 nmaole of
LDL cholestercl per milliliter of medium). The pooled primate serum used as & scurce of
lipotxotein in these expetiments contained 154 nmole of lipogrotein in 5 percent whale serum,
Thi experiment demonstrates that both serum lipoprotein amnd proteins of density greater than
1.25 a/m! stimulate smooth muscle cal) proliferation in vitro and that LDL is at least as effective as
a combination of LOL and HOL. Thus, these ohservations support the concept that endothelial
injury in vivo could promosie smooth muscie cell proliferation by increasing the concentration of
plasma proteins in the extracellular fluid of the vessel wall and points to the potential impostance
of plasma LOL in this response  Vertical bars represent standard error of the mean,
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Thus, in summary, with LDL we see the largest accumilation of
1ipid droplets and glycogen, together with small numbers of auto-
phagic vacules. With HDL there are large accumulations of auto-
phagic vacules and sccondary lysosomes and relatively little lipid
accurdlation, whereas with the 1.25 bottom, the cells do not look
too terribly different from those grown in the presence of 1% serum,

Since our monkey colony i{s limited and
Importance of Serum the number of monkeys available to us
Source to Growth for bleeding is limited, we found that
we could only tap small numbers of an{-
mals for the poo.s of serum we needed for our experiments. Hence
we decided to become modern and use the technique of plasmapheresis
to obtain a larger amount of serum. When we made serum from this
; monkey plasma, by addition of calcium by dialysis against Ringer's
solution with calcium or by adding calcium back directly and then
grew the cells in plasma~derived serum versus whole blood serum, we
i saw a number of interesting results. We were able consistently to
observe that plasma-derived smerum would not support the growth of
our smooth muscle cells to the extent that whole blood serum would.

T oA B TR o, 2o

Balk at Rockefeller University (20) had published obmervatfons
cwcnan of chicken fibroblasts grown in the presence of chicken serum va,
chicken plasma derivel serum. In these studies he showed that the
chicken fibrsblasts vould not grow in plasma-derived serum, He was
more interested in che role of calcium i{n his plawma-serum and so
he emphasized that point instead of the fact that his cells did not
do well in plasma at all, But {f one examines his growth curves he
observed growth differences similar to those observed by us.

Repeatedly and characteristically we found that when the cells
were grown in the presence of 5% plasma derived serum they were
frregular i1 shape as contrasted with their appearance in 5% whole
blood serum. In whole blood serum, as Dr. Burnstcock has already
described, they are long and ribbon or spindle shaped, but in plasma
serum they are not.

Since plasma serum was not as geod as whole blood serum for
growth, we decided to try and determine which const{tuents were
fmportant. So we performed a mix-match experiment In which we
mixed low density lipoproteins from plasma serum with carrier pro-
teins from blood serum and with the carrier proteins from plasma
serum and vice versa (Fig.39). 1t did not matter where the 1ipo-
proteins were from as long as the carrier protein was derived from
whole blood serum, the cells grew very well., When the carrier
protefin was derived from plasma serum the cells did not prolifer-
ate at all. And as [t turns out even the cells {n the 1.2° bottom

did better {f the 1.25 bottom came from blood serum rather than
the plasma serum.
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10% GROWIN EFFECIS OF BLOOD SERUM vs PLASNA SERUM
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Figure 30: Response of srterial smooth muscle in cell culture to blood serum vs, plasma-mtum.
Equel numbers (3x104) SMC were sdded 10 a large series of petri dishes and incubated in mediom
containing 1% pooled serum from seversl Macaca nemestring, After seven deys (arrow) the dishes
wete separated into 3 groups. One group wes incubeted in serum-free medium, The other two
roups were incubated in medium containing either 5% disly red whole blood serum or 5% disly 2ed
plosms serum. This experiment demomtrates that 5% dislyzed plasna setum had little to nG
meoliferative etfect when compared with disivzed blood serum,
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Examining the potential source of the carrier protefn derived
from blood serum to determine what was absent fn the carrier pro-
tefn from plasma serum led us to look
Platelet Factor at platelets. We decided to examine
platelets because of a number of cther
observations that were scemingly unrclated, two of which we were
able te find fn the literature. One of these were observations
made by Hirsch (147) of the Rockefeller Unfversity tn 1960, which
he publighed fn the Journal of Experimental Medfcine. He demon-
i strated that plasma serum lacked a cytotoxic factor effective
! against sevecal gram posftive organisms that was present in blood
serum.  He found ft was derived from platelets. In the same jour-
nal Wexler et al. (415) looked at factors chemotactic for celis
that were absent {n plasma serum but present fn blood serum. They
demonstrated that this factor was also platelet derfved.

We took the plasma and recombined the platelets (on a quanti-
tative basis equivalent to the number of platelets that would have
bean present fn 5% serum) together with calcium to pull down the
fibrinogen and produced a platelet rich plasma serum. We then ex-
posed the cells to several different media, all derived from the
same pool of blood. These included 52 Ltlood serum and zero per
cent serum as our two controls. The experimental groups consfisted
of (1) 52 plateiet free plasma serum which was recalcified by dia-
lysis against Rionger's with appropriate calcfum, apnd (2) 52 plate-
let rich plasma serum, as noted above. Under these clrcumstances,
in the presence of 52 platelet-rich plasma serum the cells grew
logarithmically in a fashion simflar to that seen with 5% blood
serum.  Yost exciting of all, we were able to completely restore
the proliferative activity of plasma serum by having platelets pre-
sent at the time we made the gerum (Fig.40).
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We then asked whether the proliferative activity was due to
the platelet release phenomenon. We took an equivalent number of
platelets present fn 5% serum and combined them with purified
thrombin obtained from a colleague, Dr. Earl Davie, thereby aggre-
gating the platelets so that they would release their granule con~
stituents., We then spun down the platelets at high speed and, on
a quantitative basts, added the supernatant back to the plasma
serum. This permitted ug to ask whether the proliferative cofact-
or(s) was present In the platelet granules or not. We were able
to restore approximately seventy per cent of the proliferative
activity to plasma serum by adding supernatant derived from the
platelet release reaction.
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We are excited about these observations from several points
of view. One is the obvious relation to atherosclerosis, It f{s
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conceivable that {n the genesis of this lesion that {f there is endo-
thelial injury and 1f platelets adhere te gites of injury and locally
interact with vessel wall constftuints they may potentially be able
t> release thelr facters lucally at the sfte of fnjury which could

then intersct with plasma constituents =2uch as LDL causing the smooth
muscle cells to prolifeiate.
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Second, there may be a fundamental bfological principle. It
! is clear from numerous experiments in many laboratories that ivest-
fgators have been looking for serum factors responsible for cell
proliferatfoa in culture. If we can reproduce the activity of whole
serum with low density lipoproteins and a given platelet factor that
we can isolate and identify, then we will be on the verge of under-
standing not only the factors that control proliferation of these
cells fn culture but we will be able to control this growth in known
ways. We think this reaction {s probably not too different from the
respouase one sees in a healing wound. In this situation, many differ-
erent serum constituents are released into the wound followed by pro-
liferation of fibroblasts. These factors we have been examining may
also be responsible for not only the proliferation of these cells,
but for thefr migratory activity as well. We hope to eventually
develop a defined medium in which we can grow the cells so that we
can begin to examine some of their other propertieg in culture.
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DR. ROBERTSON: I would like to make a short comment on Dr.
Ross's statement that platelets are required for the growth of endo-
thelial cells in culture., [n fact, it is possible to culture endo-

thelfal cells without adding platelets.

Platelet Factors as We have been able to grow smooth nuscle
Growth Stimulators cells without adding platelets. | wonder
of Smooth Muscle {f he has Jone any studies reparding

growth factors in platelets. Could sero-
tonin be one of the factors? Furthermore, is it possible that other
factors like histamines or any of the hormones that platelets are

able to carry so wel! may be {ndispensable for the survival of these
smooth muscle cells {n culture?

. "
™ izl
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DR. ROSS: Have ! missed something i{n the literature you pub-
lished in relation to platelets, becaus: I don't remember that? At
any rate, to answer your question, initial experiments suggest that
our platelet factors are not dialysable, and this would remove frowm
consideration a S5-hydroxytryptamine as well as histamine as being
the factor that we are studying. This does not rule out the poszi-
bility that efther one of these substances may be important in pro-
liferative response but they are not the key to the in vitro growth
response. It appears to be a protefn, ov proteins, of reasonably
high molecular weight., We are now attempting chromatagraphic separ-
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ation and purification. May I also clarify my reference to "plasma
serun'. What I mean is recalcified plasma. It is serum derived
from plasma instead of the gerum ordinarily der{ved from whole blood.

DR. DAOUD: In the arterjosclerotic lesfon we usually find in
addition to smooth muscle cells some cells which are much less Jif-
ferentiated. Some of them look like fibroblasts, some look like
primitive cells. 1 wonder if the speakers can talk about the origins
of these cells; whether they derive from smooth muscle cells or hkave
some other origin. In our system which is a bit different from Dr.
Ross's system, we start with mature smooth muscle cells. About four
days after labelling a culture, an electron microscopic autoradio-
graph shows the labelled cells and also shows that the majority of
these cells synthesize DNA and are of the type listed as differenti-
ated. At about four days of growth the majority of cells have no
filaments and some of them look like fibroblasts. Later on there
cells have tremendous amounts of endoplaseic reticulum and some of
them have partial basal membrane. About two weeks later you start
to see the filaments and by the end of the study the cells have
quite a bit of myofilament. Would anyone care to comment abcut the
origin of these immature cells?

DR. BURNSTOCK: We have been looking very carcfully at the
structure and function of cultured smooth

Differentiation and muscle over several years now and have
Dedifferentiation of come to the conclusion that first of all
Cells in Culture. it matters a great deal whether vou are
Trophic Effects of using undifferentiated cells or diifer-
Nerves entiated cells i{n your experiments.

The first thing that enzymatically-
separated undifferentiated muscle cells do in culture is to divide;
then they go on dividing until they form a confluence. They are
then able to differentiate; they then begin to form muscle effector
bundles with nexuses between them. In differentiating cells there
are extreme areas with granular endoplasmic retfculum, while in de-
differentiating cells, there are often many lysogsomes, clumping of
amynf {ilaments.

Now if you grow differentiated cells {n culturz the first thing
they do ix ded:iferentiate. Sometimes it takes cleven days or more,
depending on the system. Once they dedifferentiate then they divide
and then they go through the whole scquence of events described
ecarlier for undifrerentiated cells, We think that we have evidence
that this is the pattern that goes on during normal devrlopment,
in weund-healing and {n transplants.

Incidentally, it s very fascinating that {f you grow these
cultures with nerves, the nerves delay the dedifferentiation pro-
cesg, while at a later stage they accelerate the formation cf muscle
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bundles and nexuses. I think that these findings mean that one has

to take into consideration the influence of ncrves on smooth muscle
morphogenesis.

DR. ROSS: I think one has to be very cautious in using terms
like "modulation" and "differentiation" or using criteria like
rough endoplasmic reticulum as a sign of differentiation. Most
cells, given the proper opportunity and the enviroament, can do
most things. I think that what we are really talking about are
phenotypic characteristics that have been described and physio-
logic characteristics that are well known. What we have to try to
do is to relate these to vhat we see. It is also important to
emphasize that a cell culture system and an explant system are
totally dirferent and really cannot be compared.

DR. A. P. SOMLYO: The Seattle group have shown that in media
of the mature pigeon aorta there are two kinds of cells. In mammals, mason
however, there are only smooth muscle cells. Do you recognize two

major cell types in culture, or do we still have to do the experi-
ments?

DR. ROSS: All avian arteries have two cell types, fibroblasts
and smooth muscle cells. Mammalian systems only have smooth muscle
cells in the media. Renditt and his group have demonstrated that
point in the chicken. Wight studfed the development of avian arter- swo
ial cells in culture and demonstrated both fibroblasts and smooth
muscle cells. That is why one has to be cautfous in using avian
systems because they clearly are different from the mammalian.
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Chapter 2
METABOLIC CHARACTERISTICS OF SMOOTH MUSCLE INCLUDING SYNTHETIC
AND SECRETORY FUNCTIONS AND THE CHEMISTRY OF CONTRACTION

LIPID METABOLISM OF THE ARTERIAL SMOOTH MUSCLE CELLS
Dr. Yechezkel Stein and L . Olga Stein

1 would like to confine my talk to certain aspects of lipid
metabolism and shall try to emphasfze the correlation of structure
and functien. The subject of lipid metabolism will be supplemented
further by Drs. Adams, Bowyer, Day, Zemplenyi, Kritchevsky and
others. (ther subjects, such as synthesis and secretion of colla-
gen and elastin, will be covered by Drs. Ross and Robert. and Dr.
Ruegg will tell us about the contractile protein of the smooth
muscle ccils.

il 4 ‘I‘“n‘l"

Table I1 lists a nuaber of approaches that have been utilized
in the investigatior of lipid metabolisa of arterial smooth muscle
cell. Studies have been made on the whele artery in vivo, on an
isolated perfused artery and on preparations of tissue slices and
homegenates as well as isolated intact cells and smooth muscle
cells in culture.

P

An ewormaus bodv of results has accumulated from these studies,
but it 15 stiil very difficult to bring these data to a common
denominator. Yo give a few examples:

WA bl e

}. The intact artery in vive is subjected to control

Sy horoones, n~urotransmitters, mechanical factors,
ete., which are jacking in all the other approaches.

i

o

aTin,

AT

4
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«

The intact zriery, slicus or homegenates contain
not anly smaoth muscle cells, but also eandetheliun
and exteacelfular material.

b

3}, Irolared cells are masrly devoid of extracellular
components and 2re thereby altered by treatzment
with proteolytic enzvmes.

- 4. Cells in culture, derived from adult arteries
wndergn changes when released from normal {nbib-
ftory censtraints and thus certain processes not
e<pressed i{p the whole animal might become jromi-
aent.
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CHAPTER 2 £
TABLE I j
LIPID METABOLISM GF ARTERIAL SMOOTH MUSCLE CELLS i
HAS BEEN STUDIED IN
1. THE WHOLE ARTERY iN VIVO
2. SOLATED PERFUSED ARTERY
2. TISSUE SLICES AND HOMOGENATES
4. ISOLATED SMC
5. PURE CULTURES OF SMC
3 TABLE 1)
= Incorporation of Acetate-1-2%¢ fato Long-Chain
3 Fatty Acids by Cellular Fractions from Normal
5 Rabbit Aorta
Nietate
Feraction Tncorpazation
[ L anat N %
‘ pratrym g
Mitochondria T2
E = Microwmes 123
Supernatant fraction 16 4 E
2
=
-
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METABOLIC CHARACTERISTICS OF SMOOTH MUSCLE &

1 shall try to cover two main aspects of lipid metabolism,
i.e., synthasis and degradation and shall attempt to compare results
obtained by the different approaches.

R PR NP R—p———— T

Almost a quarter of a century has already passed from the
time when Chernick et al (64) first demonstrated the incorporation
of labeled acetate into fatty acids in a homogenate of rat aorta. nar

1t took many more years and much refine-
Lipid Synthesis ment of techniques to analyze more
by Arterial Tissue closely the meaning of this finding.

The r.aan yuestion centered around the
problmg: is the entire fatty acid synthesized de novo or is
acetate used only or mainly for chain elongation of pre-existing
fatty acids? At first it seemed that controversial data were
obtained, but later some of the differences were resolved by being
attributable to differences in methodology. Thus Whereat (420)
has shown that in mitochondria isolated from rabbit aortic homs- NS
-genates the main reaction is that of chain elongation (Table III).
However, de novo synthesis through the malonyl CoA pathway has
‘been .demonstrated in the high speed supernatant of squirrel monkey
-aortic homogenates by Howard (152). Using perfused pigeon aorta
St. Clair et al (376) were able to show that in the intact aortic
tissue, palmitic acid can be derived from de novo synthesis while
stearic and oleic acids were derived primarily by chain elongation
.and desaturation.

1 would like tc turn next to the synthesis of complex lipids
and renind all of us of the pioneering work in this field done by
Zilversmit (431, 432) who was the fiist to demonstrate syg%hesis
of phospholipids in the intact aortic wall in vivo using -““P as
substrate. Llater on, segments »f both normal gsd atherosclerotic
aortae were shown to utilize labeled acetate, P and choeline for
phospholipid synthegis (236). I shall avoid any further mention
of atherosclerosiz, in accordance with tne directives received
from the Chairman to refrain from atherosclerosis and to remain
within the realm of the metabolic function of the normal smooth
muscle cell.

The study of complex lipid formation in aortae of various
species has been a very fruitful one, as evidenced by the vast
body of information from which I would

Capacity of Arterial like to draw just a few examples. One
Smooth Musc.e Cells question asked wcs what kind of com-
to Synthesize Lipid piex lipid is synthesized predominantly

by the normal aortic smooth muscle cell
when fatty acids are presented in the form of a fatty acid-albumin
complex ar physiological concentration. Studies with aortic slices
from different mammals have shown that the main lipid class syn-
thesized from fatty acid are phospholipids (Table IV). However,
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TABLE IV

Fatty acid incorporated mto lipids of aortic slices of rabhits, dogs, rats and baboons

itk

Fatty acid incorporated

P

;- * Sp =ies {mumoles /100 mg dry, defatted tissue)

‘ Neutral lipids Prospholipids
_ Mecan £ S. E.

: Rabbit (5) 14.6 £ 5.0 51.9 ¢ 8.4
E Dog {5) 12.4 £ 4.3 17.42 2.9
' Rat (4) 153 2 2.8 20.4 ¢ 3.8
E Baboon (2) 57 11.1

i

Stein and Stein, 1962, J, Atheroscl. Res., 2: 400

LT N it

TABLEV

INCORPORATIUON OF 1-“(‘ LINGLEIC ACID INTO NEUTRAL LIPID FRACTIONS
OF AORTIC FLICESR

camn AR

FATTY ACID
SPECIES  INCORPORATED DISTRIBUTION (. F RADIOACTIVITY %
INTO NEUTRAL CHOLESTEROl TRIGLYCERIDE DIGLYCERIDE
1IPIDS ESTER
= n MOLES 100 mg
DRY WT )
RABBIT 14. 6 10 ™ 1
RAT 151 3 < 9
3 DOG 12 4 2 w3 4 :
BABOON 5.5 5 “l i

ADAPTED FROM STEIN & STEIN 1962
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fatty acid is incorporated also into triglyceride and to z small
extent into cholesterol ester (385) (Table V). 1t seems of in-
terest to try to compare the contribution of fatty acid derived
from de novo synthesis to that supplied in the form of preformed
fatty acids towards complex lipid synthesis. Howard (152) has
made some calculations using his data on acetate incorporation

into fatty acids and our data on fatty acid incorporation ints
aortic slices and has come to the conclusion that about a half

to one-fifth of the fatty acid used for esterification couid be
derived from de novo synthesis. His calculations were derived

from the contribution of ench subcellular fraction, which has

been incubated at uvptimal ccncentrations of acetate and other
co-factors and extrapolated to the whole tissue. However, in the
study of St. Clair et al (376) in which acetate was added durting
perfusion of an intact pigeon aorta - the rate of incorporatien
seems to be one-fifth to one-tenth of that obtained by Howard

(152) in isolated subcellular fractions. 1 bring up this point

to further illustrate the problems created by the different
mcthodologies. Even though open to criticism, study of enzymic
pathways is still best accomplished in cell frre preparaticus.
Phospholipid and neutral lipid formation was shown to proceed
through the ¢-glycerophosphate pathway (Table VI). The possibility
that an alternative pathway of phospholipid synthesis mzy be
operative in the aortic tissue was first considered on the basis

of results obtained with aortic slices (385). 1In the absence of
glucose, dog aortic slices incorporated only minimal amounts of
(1-14C)-1inoleic acid into neutral lipids, whereas the phospho-
lipids became labeled quite extensively. With the use of homo~
genates 1t was tound that a-glycerophosphate was indispensable for
A triglyceride but not for phospholipid synthesis. Sinze most of

= the labeled phospholipid formed, in the abs.nce of added precursor,
was lecithin, it was suspected that endogenous lveolecithin might
serve as precursor. Indeed, when lvsolecithin was used as acceptor :
= instead of a-glycerophosphate labeled farty acid became incorporated -
inte lecithin by an acylation teaction, which was ATP and Cod

= dependent (Table VII). The presence of this pathway in an intact
dng carotid artery could be further confirmed using labeled lyso- 5
lecithin as substrate (B8). Another precu.sor of phospholipids, 3
which labels lecithin predominantly, is choline. Owing to =:he #
very high specific activity of this precursor, it became possible
to localize the site of phospholipid synthesis to aor.ic smooth
muicle cells, using radioantography at light and electron micro-
scope level (379).

i s

R 10 BF ek o

e DT

R A T

Mg A

Another controversial problem in the study of lipid metabolism
in the aorta was the question of cholesterol synthesis. Siper-
stein et al (344) were among the first
Aortic Synthesis to demonstrate that in the rabbit and
of Cholesterol chicken aorta labeled acetate is incor-
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TABLE VI

Incerporation of 1-“(‘] hinnleic acid into lipids of aortic homogenates with a-glycerophosphate
as fatty acid acceplor

Fatty acid incorporated (uumoles/mg protesn:

Condit:ons of

incubation Dog Rabbit
Neutral Iipids Phospholipids Neutral lipids Phospholipids
Complete system 500 900 550 1200
ATF omitted a0 130 10 110
CoA ......ted 40 220 10 130

Stein et al., Biochum Biophys. Acta, 1252, 70, 2.

TABLE Vil

Incorporation of [l-l i(‘] inoieic acid amto lipids of aortic hor ygenates, with fvsole: it
as {atty a::d acceptor

Fattv acid incorporated {sumoles!/my protein’

Condit:ons of

Ir "uhation — Dog Rabtut
Neutral lipids Prospholipids  Nemtral Lipids Phospholipids
Complete system
with lysolecithin 40 3000 20 4300
ATP omitted 10 230 10 3
CoA omitied 30 430 HS 30

Qein et 2l Biochum  Biophys Acta, 1962, 70, 33
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TABLE Vi X
Sphingomyelin Sphingomyelin hydrolysed
3 . :
Species As ug P/mg DNA mmoles/ mg DNAhr ;
Rat 1 momh 4.3%0.3 0.3220,04
18 - 24 monthe 13.1:0.8 0.41:0,03
Rabbit 1 month 8.925.5 0.0920.01 :
1% - 24 months %.9°1.4 0.15:0,03 :
Humaa 0-19 years 125214 0.1320,01
70-97 years 62.7%23 0.0520.01
| - & Dog aorte
E K] O Robd:it aorta
E 2 5 v &6 t
: £ Guineg pig agorta
a i e Human gorte
E © Umbitical artery o
E T 4 a
=2 -
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= = -
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Figure 41: Hydrolysis of Sphingomyelin with: time of incubztior. From Rachmilewitz et al 1967,
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porated into digitonine precipitable material <hich at that time
was taken as evidence for :holesterol synthesis. However, Schwenk
and Werthessen (337) shcw+d tha: further purification of the digi-
tonine precipitable labeled material through & dibronidc step
resulted in the loss of most of the radioactivity. They coined a
term uf the "high ccunting companions’ of cholesterol which were
further analyzed by St. Clair et al (377) in perfused arterics
using 14C mevalonate as substrate. They were able to show that

the lahelud peak which comigrated with authentic cholesterol on
aluminz columns contained oaly a small fracticn of laveled material
which comigrated with autheatic cholestercl on florisil coiumns.

