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Figure 10
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Graphical explanation of correction volume v,. v, is the volume axis intercept of the broken
straight line which is drawn to connect the left uppermost corners of a family of pressure-volume loops
traced under a control contractile state and different ventricular loading conditions above and below
normal preload and afterload. v, was 4 ~ 6 ml for 20-kg dogs and remained constant even when the
contractile state was altered by epinephrine infusion. The arrows show the direction of movement of a
pressure-volume data point on the ‘pressure-volume loop. Isovolumetric contraction phase (1-2),

sysiolic ejection phase (2-3), isevolumetric relaxation phase (3-4) and diastolic filling phase (4=1).
(From:""“Suga,“H. "and Sagawd;" K., Anp, "Biemed " Eng. 1l:
160, 1972.) ; :

3

From our analysis thus far we would expect C, to be primarily
associated wtih"contractility". As Cs+small,contra¢tility
would increase. For constant contractile state we would
expect CS to be consant. Experiments by Suga and Sagawa

have confirmed this in dogs. They defined

ety = M L = PR e ol ated it under a

CiEt) O Gy == QO)’
variety of experimental conditions. Note from Figure 11 that
the peak valve of e(t) (corresponding to minimum C(t) or CS)

is unaffected by changes in arterial pressure, stroke volume,

or heart rate but is dramatically increased by the inotropic

hormone epinephrine. : :
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The instantaneous pressure-volume ratio curves of a canine left ventricle. The e(t) curves
in the third channel are computed from the intraventricular pressure (first channel) and volume (second
channel). Panels A and B show the data when cardiac output was varied with and without secondary
changes in mean arterial pressure, respectively. Panel C shows the relationship of (1) curves with dif-
ferent rates of epinephrine infusion. Panel D are the data while heart rate was varied by electrical
pacing of the ventricle. In channels 4 and 5 of all the panels are the time-derivatives of e(r) and
(defdr)Je, respectively. de/dr was computed by a CR network with a time constant of 0.5 msec and
(de[dt)/e was computed by an analog computer.
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Figure 11 Continued
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The cardiac output, or flow rate is simply the heart

rate, £ = % multiplied by the stroke volume. Thus,
2B
AL & i fi L BLHS
Q f(Pf CD PaCS) for B =
: = BC.
Q=0 : for Pf*< c (2)
D

*
Equation (2) is plotted below. Notice that Pf is
measured as the transmural pressure across the ventricle,
and is equal to the filling pressure P. only in an epen=

chest subject.

Figure 12

Note that the slope of the curve may be increased by
increasing heart rate or diastolic capacitance. Remember
also that we have assumed that there is no limit on the
degree of diastolic filling--i.e., we have assumed a linear
diastolic capdel tance N alctiiail W EicE, o f course, there
are limits to the degree of diastolic filling due to collagen
tissue in the heart, pericardial restriction of filling, etc.
These factors will put an upper bound on cardiac output
and thus we would expect "saturation effects" on the curve

as shown by the dashed line.
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Up to this point we have been considering a single
ventricle and its behavior. It is also possible to lump
together the right heart, left heart, and pulmonary circu-
b3 eal(@ i b g Sl byl e o1l LE Sl Se bikissmmediiin i ay o b Kepmshm meeatel llb lngie
pressure (right atrial pressure), and the output will be
left ventricular output. The relationship between cardiac
output Q, and right atrial pressure, P, is known as a

cardiac output curve, and is of the same shape as Figure 12

above. Unless otherwise noted, we will be dealing only

with such lumped cardiac output curves form now on.
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HEART AND CIRCULATTION
Mean, Non-Pulsatile Model

Our assumption that the load pressure P_ and the filling
pressure Pf are independent of each other may be valid in
certain experimental conditions, but it is certainly not
valid if the pump is actually connected into a circulation.
In a cireulation, B is always a function of the flow rate

and the filling pressure. .

—_— P = (QrPf)

Specifically in our model of the circulation, the relation-
ship is given by eq, . 11 on page 4 of the lecture notes.
The relationship may be rewritten as:

L
P l="0ER Tt R ) (3)
S\ : v \S A7

o
T

If this constraint is added to the result of equation 2, we
may obtain a relation between flow, Q, and Pe with B e
placed by parameters describing the circulation: (assume
open~chested case so Pf* = Pf)

; shiem Y8y :

Q e FIGURE. 13

§lep-cs)

slope =
' | + Gaé:s(j?ggﬁgwg)

o "
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Note that the slope may be altered by changing heart rate
(within limits), Cs' and the peripheral resistance. Note

also the asymptotic behavior as cé_;o. Is this reasonable?

