
ed very far into the sinusoidal lumen 
itself. 

After only 15 minutes of hypoxia, 
striking alterations in cell structure were 
observed in centrilobular regions (Fig. 
2b). Most prominent were bleb-like pro- 
trusions of hepatocyte plasma membrane 
and cytoplasm into the lumen of the 
sinusoids through fenestrations in the 
endothelium. Bile canaliculi were mar- 
ginally more distended, and intercellular 
borders showed a general flattening of 
larger topological features and a fine 
surface granularity. 

The projecting blebs remained con- 
nected to hepatocytes by slender necks, 
as demonstrated by thin-section electron 
microscopy (Fig. 2c). Bleb contents 
were variable. In most blebs, only amor- 
phous granular material was observed. 
Others contained endoplasmic reticulum 
and glycogen rosettes; larger organelles, 
such as mitochondria and lysosomes, 
were absent. After 45 minutes of hypox- 
ia, blebs covered both the sinusoidal and 
the intercellular surfaces of the hepato- 
cytes, grossly distorting them (Fig. 2d). 
In addition, the endothelium was torn 
and fragmented. 

Clearly, perfusion of isolated, hemo- 
globin-free liver at low flow rates pro- 
duces anoxic stress o n k  to that portion 
of the lobule near the central vein. In 
experiments in which flow was reduced 
further, the amount of injured tissue in- 
creased. However, the area most proxi- 
mal to the terminal portal venule was 
consistently spared. 

Plasma membrane alterations have 
been described in a number of organs, 
including liver, following cellular injury 
from anoxia and other causes (12). For- 
mation of the membranous blebs closely 
resembles the structural changes pro- 
duced in isolated hepatocytes by the 
cytoskeletal disrupters cytochalasin B 
and phalloidin (13). Thus, the structural 
perturbations observed in hypoxia may 
represent a failure of the cytoskeleton to 
maintain cell shape and volume. It is also 
possible that the blebs formed during 
hypoxia are in the process of budding off 
and being released into the circulation. 
This could represent the well-known re- 
lease of enzymes by injured hepatic tis- 
sue. 
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Intrinsic Birefringence Signal Preceding the 
Onset of Contraction in Heart Muscle 

Abstract. An intrinsic birefringence signal with two components occurring before 
sarcomere shortening was measured in mammalian cardiac muscle, The second 
component was sensitive to the inotropic state of the muscle as affected by external 
calcium concentration and epinephrine but not by changes of resting length. The 
second component was absent in frog heart. These results suggest that the second 
component of the birefringence signal rejects the activity of the sarcoplasmic 
reticulum related to excitation-contraction coupling processes occurring prior to 
onset of contraction in mammalian cardiac muscle. 

Intrinsic birefringence signals with a 
time course similar to an action potential 
were first recorded in electrical eel elec- 
tric organ and squid giant axon (1, 2). In 
skeletal muscles, in addition to the com- 
ponent of the birefringence signal ac- 
companying the action potential, a sec- 
ond component occurred immediately 
after the action potential and prior to the 
onset of contraction (3, 4). This second 
component has been attributed to the 
activity of the sarcoplasmic reticulum 
(SR) prior to activation of contraction. In 
intact skeletal muscle fibers the time 
course of the second component of the 
birefringence signal is similar to signals 
obtained by using voltage-sensitive dyes 
(5, 6)  or the metallochromic calcium- 
indicator dye arsenazo I11 (7). 

In these studies we have investigated 
birefringence signals in two different 
types of hearts; one with extensively 
developed SR (rat, guinea pig, and cat) 
and the other with much smaller content 
of SR and no T-tubular system (frog 
atrium and ventricle). In rat, guinea pig, 
and cat ventricular muscle, we found 
two distinct components of an intrinsic 
birefringence signal which preceded the 
development of tension. The first com- 

ponent occurred simultaneously with the 
upstroke of the action potential. The 
second component began after a delay 
with respect to the upstroke and was 
much larger and slower than the first. 
Both components preceded the onset of 
sarcomere motion as measured by scat- 
tered incandescent light or laser-diffrac- 
tion pattern, or both. The amplitude and 
rate of rise of the second component was 
related to the inotropic state of the mus- 
cle as regulated by the external calcium 
concentration, [Ca],, and epinephrine, 
but not by variations of resting muscle 
length. In frog atrial and ventricular mus- 
cle the birefringence signal showed only 
the action potential-related first compo- 
nent, under all experimental conditions 
including variations of [Gal, and addition 
of epinephrine or caffeine. We conclude 
that the second component of the bire- 
fringence signal represents a step in acti- 
vation of contraction that is probably 
related to the Ca2+-release process of the 
SR in mammalian heart muscle. 