In addition, when the so called "cuolesterol” peak from the alumina
column was subjected to bromination cnly 1.6% of the label was
recovered as the dibromide, i.e. authentic chelesterol. These
findings seem to indicate that the synthetic capacity of the normal
aortic smooth muscle cell for cholesteral is at best quite low.

The smooth muscle cells of the aorta do not haye a fixed lipid
composition throughout their life span and I would like to focus
briefly on tiiose changes which occur in the normal avrtic cells

with age. One such changec is the rise

Changes in Smooth of PL/DNA ratio, which is quite steep

Miuscie Membranes early in life and continuves at different
with Age rates in various species. 1In the rat,

rabbit and in the human this increase
of .ellular phospholipid is accounted for to a great extent by

the increase in sphingoayelin and by a less prominent increase

in lecithin. During that time there is aluyo a rise in cellular
cholesterol. Since phospholipids and cholesilerol are componerts
of cellular mevbranes, these biochemical changes have alsz thei:
ultrastructural counterpiarz. In cnlls derived from 4 weel: »'d
rats the rough endoplasmic retic.ium {s quite prominent, while
the outer contour cf the cell is stili yuite smocth. The opprsite
is true in c2lls gerived from one year oid rats in which little
rough endoplasmic reticulum remains and the plasma membcane i5
very prominent. This change in nrabrane population is expressed
in an enrichmeat in plasma memb..ie relative to endoplasmic reti-
culum. The rise in 5'-nucleotidase axtivity indicates ziso that
an absolute ir use in plasma membrane had occurred (38C).

During the elucidation of the enzymic pathways active in syn-

thesis of phospholipids, we have noted that addition of lecithin

to aortic homogenafr.es stimulated greatly
tnzyaes in Phospho- tue incorporation of linoieic acid into
1i;:4d Synthesis phiospholipids (386). Since this stimu-

lation was ATP and CoA dependent it
becane evident that the active acceptor must be lysolecithin,
formed by hydrolysis of lecithin. This reaction occurred at pH
T.4, a finding which indicated that the phospholipase involved
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does not belong to the lysosomal family. Subsequently, Patelsxi

et al (249) showed that fatty acids are liberated after facubation
of pig aortic extracts with lecithin. The enzyme aciivity ip this e
process was assumad to be a phosphollpase A on the basis of a
relative thermostability, though it was innibited by Ca®t and had

a narvow pH optimum at 8.0. In our studies, the phLospholipase
activity of the arterial homogenates was stimulated oy Ca‘* and
sodium de~nycholate. The pH cptimuwn (7.9 - 8.6) of the arterial
enzyme coincided with that described for pancreatic phospholipase

A. The enzymic preparation was found to release preferentially

the fatty acid fror. the 2 position of lecithin and hence the
arterial enzyme coula be de¢signated a2s a phospholipase A, (249).

The arterial enzyme did alen hydrziyce phosphatidylethanolanine

to lysophosphatidylethanolamine and fatty acid in analogy to the
phospholipase A froum pancreas and liver. The other enzymic sctivity
investigated was that of lysolecithinase, which was demonstrated

in the arterial homogenates when sodium deoxycholate was cmitted

from the incubation mixtuce. The precence of sphingomyelin cho- RAT
linephosphohydroiase activity was established in hi. .genates of RABIY
aortae of rats, rabbits, dogs, zuinea pigs and of human umbilical poC
arteries (2€6). The pro wets of hydrelysis were identified as GUINEA PIG
ceramide and ghuspheryletoline. The enzymic activity was found HUNAN

to be dependent on the presence of Triton, had a pH optisua of 5.1
and remained in the supernatant of homogenates prepared ia 0.4%
Tritoi even after centrifucat'cn for 1 h at 100,060 xg. The
arteriai enzyme hydrolyzed both endogenous and exogenous sphingo-
myelin to the sanc extent. The species investigated varied in

the sphingomyelin cholinephosphohiydrolase activity of their arteries
(relative to the DNA content) in the sscendi~g order: rabbit >
guinea pig > dog > human umbilical artery > rat (Fig.41). 1In con-
tradistinctjon to the cther phospholipases, the sphingomyelinase
seems to be a lysosowmal enzyme and I shall discuss later the sig~
nificance of the different lccalizaiions of these enzymer in the
overall metabolism cf membrane phospholipida. [ allow myself to
dwell somewhat longer on the subject of acrtic phospholipases and
not to mention the other lipid hyd:olases, as Drs. Bowyer, Day
and Zemplenyi «will discuss more tully cholesrerol esterzses and

lipases.

A 1 have pointed out previvusly, the »k:asphoifpiu composition
of mammalian aorta underyoes a change with age. In our studies
we have .etermined the activizy of werious phospholipases as re-
lated to the cellular content of the artery and hence we may speak
ahout the activity of phospholirases in aortic smooth muscle cells.
in all the three species examined, rats, rabbits and humans (Fig.42),
thiere was a marked increase a the acti fty of lecithinzse, while
sphingomyelinase activity either did not *ange or even diminished
wi*h age (89). Since the main phospholipid which accumulates in
ths artery with age is sphingomyelin, it seems ~ interesl to
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METABOLIC CHARACTERISTICS OF SMOOTH MUSCLE 9

correlate the activity of this enzyme as determined in vitro with
the sphingomyelin which accumulates in the artery with age (Table
111). The data suggest tiat the aortic phospholipases partici-
pate in the regulation of phospholipid composition of aortic smooth
muscle cells, as the activity of the enzyme was inversely propor- i
tional to the degree of sphingomyelin accumulation.

o st ot NS
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The data 1 have just discussed were obtained frow the study
of the smooth muscle cells in the whole artery (composition) or
in homnienates (enzymic activity) and
Phospho.ipid Murrboliss so suffer from the drawbach. ¢I each j
1 Studied i Arrerial respective methodology as 1 *ave pointed
Sencth Muscle Culture out in the introduction. Therefore, we
have tried to complement some of these
findings with a differen: approach, i.e., by studying the smooth
muscie cells in culture. It was very fortunate that Dr. E. Bierman
decided to spend his sabhaiical leave ir. Jerusalem and has brought
wizh him all the kniw-how concerning the culturing of aortic smooth
miacle cells, which has sccumulated in the labo: atory of Dr. Ross
in Seattle. For those of you who may not be quite familiar with
the vechnique, I would like to describe briefly how we hive adapted
‘ the method of Ross (315) tc culture smooth muscle cells from rat
aorta (Fig.43). The aorta i{s removed under sterfile conditions,
cleaned from extranecus fat, and small rings are cut and opened
to expose the luminal surface. Using fine tweezers, the intima
and the inner half of the media are peeled from the outer portion
and the strips thus obtained are cut into small cubes which are
placed in culture flasks. Ccils being to grow out of the explants
in about two weeks and when they fill the flask they are trypsinized
E and seeded into another ilask. When they reach confluency they are
- trypsinized again and piated in Petri dishes, where they reach the
: stationary phase at 14-16 days and form a confluent multilayer. 1In
most of the experiments I shall describe, we have used cells ob-
tained from 3 month old rats, but we have also successfully grown
cells from a 17 month o0ld rat and their growth characteristics
were similar (Fig.44). The morphology of the aortic cells has
been examined and it can be seen that they prow in a multilayer
and foilswing longer periods of culture in the same Petri dish
they form a structure ~esesbling a wall of an artery, complete
with extracellular material (Fig.45). The ultrastructural charac-
! teristics of the cells, such as an abundance of myofilaments, the
presence of dense bodies, plasmalemmal vesicles, as well as the
fact that they elaborate extracellular materiai recsembling elastin,
permit us to classify them as smooth muscle cells. These cells
contain variable amounts of mitochondria, secondary lysosomes and
lipid droplets (Fig.46). Those cells which had been in the culture
dish for 45 days contained less rough endoplasmic reticulum and
had a more distorted cuter contour than cells cultured for 14 days
or less.
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Figure 48: Electron micrograph of aortic smooth inuscle cells cultured for 16 days. The membrane
at lower left corner represents the bottom: layer. Elsstin like material is seen in the extracelivlar

space. x 35.000
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We have used these cultured cells in ord:r to study the meta-
bolism of phospholipids. The cells take up labeled glycerol (Fig.
47) or choline (Fig.48) and the incorperatiown of these precursors
into lipids is linear with time for at least 6 hours. In order
vo study the turnover of lecithin and sphingomyelin, the following
experimental design was used, which is summarized in this scheme
(Fig.49). After a 2 hour pulse with labeled glycerol and choline,
the medium was removed and the cell layer was wished repeatedly.
Both the wash and the chase werz carried out in the presence of
carrier choline and glycerol (3.3 mM) in order to minimize reutili-
zation of the precursors. Foliowing exposure to both glycerol and
choline, the specific activity of lecithin isolated from the cells
declined at quite a similar rate. These findings provide additional
evidence as to the activity of phospnolirases in the intact cell.
In addition, the ratner similar fall %a specific activity of leci-
thin labeled with choline and glycersl indicates that the turnover
measured is of the entire molecule. These findings ~lso show that
bass exchange does not have a prominent role in this system. Com
parison of the t) of glycerol labeled lecithin in culture of two
ages (14 and 45 days) has shown a somewhat slower turnover in the
younger cultures, suggesting a higher activity ot phospholipases
in the older cultures (Fig.50). The initial amount of labeled
sphingomyelin was too low to permit an accurate determination of
a change in specific activity. However, one can obtain an indirect
evidence as to the difference in turnover rates of the two phos-
pholipids by comparing the Z distribution of label among the phos-
pholipids during the chase. The rise in the per cent radioactivity
in sphingomyelin, relative to lecithin indicates a siower turnover
of the first (Table IX). The prgsence of labeled lysolecithin,
after exposure of the cells to 14¢_choline is another indication
of the activity of phospholipase A; in the intact cell. If one
accepts that the sphingomyelinase is a lysosomcl enzyme, while
the phospholipase A ts s non-lysosomal "meabrane bound" enzyme,
then one might envisage that the latter participates in the turn-
over of membrane molecules, while the former is more active in the
degradation of the membrane proper, which is a much slower process.
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PR AN §1 1, AR A I o

These cells served for yet another type of investigation, which §
chronologically preceded the one I just mentioned, namely the ques- 3
tion of metabolisa of serum lipoproteins. The transport of serum s

lipoproteins in the aorta will be discussed in ancther session, and
I would just like to point onut that evidence has accumulated that
aortic smooth muscle cells do come in contact with serum lipopro-
teins such as LDL and HDL (381). For obvious reasons, it is quite
difficult to study uptake and mezabolism of such particles in the
intact animal, and in the perfused aorta long term studies are

not feasible. The smooth muscle cells f{n culture present a model
systea to investigate these problems.
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TABLE 1X

DISTRIBUTION OF LABEL IN PHOSPHOLIPIDS OF CULTURED AGRTIC
SMOOTH MUSCLE CELLS, PULSED WITH “Ca-CHULl?\’E FOR 2 h
AND CHASED FOR 24 -~ 96 h,
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The data 1 will now present were obtained in collaboration
with Dr. E. Bierman during his stav in Jerusalewm. The two lipo-
protein classes studied, VLDL and HDL, are shown here in a nega-
tively stained preparation to remind you of the size difference
between them (Fig.51). The uptake of the lipoproteins was studied
in the manner presented here in a schematic form (Fig.52). Care
was taken to eliminate adsorbed label by repeated washing which
was quite effective in order to measure cellular uptake. With the
nelp of radioautography it was possible to show that after incuba-
tion with both lipoproteins, VLDL and HDL, the radioactivity taken
up was associated with the cells (Fig.53). The persistence of the
radicautographic reaction over cells which had undergone trypsini-
zztion (Fig.54) prior to fixation and embedding, indicated that
interinrization of the labeled lipegzroteins had occurred (32).

The fate of the ingested lipoprotein was studied in pulse-
chase experiments (Fig.55) with and without replating, using HDL
as substrate. During incubation with unlabeled medium there was
release of TCA precipitable radioactivity into the medium, which
occurred also following trypsinization after pulse labeling and
replating of the cells in a new culture dish. This indicated that
a portion of the lipoprotein released into the medium could have
been derived from particles adsorbed to the plasma membrane, and
that some had come most probably from lipoprotein not accessible
to trypsin action. A similar phenomenon was described also by
Schmidzke and Unanue (331) wno studied uptake cf iodinated albumin
by macrophages. The aortic smooth muscle c2lls, which had been
pulsed for 24 hours released about a third of reilular label into
the chase medium, of which 752 were TCA precipitable.

In a series of experiments, using both non-replated and replated
cells, it was found that less than 107 of ingested HDL - protein had
been catabolized during 48 hours. This value is much lower than
those reported for the catabolism of albumin, hewoglobin or peroxi-
dase (B6, 87, 388) by cultured macrophages in which the tk of the
ingested molecules was about 20 - 30 hours. The low rate of intra~
cellular breakdown of HDL - protein is reflected also by the ultra-
structural localization of the label in the aortic cells. Most of
the radioautogrzphic reaction even though intracellular was seen
over the cytoplasm of the cell, and many grains were seen ir the
vicinity of the cell surface. Only few grains were encounttred over
structures resembling secondary lysosomes.

The present findings seem to indicate that aortic smooth muscle
cells have a limited ability to catabolize ingested lipoproteins
but possess a mechanism for elimination of such molecules by regurgi-
tation. The low catabolic rate may be due to the relative pav . ity
of iyscsomal enzymes in this type of cell or be an atiribute of a
specific lipoprotein. These findings bring up an interesting
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Figure 51 3 andd b: Negatively stained preparations of VLDL (a) and HDL (b). x 210.000
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Figure 52: Scheme of pulse labeling with 1251.HDL and subsequent treatment of the ceils.
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posxibility, namely that during the intracellular "roundtrip" the
lipoprotein divests itself of some of its cholesterol. This could
provide a possible pathway for the progressive accretion of chol-
esterol in aortic smooth muscle cell known to occur in both humans
and other species with age {90).

DR. ROSS: In normal muscular arteries and in the aorta of the

e N B iy &“ How WMW;&MIM

monkey the intima is a very thin layer. The endothelial cells are MONKEY
closely adherent to the in-ernal elastic

The Structures of iamina. The media in this muscular art-

Collagen and Elastin ery consists solely of smooth muscle cells H

between which are collagen fibers, glycos-
aminnglycan and small elastic fibers. One can see numerous extra-
celluiar 100-120 A® microfibrils. These microfibrils were described
by a number of people, including Dr. Haust (137) who described them
in the aorta several vears ago. We have observed them in the devel-
opiest of elastic fibers and now know that elastic fibers consist of
two proteins, and that the microfibrilar protein is one of these
and elastin s the other. The microfibrils are a glycoprotein that
is a ubiquitous component of the connective tissue. 1f one adds
ascorbic acid to the culture one sees not only bundles of these
microfibrils, but one can also see banded collagen fibrils as well.
A great deal is now known about collagen and in particular about
aorta collagen, largely from the work of Miller (222) and his group
at the University of Alabama. T[he collagen present in tendons and
in the dermis, now called "Collagen Vulgaris" consists of 2 a 1 and
1 a 2 chain to make up the collagen macromolecule. We know that
the collagen molecule is a three stranded chain consisting of these
three strands wound about each other in a right handed heiix. The
ol chain is intcresting in terms of its amino acid sequence because
it was subsequently shown by Miller that cartilage collagen has two
kinds of collagen, one the vulgaris type and the other contains
three ideatical (al);. The al chain of skin is homologous with
that of cartilage. It has amino acid substitutions which presumably
leads to the formation of a different kind of collagen fibril, and
therefore a different kind of connective tissue matrix. Miller (222)
and Trelstad (395) have subsequently discovered tkat in fetal skin
and in the aorta thiere is a third type of collagen which we shall
call (31)3, which ic diiferent ‘vom the other two al chains.

[T —

We now have evidence that these same monkey smooth muscle cells
in culture form soluble elastin Lased on the following kinds of
evidence: they incorporate tritiated lysine inte a precursor which
will migrate electrophoretically with purified soluble elastin.

This labelled protein serves as a substrate for the enzyme lysyl-
oxidase, which is responsible for the cross linking of the monomers
of elastin from the sdluble form to the insoluble form. We can also
demonstrate autoradiographically that these cells will incorporate
lysiue into precursors. We have also been able to isolate large
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: Iner =, ~tfon of 355-:: ifate and 3H-gceu'.e futo non-dialyzabie,
§ TCA soluble material by primate arterial smooth suscle ce:ls
i in yitro.
< 1
i
i
i
r': £
. i 355 e
g ' Medium Cell I ve. Mod)uz Ceil laar
117,412 3,843 26,597 2,511
89,349 5,698 3..810 . 11,129
86,267 4,303 237,181 29,188
© Al values are specific activities  DPW105 cells.
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Figure 55: Scheme of pulsz chase experiment with 1¥71.-HDL with replating of the culture of cells
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quant ‘ries of the microfibrilar proi 'in from cultures aand identify
ther :n terms of their amiro ac’d Composition which is identical
with che amino acid composit.on of the microfibrilar protein ' hat
one can isolate from intact <lastic fibevs in vivo. We are ruw+
systematically pursuing the mechanigsms that control elastin s v~
thesis and minrofibril syntheris in culture by these cells, 1. »
similar fashion to the collageu studies. 1 would like to ask er.
Thomas Wight if he would say a few wo2rds about the synthesis of
proteoglycans by these celis in culture as well.

DR. WIGHT: Recent in vive and in vitro experiments in onur
iaboratory (315, 316) have demonstrated that arterial smooth muscle
cells are capable of synthesizing and
The Synthesis & Secretion =zacreting collagen and elastic fiber
of Glycosaminoglycans by protein, two of the three major connec-
Primate Arterial Smooth tive tissue matrix components present
Muscle Cells in vitro in blood veusel walls. This study is
designed to fllustrate that these cells
also synthesize and secrete glycosaminoglycans, the third major
connective tissue matrix component. The three basic questions of
the study are:

1. Do primate arterial smooth muscle cells synthesize
and secrete glycosaminoglycans in vitro?

2. 1f so, what types are made and in what amounts?

3. At what stage in their growth phase do these cells
engage in the synthesis of these macromolecules?

Arterial smooth muscle cell cultures from the sub-human pri-
mate Macaca nemestrina, were established as previously described
317). At saturation density, cultures were double .abeled with
Ss-sulfate and JH-acetate (20uCi per flask) for 24 hours and the
glycosaminoglycans were extracted from medium and cell layer by
the procedure of Nameroff and Holtzer (235). The majority of
activity was present in the non-dialyzable, TCA soluble material
isolated from the medium (90X) with less activity associated with
similarly isolated material from the cell layer (10%) (Table X).

To obtain an estimate of the types of glycosaminoglycans being
synthesized, the isotopically labeled extracted material was sub-
jected to glycosaminoglycan specific enzymes (324, 394) and the
digestion products were separated by gel filtration on Sephadex
G-25. By determining the percentage of the sample degraded in each
enzyme digest (leech hyaluronidase, testicular hyaluronidase, and
chondroitinase ABC), it is possible to obtain an estimate of the
types of glycosaminoglycans present in the sample (84). Results
indicate that little or no degradatiocn occurred (0-5X) when the
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24-acetate labeled samples were incubated with leech hyaluronidase,
indicating only trace amounts of hyalutonig acid present (Table XI).
Slight degradatjion ozcurred (10-122) when S5s-sulfated labeled
samples vere incubated with testicular hyaluronidase, an enzyme
specific for chondroitin sulfate A and C (Tngﬁe X1). Extensive
degradation (80-90%) occurred when paralleil sS-labeled samples
were incubated with chondroitinase ABC (Table XI). By subtracting
the amount of activity retarded in the testicular hyalurcnidase
digests from the amount of activity retarded in the chondroiti-.se
ABC digests, it is possible to obtain and estimate of the amount of
dermatan sulfate present since both chondroitinase ABC and testi-
cular hyaluronidase degrade chondroitin sulfates A and C but only
chondroitinase ABC degrades dermatan sulfate (chondroitin sulfate
B). Both medium and cell layer gave similar elution profiles for
each enzyme digest. Using this assay system, the following estimates
of the types of glycosaminoglycans synthesized and secreted by pri-
mate arterial smooth muscle cell in vitro are: hyaluronic acid
(0-5Z): chondroitin sulfate A/C (10-20%): dermatan sulfate (60—
80%2): other nulfated glycosaminoglycans (102 or less).

Cellulose acetate electrophoresis (235) of isotopically labeled
samples confirmed the enzyme digestion assays by demonstrating that
the major peak of activity ccrresponded to the dermatan sulfate
staadard with lesser peaks associated with the chondroitin sulfate

C standard and a fraction which migrated behind dermatan sulfate
(Table XII).

In order to determine at what stage in the growth phase these
cells are most active in the synthesis of glycosominoglycans, av-
terial smooth muscle cells were grown in various concentrations
of serum, as previously described by Dr. Ross, and iabeled with
I55-gulfate during log and stationary phases of growth. Subsequent-
ly, the glycosaminoglycans were extractnd from the cell layer and
medium as previously descrited. The specific activity of isotopi-
cally labeled glycosaminoglycans present in the medium of stationary
cultures was consistently higher than the specific activicies of
comparable cultures in logarithmic growth (Table XiII).

In conclusion, primate arterial smooth muscle cells synthesize
and secrete glycosaminoglycans in vitro., Under our conditions of
culture, these cells synthesize and secrete primarily dermatan sui-
fate with smaller amounts of chondroitin sulfate A and C and trace
amounts of hyaluronic acid. Both cell layer and medium gave similar
results. Dividing and nondividing smooth mugcle cells are capable
of synthesizing sulfated glycosamfnoglycans although nondividing
cells are more active in the synthesis of these macromclecules.

DR. LINDNER: Dr. Ross spoke of collagen synthesis in smcoth
muscle cells culture, especially the two enzymes responsidle for
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TABLE Xi
Void Volure Retarded Total % Retarded

Co..trol T293% L2¢ 1719 [
Leech hysluronidase®® 1930 6LE 8576 B2
Coatrol 3225 2 3229 [+4
Testicular hyaluronidase 2972 2L 296 0%
Control 3740 205 3945 b1 1
Chosdroitinese AN 50k 6816 1320 93%
L4 o

®®  Lesch Myaluroai digests_were done on J-acetate labelled material.

Other digests vere done ca 35s.sulfate labelled materisl.

TABLE XU
Fracsion o © Cell Layer Medfum
1 < (1]
2 ] o
3 4 ]
s [\] ]
5 <] 4]
6 (HA) 0 [
7 L3 0ad 20
8 .0 95 10
9 (cs0) o X
1 [} [
11 1] 4
12 ] [

® Fractioes vere stiainesd ty sii-ing the cellulose scetste strips

inte S.5cn segments after elec. rophoresis.

HA » tyalsronic scig standars; IG » Jdermetas sulfate standard;

CSCT = shesdrottin sulfate € 32andard.
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METABOLIC CHARACTERISTICS OF SMOOTH MUSCLE

the hydroxylation of collagen, protocollagen-prolin and protocollagen-
lysin-hydroxylase (Fig.56). The enzyme which is responsible for the
splitting up of the additional peptides is procollagen-peptidase.
Absence of this enzyme in the body is lethal and if it is lacking
only in the skin we have the typical picture of derma.osparaxis. 3
Collagen-peptidase works extracellularly, while the hydroxylases
mentioned work intracellularly (Insufficiently hydroxylated collagen
cannot be extruded) (Fig.56).
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Nowadays more attention is given to the breakdown of collagen
than to the breakdown of proteoglycans (without any real justifi-
cation, and occasionally for methodical reasons). Enzymes which
breakdown native collagen under physiological conditions are termed
specific collagenases. Their specificity is directed primarily at
the amino acid sequences from which the apolar regions of the native
collagen tibrils are formed (Fig.57).