Remember that Pf* is the transmural pressure across the
pump chamber. In general, the heart is enclosed in a
closed chest which is at a pressure about 5mmig less than

atmospheric.
FIGURE 14
BE Pe is the filling pressure referenced to atmospheric
pressure, :
= pawe '
b= Pt AR , (5)

If we substitute this into e%.4, we obtain, ;
£(Cy=Cg) (P+AP) (6)
1+ ch(Ra + Rv)

Q:

The graph of this function is identical to Figure 13 but’
shifted to the left by AP. :
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Q ¢

— slope = _§(co-¢s)
e §Cs(Raafy) _

I
| |
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BEIGURE 15
We are now ready to link the pump to the circulation and

obtain a steady-state operating point. In what follows "pump"
includes both right and left hearts and the pulmonary circulation.

1' : g’ :Qj Nate: \‘ﬂ;mi" '\v\c.‘wkqs both.
P o M1 Cire. [ Cight and lef £ harts, and
?. F dwmgnary rualation.
¥ 17 = % - & e
& FIGURE 16

We have the following relationships at the input of the pump:
5 f(CD—CS) (Bf+AP) o
Q = Y T 6 ; R @%7s TeuEputt of (6)

S a v

pump,

P =~ P : :
é _ ins i from circulation (7)
RV + Raca model, with Pms a

Ca + Cv : fixed quantity.

(vol. + C's const.)

1/‘\
\
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Since the b's and Pf's are identical, we may solve the
equations algebraically or graphically. The graphical
technique is probably the most illuminating. The curves

for eqs . 6 and 7 have been presented above, -

%

The graphical solution is shown below:

"--n.-—-"-"“-—

—\',-_, - A &
RETT Veneus TRIWTA - CATVe,

Fons i

FIGURE 17

Fquations 6 and 7 may be solved algebraically to obtain:

(2o AP)"f(cD—cS) o
i [(CD—CS) (RV+€Ra) +cs(Ra+RV)] + 1

where ﬁ = Ca

Ca+CV

b A i e
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Equation 8 is valid only in the range of linearity of
eq.‘s 6 and 7. Thus, it is restricted to the region

of 0<_Pf<fPf(sat). Nevertheless, it d?es serve to in-
dicate the general direction in which Q will move in re-

sponse to changing a number of system variables.

Graphical analysis of the system, as introduced by A.C.
Guyton is very helpful in understanding the integrated

function of the cardiovascular system. Several examples
are reviewed below. Figure 18 shows normal cardiac output

and venous return curves. Note that the steady state opera-.

tiwverpointedigsiat a C.0, of 5 liters/min. andrasrightratriaid

pressure of 0 mmHg.

|

CARDIAC OUTPUT AND VENOUS RETURN |
&

{liters/min.)
Q

(628
2

O 1 i |
-4 (0] +4 +8
RIGHT ATRIAL PRESSURE (mm.Hg)
Equating the normal cardiac output curve with the normal venous re

turn curve.

Figure 1 8
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In the following section, we will illustrate the use of
Guyton's graphical technique to analyze several specific
physiological states.

A. Sympathetic Stimulation

1. Sympathetic stimulation has rather little

effect on resistance to venous return, R,
2. Sympathetic stimulation causes constriction

of veins, decreased venous capacitance, and
increases mean systemic pressure--hence, moves
venous return curves up and te the right.

3. Sympathetic stimulation changes the cardiac
output curves by shifting to the left and in-

creasing the slope.

Figure 19 illustrates an analysis for the combined effects
of sympathetic stimulation on both cardiac and peripheral
factors. The normal operating point is at "A", while

with increased sympathetic tone, the operating point moves
from A to C, and then to D. Notice that despite the in-
crease in cardiac output, RA pressure drops. These curves
do not show arterial blood pressure. What would you expect
to happen to Bleoed pressure under intense sympathetic stimu-

lation?
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CARDIAC OUTPUT AND VENOUS RETURN fliters/min.)

RIGHT ATRIAL PRESSURE (mm Hg)

Effect on cardiac output of combined stimulation of the heart and of t‘
peripieral vasculature, showing an increase in cardiac output ot 25 per cent duri:.
moderate sympathetic stimulation, an increase of 92 per cent during maximal sym;.
thetic stimulation, and a decrease of 40 per cent when all sympathetic tone in t!;--
body is abrogated by total spinal anesthesia.