Papillary muscles or trabeculae carnae 
(60 to 300 km in diameter by 0.75 to 1.2 
mm long) were dissected from the right 
ventricle of rat and guinea pig hearts and 
from the right ventricle and atrium of cat 
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heart. Muscles were attached to a ten- 
sion transducer and were perfused in a 
chamber mounted horizontally on the 
stage of a Zeiss IM35 inverted micro- 
scope. Muscles were equilibrated in nor- 
mal Tyrode's solution (136 mM NaC1; 
5.4 mM KC1; 2.4 mM CaC12; 0.8 mM 
MgC12; 11.9 mM NaHC03; 0.42 mM 
NaH2P04; 5.6 mM D-glucose; equilibrat- 
ed with 95 percent O2 and 5 percent C 0 2  
at pH 7.35) for 1 hour before the start of 
an experiment. Stimulation was carried 
out with Ag-AgC1 electrodes placed adja- 
cent to the muscle. The experiments 
were conducted at room temperature 
(23" to 25OC). Incandescent white light 
was focused from above by a primary 
lense and a x40 water immersion objec- 
tive (Zeiss, NA 0.75) onto the muscle. 
An adjustable field stop and a polarizer 
were placed between the primary lense 
and x40 objective. The polarizer was 
oriented at 45" to the longitudinal axis of 
the muscle. The transmitted light was 
collected from below by a ~ 2 5  objective 
(Zeiss, NA 0.60), passed through an ana- 
lyzer (second polarizer) oriented at 90" to 
the polarizer (unless otherwise stated), 
and impinged onto a photodiode (EG & 

G: PV 215). The signal was processed by 
a high-gain current-to-voltage converter, 
analog track-and-hold circuit, and a sig- 
nal averager (Tracor Northern, TN 
1505). Tension was monitored simulta- 
neously on an oscilloscope and on a strip 
chart recorder (MFE 1000). 

Figure l a  shows the time course of the 
birefringence signal (Oh) compared with 
the signal obtained from the impermeant 
membrane potential sensitive dye WW 
444 (8) in a rat ventricular trabeculae. 
Developed tension and the scattered 
light were also measured. The first com- 
ponent of the birefringence signal (be- 
tween arrows) had a time course simulta- 
neous with the upstroke of the action 
potential (also between arrows) as mea- 
sured by the WW 444 dye signal. Figure 
l a  also shows that, unlike the dye signal, 
the birefringence signal contains a sec- 
ond component. This second component 
is larger than, and in the same direction 
as, the first and occurs before the rapid 
change in scattered light induced by sar- 
comere motion or onset of contraction. 
The rate of rise of the second component 
was always slower than the first (up- 
stroke-related) component. The distor- 

tion caused by motion was too severe to 
monitor the full time course of the bire- 
fringence signal. Note that the contrac- 
tion-induced distortion can also be seen 
in the voltage-sensitive dye trace (WW 
444). 

Figure lb  shows that the first and 
second components of the birefringence 
signal have characteristics that are most 
consistent with a change in optical retar- 
dation (9). The birefringence signal ob- 
tained with the polarizer and analyzer 
axes in parallel (trace 0,) is compared 
with the birefringence signal when polar- 
izer and analyzer axes are at 90" to each 
other (trace -Oh, electronically inverted 
for convenience). Note that the two 
traces are virtually superimposable until 
the onset of movement artifact. This 
experiment shows that the decrease in 
retarded light (trace -Oh) was also mea- 
surable as an increase, of equal magni- 
tude, in nonretarded light even though 
the resting light intensities for the two 
traces were different (see Fig. lb). 

Experiments were also performed to 
define the interval in which optical sig- 
nals occur free of movement artifact. 
Changes in the zero- and first-order laser 