These specific collagenases have only been demonstrated with-
in the last eight years in humans and other mammals, and more recent-
ly in rheumatoid synovitis, infiammatory granulation tissue, leu-
cocytes, etc. Together with our study groups (and particularly
wvith Grasedyck) Strauch and Gries are now carrying out routine
determinations of collagenolytic activity with a synthetic PBZ-
substrate which is cleft between the amino acids leucine and gly-
cine by the collagen peptidase present in the tissue studied. This
results in liberatfon of 3 tfragment of water-soluble polypeptide,
vhich contains the chromophoric group. Fig.58 illustrates deter-
aination of collagen peptidase activity in various orgars of the
rabbit in comparison with those obtained in serum. Ideal zgndi=
tions for PBZ-substrate-cleaving enzyue activity 2 pear fo be 3
pH of 7.2-8.0.
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Fig.58 also shows quite clearly that f all 1%¢ organs listed
the aorta has the highest content of PBZ-substrute-sieaving activity;
this is also considerable in other sri<n: with stwath suscle cells,
for example, the esophagus. This means (in the 1 3kl of the cor-
vesponding results in studies of the metabolic rity «t collagen)
that organs with untreated musculature - such as  he corta, the
esophagus, the intestine, etc. - can have a high vate »f collagen
metabolisa, even with a norsally low total collagen coutent. In
addirion, organs consisting primarily or compietely of saooth
muscle cells, like the aorta and higher arteries, ary <apable of
synthesfzing and breaking down collagen.

Fig.59 represents a schematic review of the data on catabolism
in connective tissue cells smooth muscle cells. The increasing
number of electron microscopic studies of lysosomes (which have
been released from the cells as well as extracellularly sited ly- :
sosomes) demonstrate that lysosomes are {mportant not only for the ;
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Figure 58: A schema (in German) for the process of collagen synthesis by osteoblasts.
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extracellular breakdown .of collagen and fibrin but also for break-
down of proteoglvcans as well; corresponding enzymes have already
been demonstrated. Breakdown of proteoglycans in groundsubstance
is achieved by a continuation of depolymerization of these macro-
molecules. This takes place within the framework of what are knowm
as "de-mixing processes", together with an enzymatic activity of
the corresponding glycosidases and protease on the component parts
of these proteoglycans (see schematic review in Fig.59). Tho data
assembled to date on the breakdown of collagen are presented in
Fig.59 (see also Fig.59 and the relevant text). The arrows (Fig.
59) in both directions are quite clearly indicative of the facts
presented and show that the breakdown commences primarily extra-
cellularly and is continued, secondarily, intracellularly. The
arrows pointing from the intracellular areas into the extracellu-
lar ones represent the release of hydrolase-containing lysosomes
into the extracellular regions for the catabolic processes. Arrows
pointing toward the cell represent the uptake of breakdown pro-
ducts from the extracellular areas into the cell, with continuation
of further breakdown processes and with occasional proof of frag-
ments of the material which is being broken down (particularly
collagen and fibrin). The schema applies to vascvlar (and other)
smooth muscle cells as well as any connective tissue cells engaged
in the synth2sis and breakdown proceusses of GAG and collagen.

DR. ROBERT: 1 should like to offer a bit of speculatdion. :
Fig.6D shows a primitive mesenchymal cell which can give rise :
during histogenesis either to something i
Glycoprotein which looks like cartilage or cormea
Biosynthesis or the smooth muscle cells or "media-
cytes" if I may use this expression,
which gives rise then to the aorta (280).

Fig.61 shows a highly simplified speculative theory of dif-
ferentiation (281). Really what happens to our specialized cells
during histogenesis and alsc what happens when our cells age (I
feel encouraged by Dr. Stein's presentation to mention aging
studies also) is that we have a sort of regulatory mechanism built
in somehow in the cells which enables these four taps (Fig.61) to
prescribe a rate of flow of the four major types of macromolecules
of the interceliular matrix: collagen, proteoglycans, elastin
and structural glycoproteins. T'. structural glycoproteins com-
pose the microfibrils of elastic tissrz2. We isolated these gly-
coproteins about 13 years ago with Dr. Dische (282) from many
different tissues. Recently we realized that they appear to com-
pose the "microfiprils” of elastic tissues (171, 279) (Fig.62).

We heard from the presentation of Dr. Somlyo that a clear
discrimination can be made between such intermediate~sized micro-
filaments (we think are composed of structural glycoaroteins), the
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Figue 88: Schematic repressntation of the differentistion of mesenchymal tissues. Appsarance
during omogenesis of differentiated cells synthesizing, in various ratios, the macromolecules of the
imercallulr matrix. This phenomenon lesds to the formation of differentiated connective tissues
such 8 catilage, blcod vewels, dermis, tendons, etc. C, F ancd G: optical microscope, low
magnification; A, 8, D and E: electron microscope, low megnification (from ref 280).
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Figwe $1: Schematic representation of the hypothesis assuming that differentiation of
mesenchymal tissues is obtained by the regulation of the rate of biosynthesis of the four major
E classes of interceliular macromoiecules: coliagen, elastin, proteoglycans and structural
glycoproteins. The fibrobliast is represerted as equipped with four taps, the flow from each being
regulated by a separate chronometer (in reslity it would be necessary 10 conceive many more, for
the different types of proteoglycans of which four types are represanted: H = hyaluronate; CAS =
chondroitin-4 sulphste; C8S = chondroitin-6 sulphawe; DS = dermatan sulphate). The kinetics ot
operation of the four chronometers determine the proportions in which the four types of
3 macromolecules are synthesized s a function of age. | and !I: electron microscope, fairly high
A megnification; 1V: electron microscope, high magnification; lil: electron microscope, very high
= magnification. {from ref 281).
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glycoprotein preparations obtained from pig

Figure §2: “Microfibrillar” appesrance of structural

20rta (urany| acetate-Pb x 315,000} (from ref 171).
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114 CHAPTER 2
smaller actin filaments and the big myosin filaments. All three
types of ljlaments are present in smooth muscle ceils but only the
structuri:l glycoprotein-microfibers can be found in the inter-
cellular strix. The biosynthesis of elastin involves a coordinated

regulation of the synthesis of structural glycoproteins and of pro-
elastin (171, 283).

We have used several different approaches to study the bio-
synthesis as a function of age, and state of differentiation of
elastin. One of these approaches was the organ culture of newborn

or fetal rabbit aortas and adult aortas.
Uptake of Precursors Aortas were maintained in MEM medium
as a Function of Age with 102 caif serum from 24 hours to 6

days in the presence of radioactive
tracers, usually 14C-1ysiue (283). After washing, the aortas vere
extracted by using one of the several so-called “chemical disgsect-
ion" methods we devised. Thereby all the macromolecules of the
intercellular matrix are present allowing one to determine the
distribution of the label in the aorta (283) (Fig.63).

We determined the quantity of these macromolecular fractions
in newborn and adult aortas and calculated the change with age of
these fractions. The calcium chloride extract which contains the
diffusible macromolecules increases by about 24X between the new-
born and the adult. The collagenase extract (which is about 12%
in hydroxyproline) by 57%7. The urea-mercaptoethanol-extract which
contains the structural glycoprotein fraction increases by 47X.
Elastin (vhich was solubilized by a method using potassium hydro-
xide in ethanol) increases by 4002. Thus we conclude that the
main activity of the young aorta would be elastin synthesis. When
we used a 14C-lys:lne to trace this biosynthesis a great difference
in the rate of its iicorpoiation appears between the young and the
adult aortas (Fig.64}. The drop of specific activity with age is
not uniform over the different fractions (243).

Now let us focus on elastin. It is currently admittzd that
elastin has no turnover in the adult animal. We came to the con-
clusion (243, 253) that adult aorta is
Biosynthesis of capable of synthesizing elastin. 1In
Elastin order to substantiate this claim we
wanted to really get out the label not
only from isolated and purified elastin but also from the cross
links themselves. We devised with Dr. and Mrs. Moczar a high volt-
age electrophoretic procedure to isolate lysinonorleucine and the
desmosines (227). After 24 hours of culture we were able to iso-
late lysinonorleucine which was labelled in the young but still
unlabelled in the adult aorta (243). At this stage desmosine was
not yet labelled. After six days we could isclate labelled des-
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mosine from both the young and the aduli aofia aisv (Tabie RIVj).
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Aorta organ culture

1 to 6 days in MEM + 102 calf
serum, wash, extract:

N CaClz-tris-citrate

l

| B
(1) CTC-extract Residue !
(diffusible macromolecules) + collagenase i
;
(2) Colase-extract Residue
(mainly polymeric collagen) + BM urea-0.1M SH
|
(3) Urea extract Residue
{(mainly structural + 1M KOH-80% ethanol
glycoproteins) or Elastase

() Elastin

Figure 43: Chemical dissection procedure used to analyse the incorporation cf labetled precursor
n the nacromolecules of the aorta.

TABLE Xiv

Incorporation of Al ivsine in lysine and desmosine residues
of elastin in organ cultures of young (800 g) and adult (2 kg)
rabdit aortas.

LR e i o i el

cpr/mg residue
3 days 6 days
young adult young aduls
Lysine 220,000 49,019 90,000 55,000
Desmos ine 3.700 0 10,300 3.700
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Figure 64: Histogram representing the specific radioactivity of the macromolecular fractions of the
new born and adult rabbit aorta atter 24h organ cultur= in the presence of 14C.lysine. The sorta

extracts were obtained as indicated on Fig. 63.
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Similar results were obtained by incubating rabbit aorta slices in
Krebs-Ringer-PO, medium for 4 hours with 14c 1ysine or 14¢ galact-
ose, followed by "chemical dissection", and determination of dis-
tribution of radiocactivity, either from the fractions or from iso-
lated molecules (hexoses or amino acids) (283).

Lac galactose is incorporated during a four hour incubation
period i{n all three major glycopeptides isolated (glycopeptides
from proteoglycans, glycoproteins and collagen). A very strong
incorporation in the structural glycoprotein fraction was cbserved
and also a weaker one in collagen (Fig.65).

One way of characterizing the state of differentiation (as well
as its changes in pathological conditions) of different connective
tissues is to compare the rate of incorporation of labelled pre-
cursors into the isolated glycopeptides of glycosaminoglycans, struc-
tural glycoproteins and of collagen (228, 229, 283). After hydro-
lysis of the labelled glycopeptides, separated by gel filtration
{see Fig.65), galactose, glucose and mannose could be isolated,
quantitated and their specific activity individually determined. We
found that the highest specific activity was present in zalactose
but glucose was also labelled. So really a rabbit aorta can do a
great deal in four hours with these sugars. Again the ratio of
labelling of the monosaccharides turned out to be different for
instance from cornea to aorta (229, 283). In the conditions fZEd
(4 hours incubation at 37 degrees) calf cornea could convert *°C
galactose to l4c mannose; pig aorta did not.

Similar experiments were carried out with 14C lysine as a
tracer and this aminoacid was also significantly incorporated in
all macromolecular fractions of the rabbit aorta during a four hour
incubation period (283). Here again the strongest incorporation was
obtained in the structural glycoprotein {raction. A lower but sig-
nificant incorporation was aiso obgserved in the polymeric collagen
and elastin fractions. All these experinments confirm the capacity
of rabbit aorta explants to carry out actively the biosynthesis of
all the macromolecular components of the intercellular matrix. For
most components this biosynthesis is relatively rapid and can be
observed after four hours of incubation. Elastin is actively syn-
thesized in sorta organ culture and crosslink formation could be
detected by the isolation of labelled lysinonorleucine and desmo-
sine not only in young but also in adult aortas. This shows that
elastin neosynthesis is not definitively repressed or inhibited in
the adult organism (243, 283). The rapid incorporation of label
in the urea-soluble glycoproteins and the coordinated syathesis of
structural glycoprotein-microfibrils and proelastin {or polymeric
elastin biosynthesis is confirmed ty these experiments.

To summarize to this point: The properties of structural
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Figure §5: Eiution diagran. of the collagenase and pronsse hydrolysste of the insoluble swoms
{extracted with M CaCl2) of the media of pig sorta incubatec with 14Cgelactose. Sephadex G-50
nedium column (4.8 x 800 cm for 2.6 g hydrolysate). Elution with 0.1 M acetic acid at ¢: mi/3
min;__, orcinol (carbohydrates); —____, radioactivity dpm in fraction; (from ref 283).
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glycoproteins of aorta were described (228, 284). They have a
characteristic amino acid compocition, are rich in aspartic and
glutamic acids as well as in alanine and other aliphatic amins
acids. They easily foram aggregates by disulfur and hydrophobic
interaction. Their amino acid composition shows a striking homo-
logy to "transplantation antigens" (285). Purified preparations
of structural glycoproteins were obtained from human, porcine or
rabbit aorta ard aiso from polymeric elastin creparations (228,
279, 284). Under the =.ectron microscope these glycoproteins
present typical "microfibrillar" aggregates, composed of globular
subunits with an average diameter of 120 A® (Fig.62) (171).

The following experiments were carried out in collaboration
with Dr. Kadar from the University of Budapest (171). The first
preparation was obtained (Fig.62) from the aorta and ancther (Fig.66)
from purified clastin. It is interesting to notice that they re~
act with ruthenium red. This is again a warning to those who think
that ruthenfum red is a stain for polysaccharides only. This glyco-
protein is not very rich in sugac components & sz2) (228, 284), but
is a very acidic protein (286). Fig.66 shows elastin stained with
ruthenium red: you may see the nice microfibrillar glycoproteins
taking the stain.

Fig.67 presents a summary of the proposed mechanisms of elas-
tic tissue biosynthesis from two components {275, 287): 1. the
structural glycoprotein-microfibrillar component, and 2. the trans-
lucent polymerized elastin comp~sed of tropoelastin monomers linked
together by desmosin cross links (248). The glycoprotein-micro-
fibrils can be extracted with 8M-urea-0.1 M mercaptoethanol (279)
then we obtain the mafcrofibrillar structures (171). Now we can
stain with phosphotungstic acid the residuai elastin which reveals
a fine structure composed of globular subunits. The question
arises whether or not this be polymerized elastic units.

This has still to be confirmed. All these experiments support,
iowever, our origina) proposition (171, 243, 279, 283) attributing
to the structural glycoprotein-microfibrils the role of orienting
scaffolding onto which the proelastin molecules can aggregate
through electrostatic interactions (between the positively charged
lysine-residues of proelastin and the negatively charged glyco-
proteins). The crosslinking process, initiated by lysinoxydase
could then take place in an oriented, sterically determined fashion
("vectorial synthesis") (275, 287). The regulatory mechanisas res-
ponsible for this coordinated biosynthetic activity must reside
somehow in the smooth muscle cell genome and can be considered as
a direct consequence of its "differentiation” to corta "mediacytes".
Pathological disturbances of this regulatory process might well
be involved in the structural alterations observed in the inter-
cellular matrix ~ >rteriosclerotic aortas.
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DR. ADAMS: I would like to ask Dr. Robert if there are any
sulphated glycoglycans in the structure of collagen because al-
though he showed that the proteoglycans are present there in the

structure, there are sulphated gags formed during synthesis of
collagen.

DR. ROBERT: I did not go into detailed descriptions of
structural glycoproteins but at lzast the one we isolated from
cornea does have som: sulphate but it has no detectable glyco-

samino-glycan-sulphate, no uronic acid so it is not really a
GAG (282).

DR. ADAMS: I am sorry, but I am not sure you answered my
question. I said in the structure of collagen or elastin, but not
just {n the aortic wall.

DR. ROBERT: Oh, here we face a very sophisticated seman\ic
question. Collagen is coded by a structural gene and it cannot
have GAG-s in it naturally. Elastin, we have just discussed the
problem, is a composite thing composed of at least two typ:s of
proteins: proelastin which is not a glycoprotein and the struc-
tural glycoprotein-microfibrils. But in this picture we d> not
have, and we do not need, the GAG-s. These are separate macro-
molecular components o' the aortic stroma. 1 do not know again
if we get through this tiwe?

DR. LINDNER: Synthesls of sulphated glycosaminoglycans (GAG)
or proteoglycans starts beforc collagen synthesis in embryonic
or post-embryonic connective tissue. The lc:ation of sulphated
GAG~-synthesis (labeled with the most suitable precursor: 55—
sulphate) are shown in examples of light microscopic radiograms
of smooth muscle cells with the same shapes etc. which you have
seen in culture yesterday. The same is true for smooth muscle
cells of human biopsy and autopsy materials. This incorporation
and synthesis pattern and course of sulphated GAG is just, the
same as in other connective tissue cells, shown by examples, of
cartilage cells: semithinslide autoradiogram with labeled Golgi
field - 30 ainutes after in vivo incorporation of 35s-sulphate.
It 1is possible to count the number of silver grains (especially
by the automatic translucent photometric analysis) and therewith
the synthesis level in cells - and here in organelles also. The
Golgi field is important for any mesenchymal as well as epithelial
synthesis of acid and neutral polysaccharides. This concentration
of silver grains in the Gulgi apparatus is demonstrable also in
smooth suscle cells and shown by examples of electronmicroscopic
radiograms in epithelial cells also which are involved in the syn-
thesis of acid and neutral polysaccharides besides other syntheses
potentials: examples of this Golgi field labeled with some silver
grains and then formation of premucous and mucous vesicles labeled
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Figure §7: Schematic representation of the theory of elastogenesis: the smooth muscle cell
produces the “microfibrillar” glycoprotein-scalfolding (MF) onto which the proefastin subunits
sgpregete 1 form the elastic lamellae (E). The “microfibrils” are composed of structural
glycoproteins {SGP) extractable in 8M ures-0.1M mercaptosthanol leaving 3 polymeric elastin core

(FE) (modified from ref 171).

E Morphology of Mucus Synthesis

23 in Colon Gobiet Cells

= Electr-micr. Autoradiography.
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- Figure 08: Summary of the results of the most important electronmicroscope studies on the
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also followed by the extrusion of labeled GAG ~ in this epithelial =
as well as in any mesenchymal GAG synthesis, of smooth muscle cells
included.

355—su1phate is the best labeling precursor to use for locating
and quantifying sulphated GAG synthesis because in contrast to other
precursors, “-S-sulphate is not involved in the synthesis of neutral
polysaccharides or the polysaccharide moities connected tc protefn
or lipid. For the same reason “’S-sulphate is suitable for locating
and quantifying sulphated GAG synthesis of connective tissues.

Within the first five minutes after the administration of the
labeled precursor, only sporadically labeled ergastopiasm can be
found; in contrast the Golgi complex of the goblet cells, or ocher
mucogenic gastric and enteric epithelial cells takes up che label
within the first 5-30 minutes. This is where the real synthesis
and polymerization of reutral and acid mucus takes place. As has
been especially well shown by the studies of Neutra and Leblond the
loops of the Golgi apparatus are renewed with such speed that each
1-5p consisting of 7~12 vesicles is completely rcplaced about every
20-40 minutes. Every 2 oinutes one Golgi vesicle is transformed in-
to a so-called premucesal vesfcle (and mucigen granule). Labeling in-
creases for the first 30 mins aticr the beginaing of incorporation.
The Golgi vesicles are transformed directly inte the so-called pre-
mucosal saccules and granules out of which the mature =ucus granules
are then formed. At the end of 60-120 mins these may be labeled and
may be delivered into the intestinai lumen through superficial fis-
sures in either intact epithelial cells or in those with defective
mucosal membranes (see summary Fig.68). Thuc short time measurement
of 35$-sulphate incorporation may prove a better method for the as-
sessment of these synthetic processes than the direct measurement of
the specific activity of the fractionated glycosaminoglycans which
was also carried cut on this material. Early optimisa which arose
from the apparently successful transfer of methods for the evalua-
tion of microscopic autoradiographs to a study of electron micro-
scopic autoradiographs, has now been replaced by a more critical
assessment of their value. It has proved essential to adhere to
standard conditions such as the consecutive randomized measurement
of the various parameters. These fnclude resolving power, reiative
thicknesses of section and emulsfon, the absolute sensitivity of
the method, and a consideration of the ratio of the dimensions of
the silver grains and other considerations appropriate to the ap-
paratus employed. Therefore it i{s apparent that the study of
electron microscopic autoradiographs and above all their quantifi-
cation must be supplemented by more suitable quantitative methods.
Here again the mcasurement of the rate of incorporation of 35¢.
sulphate is best suited for routine application. So as a routine
indicator method we are using the 3SS-sulphate incorporation for
location and for quantification. The results of the so~called
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: Figure 39: Age depending decrease in cell content of the human aorta (quantitative biochemical
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Figure 7G: Decrease in the rate of 35S.sulphate incorporation during maturation and aging nf the
human aoria; examined separately for the intima {upper tracing) and the media {lower tracing) as
e wall os fur both layers of the vascular wall together (middie tracing).
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35s-sulphate incorporation rate measurement are comparable to the
results of assays of tneez enzymes which are responsible for the
sulphate activating and transferring (PAPS). Using this methoed
we find evidence of vascular aging of humans and rats. Indeazd

in a good preparation we see more than 90% smooth nuscle cells in
the aging rat aorta.

The decisive fact is, that the total cellular conitent of the
arterial wall, particularly that of the aorta, decreases (Fig.59),
no matter whether the results have been calculated in terms of
total protein content or total nitrogen content, fresh weight or
dry weight. This holds true for the intima as well as for the
media.

In contrast with morphological investigations, biochemical
changes in the vascular wall which are caus=2d by aging and which
depend on the structure of the individual layers, have not yet
been examined in an adequate manner. Evidence for the fact that
in the isoilated intima and media of the human aorta an age-depen-
dent decrease occurs from the beginning of maturation to very old
age could only be cbtained by means of the jadicator techniqu:,
that is by measuring the rate of incorporation of 35$-sulphate.
This is alwavs less in the media than in the intima (in terms of
dry weight) (Fig.70).

Since the DNA content of the human aortic wall decreases in
approximately the same manner from maturation to very old age as
a consequence of aging, the conclusion can be drawn, that the
synthesis of sulphated glycosaminoglycans, per cell does not de-
crea=e with age, but remains essentially the same, or may even be
raised temporarily.