FIGURE 19

Tissue Oxygen Need

Hypoxia leads to vasodilation. Thus, if a wvascular
bed is perfused with blood with 02 saturation of
only 30%, a prompt vasodilation is observed. Hy-
poxia will shift the CO curve downward and to the
right--with severe hypoxia seriously damaging the
heart's ability to pump. Figure 16 illustrates

the graphieallsolution to the effiect ¢f hypoxia

of two degrees on cardiac output.

e e
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Aualysis ol the effect of anoxia on cardiac output. Point A represents the
normal condition, peint B moderate anoxia, and point C severe anoxia. See explana-
tion in the text.
FIGURE 20
Muscular Exercise

The most stressful condition to the normal circu-
latory system is vigorous exercise. Well-trained
athletes may increase their cardiac outputs by up
to 6 or 7 times normal. Excercise can affect cardiac
output in several ways:

l. Tensing of muscles, especially those in the
abdomen and legs can increase mean systemic
pressure, thus increasing venous return.

2. Autonomic stimulation may increase mean sys-
temic pressure and also increase cardiac con-
tractility and rate. '

3. Increase in muscle metabolism causes local
vasodilatation which decreases the resistance

to venous return.
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The time sequence of the effects are shown in
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SECONDS AF1ER ONSET OF EXERCISE
Time course ol the major changes that affect cardiac output following

ﬂ\(' onset of very strenuous exercise,

FIGURE 21

The graphic analysis shown in Figure 22 illustrates the

net effect on cardiac output. The normal operating point

is at A. At the onset of moderate exercise, the tensing

of muscles leads to an immediate increase in MSP from

7mmHg to lO0mmHg, and the operating point moves to B.

Note that the resistance to venous return on this venous
return curve has increased slightly due to muscle clamping.
The CO has increased from 5 L/min to about 6 L/min. During
the next 15 to 20 seconds sympathetic stimulation becomes
significant, causing both cardiac and peripheral effects.
Both CO and venous return curves shift appropriately and
the next operating point is at C with a cardiac output of

8 L/min at a RA pressure of 0. Finally, ﬁetabulic dilatation
of the muscular vascular bed occurs, resulting in decreased
resistance to venous return. The new equilibrium point at

D shows a CO of 13 L/min at a RA pressure close to zero.
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CARDIAC OQUTPUT

Graphical Analysis of the Effect of AModerate Exercise.
on Cardiac Qutput and Right Atrial Pressure

FIGURE 22

HOME STUDY QUESTIONS

Page Twenty-Three

Graphical analysis of the
changes in cardiac output
and right atrial pressure
at various time intervals
following the onset of
moderate excercise.

Using the techniques discussed above,do graphical analyses

for the following situations:

1o A subject is placed in a lower body negative pressure
device in which his lower body is exposed to ambient

pressures below atmospheric.

What would happen to

the venous return curves, the cardiac output curves,
and the equilibrium operating point? Discuss the
conditions under which fainting might occur.

225 Through graphical analysis discuss changes in
cardiac output during the normal respiratory
cycle.

3 Demonstrate the behavior of the cardiac output

in response to the opening of a medium sized A-V

fistula.
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HEART AND CIRCULATION
Pulsatile Models

A. Impulse Generator Model i

One simple pulsatile model of the heart would be a current
impulse generator. Those familiar with circuit theory

will recall that a current generator has infinite impedance,
SO valveé.(diodes) are not neecded. A current impulse is
analogous to a flow impulse and in its ideal form has
infinite amplitude and infinitesimal width. Hence, it is
measured by defining its area, which of course is the
total charge contained in the impulse (analogous to total
volume for flow impulse). Thus the current generator

shown in Figure 1 becomes a heart model in which the

FIGURE 1
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heart Late, tiEis %9 beats/min, and the stroke volume is AQ.
What would be observed if the current generator were to be
attached to a simple Windkessel model? - (See Figure 2.)

[

Note that Pa(t):represents arterial pressurée and Q(t), the flow.
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FIGURE 2
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Using this model, it is possible to express the steady-
state arterial pressure (systolic, diastolic, and mean)
in terms of the model parameters, and.to observe the de-
pendence of these pressures on stroke volume, heart rate,
arterial capacitance, and peripheral resistance. In the
calculations, we will use hydraulic symbols. (Note the
analogy to electrical symbols.) '
Pa(t) = Q(t)Ra

Qualitatively, the-pressure waveform will appear as shown

in Higure 3.