Fig. 1 (left). (a) Birefringence and other optical signals from a rat 
ventricular trabecula in normal Tyrode's solution at 24T. The rate of 
stimulation and signal averaging was 20 per minute. Increasing light 
intensity is upward. The first component of the birefringence signal 
and the (action potential upstroke-related) dye signal are marked by 
arrows. Symbols: Ob, birefringence signal with polarizer and analyzer 
at 90" (5 x 25 sweeps); WW 444, 628-nm (30-nm half-amplitude 
bandwidth) nonpolarized light signal after staining the muscle with 
WW 444 (1 pgiml) for 20 minutes (5.3 x 10 sweeps); O,, 
transmitted, nonpolarized white (scattered) light signal (1.8 x 8 
sweeps); T, tension (0.12 mg); S, stimulus artifact. The time calibra- 
tion bars are 4 msec. The intensity change in the optical calibrations 
was normalized to the resting intensity (hlilR). The slow drift in trace 
0, was a function of the analog track-and-hold circuit and could not 
always be eliminated. ~irefringence and scattered light signals were always recorded before staining the fiber with dye. (b) Comparison of 
retarded and nonretarded light. Although the resting intensities (IR) differ by a factor of 2.5, the changes in intensity (A l )  nearly superimpose until 
movement artifact begins. -Ob, birefringence signal as in (a) but electronically inverted (5 x 25 sweeps); O,, optical signal with the 
polarizer and analyzer axes at 0" (that is, parallel, 1.9 x 25 sweeps); S, stimulus artifact. Increasing light intensity is upward for 0, but 
downward for -Ob. Fig. 2 (right). The relation of the second component of the birefringence signal from a rat ventricular trabecula to the 
maximum rate of tension development during a twitch, dPldt,,,, as influenced by changes of [Ca],, A[Ca],, and by changes of muscle rest length, 
A(& On the ordinate, A second component is the relative intensity change, AZiIR, of the second component taken 6 msec after the foot of the ac- 
tion potential upstroke. The values of A second component and dPidt,,, are normalized to the mean value for [Ca], = 2.4 mM. Panels 1, 2, and 3 
illustrate the birefringence signals recorded in 2.4, 1.2, and 0.18 mM Ca2+, respectively, at the same control rest length. The arrow in each panel 
marks the start of the action potential. The vertical calibration is 5 x lo4 for optical traces and increasing intensity is upward. Signal averaging 
was 25 sweeps in panels 1 and 2 and 50 sweeps in panel 3. Tension traces (uncalibrated) are 10 sweeps each. Time calibration is 8 msec for all 
traces. In 0.18 mM Ca2+, Tyrode's 1 mM MgC1, was added to the solution. 



(wavelength = 632.8 nm) diffraction pat- 
tern from rat ventricular trabeculae were 
compared to the transmitted incandes- 
cent light (scattered light) signal. Under 
varied [Ca], or addition of epinephrine, 
the laser zero intensity and the first- 
order diffraction peak changed at almost 
the same time as that of the scattered 
light signal (uncertainty < 1 msec). In 
the same preparations the onset of iso- 
metric contraction was found to lag be- 
hind those optical signals by slightly 
more than 1 msec. In Fig. l a  the sudden 
change in the scattered light signal (trace 
0,) marks the time at which the birefrin- 
gence signal is altered by movement arti- 
fact. 

Figure 2 shows that the relative magni- 
tude of the second component of the 
birefringence signal at a fixed time (6 
msec) after the onset of action potential 
upstroke could be correlated to the maxi- 
mum rate of tension development (dPi 
dt,,,) in various [Ca], (graph, open cir- 
cles). However, little or no correlation of 
these two parameters was observed 
when dPidt,,, was altered two- to three- 
fold by varying the resting length of the 
muscle (closed circles). Panels 1, 2, and 
3 show the experimental recordings of 
the birefringence signal and isometric 
contraction in three different [Ca],. In- 
creasing [Ca], caused an increase in the 
rate of rise of the second component. 
The second component of the birefrin- 
gence signal was found to be significant- 
ly potentiated by addition of epinephrine 
(lO-'M) in rat and guinea pig ventricular 
muscle. 

A comparison of the ultrastructure of 
frog and mammalian myocardium indi- 
cates that the SR in frog heart is less 
abundant and more rudimentary than in 
the mammalian heart (10-12). Although 
frog atrium and ventricle are devoid of a 
T-tubular system there is also no T- 
system in some mammalian atria [as in 
cat (13) and guinea pig (14)]. Thus, the 
second component of the birefringence 
signal cannot be attributed to the T- 
system per se. 

There is also evidence for a difference 
in the function of SR in frog and mamma- 
lian hearts from electromechanical stud- 
ies. Voltage clamp experiments with 
mammalian heart indicate that phasic 
contraction (twitch) may result in part 
from a "triggered" release of Ca2+ from 
an intracellular source (15, 16). Positive 
inotropic and relaxant effects of epineph- 
rine and postextrasystolic potentiation 
have been attributed to the alterations of 
the recirculated fraction of Ca2+ in the 
internal stores (16). 