A comparable aging process has been demonstrated in vessels
from experimental animals. Fig.71 shows an example from the rat.
This decrease in the rate of incorporation of 3;~—sulphate into
the aorta during maturation and aging corresponds to the decrease
in the activity of sulphate-activating enzymes in the cardiowvas-
cular connective tissues during ag%gg. The first graph of Fig.71
shows the decrease in tne rate of -“S-sulphate incorporation by
the rat aorta during maturation and aging up to the third vear
of 1ife (in terms of dry weight). The second graph shows that the
decrease in the DNA content of the rat aorta occurs predominantly
during the period of maturation and the first year of life; later
on only a small decrease was found by us. The valueg expressed
in the sacond graph of Fig.71 are related to fresh tissue weight.
The third graph shows the ratve of 355—su1phate incorporation in
terms of the DNA content, again demonstrating a corresponding
decrease during aging. This result is comparable with the find-
ings obtained in two other connective tissues, namely skin and




AR A ety

A R 81 9T T ot

T T T

il

TN £, B o8 0 L

. Ih s
U

i

A AR

A 0 T D o i

METABOLIC CHARACTERISTICS OF SMOOTH MUSCLE 125
*S-incorp. DNA *S/DNA -
cpm /100 mg & w mg/gww

] L-‘
i
|
!
3.
3-; 24
|

Ly
! 1

1

% Im om 203 %m ¥m 23 S%im  Tm 2 3

Figure 71: 355.sulphate incorporation and DNA content of the ra. zorta during aging.
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Figure 72: Course of 35S-sulphate incorporation and DNA content of rat cartilage and cutaneous
tssue during aging (compare with fig. 71).
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cartilage. Thus Fig.72 records the decrease in the rate of 35s-
sulphate incorporation by cutaneous tissue of the rat during aging.
By comparison of the three graphs in Figs.71 and 73 it can be seen
that, whereas there is a marked fall with age in the rate of 33s-
sulphate incorporation expressed in terms of DNA content in the vas-
cular tissue, there does not appear to be any comparable change in
this parameter in the cutaneous tissue.

In cutaneous tissuz {Fig.73) the synthesis capacity per cell
is the same in younger as in older rats. In cartilage, as shown
in Fig.72, GAG synthesis-capacity increases with age in rats. Tae
validity of all statements concerning age~dependent alterations in
various types of connective tissue, including the arterial wall,
depends on whether synthesis, degradation, total content turnover
or biological half-life times of the proteoglycan and coliagen
fractions have been examined.

Findings with respect to age changes in human material in these
metabolic entities of arterial connective tissue are tabulated in
Fig.74. Until now biochemical analyses of the alterations in arter-
ial connective tissue during aging are insufficient, particulariy
component analyses with determinations of the total cuntent of com~
ponents of the intercellular matrix because (1) as a rui¢, no
adequate separation of the effects of aging and atherosclerosis has
been carried out, and (2) whole vessels i.e., pools of larger vas-
cular moieties, have been examined for methodological reascns, thus
levelling out possible analytical differences between individual
-omponents.

When acid and neutral polysaccharides, which are estimated
together by determinations of total hexosamines are separated, it
can be shown that the content of neutral polysaccharides occasion-
ally rises more than the content of acid polysaccharides. With
accurate analyses an age~dependent increase in total uronic acid
content can be demonstrated. Thus, if the course of polysaccharide
changes from prenatai development through postnatal development,
maturation, and aging up to very old age is plotted, we find at
first a large and then a smaller decrease in the uronic acid, hexo-
samine and galactosamine content of the numan aorta as a quantita-~
tive measure of the decrease of the total amount of neutral and
acid polysaccharides, and thus of groundsubstance o the vascular
wall in old age. This is in contrast with atherosclerosis, which
has been discussed before, in which a corresponding increase of the
groundsubstanc? in the intima and media occurs. It is in agreement
vith the incorpuration rates shown above. Alterations in tne total
content of the glycosaminoglycan fractions dependent on a2ging are
caused by decreasing synthesis (in contrast with increased syntbhesis
in atherosclerotic plaques) (Fig.74).




L ke g
-

( VASCULAR
| AGING
_- f Wyelwonc scid
4 | / C-e-s (a)
GaG Dermar.auh.(8)
e C-6-5 (C)
“: Hapaulf,

.‘{
A Ko suM,
) 3
- J welite
= {COLLAGEN
32 ! \resieie
3 H
[ 1

32 *S-incorp.
E on/MWngdw
3 5290 +

B e

Y 3
— Y

ot Aol W 7
2

MFTABOLIC CHARACTERISTICS OF SMOOTH MUSCLE 127

DNA *S/DNA

L YLD
f
5o 5
44
5 3
24
14 [ ———————

SRR e e R

itkitsog ey

T e

5
3

Sﬁn m 21'; i; Q;n ‘llTn 403

Figwre 73: Skin aging.

SYNTHESES DEGRADATION | TOTAL CONTENT| TURNOVER | MALF LIFE TivE

[

P S—
—
—

L
vf’l’I'ifI

i H

Figure 74: Synopsis of the findings on the alterations of the individual metabolic entities of the
arterial connective tissue depending on aging.
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Figure 76: Humen fetal aorta. Units of elastic tissue comist of a cetral round core of unstained
homogenesous substance {white in photograph) and surrounding cost of microfibrils of the
extraceliviar space. Some microfibrils are cut tangentially and others are seen in cross section.
Units fuse with each other to form larger elements of elastic tisue. Glutaraldehyde-osmic acid
fixstion; Epor-812 embedding; urany! acetate-iesd citrate siaining: magnification = x 58,000
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Figure 77: Porcine newborn aorta. Elsstic tissue appesrs blsck in this photograph. Black stained
cores of units fuse 10 form larger elements of elastic tissue legving at first spaces between themeelives
which are filled with the microfibrils (arrows). At 2 later stage {owing to the process of moiding?)
these iast westiges with microfibrils dissppear from the substance of elastic tissue.
Glutaraldehyde-osmic acid fixation; Epon-812 embedding: uranyl acetate-leed citrate staining:
magnification = x 72,000
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35He also have data concerning the influences of sex hormones
on ~~S-sulphate incorporation into the vessel walls. Fig.75a and b -
indicates the proteoglycan synthesis in the aorta of ovariectomized ;
and orchiectomized rats. Ovariectomy (Fig.75a) leads to a wmore than
502 increase in 355—su1phnte incorporation during the first four
weeks post operation, followed by a decrease to the sixth week and
then a constant rate of synthesis until the 20th week post operation,
vhich is nevertheless 150% higher than the control.

T 0 T T (AR PR W o

In contrast the synthesis rate in the aorta of orchiectomized
rats (Fig.75b) increases and persists at that level until the l4th
week post operation. Then there follows a steep decrease to 50% of
the control value up to the 20th week. The possible relevance of
these findings to changes observed in human vessels after the female
climacteric should be explored. There are insufficient data avail-
able on the degradation of single mucopolysaccharide fractions.

They appear to increase initially during aging, and then to decrease.
The turnover of the mucopolysaccharide fractions in the vascular
wall “ecreases with age, their biological half-life increasing.
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DR. HAUST: I should like to address myself to the matter of

termninology employed in the presentations regarding the morphology
of elastic tissue. On several occasions

Morphology of reference wvas made to the translucent
Elastic Tissue component of the elastic tissue. At the
- time wien the concept of the elastic
4 tissue unit was introduced some ten years ago (138, 139, 231) the
= unit was defined on a morphological basis as consisting of two dis-
tinct components: the central round core and the surrounding micro- :
fibrils of the extracellular space (135, 140). Initially, the cen- 3
- tral core did not take up stains in preparations for electron micro- :
E scopy and it was therefore termed "translucent" (Fig.76). Subsequent-
ly, however, it was possible to stain the core at times (Fig.77)
and thus, the term "translucent” can no longer apply. It would be
advantageous if at this conference a decision were made no longer
to refer to the core of the unit of elastic tissue as the translucent
component. Perhags it could be more properly replaced by the tarm
"homogeneous". It is of interest that this homogeneous component
remains the dominant feature of the various elastic tissue elements
that result from fusion of the individual units, whereas the micro-
fibrillar component disappears as a distinct morphologic element
within larger elastic tissue elements (Fig.76).
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DR. ROBERT: I am glad you brought up this problem brcause
that will give me a second chance to clarify a problem of semantics
vhich has been confusing the field of elastin for .hirty yrars.

Now many eminent people wrote a great deal of confusing things on
elastic tissue, as you know. I certainly have to give credit to
you, Dr. Haust, that you are one of those pathologists who did not
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say anything confusing and I think your idea of the "elastic unit"
= was at that time a very wise proposition. Now the problem is that
3 I don't think we can any more define

The Nature of the "elastic unit" in the same way
Elastin & Elastic because we believe that we have to dis-
Tissue tinguish between elastic tissue and

elastin. Elastin, as we know now, is
the polymer of a relatively well defined protein: proelastin, and
as I have said, we have to start with this proelastin which was
isolated from several animals. Now this is quite a polir protein
and if you can get it pure I am sure it would react to everal of
the electron microscopic staining agents, such as PTA fc¢ * instance.
The second component of elastic tissue is the structural giycopro-
3 tein-microfibril; this is again another protein completely c¢ifferent
- from elastin. You may find it completely independent of elastic
tissue. That is what I was trying hard to get through yesterday.
Yow it happens that the smooth muscle cell secretes both of these
proteins and the formation of elastic tissue has to start with
microfibrils. On these negatively che.:ed units, the proelastin
which is positively charged can probaoly aggregate by coulombic
forces and the cross-linking catalyzed by a specific lysine oxidase
can go on in 2 precisely criented manner. That is what we call
"vectorial synthesis".

Otherwise if this cross-~linking would go on in a homogeneous
solution containing a mixture of proteins together with proelastin,
you rould never get .uch a thing as a structured tissue, as are
the concentric elastic lamellae of the aorta. "Elastic unit" as
defined by Dr. Huust referred to these two components (microfibril
4 and proelastin polymer). As you know, many people described in
4 "plaque elastin” or "atherosclerotic elastin" an increase in polar
= amino acids, that would have meant that the elastin is changing
its amino acid composition in pathological conditions. What really
happened is that they overlooked this microfibrillar component.

e Or else the glycoprotein component increases again in atherosclero-
: tic asorta by a mechanism we still do not understand quite clearly.

The adjective "translucent" just means that polymeric elastin
in its native state does not react with some stains used (uranyl
acetate, etc.). It's like blue skies so I don't object to change
any names to any other, until we define more precisely the mole-

- cular terminology of elastic tissue. Now again yesterday I showed
. you the picture where after SM urea-~0.1 M mercapto-ethantol extrac-
k- tion the elastic lamellae are no more "translucent” but do stain

3 with uranyl acetate Pb or with phosphotungstic acid (Fig.78). No

3 more "microfibrils” can be seen, they are in the urea-extract (Fig.
78C). We think that these urea-resistant structures might be the
cross-linked elastic units ( = proelastin) with the microfibrils
gone.
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DR. HAUST: Well, it may be appropriate for me, as one of those
who originally intrcduced the designation "translucent" to state
again that It is incorrect and should not be used. And in reference
to some other comments made by Dr. Robert the following should be
pointed out: (1) It was shown in the early sixties that the micro-
fibrils are present "free" in the extracellular space apparently
unrelat~d to the elastic tissue (135, 203) and it became even then
a well recognized fact that several cell types, including the smooth
suscle cells, are capable of their formation (135, 140). (2) The
proposal that it is the micvofibrillar component that induces or
initiates the formation of elastic tissue is perhaps at present not
at all an established fact. At best this may be true in some cir-
cumstances, but not necessarily in all. Indeed, at a recent Work-
shop on Arterial Wall Mesenchyme at New Orleans (April 1973), Dr.
Daoud from Albany showed that in tissue explants proliferating smooth
muscle cells contain in their cytoplasa round, small homogeneous :
structures having an appearance very similar to, or even identical %
with, the unit cores of elastic tisgsue. It is conceivable that, at
least in tissue cultures, these intracellularly formed cores are
extruded from the cells and acquire subsequently a cocat of micro-
fibrils. Perh:ps Dr. Daoud himself would care to comment on that

subject in more detail.

DR. ROBERT: Well, I can answer but it will really not take us
very far. 1I could answer with another question. Did anybody de-~
monstrate the formation of elastic tissue without microfibrils?
Structural glycoproteins-microfibrils appear significantly earlier
during phylogenesis than elastin: we could isolate recently such
glycoproteins from several species of sponges (170) with a very
similar amino acid composition to that of vertebrate structural
glyvcoproteins. Elastin appears much later and ail investigated
elastic tissues do contain structural glycoproteins. Now I agree
with the other half of your comment. We isolated the structural
glycoproteins from every investigated connective tissue whether
elastin was present or not and I was referring to that yesterday
(284, 287, 288, 289, 290, 291). So I think we agree again on the
egsential issues.

DR. DAOUD: In tigsue culture of explants we have observed
clear units surrounded by microfilaments. In some of the cells
we have demonstrated a translucent structure which has the sanme
neasurement and the same shape as the center of the unit. We
attempted enzymetic digestion of these structures but were not
successful. We are not yet sure whetier these intracellular struc-
tures are really slastin or not, although they do have the same
configuration and the same size.

DR. WIGHT: Yesterday, I think there was some confusion con-
cerning the possible interaction of collagen and proteoglycanc in
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134 CHASTER 2
the arterial wall. Numerous chemical and morphologicsl studies
(11, 83, 91, 204, 206, 207, 213, 234,
Glycosamino- 340) have demonstrated that sroteogly~
Glycans cans interact with collagen in vivo
and in vitro. The majority of this
work has utilized cartilage tissue to demonstrate this interaction.
However a recent study (172) has suggested that proteoglycans in-
teract with collagen in developing chick embryo aortas. We also
have data to suggest that proteoglycans are bound to collagen in
the arterial wall. Small segments of normal and hyperplastic iliac
mouxey arteries from one year old pig tail monkeys (Macaca nemestrina)
were fixed in the presence of ruthenium red, an electron stain
that has been reputed to have some staining specificity for pro-
teogly.ans (206, 207) and processed for electron microscopy. Small
200-300 A® diameter ruthenium red positive granules were deposited
on the outer edge of the collagen fibers at the major period band
(Fig.79). Treatment of this tissue with testicular hyaluronidase
prior to ruthenium red exposure eliminated the collagen associated
ruthenium red granules leaving the collagen fibers intact (Fig.80).
These findings indicate the proteoglycan nature of these ruthenium
red granules.

I would also like to add one more observation concerning the
arterial smooth muscle cell that came from these ruthenium red
studies. Examination of unstained sections from arterial tissue
fixed in the presence of ruthenium red revealed that a thin coating
of ruthenium red positive material existed on the outer surface of
the smooth muscle cell's plasma membrane (Fig.81). This coating
was observed in addition to the characteristic baseaent lamina of
the smooth muscle celi which also demonstrated an affinity for
ruthenium red (Fig.82). Testicular hylaruonidase did not appear
to alter this staining pattern. Although the chemical nature of
the surface coat and basement lamina cannot be ascertained from
these studies, such observations do suggest that the surface of the
smooth muscle cell and associated basement lamina are strongly
anfonic. The anionic nature of the surface of this cell may be
important in the selective uptake of certain macromolecules such
as positively charged B lipoproteins (199).

DR. RUEGG: 1 should like to discuss the similarities and
differences in the contractile mechanism of arterial smooth muscle
as compared to that of skeletal muscle.

Contractile Proteias We shall focus our attention on the

of Arterial Smooch protein myosin which is an ATPase.
Muscle and their Professor Somlyo told you this morning
Mechanism of Actior that arterial muscle, like skeletal

muscle, congists of thick and thin fila-
ments which may slide past each other during contraction.
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Figure 76: An ares of extraceliular matrix from 3 hyperplastic arterial intima, fixed in the presence
of ruthenium red. Note the efectron dense granules associated with the major period band of the
collagen fibers. The section is stained with uranyl acetate and lead citrate. x 40,000.

Figure 80: An area of extracellutar matrix irom a hyperplastic arterial intima which has been
treated with testiculsr hyalurinidase (0.1%) for | hour prior to fixation in the pretence of
ruthenium red. The section is stained with urany! acetate and lead citrate x 64.000.
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Figure B1: An arterial intimal smooth muscle cell fixed in the presence of ruthenium red. Note the
staining on thc outer surface of the plasma membrane. The section is not stained with uranyl
acetate o iead citrate x 74,000,

Figure 82: Portion o an arterial smoot) muscle cell fixed in the presence of ruthenium red
foliowing testicular hyaluronidase treatn ent Surface coat and basement lamina demonstrate
aftinity for rutheniur red. Section is not stained with uranyl acetate or lead citrate x 81,000.
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The thin filaments contain mainly actin and in addition, the
regulatory proteins troporyosin and troponir. The thick filaments
contain miinly, but not exclusively, myosin which is aggregated
within the thick filaments in such a fashion that the shaft of the
molecule lies within the filament, while tbe doublehead of the mole-
cule and the neck region project out of the fiiament to form cross-
bridges towards the thin actin filament. In the relaxed state these
cross-bridges do not attach to thin tllaments., In contraction on
the other hand, the cross-bridges do attach themselves to the thin
filaments, thereby forming cross connzctions between zliding thick
E and thin filaments. Under stricriy isometric conditions the cross-
bridges generate tension by performing a rotational movement, where-
by the elastic region of the bridges beccuzo stretched by roughly
100 & units, so that an elastic temsion is produced.

#em wew v e

E, 1f the conditionsz are not isometric., the stretched spring exerts
a pulling action on the actin filament, which then slides past the
3 thick filament and in this way movemert is produced. Of course the
M movement produced by a single action of a cross-bridge is extremely
small. But larger movements are prnduced if the myosin heads ad-
hering to the actin filaments move not only once but many many

3 times. 1In this way, they pull the actin filaments by a repeiitive
acticn of the bridges wuch like & ship's crew which can only haul
irn a long rope by repetitive heaves. A repetitive cross-bridge
action based on the rcpe-hauling principle is not only occuring
during shertening of muscle fibers but even under isometric condi-
tions, when continuous tension is maintained. Here too, cross-
bridges continuously actach and detach in cycles; but despite this
cyclic action tension does not oscillate because cross-bridges act

AR
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4 asynchronously.
A The energy for the described repetitive mechanical performance
= of zhe cross-bridges is derived ¢rom the splitting of one or two
Z molecuies of ATP in each cross-bridge
'i Descriptuun o he cycle. Presumably, ATP is split each
: Cross=bridp« time a cross-bridge interac:= with actin
> and performs a cycle. Without the in-
3 tervention of actin the ATP.. activity would be very low under
é physiological ionic conditions, that is at low jonic strength, and
g in the presence of high concentrations of Mg. Indeed the ATPase
- activity of myosin alone is extremely low withour actin, but 1t is
: greatly activated as soon as myosin is allowed to react with actin.
,; As shown in Fig.B3 this is also true for *he art~" "al rivosin ATPrse.
E U. Mrwa succeeded ia oreparing pure myosin from arteries and .:gether
: with D. Trentham of B-istol determined some of its enzvmatic char-
- acteristics.

~§ The lower curve shows the ATP splitting bv mvosin in the pre-
f: sence of Mg ions and in the absence of actin. Phosphate release
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is shown as a function of time. Note that the time progress curve
is linear after about five minutes. The rate is extremely low.

Only about one mole of ATP is split by one mole of myosin in ten
minutes. 1In other words, one molecule of myosin requires, under
these experimental conditions, about ten minutes to split a mole-
cule of ATP. 1In the presence of an excess of actin the rate of
splitting is greatly increased. This signifies presumably that

in arterial muscle too, cross-bridges split ATP only whea they in-
teract with actin in the course of the cross-bridge cycle. This
kind of actin-dependent ATP splitting can only occur in the presence
of trace Ca ions as in the case of skeletal muscle contractile pro-
teins. At pH 7 the threshold of Ca concentration is about 10-7
molar, 50% activation is obtained at the Ca concentration of roughly
10~6 molar and maximal activation at the Cu concentration of 10~
milar. A similar Ca dependence i3 found in actomyosin systems from
skeletal muscle. There are, howevser, two important differences
between the skeletal muscle systean and the smooth muscle system.

The first difference: in the arterial system but not in skeletal
actomyosin the Ca sensitivity is strongly pH-dependent: if the
medium is acidified to pH 6.5, which may well be metabolically
possible, about ten times higher Ca concentration is required to
produce the same degree of activation as at pH 7. For this reason
we might assume that a metabolically induced acidification of the
cell medium could induce an uncoupling of excitation and contrac-
tion in arterial smooth muscle, but the same metabolic acidification
would not have such an effect in the case of the skeletal muscle
rcatractile system.

A second important difference of the arterial and skeletal
system concerns the absolute ATP splitting rate. 1In skeletal
muscle actomyosin up to 10 moles of ATP are split per ome mole of
myosin in 1 second, which means that one molecule of myosin splits
one ATP within zbout 100 msec. In smooth muscle the ATP splitting
reaction takes at least 10 seconds, i.e. the ATP splitting rate
is about 0.1 mole zf ATP per mole of myosin per second. In cther
words the speed of ATP aplitting is presumably about 100 times
slower in the smooth muscle actomyosin compared with the striated
muscle actomyosin. What does this mean in terms of the cross-
bridge cycle of smooth muscle?

It is likely that one molecule of ATP is split in each cyclic
operation of a cross-bridge. The low enzymic activity of arterial
actomyosin then probably means that cross-bridges of arterial
smooth muscle operate only once every 10 seconds in contrast to
¥rog sartorius, where they mav operate about 10 times/second in
order to maintain tetanic tension. During the tension maintenance
the energy derived from ATP splitting is used for the internal
work, presumablv the work done in stretching the elastic parts of
the cross-bridges during the rotational movement of a myvosin head.
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Figwre 83: Time course of phosphaw release and ATP it (in per centage of 1owl ATP) arterial
myosin alone, x with added skeletal muscle actin (incubation conditions.} 1 mm ATP, 10 mm Mg
Ct2, pH 7, ionic strength 0.1,

E

1div=10ms 1div=100ms

Figure 84: Time course of turhdity change of Actomyosin trom skeietal muscle (lety) and artersal
muscle (right) atter addition of ATP (0,2 mm}. Conditions § mm Mg. Cl2. pH 7 1onic strength 0,1
T=20C,

s = - i iR e




K ETGL Ry

o ;
ST TR PR

o
R R

UOL R i M A i

P )

i 5

i ks

it g0t O
LRt RN R

i iy e

ot AR A bt st ey

i

L

i,

ity

m

R &

TR

P

i s

3

e il

METABOLIC CHARACTERISTICS OF SMOOTH MUSCLE 141

In smooth muscle one cycle is performed within about 10 seconds
and in this length of time one molecule of ATP is split. 1In
striated muscle 100 molecules of ATP would be split and 100 cross-
bridge cycles would be performed in the same length of time. This
means that much more energy has to be expended to maintain tension
in striated muscle than in the case of smooth muscle. Smooth mus-
cle is indeed very economicr]l in waintaininy tone, because its
cross-bridge cycling is so slow. Once the cross-bridges attach to
the actin they obviously hold on to it for a very long time, they
don't let it go as quickly as they do in the case of skeletal mus-
cle. 1In other words, cross~bridges do not readily detach from
actin once they are attached. The rate constant of detachment
which is produced by the action cf ATP should, if this schema is
correct be much slower than in the case of skeletal muscle acto-
myosin. The detachment is ~ as we have seen - brought about by
the intervention of ATP which separates the reaction partners,
actin and myosin.

This reaction, namely the separation of actin and myosin by
ATP, can indeed be investigated in vitro with isolated actin and
myosin. The gquestion arises then whether in the in vitro reaction
too, the dissociation of the actin-myosin-complex by ATP is very
much slower in smooth muscle than in striated muscle. That this
is so has recently been demonstrated by Mrwa in collaboration with
D. Trentham in Bristol.