RIGURE 3
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In steady state, the increment in pressure corresponding

to the sudden dumping of AQ onto C will beAQ In
a
the time T during which C discharges exponentially through
Ra, the pressure decrease must equal 5“3
a

If the steady-state peak pressure is Ps(systolic pressure) ,

the minimal diastolic pressure T seconds later would be

)/
: Raca

Hence the pressure decrease would be

P_ (l R ) (27
: : : : a9
Setting this quantity equal to oo we have:
' a
. AR N Ao
PS (l e a a) o (3)
o AQ J

During the intervals, n i i =B + S8 ekhe expre581on

for arterial pressure then becomes-

S o
P (t) = 7= . 1 e (5

a @ o T/Paca) Rq Co
Systolic Pressure
e = 5
P, = & 1 (6)

SIS
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Diastolic Pressure

P — e

i ﬁf)_ é_T/RaCa (@)
& (i = I/Raca)

Pulse Pressure

B gm0 ' ; (8)

Mean Pressure =

i P (eldi B Epeaees
T cr = T/Raca) e el
(@] (@]
T, om0 (9)
o Fo0r=

Several points are worth observing from the above expressions-—-
first, the mean arterial pressure is directly prdportional

to heart rate, stroke volume, and peripheral resistance,

as would be expected. Since stroke volume times heart

rate equals cardiac output, equation 9 simply states that

the mean arterial pressure equals the product of cardiac

output and peripheral resistance.

Examination of equation 8 reveals that the pulse pressure
is directly proportional to the stroke volume and inversely
proportional to arterial capacitance. What does this imply
for patients with severe arteriosclerotic vascular disease

with pipe-like arteries?

Egquation 6 shows £hat the systolic pressure increases with

increasing R or C, and decreases as T increases.
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B. Other Heart Models

The current impulse generator and Windkessel vascular
model are quite useful, but have obvious limitations.

The most obvious shortcoming is that only the ventricle
and arterial end of the vasculature aré represented, with
no indication of a venous return or real circulation

of blood.

A somewhat more complicated heart model is neceséary
to account for these factors. In general block‘form,
the heart model must contain the inlet and outlet valves,

and a pumping chamber (Figure 4).

——> Inlet [ ———>| Pumping 7l CuiEliel—— >
[leve : Chamber I Valve
FIGURE 4

Our variable capacitor model, discussed previously, fits
this form and we may examine its pulsatile behavior when
driving the Windkessel vasculature model, and being supplied

by a constant venous pressure source (Figure 5).

g». v mﬁ, v
\“ o K‘; %?‘9% ; >
] : ¥ | | TMEQ é!
;‘P N) ' mﬁpm mﬁ = “‘i:;
§ - \\ . o)
w Aa t{‘) : Co a i‘?:;‘_ i\ Q.

" PIGURE ‘5
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In analyzing the steady-state behavior of this model,

we will begin with diastole. We will adopt the following

definitions:
@

ventricular capacitance during systole

S

Cd = ventricular capacitance during diastole
€ arterial capacitance :

Ra = peripheral resistance

P. = venous pressure = tilling pressure

Pv = ventricular pressure

B arterial pressure

Subscript 's’ denotes systole,
Subscript 'd'denotes diastole
Superscript ‘o’ denotes beginning of period

Superscript ‘e’ denotes end of period.

(T

During diastole, the circui

hbacomes sim

rb

14 Fi ad hoamoian
LEEXE DEecause

D, opens (ventricular pressure drops as Cé*é EaEerigure 6) .
Clearly, Cy will be filled to a pressure, B
% s
g 8 ki
o e — e
7 o | Soww T
5 C& G \

FIGURE 6

and will instantly accumulate a total end-diastolic volume

O G

afee At the same time, during diastole an exponential
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decay will occur in the arterial pressure Pa(t) (Figure 7);

with a time constant 4 = C_R_.