In agreement with these findings, the 
second component of the birefringence 
signal is present only in those tissues 

Fig. 3.  Optical signals 
from a frog atrial tra- 
becula. (a) Ob, bire- 
fringence signal (5 X 

50 sweeps); 
WW 444,628-nm non- 
polarized light signal 
after staining the mus- 
cle with WW 444 (2 
pgiml) for 20 minutes 
(1 x O,, trans- 
mitted nonpolarized 
white (scattered) light 
signal (4 x 25 
sweeps); T, tension 
(0.65 mg); S, stimulus 
artifact. Birefringence 
and scatterkd light signals were taken before staining the muscle with dye. There is a slow 
baseline drift on 0, (see legend to Fig. la). (b) Signals in 0.05 mM Ca2+ Ringer solution; Ob (1.9 
X lW4, 50 sweeps); T (0.16 mg). Note that the second component is absent in the frog heart. 

which demonstrate an internally releas- 
able Ca2+ store. In fact, the relative 
magnitude or the rate of rise of the signal 
is altered by [Ca], and epinephrine (Fig. 
2) in a manner compatible with the effect 
of these agents on releasable Ca2+ pools. 

Our results (Fig. 3) are also consistent 
with previously published findings that 
in frog heart Ca2+ enters the cell under 
direct and continuous membrane poten- 
tial control (16) and that there is no 
internal releasable Ca2+ store. Modula- 
tors of SR activity such as caffeine and 
epinephrine failed to reveal a second 
component of the birefringence signal in 
the frog heart. Additional evidence sup- 
portive of our contention that the second 
component is related to Ca2' release 
from the SR comes from experiments 
with skinned cardiac fibers in which in- 
ternal release of Ca2+ was found in mam- 
malian but not frog hearts (17). 

In evaluating the nature of the birefrin- 
gence signal which precedes the devel- 
opment of tension in mammalian heart, it 
is clear that the first component monitors 
the action potential. Our evidence is 
based on comparison of the time course 
of the first component with that of the 
voltage-sensitive dye signal from WW 
444 in both mammalian and frog hearts 
(Figs. 1 and 3). 

The second component of the birefrin- 
gence signal, associated in heart and 
skeletal muscle with SR activity, may 
arise from a potential change across the 
SR membrane. Comparisons of the bire- 
fringence signal with membrane poten- 
tial-sensitive dye signals [WW 781 and 
diICl (5)l in skeletal muscle have shown 
several cases where the signals are simi- 
lar (5, 6). The second component of the 
birefringence signal in skeletal fibers has 
been described as occurring simulta- 
neously with the Ca2+-related signal of 
the calcium-indicator dye arsenazo I11 
(7). Therefore, if an SR membrane po- 
tential change occurs, it could be gen- 

erated by calcium release from the SR. 
Implicit in the description of birefrin- 

gence is that the orientation of a struc- 
ture that retards polarized light must be 
regular about some axis (18). The regular 
array of the SR membranes within the 
muscle cells fulfills this requirement. It is 
also possible that proteins in the SR 
membrane have as much net orientation 
as the SR membrane itself. One such 
protein is the Ca2+-dependent adeno- 
sinetriphosphatase which has been asso- 
ciated with the SR membrane in freeze- 
fracture studies and with the calcium 
reuptake system (19). Calcium binding to 
this protein could induce molecular 
changes giving rise to retardation 
changes. 

Other structures in myocardium which 
could be implicated in the genesis of the 
second component are the highly orient- 
ed contractile proteins. We think, how- 
ever, that the contractile proteins are an 
unlikely source of a second birefringence 
signal because (i) the myofibrillar con- 
tent of the frog and mammalian heart are 
similar, with 54 percent (volume) for frog 
atrium (20) and 45 percent for rat ventri- 
cle (12), yet the signal is absent in frog 
heart (compare Figs. 1 and 3); and (ii) the 
myofilament sensitivity of frog and mam- 
malian ventricle to Ca2+ in skinned fi- 
bers does not seem to be different. 

We think, therefore, that the species 
differences with resvect to the second 
birefringence signal occurring in parallel 
with the presence of releasable Ca2+ 
stores in mammalian hearts strongly sug- 
gests that the second component of the 
birefringence signal reflects a step in 
excitation-contraction coupling that is 
probably related to Ca2+ release from 
the SR. 

R. WEISS 
M. MORAD 
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University of Pennsylvania, 
Philadelphia 19104 
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Collagen cwB Chain: Increased Proportion in Human 
Atherosclerosis 

Abstract. In a study of human atherosclerotic plaques, the relative abundance of a 
chains in pepsin-solubilized collagens from 28 human aortas was estimated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The ratio of aB, a 
component of the a chain in type V collagen, to al(I) was markedly increased in the 
atherosclerotic plaques compared to the nonsclerotic intact media and adventitia. It 
is suggested that proliferating smooth muscle cells in the sclerotic lesion were 
transformed to synthesize a larger amount of collagen aB chain during the process of 
human atherogenesis. 