The principle of this measurement is briefly the following:
if actin and myosin are mixed together they form a highly viscous
turbid actomyosin which lets very little light pass through. 1In
other words the light absorbence is extremely high. Addition of
ATP dissociates the actomyosin complex, therefore the light scatter-
ing decreases and hence more light passes through; in other words,
the apparent absorbency decreases. The time course of the absor-
bence change reflects then the time course of the actin-myosin dis-
sociation. Now let us see how this time course differs in acto-
myosin of skeletal and smooth muscle (Fig.B84). The speed of the
exponential reaction can be expressed by the time constant, i.e.,
by the time required to reach about two thirds of t:e final drop
of absorbency. The reciprocals of these values reflect the first
order rate constants. They are 20/sec in the case of skeletal
muscle actomyosin and 4/sec in the case of smooth muscle actomyo-
sin. Hence it may be concluded that ATP dissociates actomyosin
from striated muscle much ‘sore quickly than in the case of the
contractile proteins of srooth muscle. The rate constants arc
also dependent howeve~ on the concentration of ATP, increasing
with increases in the concentration of ATP. 1In the myosins of
s~riated muscle there is a dependency on ATP concentration also,
but the ATP concentrations required to produce a dramatic dissocia~
tion effect are much smaller than in smooth muscle contractile
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proteins and it is also seen that at all concentrations of ATP swmooth
muscle actin-myosin dissociation proceeds at a slower rate than the
dissociation of striated muscle contractile proteins. This results
from the tendency of the smooth muscle myosin cross-bridge to hold

on to the actin for a long time, a property which is one of the

reasons for the high holding economy of swooth muscle on the other
tand, and for its siowness on the other hand.

What general conclusions can be drawn from these findings?
First it is seen that in arterial contractile prcteins there is a
high ATP requirement of at least 5 millimolar for a proper function.
If under certain metabolic conditions the ATP concentration shoula
drop below this concentration in the living cell, the proper func-
tion of the contractile system is not guaranteed, the function of
the contractile cross-bridge cycle may then be impaired, especially
relaxation, which is the dissociation of actin and myosin.

Second, it has been shown that smooth muscle actomyosin dis-
sociation by ATP is slower than striated muscle actomyosin dissocia-
tion. Obviously one of the essential rate constants of the smooth
muscle cross-bridge cycle, i.e., the dissociation ¢f the bridge
from the actin by the intervention of ATP is very much slower than
in the case of skeletal muscle. Of course, theoretically, this
difference may be due to each of the two reaction partners, i.e.
it may be due to either actin or myosin. But in fact it can be
shown that the essential difference lies within the smooth muscle
myosin and not within the actin. for the same slow kinetics of
actomyosin dissociation can also be found in hybrid actomyosins
made from arterial myosin and skeletal muscle actin. In addition
we have seen that not only one of the essential steps of the cross-
bridge cycle, i.e. the dissociation of the bridgc from actrin, is
very slow in smooth muscle, but the whole cross-bridge cycle is
indeed slower. This has been inferred from measurements of the
enzymatic activity which have shown that the rate of ATP splitting
by smooth muscle actomyosin is about 100 times slower than the
rate of splitting by skeletal muscle actomyosin.

Again, in this case too, the essential enzymatic activity is
due to a difference of the myosin partner and not to differences
of the actin partner. One should then investigate in what respect
the myosin of smooth muscle differs structurally from the striated
muscle myosin. Due to the investigations of Mrwa and Trentham one
already knows that presumsbly the content of tryptophane and tyro-
sin is lower in the smooth muscle preparation; also smooth muscle
myosin contains only two so-called light chains, while striated
muscle myosin contains three light chains per molecule.

In this brief report 1 have tried to show you some enzymatic
differences between the myosins of smooth and striated muscle,
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differences which may be functionally significant because they are
presumably the reason for the slow cross-bridge cycling iu smooth
muscle contractile systems and hence for the slowness and the high
holding economy of the smooth muscle. Using similar techniques

it may also be possible later on to demonstrate not only differences
between smooth and striated muscle myosin, but possibly also be-
tween myosins from normal and diseased smooth muscle. But this is
for the future.

DR. ADAMS: 1 propose to compare the enzyme histochemistry
of arterial smoo.h muscle, bronchial smooth muscle and two groups
of phagocytes-reticuloendothelial macro-
Histochemistry of phages and atheroma lipophages. The
Smooth Muscle enzymes surveyed do not represent a
complete range of available histochemical
techniques, but rather were deemed relevant to a comparison of these
various cell types.

As can be seen from Table XV, all four cell-types contain
NADH,-reductase and a variety of other dehydrogenases (1, 429).
However, amongst those we have tested, it is only succinic dehydre-
genase that discriminates amongst these cell types. Arterial smooth
muscle predominantly respires anaerobically, as shown by its low
content of succinic dehydrogenase. By contrast, bronchial smooth
muscle contains an atundance of succinic dehydrogenase, which may
reflect its proximity to atmospheric oxygen. Intestinal and ure-
teric smooth muscle occupy an intermediate position in their ac-
tivities of succinic dehydrogenase (2). Most macrophages seem to
respire anaerobically (175), but the pulmonary alveolar macrophage -~
like bronchial muscle - respire aerobically (175).

Non-specific esterase is an enzyme of uncertain function. It
is distributed among all the cell-types under consideration, but
its activity in arterial smooth muscle varies among different spec-
ies (See footnote to Table XV). An interesting feature about this
enzyme is that it is one of several enzymes which are present in
high concentration in the arterial smooth muscle of atheroma-resis-
tant species and, conversely, are relatively inactive in the muscle
of atheroma-susceptible species (429). The high activity of non~
specific esterase in the rat and low activity in the rabbit and man
es exemplary. Wolman (427) ccisiders that non-specific esterase at
pH 5.5 is equivalent to lysosomal acid lipase, and it has been
suggested that one fraction of this lipase can hydrolyse cholesterol
esters (194). The esterase at low pH shows a similar species vari-
ability to the enzyme at neutral pH.

Non-specific cholinesterase distinguishes smooth muscle from
the macrophage and atheroma lipophage, but the activity in vascu-
lar smooth muscle is too variable amongst the different species
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Y

examined to be reliable for this purpose (See footnote 2 to Table XV).
Nobody knows what this enzyme's function {s but perhaps muscle poss-
esses the non-specific enzyme to protect its cholinergic receptors
from being swamped and confused by an excess of non-specific choline
esters (i.e., those that are not acetyl choline). Alternatively,
non-specific cholinesterase may prot2ct true cholinesterase from the
action of non-specific inhibitors (197).
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Phosphorylase also distinguishes smooth muscle from the two
: phagocytes heing discussed, but again is variable in vzscular smooth
i muscle among the species examined (see footnote 3 to Table XV).
Acid phosphatase is a marker for lysosomes, and not unnaturally is
prominent in phagocytes and undemonstrable in normal smooth muscle.
Alkaline phosphatase is usually regarded as a marker for endothelium
in smaller blood vessels and is absent from smooth muscle fibers (1).
Pyrophosphatase, as shown by a technique being developed by Dr.
Brian McArdle, is prominent in smooth muscle but absent from the
phagocytes, but again the smooth muscle reaction varies between
species {see footnote 2 to Table XV). Leucine aminopeptidase is
absent from all four cell types.
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The most useful enzyme for distinguishing the reticuloendothe-
4 lial phagocytes (histiocyte and macrophage) from 211 smooth muscle
and from the atheroma lipophage is the catalase reaction (2). The
Novikoff-Goldfischer (241) technique with diaminobenzidine (pH 9)

= distinguished cyanide resistant catalase in macrophages from the

3 cyanide-resistant benzidine peroxidase (pH 7) in granulocytes and

E erythrocytes. In practice, considerable cross-reactivity is seen

: in these cells when the "catalase" and "benzidine-~peroxidase" tech-
niques are applied without the relevaat inhibitors, but this does
not affect the value of catalase as a marker to distinguish macro-
phages from smooth muscle and atheroma lipophages. The relevance
of this distincticn to atherosclerosis is discussed on page

e

LA

DR.ZEMPLENYI: 1 will begin with a brief review of some of
the evidence pointing to tissue hypoxia as an important factor in
the intermediary metaosolism of the

ot

f Aging and Hypoxia artery.* Afterwards, I plan to discuss
E in Smooth Muscle the reasons for choosing cultured arter- :
- Cell Cultures ial smooth musclie cells as a convenient :

model to clarify the mechanisms of the
effect of hypoxia. Finally, I will show our results obtained with
smooth muscle cultures.
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* This contribution was prepared as "Studies on the Effect of
Hypoxia on Arterial Smooth Muscle Cell Cultures", J.F. May,
T. Zemplenyi, W. J.Paule, V.K.Kalra, D.H.Blankenhorn, and
A.F. Brodie, of the University of Southern California,
Los Angeles, California.
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i TABLE XV
' !
‘ } ENZYME HISTOCHEMISTRY OF SMOOTH MUSCLE

Smooth muscle Macrophages | Atheroma
lipophages

Arterial | Bronchial

T

NADHg-reductase + + +
SDH weak + weak weak
Nonspecific esterase +1 .
Nonspecific cholinesterase| +2 + -
Phosphorylase +3 + - -
Acid Phosphatase - -
Pyrophosphatase +2 + -
Alkaline Phosphatase - -
Leucine Aminopeptidase - -
Catalase - -
Benzidine Peroxidase - -
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1. Rat strong, human and rabbit weak
2. Rat and rabbit strong, human -ve
3. Rabbit strong, human and rat -ve
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It has been shown by Wolkoff in 1923 that in a fully developed
adult coronary artery, the thickness of the subendothelial layer
may exceed the thickness of the media (426). It consists not only
of a musculo-elastic layer, but also of an elastic-hyperplastic
layer and sometii:es even of an irnermost connective tissue layer
containing a high proportion of collagen. Since the oxygen supply
of such an artery is alsost entirely dependent upon diffusion from
the lumen, the thicker the intima, the more impaired will become
the deeper layers of the arterial wall. The oxygen supply of the
thin venous wall derived from the lumen is much more advantageous,
and this can be inferred, for example, from a comparison of the
lactate dehydrozenase isoenzyme pattern of arterial and venous
tissue.

”e Fig.85 shows the distribution of LDH isoenzymes in pig aorta

! and vena cava. The left bars represent averages of aortic, and
the right ones averages of venous findings together with the stan-
dard errors of the means. One can see very clearly the prevalen-:e
of the faster-moving fractfons in the veins with the absence of
any activity in the last two slow-moving fractions. In the aortas,
on the other hand, there is a definite shift of activity toward
the more slowly-moving electrophoretic fractions (430).

For interpretation of this and similar data, we must, of
course, bear in mind that, according to the theory of Dawson et al.
(74), the slow-moving cathodic LDH fractions are the principle iso-
3 enzymes in anaerobically metabolizing tissues, while the fast-moving
= fractions are the most abundant isoenzymes in tissues where a steady
supply of energy is maintained by oxidation. Despite some possible
doubt as to the general validity of this hypothesis, the prevalent
consensus is that LDH isoenzyme patterns reflect long-term meta-
bolic conditions of oxygen availability.

prstonds

Fig.85 shows that in atherosclerotic human arteries the pre-
vailing LDH isoenzyme fraction is the slow-moving anaerobic LDH
electrophoretic band. This is in sharp contrast with the pattern
observed in healthy human or pig arteries vhere the fast-moving
aerobic fractions are dominant. These findings agree with data
by Lojda and Fric (202) who observed, in addition, that in arteries
of children the aerobic fractions showed the highest activities.

-
[ Bt D kSt s 5%

e

Al TP

It appears that a slightly injured artery also has to depend
more on glycolysis than does a healthy artery. For example, Lindy
et al (201) observed that damage caused by pulling an inflated
balloon catheter through the rabbit aorta resulted in elevation of
anaerobic LDH isoenzymes. Hypertension had the same effect in the
experiments of Will (421) using miniature pigs.
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There exist, of course, other data corroborating the import-
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Figure 86 A: Distribution of LDH isoenzymes in 19 pig sortae and venae cavae. {From Zempienyi
and Blankenhorn, Angiologica 9:429, 1972, with permission of the edivor and publisher of
Angiotogica).
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Figwe 85 B: Celtuiose acetate electrophoresis of LOH isoenzymes in normal human and pig artery
and in atheroscelerotic human artery. (From Zemplenyi and Blankenhorn, Angiologica 9:429,
1972, with permission of the editor and publisher of Angiological.
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ance of oxygen availability in atherogenesis. From the work of

Astrup et al (17), Helin and Lorenzen (145), and others, it is known

that tissue hypoxia is an essential factor in accelerating experi-

mental as well as human atherosclerosis. It was suggested that

: the underlying mechanism consists of increased arterial permeabili y

- as a result of hypoxia. There is good evidence in this regard from

= the work of other investigators as well. However, insufficient
oxygen supply was reported also to stimulate arterial lipogenesis.
The work of Kresse et al (190) and of Filipovic and Buddecke (99)
demonstrates, for example, that under hypoxic conditions in the

carr healthy calf aorta there can be detected an unequivocal increase
of 14C incorporation from labeled acetate into triglycerides and
fatty acids. Furthermore, Howard (153) found a substantial increase
of (2-14c) glucose incorporation into total lipids under hypoxic
conditions.
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Let us now turn our attention to the arterial smooth muscle
cell. It is clear to the participants of this symposium that al-
though as early as 70 years ago some German pathologists suggested
involvement of intimal smooth muscle cells in atherosclerotic
lesions (for details see Geer and Haust, 113), such a role for
smooth muscle cells has been considered unlikely and has been almost
completely neglected. However, the application of electron micro-
scopy and imsmunochemical techniques to this problem has confirmed
that the arterial smooth muscle is a key component of the athero-~
sclerotic lesfion (113, 427).
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It is conceded that the great majority of the foam cells of
the lesion are smooth muscle cells filled with lipid and that only
a slight fraction are perhaps macrophages
Smooth Muscle Cells that might have ingested lipid prior to
as Foam Cells enterang the artery from the blood. The
formation of foam cells, which is a focal
process is associated with proliferation of the intimal smooth mus-
cle cells. Studies using tritiated thymidine or mitotic indices
after colchicine injection have unequivocally demonstrated an in-
crease in smooth muscle cell multiplication in response to local
4 injury as well as to cholesterol feeding (216, 393). According to
: Buc® (54), following vascular injury there is proliferaticn of
smooth muscle cells in the media and entrance into the intima efther
through fenestrations or ruptures in the internal elastic membrane.

PR MER s B ol I

ey

i dhoviitn

IS T g

~he proliferating smooth muscle cells produce connective tissue
elements as well. This was demonstrated by incorporation of tri-
tiated lysine into elastin and of labeled sulfate into mucopoly-
saccharides. The clegant experiments of »7ss and Glomset (317)
indfcate that endothelial injury in vivo may promote smooth muscle
cell proliferation by increasing the concentration of plasma pro-
= teins, especially low density lipoproteins, in the extracellular
flufid of the arterial wall.
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However, the stimulus for and the mechanimsas of transformation
of the smooth muscle celi into the 1lipid filled foam cell are not
cleax. The role of hypoxia in this regard is suggested from studies
by Robertson (296). Using huean and animal intimal cells, he ob-
sexrved that one type of flat polygonal cells ("atherophils") changed
under unfavorable environmental conditions, including hypoxia, into
“atherocytes'". Oxygen concentrations below 5% induced significant
increases in incorporation of exogenous cholesterol by these cells.
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> In view of these and similar data, we felt it important o
e study in more dztail the effect of hypoxia on the morphology and
biochemistry of the arterial smooth muscle
Hypoxia and Aging cell in culture. Smooth muscle cultures
were obtained from ti media of aortas
ma of 3-4 week old piglets. After twc weeks in culture, as shown in
Fig.86 smooth muscle cells are fusiforn to stellate. Nuclei are
vesicular and are centrally located. HMitochondria and other organ-
elles are also seen.
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Fig.87 shows cells after five weeks in culture. They have a
stellate appezrance while their population is sparse, and they
< assume a8 fusiform shapc as they increase in number. Most of the
granules in the cytoplasm are mitochondria, but some are lysosomes.
The filamentous cytoplasm is indicative of bundles of myofilaments.
As the cultures age, the cells become confluent, line up in groups,
and become polarized.
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As shown in Fig.88 the presence of myofilaments was confirmed
by the use of silver stain. This appearance remained stable over
a period of more than five months. Fig.89 is an electron micro-
graph of cultured cells after five maonths. The cells have an appear-
ance vhich is very similar to smooth muscle cells in the intact
aorta. ‘The nucleus (N} 1s oval and contains dense areag of chroma-
tin. The cytoplasm is packed with myofilaments {MF) and small
= amounts of rough endoplasmic reticulum (ER). Characteristic exceed-
ingly dense mitochondria of smooth muscle are seen at "M". A few
iysosomes are evident, and a baszl lamina (BL) is apparent. Extra-
cellular fibril'ar material, most likely elastin, is also to be
seen,

1 I A P R i 1

il AN

AN

2l A M We

In the experiments dealing with hypoxia, experimental flasks
were placed in an incubator containing an atmosphere of 5% 0,,
90% N,, and 52 COp, or of 2T Oy, 93Z Ny and 5% COp; control flasks
wecs placed in an incubator containing an atmcsphere of 952 air
and 5% COz. All cultures were maintained at 37 degrees C.
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It wvas observed that the hypoxia population exhibited a slower
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rate of growth, which was evident as soon as 24 hours after the
beginning of the experiment. Fig.90 is an example of medial cells
cultured under controlled conditions. As the cells attain con-
fluency they assume an organized pattern with cells oriented paral-
lel to each other. After becoming confluent, they then grow in
multiple overlapping layers. During exposure to hypoxic atmospheres,
: as shown in Fig.91, the cells assumed a disorganized pattern and

began to accumulate lipid in scattered focal areas throughout the
flasks.

RTRTIRPTe i e

Figs.92 and 93 show hypoxic cultures at a later stage. The
refractile area~ hav:. enlarged into mound-like structures. 0il red
0 confirmed the presence of 1lipid droplets in these structures and
the cells surrounding them (Figs.94 and 95). Elastin (or pro-elastin)
and mucopolysaccharide also accumulated as indicated by a positive
reaction to aldehyde fuchsin and PAS stains.

Some of the biochemical findings in cultured cells are of in-
terest. The results obtained rhus far indicate a higher activity,
expressed on a DNA basis, of glycolytic enzymes compared with Krebs~
cycle enzymes in homogenates from the cells. The activities of
glycerol-3-phosphate .ehydrogenase and glycerol kinase are nigher
than the activities observed in homogenates from corresponding in-
tact tissue. The mitochondria exhibit levels of cytochromes b, c,

3 a, and a; comparable tec those observed in aortic rtissue. These
= mitochondria utilize succinate and NAD-linked substrates, the rate

of oxidation being lower with the latter substrates than with succi-
nate.

Mo F el

Hypoxia of such short duration as used in these experiments
does not appear to induce unequivocal and consistent changes in the
acrivities of the enzymes studied. A shift of the LDH isoenzyme
pattern toward the more anaerobic fractfons could be detected in
all experimental studies thus far. Furthermore, hypoxia induces
an increase in the activity of most enzymes so far investigated as
long as the cultures are comparatively young (9 - 12 weeks). This
nffe~t is, however, more pronounced with glycolytic enzymes and as
the cultures become older, the activity of Krebs cycle enzymes tends
to decline under hypoxic conditions. 1In addition, as shown in Table
XVI, in the hypoxic cells en increase of the glycerol-3-phosphate,
lactate and NADH/NAD level and a decreased ATP/AD® ratio could be
detected. All these changes can be considered favorable for the
synthesis of triglycerides and phosphulipids.
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Although aging of cells as well as hypoxia appear to induce
some changes necessary for increased lipid synthesis, such as the
elevation of glycerol-3-phosphate levels, synthesis of lipids need
not be the only or principle factor cansing accumulatien of lipids
in the cells. The medium in which the cells are normally grown
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H TABLE XW1
Steady-State Levels of Some Mectabolites in Pig Arterial Smooth
Muscle Cells Cultured Under Hypoxic onditioms.
Motabol{tew CONTROL HYPOXIA
Lactate 859-51 T 112.71we 1926-00 t 5.0
Lactate/Pyruvate 61-68 T 61D 0u-79 ¢ 30.39
& _Glycernl phocphate 1052 % 0.5 2709 T 220 :
ATP/ADP T peln 102t 0.23 %
NADI KA 0:16 T 007 neu3 . 0.2% 3
* Nanomolen/10° Cells i
wepoan T 5. C.M. ;—
f
Incorporation of 32 orthorhosphrie and 3!1 oleic acid into normal
and atherosclerntic rabbit aortas perfused simultaneously at phys-
iological pressure with Krebz bicarbonate buffered Ringer contain-
ing 4 g/100 ». bovine seruw albumin. Phosphate concentrations
0.%44 ymoles/ml in all carses. The units are nmoles/g dry defatted
tissue/hour, and each figure is the mean of six observatioms.
:_ C.1 ukt/al C.5 ui/m 1.0 wb/r1
- Lipid R 460 32 Iy 1 Tr nen g
] x a4 1.8 .5 7.0 368 54,0
= " 1.1 0,6 2.4 0.6 58 Got
3 m o - 12,8 - 1367 -
= T 7.3 - 13,0 - 1.5 -
;2 [ = 4 ek - [ %3 - o8 -
7 - Lecitmasn FZ = Dronphsizael etnuio. ik E;
“Fa - Prec fnity acid T - Trislreerice e = Snolesiers] este s :
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contains 102 calf serum. When the concentration of serum is de-
creased, lipid accumulation - as seen microscopically - becomes
less conspicuous. This may indicate that under hypoxic conditions
increased cell permeability or a decreased metabolic barrier is
the major factor causing accumulation of lipids. It is possible,
however, that factors in the serum, similar to those inducing cell
proliferation, stimulate the cell ‘o synthesize more lipid. 1It is
also possible that the cells under hypoxic conditions are unable to
oxidize fatty acids, resulting in 1lipid accumulation. Further stu-
dies are evidently needed, and such studies are under way in our
laboratories.

DR. DAY: I wish to add to the remarks made by Dr. Stein yes-
terday regarding the metabolism by arterial smooth muscle cells in
tissue culture. He described the syn-
thesis of phospholipid by the medial
cell layer of the artery and by smooth
muscle cells in culture using choline
and fatty acid as precursors. It is interesting to note that when
3% phosphate is used as a precursor for phospholipid synthesis
in studies on arterial wall metabolism that, in the medial layer,
most of the 32p phosphate is incorporated into phosphatidyl inosi-
tol (237, 433). We have recently studied the uptake and incorpora-
tion of 32? phosphate into various phospholipids by arterial smooth
muscle cells in tissue culture (75). In these rapidly growing -eclls
also phosphatidyl inositol turnover is extremely high. The signi-
ficance of this high phosphatidyl inositol turnover is not clear
but cculd perhaps be discussed.

Phospholipid Metabolism
in Arterial Wall

1 would also like to refer to other preliminary studies carried
out with smooth muscle cells in tissue culture (75) where an attempt
was made to assess the incorporation of oleic acid into the ™>oles-
terol ester fraction of the cell. As has been observed for normal
asortic wall preparations only a small proportion of the fatty acid
taken up by the cells was incorporated into the cholesterol ester
fraction.

DR. BOWYER: 1 should like to comment on the question of phos-
pho-lipid synthesis in the arterial wall. Peter Davies and I have
made extensive studies of the incorporation of radicactively labeled
precursors into the phospholipids of perfused segments of rabbit
aorta. In these exg;tinents the segments were perfused with 32p
orthophosphate and oleic acid together in the same perfusate.

We measured the absolute incorporation of these precursors into
phospholipids, separated by aicro thin-layer chromatography, of
aortas of normal rabbits at fatty acid concentrations varying from
2 lov o a moderately high physiological level. The results are
given in Table XVII, which shows the absolute incorporations into
various phospholipids assuming that the specific activities of
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precursors in the arterial wall are the same as in the perfusate.

As the fatty acid concentration is increased in the perfusate,
there is an expected increase in incorporation into the phospho-
lipids, but this is not accompanied by an increased incorporation
of orthophosphate. This strongly suggests that acylation of lyso-
phosphatides is occurring as shown by Stein. It is possible that
the lyso-phosphatide, phosphatide cycle is invoived in controlling
the permeability of the plasma membranes of the smooth muscle cells
(and possidly endothelial cells) and is altered both dy the type of
fatty acid and by hormonal influences.

DR. SMITH: I am particularly interested in Dr. Zemplenyi's
demonstration that the lipid which appeared in the anoxic cultures
appeared to be, to a large extent, an
Arterial Lipids accunulation from plasma or from the
in Aging wedium rather than synthesis. It is now
quite clear that the arterial wall con-
tains large amounts of plasma components, thus these cultures seem
to relate closely to the sort of situation that you might find in
the wall. The intimal cells are bathed in lipoprotein and if they
become anoxic this sort of accumulation might occur.

I will be brave enough to mention the fatty streak because we
agreed in Berlin that it was not really atherosclerosis. Fatty
wuman streaks occur in most young people, including healthy accident cases,
and it is rather striking that many of the fat-filled cells are
right on the extreme surface of the intima. It cannot be a question
of penetration anoxia there, and one wonders if the cell has some
sort of metabolic block to oxygen uptake; this is pure hypothesis.

This question of the large amount of plasas const.luents in
the arterial wall makes me feel that I must comment on Dr. Stein's
presentation on the phosphnlipids yesterday. 1 feel that there
seems to be some discrepancy between his observations on aging
aorta in which the phospholipid increased relative to DNA whereas
in the cultures the total phospholipids decreused relative to DNA.

Now as 1 understood it, in the intact wall, vour hypothesis
1 was that most of this increase was in fact due to increasing quan-
tities of plasma membrane (380). But there is also a great increase
= in connective tissue components and in aging aorta lipid associated
with elastic tissue is clexrly demonstrable by crude light micro-
scopy at a very early age. 1 feel that it is very important to
separate the muscle cells from the connective tissue components
and see wvhether this sphingomyelin increase is really mainly occur-
ring in the cell, or is in the extracellular lipid which accumulates
around fragments of elastic tissue.
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1 am sure that you are absolutely right that the relative im-
balance in sphingomyelinase activity is a major cause of sphingo-
myelin accumulation (33). We agree with your calculation that al-
though a large amount of plasma phosphulipid is carried into the
vessel wall in LD-lipoprotein only a small amount of it, relative
to cholesterol, is retained. Thus large amounts of LD-lipoprotein
phospholipid, which contains a high proportion of sphingomyelin,
must be eliminated. With increasing lecithinase activity and static
or decreasing sphingomyelinase activity it seems probable that a
large part of the accumulating sphingomyelin is derived from plasma.

DR. HAUST: Dr. Stein, in view of your data on sphingomyelin-
ase of the smooth muscl: cells, I wonder whether you had a chance
to study the activity of this enzyme in these cells in Niemann-
Pick disease. As you know, this disease is characterized by the
absence or decreased activity of a specific sphingomyelinase and
consequent accumulation of sphingomyelins thus providing an experi-
ment by Nature to study the activity of this enzyme in the arterial
smooth muscle cells under the altered condition.

DR. BOWYER: Concerning the accumulation of sphingomyelin in

th- smooth muscle celle of the aorta in Niemann-Pick's disease,

we have been able to investigate this
Niemann-Pick's «in one subject, a girl aged 18 months. HUNAN
Disease At autopsy an atheroscle: tic lesion

was formed in the aortic arch. Lipid
analyses were made by micro-thin-layer chromatography and chemi-
cal assay of the undiseased intima and underlying media of the
lesion and of the plasma. The results are shown in Table XVIII
and compared with -nalyses of undiseased intima and underlying
media and plasma of a child of the same age without Niemann-Pick's
disease.

In each case the undiseased intimal and mediaul samples were
of very similar composition. In the samples from the case of
Niemann-Pick's disease, however, the concentration of sphingomyelin
vas approximately thirty times greater than in the normal, con-
stituting 702 of the phospholipids compared with 152 normally.
Other phospholipids were slightly raised and there was an approxi-
mately ten-fold increase in free cholesterol, yet only a small
increase in esterified cholesterol. This higher concentration
of free cholesterol may have occurred because of a simple physio-
chemical association with the large amounts of sphingomyelin.

In the atherosclerotic lesion in the Niemann-Pick case, the
sphingomyelin concentration was comparable with the adjacent un-
digseased tissue, but there was a high concentration of free and
esterified cholesterol associated with foam cells.
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The plasma lipid concentrations in the Niemann-Pick case were :
normal and the sphingomyelin concentration was not raised. Thus it :
is almost certain thet sphingomyelin accumulation occurred in the 3
aortic smooth muscle cells, because of .ailure of catabolism as in
other tissues. We were unable to estisate aortic sphingomyelinage
activity becuuse the tissues were not sufficiently fresh. It is
interesting that the aorta of such a young child should have con-
tained a foam cell fatty streak. The premature appearance of such
a lesion may be related to the high concentration of sphingomyelin
and free cholesterol in the a:teries.

o 0 MBI o 04

DR. Y. STEIN: As to the question put by Dr. Haust. Unfortun~
ately we did not have the opportunity to examine the aorta of a
child with Niemann-Pick's disease, so that T am not able to answer
vhether there is also an increase in the sphingomyelin content of
the aorta in this condition. I would like to ask Dr. Ross whether
with aging of the smooth muscle cell in the Petri dish there is an
increase in the number of tetraploid cells?

ity ikttt T L R e T

LR

2 ! DR. ROSS: Yes, the tetraploidy does increase with increasing
i i  numbars of cell divisions. We have not locked at tetraploidy in

E terns of keeping the cells in the dish for a longer period of time,
= only in terms of increased numbers of trypsinizations toward the
enl of the cells ability to divide. Whether that is aging or not,
I cannot say.

DR. BJORKERUD: The term "aging" has been mentioned several
times during this meeting and I would like to make a comment related
to this concept. When it comes to tissue
Age of Tissue versus cultures perhaps.the concept "aging”" and
Age of Animal "age" is rather clear, but difficulties
arise when deaiing with such a complex
system as the arterial wall. When an artery consists of merely
the endothelial layer, the media and the adventitia the problem is
rather simple. However, when a subendothelial intimal layer is
present it is not clear that all of the tissues in the arterial wall
have the same age. If an intimal thickening is induced experinent-
ally the age ot the thickening corresponds to the time interval be-
tween the induction and the sampling, while the age of the underly-
ing media corresponds to the age of the animal, if the media was not
subject to injury and repair, or, if it was, the age is more similar
3 to that of the intima. The age of the uninjured segments correspond
to the age of the animal. This is readily demonstrated if one mea-
sures the incorporation of glucose intv phospholipids in arterial
3 samples in vitro because there is a licear correlation between the
rate of incorporation per cell and the age of the tissue, but no
correlation at all with the age of the anf{mal. 1In contrast, i the
incorporation of glucose into triglycerides is measured in the same
tissue samples one finds a non-linear inverse relationship between
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the rate of incorporation and the age of the animal, but no corre-
iation whatsoever with the age of the tissue (33). 1In summary,

there are different kinds of "age” in the arterial wall. If this

is not taken into account when an experiment is designed "age'- ;
correlated variables may turn out to be disturbing variables and

may render the interpretation of the results difficult or impossible.

DR. ROTHBLAT: I would like to ask a questions concerning aortic
smooth muscle cells in culture. These cultures have been described
by Dr. Ross as having "hills and valleys" which represent areas
where they are growing as monolayers and other areas where they are
growing in multi’ayers. This might suggest thrt there is a hetero-
geneous populati.a of cells, some of which continue to divide, others
vhich may never divide. Is there evidence of heterogeneity in lipid
accumulation and in thymidine labeling of cells in these cultures?

DR. FISHER-DZOGA: For the first question, as far as these
hills and valleys and thymidine incorporation go, the whole culture
is not homogenecus. I am talking now of primary cultures. Thymi-
dine incorporation is not limited to either hill or valley nor is
it limited to monolayer or not monolayer. Usually you can also
find one or two sections in the culture which do not respond. We
were thinking we had some fibroblast contamination there. But now
after reading Benditt's work, I am not so sure any more {(25). Maybe
we have two different cell typrs. Morphologically you cannot tell
them apart. Everything looks like smooth muscle cells. For the
secondary cultures, I really cannot answer that question. Auto-
radiographs again indicate that proliferation is not very homogen-
eous. Many times it i{s localized in certain sections of the culture.
Lipid uptake is not at all homogeneous. You will have it in one
section of the culture much more than in another. Over-all it is
increased if we extract lipids but not all cells respond ia the

same way.

DR. ROSS: This situation is really no different from any
other cell culture situation, Dr. Rothblat. These are not synchro-
nized cultures, in terms of either PNA synthesis or any other aspect
of metabolism, because as vou know, depending upon which particular
macromolccules vou are looking at as far as synthesis is concerned,
there are both direct and/or inverse correlations betweern that and
the DNA synthetic cycle. 1In any given cell, since the cultures
are not synchronized, one would not expect to find 21} cells homo-
geneously doing the same thing at the same time, such as all cells
necessarily taking up lipid at the same time. ‘low if that is what
you are calling heterogeneous, 0.K. If vou mean are we looking
at different cell types, smooth muscle cells versus non-smooth
muscle cells, we are quite satisfied that we have uniform homogen-
eous cultures of smooth muscle cells, that there are no other ceil
types there because we know under our conditions endothelial cells
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do not survive. In terms of any other heterogeneity, that is cell
size and shape, this could be a manifestation of cells in different
phases of the DNA synthetic cycle.

DR. BURNSTOCK: An issue that worries me has come up in a num-
ber of talks, particularly those of Dr. Stein and Dr. Ross yester-
day. Perhaps you can clarify it for me.
It is the problem of identifying smooth
muscle cells when they are undifferent-
iated or dedifferentiated. What are the
criteria that you use to distinguish them
from fibroblasts? One or two pictures were presciited yesterday which
were claimed to be smooth muscle, and no doubt they were, but I
could not tell how they differed from fibroblasts. We have this
trouble all the time in culture and also in problems like wound
healing. For 2xample, if you have a small wound, the cells around
the wound surface dedifferentiate; they divide and as soon as they
form a confluence they redifferentiate and the wound is completely
healed. However, if it is a big wound, the muscle cells go on
dividing and dividing, but they do not seem to be able to form a
confluence, so they do not redifferentiate. Under these circum-
stances, they get more and more fibroblast-like and perhaps at this
stage begin to produce collagen. Maybe there are fibroblasts also
producing collagen at the same site, but one would like to be able
to distinguish these from dedifferentiated smooth muscle. The
kinds of criteria we have considered are: the presence of plasma-
lemmal vesicles, basement membrane, filaments, dark 'areas' and
'bodies’, endoplasmic reticulum cell inclusions, and so on, but I
would be very grateful if someone would clarify this situation for
me.

The Distinction Between
Smooth Muscle Cells and
Fibroblasts

DR. DAOUD: In our tissue culture 3ystem the cells luok like
fibrobiasts during the first few days. After that, as you point
out, in wound healing the dedifferentiate and in about three weeks
almost all of them are mature smooth muscle cells. Autoradiography
electron microscopy during early proliferation reveals very little
or no filament formation. We can qualitatively demonstrate collagen
or elastin synthesis only after about seven days. So actually it
appears that when these fibroblast-like cells are dividing they
are not secreting. And when they are secreting, they stop dividing.
May be there is a phase between secretion of myofilament and secre-
tions of material outside.

DR. ROSS: In one of the papers I wrote on the smooth muscle
cell cultures there is a final paragraph devoted to the question of
what is a smooth muscle cell. We really don't know. 1 think that
what we have been using for the moment are phenotypic criteria to
describe smooth muscle and you have described most of them already.
We have used these to satisfy ourselves that these cells have these
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traits. What we probably need are criteria wvhich are more specific
than the ones we have at the moment. Because we know that corneal
epithelial cells make collagen, it is certainly not a property
unique to fibrcblasts. So we can't look at synthesis of extra-
cellular proteina necessarily unless we can find one tnat only
smooth muscle cells make. Thus far I don't know of one. We can't
use a basement membrane because some smooth muscle cels have a con-
tinuous one, whereas with other smooth muscle cells the basement
mesbrane is irregular or discontinuous. We certainly can't use
rough endoplasmic reticulum development to describe cells as fibro-
blast either, because any cell that is making secretory protein is
going to have a rough endoplasmic reticulum. So I have to also ==Xk
the question, "What is a fibroblast?” We really don't know the
answer to that question either. What we are saying is that the
criteria we have been using to identify cells are quite arbitrary
in many ways and we are trying to find some common denominator.

Now I think there is an approach to this that should be invest-
igated and probably will bear some fruit because it has worked for
some investigators in helping to define cell types. Many cells have
clearly defined cell surface antigens which are characteristic -~
characteristic is the wrong word -- vhich are unique to those cells.
For example, monocytes do. Neutrophils do, and platelets do, in
adéition to the histocompatibility antigens which these cells share,
they do have unique antigens. We know nothing about whether smooth
muscle cells contain such antigens and/or whether there are families
of smooth muscle cells and fibroblasts.

I suspect that uterine myometrial smooth muscle cells are
different from aortic smooth muscle cells, which may be different
from coronary artery smooth muscle cells. We don't know. I believe
that one way of getting at this probiem is to begin to look at cell
surface antigens to see whether they have unique properties. They
may not and we may be back in the same black hole all over again
if they don't in terms of answering the question definitively.

“hat is a long winded way of saying that we don't have a definitive
answer to ysur question.

What we have done is to take a series of criteria which we have
arbitrarily applied and which for the moment, in the crude sense,
is the best we can do. And I think we have to be honest and admit
to ourselves that if you are going to pin us down and ask, "How do
you really know that that is a smooth muscle cell?”, then I have
to say we don't.

DR. WERTHESSEN: Dr. Burnstock in his motion picture described
an elegant way to make a certain identification of a cell as a
smooth muscle cell. If a growing nerve fiber seeks it out, attaches
and modifies the contractile rhythm, it is a smooth muscle cell.
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Are there other ways of making such a reliable identification?

DR. WISSLER: I think we have a long way to go in terms of
identifying smooth muscle cells definitively but Dr. Miriam in our
laboratory and Dr. Fisher-Dzoga more recently in cultured cells have
used immunohistochemistry to differentiate, we believe, between
9 adventitial fibroblasts and smooth nuscle cells. I don't believe
3 vwe can differentiate between endothelial cells and snooth muscle
3 ! cells at this point although we are making a valiant attempt to see
= - 1f we can get an antigen out of arterial smooth muscle that will
not stain endothelium.

PRI T——

i think Russell Ross's approach is probably a very good one to
follow up on and try to find something on the surface of the cells.
We have not done that. But for the moment the myosin or actomyosin
in smooth muscle can be stained without staining whatever contractile
proteins there are in fibroblast tissue. 1 am well aware that gran-
ulation tissue fibroblasts have a contractile protein that may cross
react but we do not see that thus far in adventitial cells, in tissue
culture or in the stained sections.
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DR. ROBERT: The question was raised of cell membrane markers

as better signs of differentiation than the "biological markers"

such as contraction for example. I think
Immunologic Specificity that there is at least some evidence that
of Tissue the structural glycoproteins do carry

organ specificity and that they might be
considered as "differentiation antigens”. This was shown in several
different types of experiments. One of them being to sensitize rab- naaser
bits with structural glycoproteins extracted from cornea of different
species, then putting lamellar grafts in their cornea and watching
rejection (292, 293). Such grafts can survive for a very long time
on control animals. We have shown years ago that if you sensitize
the rabbit with, for instance, a structural glycoprotein preparation
from calf cornea then it will reject specifically this graft, but
if the glycoprotein used is from calf skin then it will not {293).
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Years ago I met Dr. McCullough from Cambridge whose Ph.D. dis-
sertation involved a study of elephants. We were really surprised ELEPHANT
to find that these animals suffer from severe arteriosclerosis and
the histological modifications resemble the human pathology a great .
deal. Yow I would like to remind you that elephants den't eat too :
much lipid. We extracted the structural glycoproteins by the sawme
method used for the other tissues. That fs what we put in the
non-elephant aorta-extracts. As vou see in Fig.9%, the antibedy
which we induced to human aorta structural glvccprotein did give
tvo lines with this unpurified urea extract from the elephant aorta,
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as well as an anti-serum which we obtained in rabbits by injecting 1
the calcium chloride extract ol human aorta. But there were no
lines with the anti-serum to cornea or to tendon (214). So this
and several other experiments which we carried out showed that al-
though the overall aminoacid composition of the structural glyce—
proteins isolated from various tirsues is quite similar (286) they
do .carry a good deal of tissue specificity. WNow this might be
taken as an argument showing that they behave as "differentiation
antigens" and carry slight differences in their conf .atjon and
that might be a link between their immunological specificity and
thz morphological patterns of the tissues which synthesized them.

DR. ROTHBLAT: For a mcaent, 1 would like to come back to the
question of heterogeneicy in cultures of aortic smooth muscle cells.
I doui't think the differences among cells can be simply explained
on the basis of a4 non~synchronized culture. This might explain the
thymidine labeling resul'.s if sliort pulse labeling periois were
used. It is more difficult to explain the patchy appearance of
vacucies, particclarly 1f the hyperlipemic serum is present in the
culture medium for a number of days. 1 don't think asynchrony can
be the explanation for the multi-layered and mono-layered areas

observed after many weeks in culture. Could the explanation be

that there are various clones ¢f cells present in these cultures?

PR. ROSS: LetL me preface my answer bw sayin  that this is an
opinion. We have nct really examined critically the question you
are asking. Observatious I have made suggest that the answer 1 am
going to give is correct, but not necessarily so. I think what we
are looking at is a growth pattern of the clone and that this is
an ascending or "pile up" rather than the flat pattern one sees in
a fibroblast culture. If you look at fibroblast cultures wou can
identify those :zlones because they become concentric whirls of
celis. You actually se: whe.2 the whorls intercept, separating
clones, not cleanly but in a fashion one from another. 1 think
the difference we are seeing is a phenctypic aspect of smooth mus-
cle. Thev tend to grow vertirally by pil? ¢ up buvt what they tend
to do first is occupy the space auvailable to them. 1 think we are
seeing cloaes. We have not worked with hyperlipidemic serum. Now
Dr. Fisher-Dzoga has.

DR. DAOUD: An explant grown in the absence of serum shows
essenticlly no growth at tne periphery. 1In the pr sence of serum
growtt ‘s such as to suggest the prssibility of clone but we do not
know.

DR. ROBERTSON: The question raised by Dr. Ross is both import-
ant and well recogrized by those of us working with vascular cells
in vitro. 1In order to avoid some ¢f the possible metabolir and
functional chonges induced by proteolytic enzymes on cell surfries
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during isolaticn and harvesting, for the last several years we hawe
used a method based upon the tendency of growing vascular cells to
attach to glass surfaces (297, 298). Our "double coverslip tech-
nigue” consists of fusing the ends of two rectangular coverslips
together leaving between them a space of 1 mm. or less to hold a
cross section of the blood vessel to be studied. This allows the
endothelial surface to be in <ntimate contact with one glass sur-
face and the adventitial or medial layer, depending on the thick-
ness cf the vascular wall, with the other (Fig.97). In approxi-

] mately two to three weeks for primate arteries (the time is consid-
E 3 crably shorter for other species and tissues) two distinct cell

5 populations are established and the coverslips can then be separa-
E E ted and transferred as monolayer cultures to individual stationary
E or rotating culture flasks for further growth. This technique has
two other major advantages over enzymatic isolation which are worth
mentioning: (1) it allows comparative metabolic and morphological
studies of cell populations from different layers of a multilaver
organ such as the vascular wall; (2) an autologous ecvironment may
be used throughout the entire experizent, allowing the use of
immmological technigues for identification of cellular changes.
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By accid:nt, we learned in our laboratory that only endithelial
cells are able to survive and divide in 1002 whole human serum. We
have found this very helpful in identifying vascular cell types.

It is possible, therefore, if you have a mixed population of endo-
thelial and other vascular cell types, including smooth muscle
elements, to identify the former by incubation in whole tomologous
sera. The procedure is both simple and effective and could be coa~
sid~red an alternative method to the use of surface antibodies sug-
gested by previous speakers.

i

DR. BETRZER: We have recently been culturing endothelial cells.
We found that they contain blood group antigens. Smooth muscle
wommey cells and fibroblasts don't. So, if you are working with monkeys
and/or human tissue in culture you can determine the donor's blood
type and at least test for endothelial cells.

AR

DR. KNTERIEM: 1 think we should go back shortly to the prob-
lem of identification of smooth muscle cells which was wmentioned
by Dr. Ross. When I worked with Dr.
Immunologic ldenti- Wissler seven vears ago, we were able
{ication of Imooth o demonstrate smooth muscle cells by
Muscle Cells olrect imruno-tistochemistry using label-

led antimyosin and actomyosin (182, 183,
184, 424, 425). 1r Fig. 9Bas you tan see quite well smooth muscle
cells in an artery cof the beovine kidney stained by fluorescein-
labelled specific anti~bovine myosin. You can see the inrernal
elagtic memb: ine stained wnite, the smooth muscle cells of the

3 : mediz green and outside the biue fluorescence of the collagen. The
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Figwee 87: Schematic demonstration of the “double coversiip” mchnique used 10 isolate vascular
ceils from different arterial layers. (A) shows isolation of intimal and adventitial cells from a small
muscular artery such as the epicardial tranch of coronary artery between coversiips (cs). (B) and
{C) demonstrate & similar method for thicker vessels such as the human aorts in which intimal and
medial layers (B) and medial and adventitial layers (C) are cultured separstely After 1010 16 ¢ vys
growth in Leighton tubes, the fused coversiips are separated and matching sta.ionary cultures
prepared from ceils which have grown independently on each coverslip.
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cow bovine aorta has very deasely packed smooth muscle cells, only a
few collagen fibers and less elistic material (Fig.98b). We had
wuman great difficulty in getting myosin from human aortas because even
so~called healthy persons had large amounts of lipids in their aorta.

Thus we could not obtain clean myosin from them.
human skeletal muscle as antigen.

H
H

Therefore, we used
The human aorta of a three month
old fetus showed the distributions of smooth muscle cells with little

collagen interspersed and no elasric material at all. Also within
the human aorta vou can demonstrate veryv well fluoresceinated smooth
muscle cells. 1 think it is of great importance to differentiate

i the different proteins of smooth muscle cells which act as antigens.
: There are often cross-reactions between the differs. . aucimyosin
sera. The differentiation of these antigeni- properties mav be

also important for the understanding of different immunopathies

particularly for the clearing up of vascular changes in cases of
muscular diseases like dermatomyositis.