Fibrous thickening of the intima with 
lipid deposition is the main feature of 
human atherosclerosis. Collagen is a ma- 
jor component of human atherosclerotic 
plaques, constituting as much as 30 per- 
cent of the dry weight (1). At present at 
least five genetically distinct species of 
collagen are known (2). Type I collagen, 
designated [a1(I)I2a2, is the most com- 
mon collagen (3). Type I1 (4) and 111 
collagens (5) consist of three identical a 
chains and are designated as [al(II)I3 
and [al(III)I3, respectively. Type I1 col- 
lagen is found exclusively in cartilagi- 
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nous tissue. Type 111 collagen, observed 
as fine reticulin fibers, is found in several 
tissues such as skin, aorta, and uterus. 
Type IV collagen is the basement mem- 
brane collagen and a molecular formula 
[al(IV)I3 has been popular (6) ,  but there 
still remains some controversy (2). Type 
V collagen is made up of a A  and a B  (7) 
or A and B chains (8). This collagen is 
synthesized by a variety of cells includ- 
ing smooth muscle cells (9, 10) and tends 
to be localized pericellularly (10). Blood 
vessels contain types I, 111, IV, and V 
collagens. Type 111 collagen is the pre- 

dominant collagen of nonsclerotic media 
of the human aorta, comprising approxi- 
mately 70 percent of the total collagen 
(11). However, only a few reports are 
available concerning the change of colla- 
gen types in human atherosclerosis (10- 
12). The present study was undertaken 
to determine the compositional change 
of collagen types by estimating relative 
proportions of collagen a chains. Here I 
report that the a B  chain of type V colla- 
gen is proportionately increased in hu- 
man atherosclerotic plaques. 

Twenty-eight aortas were obtained at 
autopsy from humans (ages 54 to 68 
years) who had died of various diseases 
including stroke, myocardial infarct, aor- 
tic aneurysm, and neoplasms. Aortas 
were removed within 4 hours after death, 
samples being collected from portions 
with sclerotic lesions. (All of the aortas 
showed atherosclerotic lesions at some 
stage of development.) Samples of adja- 
cent intact media and adventitia were 
used as controls. Fragments of all of the 
samples were fixed in 10 percent Forma- 
lin for histological study. Minced tissues 
were washed in cold distilled water over- 
night and freed of blood. Tissues were 
homogenized with a Polytron ST-10 in 50 
volumes of 0.5M acetic acid containing 
pepsin (Sigma, twice crystallized) at a 
concentration of 1 mg/ml. Collagen was 
extracted with constant stirring for 24 
hours at 4OC. The solutions were centri- 
fuged at 39,000g for 1 hour at 4°C. Col- 
lagen was reextracted from the pellets 
under the same conditions for 48 hours. 
The supernatants were then combined 
and collagen was precipitated by adding 
4.OM NaCl to a final concentration of 
2.OM. The precipitate was dissolved in 
0.5M acetic acid and dialyzed against 
0.02M Na2HP04. Precipitated collagen 
was redissolved in 0.5M acetic acid, then 
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Fig. 1 (left). Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis of pepsin-solubilized collagens from the intact media (Med),  
atherosclerotic plaque (Ath), and adventitia (Adv) of the human aorta. (A) Samples of heat-denatured collagen (20 to 30 kg) were electrophoresed 
on the SDS-polyacrylamide gel slab for 2.5 hours. One hour after reduction in situ with P-mercaptoethanol the electrophoresis was resumed for 
another 2.5 hours. (B) Electrophoresis of the same samples as above for 5 hours without reduction with P-mercaptoethanol. Since reduction in 
situ did not change the electrophoretic behavior of aB ,  al(I) ,  and a2,  these chains were not held by disulfide bonds. In this study the a chains de- 
rived from type IV collagen could not be detected because of their paucity in the sample. Fig. 2 (right). Sodium dodecyl sulfate (SDS)- 
polyacrylamide gel electrophoresis of the aortic collagen (Aor) and its component a chains. Samples (20 to 30 kg) of aortic collagen, purified a 
chains, and a mixture of the two were electrophoresed on the SDS-polyacrylamide gel slab for 5 hours without reduction with P- 
mercaptoethanol. Note that purified aB, a l ( l ) ,  and a 2  comigrate with corresponding a chains in the aortic collagen. See the text and legend to 
Fig. 1 for details. 

666 0036-8075/81/0807-0666%01.00/0 Copyright 8 1981 AAAS SCIENCE, VOL. 213, 7 AUGUST 1981 