Finally, an additional remark to the quesii:t: +f staining endo-
thelial cells by antimyosin or anti-actomvosin sera. At first we
thought this might be an artifact but later 1 was remindsd by an
electron microscopist who studied tonofibrils in endothe._ial cells
that there are probably actomyosin filaments. Therefore, 1 believe
that those incidental findings were not artifacts but real. 1In
reference to the importance of the various antigenic properties o°
muscular proteins, I may call Dr. Groschel-Stewart who has new find-
E ings on different cross-reactions of vascular muscle proteins.

L

HUMAS DR. GROSCHEL-STEWART: We have extracted actomvosins from human
smooth (uterine) and striated (pectoral) musci . and we obtaine; in
rabbits anti-bodies against these nroteins that were directed against
the respective mvosin unit and did not cross-react (127). When we
applied the FIyC-labelled gamma-globulin-enriched fraction of these
antisera to unfixed frozen sections of human uterus, the smooth
muscle fibers stained brilliantly with the antibody apainst smooth
wuscle actomyosin, but not with the antibody against striated muscle
actomyosin (Fig.99). The antibody against uterine actomvosin also
reacts with the smooth muscle fibers of the vascular system and
with the contractile elements in non-muscular cells, such as fibro-

blasts (128) (Fig.100), thrombocytes, megacarvocvtes and macrophages
(126).
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DR. ROSS: 1 don't mean to imply that the beautiful work that
both Dr. Knieriem and Dr. Bec..er have done with raising these anti-~
bodies and localizing these in smooth cells and endothelial cells
is not a valuable approach. It is verv valuable. It Is the best
we have. !Ny only comment was that in terms of really separatine out
cells as Dr. Groschel-Stewart has just shown that fibroblasts cross-

react, it may not be good enough if we are getting down to asking
critical questionr.,
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Figure 38: a) Normal bavine kidney treated with fiuorescent antibovine myosin serum. A mediura
sized artery shows green fluorescence of its concentric onented muscle cells and white tiuorescent
internal elastic membrane as well as biue stained collagen in the adventitia x 400

b} No- nal bovine aorta treated with fluorescent antibovine myosin serum. The white Hluorescent
elastic lamellae separate bundies of green fluorescent “mooth muscle cells in the: outer half of the
media. x 700
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DR. A. P. SOMLYO: Perhaps I am the only one who is confused.
It seems to me that Dr. Groschol-Stewart's data showed that skele-
tal myosin, antibody tco skeletal wmyosin, does not cross-react with
smooth muscle myosin. 1 also obtained the impression from Dr.
Knieriem that he was showing the reaction of antibody to skeletal
muscle myosin with vascular smooth muscle presumably myosin. 1
would just like to know if there is really a conflict here and, if
80, any suggestions how it can be resolved.

DR. GROSCHEL~STEMART: It might be possible that Dr. Knieriem
had antibodies against actin in his antisera. These antibodies
will react with both smooth and striated muscles (61) since actin
is very similar or even identical in the two types of muscles.

DR. BECKER: 1 would agree with Dr. Groschel-Stewart that
there might be either anti-actin or anti-tropomyosin because anti-
tropomyosin will stain both smooth and striated. When we were
making anti-cardiac antibodies (anti-cardiac antimyosin antibodies)
the carlier preparations after a short period of immunization only
had antibodies that would stain striated muscle. If we continued
to immunize for longer sometimes some rabbits would make antibodies
that would stain smooth muscle as well. I think the reason for
that is that when you grind up a lieart, or skeletal muscle, and
extract it although you are extrzcting mostly striated muscle you
are algo extracting smooth muscie. We are giving them a mixture of
antigens. When we use uterine muscle we are only dealing with
smooth muscle. That, I think, is how it can be resolved.

DR. ROTHBLAT: Dr. Wissler has previously indicatad that the
accumulation of lipide in aortic smooth muscle cell cultures is a
reversible process. Since much of the

Intra- and Extra- accumulated lipid seems to be choles-
Cellular Migration teryl ester, the clearing of the cellu-
of Cholesterol lar lipid suggests that cholesteryl es-

ters can leave the cells. 1Is there
any information on whether the cholesteryl ester is relzased from
the cell as free or as esterified sterol?

DR. WISSLER: I will talk a little bit tomorrow, 1 hope, on
our work with hyperlipidemic serum and low density lipoproteins
in tissue culture. 1 do not believe that we have any definite
evidence about the form in which the cholesterol and cholesterol
esters leave the cells but I will show some of the evidence that
they do leave and the supposition is that they are hydrolized first.

DR. KRITCHEVSKY: 1 would like to make a few comments regard-
ing cholesteryl ester synthesis and hydrolysis in the aorta. Dr.
Stein has quoted Charles Howard's data which indicate that about
half of the esterified cholesterol found in the artery can be
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:'“'Q '- ::‘ u::un aecmn of human uterus {oervicsl portion), stained with FiTC-labelied
ibodies. : ibody apeinst stristed muscle actomyosin. Right: antibody ageinst smooth
muscle actomy~sin, o '

Figure ¥00: 40 cryostal section of human umbilical cord, stained with FITC.labelled antibodies
agunst human ucerine actomyosin Note thz staining of the smooth muscles fibres in the umbilical
vein and of the “ibroblasts {arrows) :n Wharton's gelatin,
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72 CHAPTER 2

derived from cholesterol aud lccally synthesized fatty acids. In
experiments in which they used elaidic
Aortic Cholesteryl acid as a marker, Hashimoto and Dayton
Esterase coacluded that half of the aortic chol-
esteryl ester might be derived from the
circulation. Zilversmit has said that his data show that xll the
arterial cholesteryl ester is derived frem the circulation.

There are a number of investigatore using various systems for
the study of cholesteryl ester synthesis and hydrolysis by arterial
tissue. There are almost as many systems as there are investigators.
Working with Dr. Himanshu Kothari we have been using an acetone
powder of the artery and this preparation contains bcth hydrolytic
and synthetic activitied. The hydrolytic activity is most pronoun-
ced at pH 6.6 and proceeds best when the substrate is presented as
a micelle. Synthesis is carried out at pH 6.2 with an emulsified
substrate (189). It is interesting to speculate that the micelle
is small in size, like an alpha ilipoprotein and the emulsion re-
sembles a beta lipoprotein.

Table XIX presents comparative data on synthetic and hydrolyvtic
activity in the aortas of eight animal species. It is important to
note that both synthesis (S) and hydrolysis (H) of cholesteryl
esters are taking place and it is the ratio of one to the other

»> which is important. It is obvicus that the ratio of synthesis to
wiad hydrolysis is considerably higher in those species which are more
0a300n susceptible to atherosclerosis - man, baboon, pig, rabbit, and
mawr chicken. The average S/H ratio for the five “susceptible” species
cwmixam is 842 higher than it is for the others.

One of the criticisms levelled in this field is at comparison
of metabolism in different species. We have, therefore, compared

”ee0n two breeds of pigeons -- the White Carrneau, which exhibits spon-

taneous atherosclerosis in the distal portion of the aorta and the
Show Racer which is free of spontaneous atherosclerosis. In studies
¢f acetone powders of whole aorta we found the S/H ratio to be

1.23 for the White Carneau pigeon and only 0.73 for the Show Racer.

To compare the S/H activity in the proximal and distal portions
of the White Carneau and Show Racer aortas we cbtained fifty sortas
of each breed (courtesy of Dr. T. B. Clarkson) and prepared puols
of the distal and proximal portions. These pools were coded and
given to Dr. Kothari for anaissis so the experiment was carried out
in a double-blind fashion. As can be seen from Table XX, the S/H
ratio of Show Racer distal and proximal aorta is the same. The S/H
ratfo in White Carneau proximal aorta is higher than it is in either
half of the Show Racer but the S/H ratio in White Carneau distal
aorta is significantly higher than in any of the other portions.
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& TABLE XiIX
E CMOLESTERYL ESTER SYNTHESIZING 153 AND KYDROLYTING (M) ACTIVITIES ]
t Cf ACTYONL ORY POWDELE FRIPARATIONS OF ACKTAS € SAxics SPECILS
3
Species fxperirent 1 Experirent
H " SN s [ s/
= Kuman 6.9 8.} 0.7 6. 6.9 0 %
, Babocn €.2 2.3 0.83 5.4 &.2 0.487
Swine 5.3 4.8 118 [ 1.0 2.9% .
Rabhat 6.3 .0 0.9 5.8 .0 0.9?
Chacken 4.0 [ 39 % . (Y9 ] 6.4 0.97
z Rat 10,0 6.0 0.6} 10.¢ 4.0 0.%%
nocse 2.2 18,0 0.6t 73 12,7 0.57
Dog 4.0 4.3 0.8 6.4 18.0 fule

ssyathesis and hydrelysis of chclesteryl escor ia deseribed as
mmoles 37 3ubutrate Converted per rg ¢I protein per hour.

s
sybstrate for syntresis: 15.5 weoies '3 - '€l cholesterol,

46% ypclies cleic acid, 1i.0 smoles sodiwe tdurchaiste, 100 wxilen
n‘cx 12 2,158 x phosphate faffer. pH .. Tinal wolome 1% -0,

Subsarrate {or Pudrolvars- s "do- “c’ crciesteryl cledte,

1.8 3 sodiun tasyesholate, § =y jedithin in Dorl of O.i% N
phosphate bulfer, ph 6.6, Sonicate 1433 W< sec for 13-30 sin.

DY R

Incubdtions TAIried out f0v I hes at 1°°C,  Analysis By than
tayer chromatoyraphy.
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TABLE XX
RATIO OF CHOLESTERYL ESTER SYNTHETASE (S} AND HYDROLASE (M)

ACTIVITY {S/M = S.E.M.) IN PROXIMAL AND DISTAL PORTIONS OF

L LN s ”
VTR I o 18 i

AORTAS OF WHITE CARNEAU AND SMOW RACER PIGEONS

No. Pocls ————Stiein of Pageon _

Aorta Portion
White Carneau Show Racer

proximel s 0.6s 2 0.08" 0.48 = 0.03°

Distal % 0.9% = 0.10 0.52 2 0.05b

%vs wc Dastal, p < 0.0% bvn we Distal, p € 0.01
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CHAPTER 2

In man, the ratio of aortic free to esterified cholesterol
changes dramatically with age, falling markedly.

Table XXI presents data obtained using aortas of young (2
months)} and old (12 and 24 months) rats. The synthetic rate is up
47 at 12 months and 77% at 24 months. 1In contrast, the hydrolytic
rate rises 245 and 1060X at 12 and 24 menths respectively. The
result is that the S/H ratfo falls. Whether this is a generalized
phenomenon or peculiar to the rat is under investigation.

DR. SMITH: I feel rather unhappy about the synthesis/hydro-
lysis ratios because there seems to be a good deal of evidence that
synthesis may only occur when the chol-

Cholesterol Synthesis esterol molecule is in the right place,
and Esterification in spatially. This rather curious data
vivo and in vitro has arisen in several recent studies

(238, 239, 278). 1If you supply an intact
vessel or a piece of tissue with labelled fatty acids it rapidly
esterifies these to cholesterol, but {if, instead, you present the
tissue with cholesterol there is a very long delay before it is
esterified with fatty acid and the suggested interpretation of this
is that the cholesterol has to be in the correct binding site, for
lack of a better word, before it is esterified. Therefore, actual
rates observed in isolated systems or extracellular preparations
may not really bear much resemblance to the rates within the intact
cell.

DR. BOWYER: 1 do agree with Dr. Elcpeth Smith on this point,
that we have to distinguish between enzyme activity as measured in
vitro on the one hand and on the enzyme action in vivo on the other.
We have tried to address the question of the physiological rate
of cholesteryl ester turnover in the arterial smooth ruscle, by
perfusion of a segment of artery in which the normal anatomical
relationship of endothelium and smooth muscie cells is undisturbed.
Using oleic acid as precursor, we were able to show that in arteries
of rabbits with varfous stages of induced fatty streaks, the fatty
acid incorporation increased with increasing severity of lesions.
1f, however, as is shown in Table XXI, the incorporation into chol-
esteryl esters is plotted against the cholesteryl ester concentra-
tion in the artery, there is a strong positive correlation. Thus,
the percentage of the metabolically available pool of cholesteryl
esters (i.e. the turnover) remains constant or falls slightly in
the larger fatty streaks.

DR. LOFLAND: I think it can hardly be doubted that (‘he arter-
ial wall can synthesize cholesterol ester. Using a periusion system
that espused oniy the intima, we showed that even when you use ace-
tate as substrate in a medium which contains no plasma, you get
very, very active synthesis. This {s a function of the state of
the artery.
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TABLE XX1

INFLUENCE OF AGE OK SYNTHESIS AND HYDROLYSIS OF CHOLESTERYL OLEATE

DY RAT AORTA PREPARATICONS

Age (20) Ko. Pools Synthesss® (S) Hydrolysis® (H) S H
? 4 1.9 ¢ o.n_f 2.0 ¢ 0,62 1.9%
12 3 5.5 2 1.62 6.9 ¢ 2.!ob 0.80
L) 4 7.0 ¢ 0.43‘ 23.2 ¢ 2'“’ab 0.1

* nm-pg pretein hr
3 standard error

Values with same subscript are significantly different.

TABLE XX
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DR. Y. STEIN: In answer to Dr. Smith's question: The choles-
terol that enters the cell is usually in the form of free choles-
terol. After it gains entrance into the cell, it then exchanges
quite rapidly between the different cellular membraries and so the
labelled cholesterol is diluted in a large pool of unlabelled chol-
esterol. If instead, we present a cell with a labelled fatty acid,
it will enter into a very small cellular pool and therefore will
be readily available for the esterification of cholestercl. 1 think
it is important to keep in mind that the difference in pool sizes
of free cholesterol and fatty acid will determine the rate of appear-

ance of label in cholesterol ester, when the labelled precursor is
either the free cholesterol or fatty acid.

DR. KRITCHEVSKY: I would like to amplify Dr. Lofland's remarks.
We have also found that the rate of cholesterol esterification can
rise dramatically after only a few days of cholesterol feeding. We
have observed 40-1002 increases in aortic cholesteryl ester synthesis
after feeding rabbits cholesterol for only 5 to 7 days. The i.waan

; seeon Gray group observed the same phenomenon in pigeon aorta after 10

days of cholesterol feeding, at a time when lipemia was moderate
and no lesions were visible. Although these results have been
obtained in aorta preparations they probably reflect the in vivc
situation. It would appear that the feeding of an atherogenic
diet, in some way triggers this remarkable increase in cholesterol
esterification. Whereat has shown that aortic fatty acid synthesis
is enhanced significantly after a few days of cholesterol feeding.
Whether increased esterification is a physiological attempt to
"detoxify" or store cholesterol or whether it is an attempt to
remove fatty acids fsn't clear, but I prefer the former explanation.
What is evident, however, is that a few days of dietary insult are
sufficient to provoke a great increase in aortic metabelic activity.

DR. WERTHESSEN: During the 1950s we used the calf's anrta to
study cholesterol accumulation and sterol synthesi{s from acetate
in vitro. Diluted, defibrinated cow blood was pumped through the
organ. Pressure was controlled. Experiments were run for 24 hours.

When high pressure (200/180) was used it was casy to show an
inverse relation between the inftial cholesterol concentration and
the change in concentration while the organ was perfused. There
was a maximum concentration achievable. So, if on excision from
the donor the concentration was low a considerable change in con-
centration occurred or minimal 1f the fnitfal level was high.

Bondjers (see page 19¢) was able to show with statistics
that a similar relationship held at low pressure (110/80). But
it was also possible in these studies to compare cl4 acetate
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incorporation into sterols. It was significantly higher on the
high pressure runs.

What all these data said is: (1) that an excised and thus
traumatized aorta in this sytem will accumulate cholesterol and
synthesize sterols; (2) when made to work hard the aorta will
demonstrate these capacities better than when it can loaf; (3)
the metabolism is a function of the load put upon the organ.

If I am not mistaken this load factor has not been given much
consideration in biochemical studies of late.

DR. SMITH: Wfth regard to the work that the svstem is doing,
1 am fascinated to learn from Dr. Avril Somlyo (first day) that
the aorta is capable of contracting
Arterial Contraction and I ~m wondering if there is any
information on the extent to which it
does contract in vivo.

Px. WERTHESSEN: When you speak of aortic smooth muscle cells
contracting, or being capable of doing so, I wonder if we have
eve: had clearly defined for us just what they do "in situ”. I
used to watch our calf and swine aortae when they were maintained
on the perfusion pump system and hoped to be able to study them
some day on a more cellular basis. For these reasons: One could
see the pressure wave of the pulse beat extend the aorta in both
directions and then the contractfon which followed during diastole.
It was obvious that the tissue was always under lwad and that it
contracted when the pressure pulse went down. It was not at all
like a pfece of rubber tubing set up in the fashien.

Whar I thought such studies would show was the manner in which
these cells maintain the diastolic pressure. 1 attribute to the
smooth mugclie cells the fact that the blood pressure in our extrenm-
ities is s0 close to that in the aortic arch. ds vou know, no
hydrau.ics enginser haz devized a comparable system. 1 think, but
cannot document, tLat they "hel-" the pulse along in a kind of
peristalic action.

VAR CRARS

DR. SMITH: 1 £eel that this fs very important, because if the
vessel iz contracting vigorousiy it rmust make nonsense of static
studies of hydrodynamic factors. Imagine also what happens where
a branch cowss off - {f each vessel i{s contracting there will be a
most traumstic sftuation wher~ the two contraction waves meet. This
could be at lezxst as impertant in the development of plaques reund
hranches as changes in flow patterns.

DR, ZEMPLENYI: Dr. Werthessen, I think that befcre we leave
the problem of arterial metabolism, it has ru be mentioned that ve
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know very little about the bioenergetics of the arterial wall and
especially the role of oxidative phospho-
Arterial Energy rylation in this regard. In our labora-
Metabolism tories a good deal of attention is paid
to this probiem. Recently Drs. Kalra
and Brodies presented evidence that mitochondria isolated from
aortas of atherosclerosis~resistant Show Racer and susceptible White
swaton Carneau pigeons differ in this respect. Oxidative phosphorylation
E and respiratory control with succinate and other NAD-linked sub-
= strates is the same in both types of mitochondria. However with
alpha-glycerol phosphate as substrate, respiratory control and ATP
formation is observed only in mitochondria from the atherosclerosis-
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4 resistant pigeon arterfes. The deficiency of the glycerol phosphate
3 shuttle {s also important for lipid synthesis because it may lead to
= accumulation of alpha-glycerol phosphate in the cytoplasm and alpha-
E glycerol phosphate is needed for the synthesis of triglycerides and
E phospho~1lipids (173).

DR. WERTHESSEN: Would you be willing to imply that the genetic
work that the Bowman Gray observers did could be based on what you
might call now a genetic lack of an enzyme?

:
ghiadd v,

DR. ZEMPLENYI: This is precisely what we wish to answer in
our experiments. The results which I just mentioned together with
other data were obtained in older birds and the differences observed
could very well be a consequence of aging or of atherosclerosis in
the more susceptible strain. Therefore we repeated just a few days
ago some of our studies with aortas of pigecns only a fow weeks
old. 1 do not have so far the results because many of the data
: ; have to be calculated on the protein, DNA and fat-free, dry-weight
E ; basis. We hope that the results will answer the question whether
metabolic differences between the atherosclerosis-susceptible and
resistant pigeon arteries are of an inherited (genetic?) nature.
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DR. BJORKERUD: This is just a comment on Dr. Kritchevsky's
suggestion that the "atherosclerotic” smooth muscle cell might form
fatty acids suitable for cholesterol esterification. There is ex-
perimental evidence for this suggestion. It seems to be a general
E: consensus that glucose is not convertod to fatty acids in the nor-
3 mal arterial wall. [ am especially referring to Vost's work. It
is possible to fnduce i{ntimal thickenings with a high content of

G U, AT (70

i

3 3 lipid and thickenings sith low lipid content selectively by choosing
4 E aasmt in the first cace, mal: rabbits and, in the second, female rabbits.
3 P In the female intimal tissue there seems to be no conversion of

5 4 glucose to fatty acids and no transfer of Cl‘-glucose label to chol-

3 - esterol ester or sphingomyelin. In the male, however, glucose is

3 z converted to lipi{d. In some samples this may be very marked and

9 - the Clé-glicose label may predomirantly he confined to the sphingo-
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myelin and the cholesterol ester fractions, which {s markedly ab-
normal (33, 34).

1 would like to make a point¢ here. The intimal tissue in ques-
tion, especially fn the male, is not completely covered with endo-
thelium. It is therefore flooded with fatty acid-containing albu-
min. A shortage of fatty acids per se cannot be responsible for
the lipogenesis. Perhaps the cells need other types of {atty acids
than thos: supplied in the serum.

DR. KRITCHEVSKY: Dr. Lofland has commented on experiments in
which administration of labeled acetate yielded labeled ester chol-
esterol. Dr. Charles Howard (Beaverton, Oregon) has shown that
conversion of acetate to cholesterol and its esters proceeds readily
| in normal monkeys, but notin cholesterol-fed monkeys. On the other womsey
hand, when cholesterol-fed monkeys are given labeled glucose they
are able to synthesize cholesteryl esters labeled in tlhe fatty acid

molety.
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Chapter 3
RELATIONSHIP OF ENDOTHELIUM TO SMOOTH MUSCLE

OVERVIEW
Dr. Soren Bjorkerud

This review will be focused on those properties of arterial
endotheliva which might i.fluence the underlying smocoth muscle
cells. The review will have a rather short time perspective with
regard to the age of the information. The late JDr. French gave an

excellent review on portions of the subject at the Lindau Confer-
ence (109).

The disposition follows roughly that of our own life, first
to be discussed will be some obstetric and pediatric cell probleas,

then properties of the adult cell, and finally, cell regression and
death.

That arzterial endothelium has the capacity of rapid regenera-
tion after experimental trauma is known from the work of Poole et
al (255), Cotton et al (70), and Gottlob and Zinner (124). Not too
long ago it was unclear and indced, questioned by some, if arterial
endothelium of adult animals way subject to turnover. Autoradio-~
graphic demonstration of incorporated tritiated thymidine in arter-
ial sections (374, 375, 393) made it clear that endothelial cells
replicate even in "normal” adult endothelium, although slowly.

Progress in this field has been hampered by technical difficul-
ties due to the fact that endothelium is a monolayer. Thus, very
l1ittle information on the whole cell population can be obtained
from single sections. These difficulties were circumvented by iso-
lation of the endotnelium with a modified version of the old en-
face, "Hautchen", technique and subsequent autoradiography of the
isolated layer as first described by Obaze and Payling Wright (242).
Improved modifications of this technique were described by Sade and
Folkman (322) and recently by Schwartz and Beanditt (335).

The endothelium {s heterogeneous with regard to frequency of
cell divisfons both in different areas within an aortic segment,
and in different segmewuts along ‘he aorta.

The drawing in Fig.10l depicts the average percentage of label-

oumeama led cells in different segments along the guinea pig aorta as found
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mitcsis in the aortic arch, in the upper abdominal aorta and in

the bifurcation area, she proposed hemodynamic damage, leading to
endothelial injury and repair (250, 251). The rate of replication
x would correspond to a life span of 60-120 days in branching regions
= and 100-180 days in unbranched segments. Her finding that the rate
A, of mitosis was increased in and above an artificially created con-
=5 striction of the guinea pig aorta (250) indicates that the hemo-

E
§ by Payling Wright (250). As an explanation for the laryer rate ot

e

80 1l 99

é dynamic damage explanation may be correct (Fig.102). i
3 Essentially similar results from unmanipulated rats were re- ®AT § =
cently presented by Stephen M. Schwartz and Benditt (335). A H :

refined technique permitted a detailed mappicy of the mitotic rate
of the endothelium within each segment of the rat aorta. In Fig.
103 is shown such a map of a segment of the thoracic aortic sur-
face of a three month old rat. The left pictures illustrate the
orientation of the map. The middle figure {s the map where each
dot represents one tenth of a per cent of labelled rells within a
unit square of the map. In the right figure the data of rthe map
is integrated. 1t can be seen that the mitotic rate is larger in
the dorsal sector which was thke rule for the thoracic aortic seg-
ments. No such apparent reproducible pattern was found for the
abdominal aorta (the mouth of the intercostal arteries are situated
along the dorsal sector of the descending thoracic aorta).
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The mitotic rate of arterial endothelium does not only vary
with location but also with age of the animal. Sade et al (323)
measured the in vitro labelling of endothelial cells of th: aorta
of rats ci varying age. As can be seen from their results, as
shown in Fig. 104, the labelling of cells decreases greatly with
age. Similar results were obtained by Stephen M. Schwartz and
Bendftt (335) afzer in vivo labelling. Newborn rat aortas exhibit-
ed an over all rate of latelling about ten times that of three
month old rats. The pathophysiological implicatirns of an age-
related decline of the capacity for endothelial regeneration is

s [t

P

{é obvious.

E- The rvesults just mentioned from Payling Wright:'s works (250,

2 251, 252), suggesting s relationship between increased hemodynamic

=2 strzin and increased endothelial cell

3 Endothelial Cell turnover, have recently been confirmed

= Tarnover and Smooth and extended in the sense that regions

5 Muscle Proliferation with increased permeability for albumin-

= Evans blue complex were shown to have a

= higher mfitotfic rate by Caplan and Colin Schwartz in 1973 (57).

b It should be mentioned that a marked stimulation of the mitotic

4 rate was observed after chclesterol feeding both in rabbits (216)  nases
- and in swine (393) where this effect was demonstrated after only "
i three duys of cholesterol feeding (103). They concluded that some
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Diwagphvagm

Figure 101: Schematic illustration of the average perL ntage of labcled endothelial ceils in different
segments along the guinea pig sorta. From Payling Wright, 1970,

-Cosictaren™ Cemtrot
) Lebelied celis
1.13% G9e%

Figues 102: Average percentage of labeled endothelial cells in control uinea pig aorta and in an
aorta with an artificially crested constrict.on. The mitotic activity in the eadothetium is murkedly
increased in and shove the constriciton. Payling Wright, 1970.
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Dorsatl

[4

Ventra!l

~intercostal
}esseis
F

i-x, ir l

Dorsel
Ventral
Dorsal

Figuwre W3: “spping of mitotic activity in rat sortic endothelium. A refined technique wes used to
isolate ti:» endothelium 3t a “Heutcher” properation and to trace mitotic activity by
autoradiography. The left figures iNustrate the arientation of the ende thelial sample. The mitotic
e at different sites in the endothelial sample it S0 cist in the middie fygure where ssch dot
represents one tenth of a per cant labeled celiis within 3 Lait square of the map. The dats on sech
“longitude” i integrated in the right fiee. Thy mi*ciic rate weas, 2 8 rule, lerger in the dorsal
s8ctor i thoracic segments. Modified from Schwartz snd Benditt. 1973.

PERCENTAGE OF LABELED CELLS IN AORTIC ENDOTHELIUM
OF RATS OF VARYING AGE AFTER IN VITRO INCURATION
WiTh LABELED THYMIDINE (VALUES FROM SADE ET AL.. 1972)

AGE/WE1GHT PERCENTAGE OF
DAYS GRAMS LABELED CELLS

4730 0.51.3
/120-150 0.05-0.80
180/600-700 0.01-0.10

Figuee 103: The mitotic rate of arterial endothelium in . ats decresses grestly witi: «ge 38 $1wn by
Sade et al., 1972.
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Figure 1056: Rapid regzneration of experimentally desquamited sortic endothelium ‘.:ilows when
the initial distance from sources of intact endothelium is short (superficial injury, sl ares and
deep injury). When sources of ircact endothelium are more remote the rate o) endothelial
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= regeneration slows down markedly (Bjcrkerud and Bondjers, 1973 A, b).
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Figure 108: An experimentally denuded aortic secment is rapidly covered with plateiets
(Haudersctuid and Stuber, 1971).
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constituent of the blcod of the cholesterol-fed swine {s acting
directly on the endothelial cells, and suggested that the same

factor may be responsible for the proiiferation of the smooth muscle
tissue. The Increased multiplication of endothelial cells was pro-
bably balanced by an increased elimination of the cells, as the
density of the cell population seemed not to increase. An important
question in this context is: "What are the factors which promote or
inhibit endothelial regeneration?" Very little in‘ormation is avail~
able on this topic. Tt has been obtained primarily from experimental
situations where the endothelium has been subjected to extreme
challenge.

From the earliest studies of endothelial regeneration, following

experimental injury, it was apparent that large differences exist
with regard to the speed of endotheiial

tadothelial Regeneratiun  regeneration (ior discuseion sce Bjorke-

Following Injury rud and Bondjers, 35). Species differ-
ences were proposed as an explanation,

but the different methods used for the desquamation of the endothe-

liun could also be important. The latter explanation has gained

strong suppor:

it is possible, quite reprcducibly, to selectively produce
areis wirh vapid or with very slow endothelial regeneration in the
aorta of tb. same animal. It is done by the infliction of two
different - ypes of defined mechanical injury using a special cathe-
ter (36, 37, 38, 39). Sequential comparative studies of the tw~
types of lesions indicate that the speed of endothelial regeneration
is related to the initfal distance of the injury from sources of
intact endothelium {Fig.1C5). Sources are the mouths of aortic
branches, or islands, with Intact endothelium. Areas near the
source that con be covered within two to three weeks, hcal. 7The
overgrowth slows douwn laarkedly when the endathelium reaches more
remote areas (35, 39, 49). The initi:.i fast regeneration and the
subsequent delay of endcihelial covering has been confirmed by
Christensen and Garbarsch (65) observing extensive lesiors indu-ed
with the ballou: catheter. There fs as yet no definite clue to
the cause(s) of the retardation.

Very rapidly after endothelial desquamation the surface is
covered by platelets as sh.m by Haudenschild and Studer (133) in
the rabbit (Fig.106). Polymorphonuclear leukocytes and monocytes
eliminate the thrcabotic material in a few days and seem to stop
further p.atelet deposition (Fig.107) (133). It is possible that
the subendotkelial surface "cured" !‘u this way permits rapid rc-
endothelialization. :t {s also conceivable that this property may
be lost al:er a crit czsl perind of prolonged exposure to bhlood.
For the normo-lipidemi- rabbit this critical period .eems to be
3-4 weeks. After this time interval there is a marked retardatior
of the reendothelia. ization.
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Figure 107: The tivomdolic m.tenial 15 removed with a few diys after the intliction of injury,
apparently by the action of polyinorphonuclear leukocytes (PMN) and monoc: tes, which also seemn
to prevent further platelet deposition (Haudenschild and Studer, 1871),

Fig:re 108: En lace semimicrophoicgraph of a rabbit aortic segment where an exgcerimental lesion
was induced mechanically two weeks earlier, The imtial injury was shallow with a large surface area,
New endohelium spreads from  mches. The proximal and ostal rims of the regenerating
endotheinr, {proximally and distas * have advanced 10 the markedly thickened regions denoted B.
Interpc °d a:cas denoted P sull la-k endothelium. Multinle microthrombi are present
predorunantly along the edge of the eadotheliir: as dearly shown in inset (Bjorkerud and
Bondjers, 1973 3).
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Figure 100: Low-power < ctron microc/aph of section through expenmentally induced
aytic lesion with retarded rxzndothelishization. The sectioned region corresponds to
non-reendothelialized regions denoted P in fig. 108. The surface lining cowists of smooth
muscie cells senarated by large o fts containing fibrin-hke osmiofilic matenal (Knieriem et

L1 e N e U R

a., 1973).
3

Figure 110: Low-power scanning electron microphotogeaph of dog pulmonasy artery. Single .
endothelial cells are indicated by asterisks Note the presence of 2 multitude of processes on the
oetiular surface (Una Smith et al,, 1971).
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RADNIT Fig.108 presents a semi-microscopic surface of a rabbit aortic

segment two weeks after the induction of wide-spread superficlal
aortic injuries by the type of mechanical trauma which reproducibly
leads to retarded reendothelialjzation (39). 1t ix possible that
the microthrombotic material at the front of the advancing (?) endo-
thelium induces the rerarded overgrowth. It is difficult to tell if
platelets are involved in this process; this would be consistent
with Ross's report on the presence of growth-stimulating factors in
platelets (see page 76). An alternative explanation would be ex-

aggeration of the intimal thickening hy formation and organization
of thrombi.

Tissue cultures have proven valuable in studying the influence
of different factors on cell pcpulations. Perhaps some of the
questions just mentioned can be resolved with this technique. Endo-
thelium iike cells have been isolated by erzymatic dislocatior. both
from humun uvmbilical vein (112,211) and from the larger arteries
of the rabbit (55).

Robertson isolated cells with the so-called double coverslip
technique (299) without the use of enzymes. The cells survived
about 20 passages and were diploid. Recently arterial endothelium
was isolated by Cscnka et al. (72) in Jellinek's group in Budapest
also without the uvse of enzymes. The cells survived 50-60 passages
and showed both light and electron microscopic properties of arter-
ial endothelial cells. The cells were confluent at some areas and
had a flattened appearance. Electron microscopy of junctional re-
gions seemed to demonstrate both tight junctions and flaps - typical
elements of endothelial cells in vivo (see below).

Under certain circumstances endothelial regeneration is accom-
panied by covering of denuded subendothelium with a strongly aberrant
cellular surface layer which is referred to as pseudoendothelium
(265). Tsao (396) concluded f.om electyon microscopic ohservations
that myointinal cells could pessibily migrate towards the lumen and
redifferentiate to endothelial cells. Dr. Robertson will expand
upon this subject later. From cur ohservations it appears that flat-
tened smooth muscle cells san serve as a provisional surface lining
for long periods in those instances where resurfacing with endo-
thelium i{s retarded. There is some evidence suggesting that mono-

cytes may also form a fairly continuous provisional surface lining
(45, 65, 265).

The central part of the mechanically induced lesfons displaying
retarded healing in the rabbit is covered by flattened smooth muscle
cells (39) (Fig.109). Very large clefts between the cells contain
fibrin-l1ike osmiophylic material (185). We have measured the traus-
fer of :holesteryl ester from the blood (which can be regarded as
a rough measure of lipoprotein transfer) into the underlying tissue.
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It averaged 32 times greater in regions devoid of endothelium than
in regions covered with intact endothelium.

Finally, at cegards the origin of cellz at the luminal suitzce,
it should be mentioned that a proportien of the subendothelial cells
may be of endothelial origin, as Borgers and coworkers (47) cun-
cluded from a combined cytochemical and electron microscopic study
on developing couronary collaterals. Mixed origins of both endo-
thelial and subendothelial cells would, indeed, not facilitave
the understanding of the biology of these tissues.

Turning now to surface properties of arterial endoihelial cells.
These have been difficult to observe in transmissfon electron micro-
scopy, but are apparent in the scanning electron microscope. One

such is the presence of large numbers of
Morphology of the irregular processes directed towards the
Endothelial Surface lumen. The presence of processes was

noted by Rhodin (269) and studied more
extensively by Una Smith and coworkers (353). Fig.110 shows a low-
power sc.nning electron micrograph of the luminal surface of the
dog pul sonary artery. The separate endothelial cells are denoted
by an asterisk and have largc numbers of irregular protrusions.

vansmissfion electron micrographs of sections of similar areas
{llustrate the varying thickness of the processes, and the presence
of pinocytotic vesicles (marked by asterisks) in the processes
(Fig.111).

We have found similar processes although more fold-like, in
the rabbit aorta using scanning electron microscopy. Areas with KA
relatively smooth surface alternate with areas with rough surface
which points to the possibility that the degree of surface rough-
ness may be a dynamic and rapidly chonging property. No definite
conclusion can be drawn as yet on the possible functional role of
these surface projections. However, it is clear that the projections
markedly increase the Iuminal surface area of the cells, which could
facilitate plasca membrane-med{ated transport between the blood and
the vessel wall.

Spreading of endothelium by mere flattening of the cells with-
out cell replication has been observed in cell culture ¢112), but
it i{s unclear {f an endothelial lining can exteni by such a mechan-
ism in vivo. However, it is possible that the cell processes re-
present a plasma sesbrane reserve that might be utilized for ami-
totic spreading o the endothelium or for other plasma membrane
requiring process:s, as e.g. endocytosis. Una Saith and coworkers
(353) suggest that the projections might produce a boundary layer
of retarded flow of cell-free plasma along the surface of the cell
body. Such a slow-flowing boundary layer could provide favorable
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Figure 3111: Transmission electror. microphotog aph of section of endothelium in dog pulmonary
< artery. The endothelial processes vary in thickness. Pinocytotic vesicles are present i the processes
(astetisks). From Una Smith and coworkers (1971).
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3 Figure 112: Scheme illustrating Robertson’s modification of the Danielli-Dawson mode! of the unit
3 membran> (From Bjorkerud and Sjostrand, 1971). When freeze-fracturing a tissue the fracture 3
tends to follow preformed surfaces in the tissue, a3 e.g. ce'l membranes. The fracture line occurs 3
between the hydrophobic ends of the bimolecular phospholipid leatles of the membrane. The right ;
figure is'ustrates the transmission electron microscopic image of the unit membrane, E
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conditions for transfer of substances between the plasma and the
endothalium. On the other hand, a boundary laver could also act

as a transport barrier through which material has to diffuse to
reach the endothelium. Results from studles by Caro and Nerem
(58), designed to test this theory, were inconsistent with trans-
port controllzd by a diffusion boundary layer. This does not mean,
however, that a boundary layer does not exist. They only indicate
that a boundary layer was not a rate-limiting factor for transfer
between serum and arterial wall of the material in question which
was lipoporotein-bound Cl4 labelled cholesterol.

Turning now to more qualitative aspects on the endothelial
cell plasma membrane. At the Lindau Conference the presence of a
ruthenium red-stainable svrface coating, and its possible analogy
to the so~called glycocalyx, was discussed by the late Dr. French
(109Y). As the degree of specificity for carbohydrates of che
ruthenium red method was uncertain, the question of the presence
of a glycocalyx could not be settled. However, since then a specific
cytochemical method for carbohydrate compounds is available. It
is based on the affinity of concanavalin A for such compounds (27).
Dr. Weber's group (403) have presented evidence chtained by this
technique which strongly indicates the presence of glycocalyx on
the surface of the arterial endothelial cell,

It is quite possible that some of the functional characteris-—
tics of the endothelial cell, as for instunce plasma membrane per-
meability, ond the physical properties of the c¢cll surface in the
serum ~ cell interphase could depend on the glycocalyx as suggested
by French (109). Dr. Weber will treat this subject specifically.

I will not expand on it, but only mention a study by Buonassisi (55)
where arterial endothelial cells reared in tissue culture were
found to synthesize various species of sulhated mucopolysaccharides.
Some evidence was obtained for an incorporation of a major fraction
of the mucopolysaccharides into the cell wall. Other smaller frac-
tions of heparin-like mucopolysaccharides were released into the
medium which could reflect an antithrombogenic mechanism in these
cells. It was shown recently that the basal membrane subjacent te
the endothelium is probably an endothelial product (336). There~-
fore, it is possible that the in vitro nreduction of sulphated muce-
polycaccharides just mentioned may reflect a2lso the formation of
material for the basal membrane.

Transmission electron microscopy of sections has yielded rather
limited information on the plasma membrane per se. Lately, with the
use of freeze-fracturing, shecowing, and subsequent electron micro-
scopy, it has been possible tc obtain moie detailed information.
When freeze-fracturing a tissue, the {ractures seem to occur pre-
dominantly between the hydrophobic ends of the bimolecular phospho-
lipid leaflet of the unit membranes (49). On the left side of
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Fig.112, which depicts Robertson's modification of the Danfelli-
Dawson model of the unit membrane, the fracture would occur in the
free interspace between the hydrocarbon chain palisades. The right
figure depicts the transmission electron microscopic image of the
unit membrane.
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Fig.113, from a paper by Dempsey and coworkers (79), illustrates :
the two types of surfaces which are exposed when the fracture occurs
in the plasma membrane. The exterfior surface of the inner leaflet
of the membrare is designated A-face and the interior surfuce of
the outer leaflet B-face. Different fracture faces are demonstrated
in Fig.114. Globular units are found between the plasma mesmbrane
leaflets of the capillary endothelial cell and the erythrocyte, some
adhering to the A-fac.. others to the B-face (79). It has been sug-
gested that the numter and disvribution of the intra-membraneous
particles are related to the physsfological activity of the membrane
(49), and that they may represent enzyme clusters (354).
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It scums as if fusion of nembranes i1s preceded by a rearrange-
ment of the intramembraneous particles to rings or plaques. Fig.
115 from a paper by Satir and coworkers (3726) illustrates schematic-
ally the probable =2vents before and during the membrane fusfon
occurring when a secretory granule is discharged from a Tetrabywena.
A similar rearrangement of the intramembraneous particles has been
observed in pulmonary endothelial cells and it wrs proposed that the
rearrangement cf the particles was related to mem._ane fusion occur-
ring during pinocytosis (354).
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I will now leave the free endothelial surface for a moment and
discuss aspects relating to the intercellular parts of the plasma
membrane. Rearrangement of intramembruneous particles seems not only

to be related to communication between
Endothelial the interior of the cell and the external
Cell Junctions environment as in secretion and pinocy-

tosis, but also to communication between
adjacent cells. Plaque-like regions with the plasma membranes of
adjacent cells in clos» contact can be found along the cellular
interface. Figs.116 and 117 are illustrations from a paper by
Gilula and coworkers (116). In the left part of Fig.116, which
shows a section from the region between two fibroblasts, the plasma
membranes are in, as It seems, close contact for a considerable dis-
tance. A surface of this kind is a so-called "gap junction".
Freeze fracturing reveals a plaque-like cluster of intramembraneous
particles in the gap junctional region as shown on the right side
of Fig.116. Recently the presence of gap junctions in rat arteriai
endothelium was suzgested by Stermerman and Ross (389) ard demon-
strated convincingly by Huttner and coworkers (154) who have studied
them in great detafl. As in other tissuce, these junctions do not
restrict the passage of, e.g., colloidal lanthanum intercellularly
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Figure 113: Scheme depicting the different membrane surfaces obtained after freeze-fracturing
{From Dempaey et al., 1973).
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Figure 114: Electron microphotography of endothelial membrane surfaces (A:B) obtained after
freeze-fracturing of a fenestrated capillary. Globular units {intramembranecus granules) are present
between the plasma membrane teaflets. rbe - A; rhe - B denote fracture faces of red blood cell in the
capitlary (Dempsey et al., 1973).
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Figure 115: Scheme depicting the rearrangement of intramembraneous granules preceeding fusion
of membranes when Tetrshymena discharges a secretory granule as proposed by Satir and
coworkers {1972). Similar arrangemient of intramembraneous particies was observed in pulmonary
endothelial cells {Smith et ai., 1973).

Figure 116: Electron micrograph of section thiough gap function (left) and freeze-fracture face of
gep junction (right) between two fibroblasts. The intramembraneous particies are arranged as a tight
duster in the junctional surface. From Gilula et al., 1972).
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This can be explained by their macula-like configuration and pre-
sence of an about 20 angstrom gap between the cell membranes in the
gap junctional reglon. Therefore, they are not thought to be im-
portant for the conirol of intercellular permeability, but are con-
sidered to represent the structural basis for communic:: on between
cells both with regard to electrical coupling and exchange of ions
and metabolites (116 It might well be that rhey are necessary

for possible synchronized fuunctions of the cells in the endothelium,
as suggested by Hutvner and coworkers (154).

Raodin (270) and Richardsca and Beaulnes (273) suggested that
endothelial cells may tronsmit signals from receptors on their sur-
face to underlying smooth muscle cells. Gap junctions are present
between arterial smooth muscle cells (161) and taken together with
the presence of gap junctions in endothelium, it {s possible that
i the entire endothelial and smooth muscle apparatus in the artery

forms a coupled system as suggested by Huttner and coworkers (154).

Actually, some experimental data lend support to such an hypothesis
car Werthessen and collaborators (417. 418) perfused calf aortae with

a serum-containiug medium at his. pressure (20 mm., of mercury) and

found an inverse relationship Letween net uptake of cholestero!l

during the perfusion and the initial concentration of cholesterol
in the tissue. Data from experim2nts with !ower perfusion preesure

(Werthessen et al (419) as recalculated by tordajers (43)), did also

indicate an inverse relationship between upt ke of chelesterol and

tissue cholesterol content. They concluded: "the aortic conteant of

cholesterol ... is subject to comtrol." (417).

FEYTe

b 416

We found that the in vivo uptake of lahzlled free cholesterol
Into aortic segments with intact endothelimws in unmanipulated
rabbits also was inversely correlated to the cholesterol content
of the segment (Fig.117) (46). These results strengthen the con-
cept of the presence of a mechanism for thi contrel of arterial
cholesterol content.
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As the inverse relationship was nct found for regions with
spontaneously injured endothelfium (denoted %luz regions in tue
diagram) it is likely that the conctroliing function ls relaced to
the presence of a continuous undamaged endothelium (4€:. These
results suggest that the control may involve adjustmeat of choles-
terol transfer from piasma in accordance with local requirements
of the tissue (46). It ir poussible that the underlying !“echanism
for this "metabolic' zoupling betweea endothelium and smooth muccle
tissue with regard to cholestercl uptake and content could be based
on communication via a gap junction system.
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Another type of cell-to-cell contact known for a long time is
the so~called tight junction or zonula occiudens. It is an area
of cell contact in which there is apparent fusion of plasma mem-
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brane outer leaflets with an obliteration of the extracellular space
(94, 95). Its structural properties in sections are illustrated in
Fig.118 taken from a recent paper by Huttner and collaborators (154).

Freeze-fracturing also reveals that the tight jurction comprises
rearrangement of intramembraneous particles. Fig.119 was published
by Goodenough and Revel (122) and shows the fine structure of the
tight junctions present lateral to a bile canaliculus in the liver.
The tight junction consists of chain-like clusters of intramembran-
ecus particles situated in the same plane as the outer membrane leaf-
let. Interlacing grooves in the inner membrane leaflet correspond
to the chains of granules. In the lower picture a bile canaliculus
is fractured and the grooved aspects of the two junctions which seal
the canuliculus are visible.

There is solid experimental basis for the opinion that the tight
junctions represent intercellular permeability barriers. However,
there seems to be a general consensus that the tighi junctions in
arterial endothelium (104, 155, 156, 336, 382) do not form a contin-
uous intercellular barrier. Small intercellular clefts permit low
molecular compounds and small macromolecules (around 40000 M.W.) to
pass from the blood stream to the subendothelial zone. Larger mole-
cules, as for instance serum lipoproteins, seem to be transported
exclusively via vaceolae and vesicles (383). Dr. Olga Ste