N
L+
T o i P o
fs"éf"“'" —_—— e e (T4 - @ i
& -~ K]
@ = ey B, o0 e
"%d R il - SSRGS RIS S e T | %‘%

/“' 0
Pﬁ“ﬁ%ﬁ

M erons

- Tagr,

@ Camm—emecy i B e e
! ¢

At the onset of systole, Cd decreases to C_ . Note that
this transformation involves work, and external energy is
required. How much?* The pressure Pv(t) will suddenly
increase since volume does not change instantly. This in-
crease in Pv(t) will open Dl and close D2r 8o the circuit
in systole will be as shown in Figure 8. Now va(t) must
egual Pas(t) and volume will transfer from CS to Ca to
make this possible. The value of PVS(t) at the onset of

: (@]
systole is va' The volume in CS will be PESCS and the

. . : o e
volume in Ca il 1ishbe vaca' The original volume on Cs at

: a2 I
*Answer: AW = %—- (;L—— = 1——)

Cs Cd
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FIGURE &

at end-diastole was Cde, while the end—diaStolic volume
in C_ was C:PiA- By conservation of mass, it follows
that: '

O —
va(cs ar Ca) =i CoBrCER C

2 = € B L@ Pad (10)

Throughout the duration of Syétole, TS; the pressure va(t) =

Pas(t) = Ps(t), and hence the RC time constant is
o= Ra(cS + Ca).

The pressure at the end of systole, Pg is:

TS/ '
P= = Pge Ts ‘ : (11}

The volume on C, at the end of systole is therefore

e

= 5o ~T :
@ =B ce o (12)
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The pressure Va(t) decays during diastole with a time con-
stant’rd = R,C_, and hence the pressure at the end of
diastole becomes

=]
= T o d/([‘
Pad— Pade d
=
= Pe e d/qd
as

-
= ple 5/

-~ ;
ol (13)

Where fi=psicmthe duration of diastole.

Combining eg.l13 and eq. 10, we may relate the peak systolic

S

pressure P: to the end diastolic ventricular pressure
Pf directly.

(14)

The "Stroke Volume"'is equivalent to the net transfer of

volume from the ventricle between end-diastole and end-

systole.



PageRen

Thus,
‘Stroke Volume = AQ = Q (end Diastole) - QO (end systole).

U
S

N e e e e
a f s s (CS

Substituting from eg. 14, this becomes

AQ

Notice that for constant C's, T's and U's the stroke volume

becomes proportional to Pes the ventridular diastoelic pressure.
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Stroke volume increases as the diastolic capacity Cd
increases, which agrees with our intuition. Furthermore,
the stroke volume increases as the systolic ventricular
capacitance decreases (ventricle empties more), until as

Cé—9o we have

AQ = Cde

This simply states that when the ventricle empties completely,

the stroke volume must equal the end-diastolic volume. (This
is identical with equation (1) of notes for lecture 6 when
Cg%ch)

These relationships are plotted qualitatively in Figure 9,
and resemble the familiar Starling-type ventricular function
curves. These curves, too, are similar to those derived for

S e | et ~ -
Lile vus L dove.

1

S ETEURETS

- Having familiarized ourselves with how the heart model works

with a constant venous pressure and a Windkessel vasculature,
we may move on to a more complete model which includes the

entire circulation. (Figure 10.)
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Problem #1

The continuity and momentum equations for a frictionless fluid in
a pipe (artery) were presented in class:

Continuity e -F T = 0

: ov av 1 op
Momentgm 5t =+ 9% 5 o
v = Q/A
"a) By substituting v = Q/A in the momentum equation and using

b)

c)

the continuity equation, show that the momentum equation can
be written i

2
at dx - A o)

Estimate the ratio

2 2
9 0 L e
G ox ( A ) AL ( A )
- 99 L
ot At (@

~

for the aorta using At = 1 a heart period and AL equal
to the length of the aorta. Can the term

5 o
Gom
be neglected as small?

Discuss why the numerical value R estimated in (b) might
be too high.
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Problem #2
The results of both the Wormsley theory for pulsatile flow in a
tube and the simpler Rayleigh problem for oscillating flow over a
flat plate lead to the same conclusion: for o = vw/v >> 1 , the
thickness of the viscous layer near the artery wall is very thin,
and the thickness, § , is independent of tube radius, i.e.

¢ = V2w/v

a) We wish to apply this result in estimating the wall shear
stress in a branching artery. The wall shear stress

gz
2 /d;
L M e
i
Yoused ﬁ““?iﬁéf
P IR e MM“'-“K’«% "‘_-‘f,*_:.,-
X -y
2R i
0 i
iz each vessel is
8 du = U
Teall B Moy = s

where U is the velocity in the vessel and é; is the viscous
layer thickness. Determine the parent-daughter shear ratio
for a symmetric bifurcation:

K= 2
1

Is i{ generally greater or less than 1 in the major human
arteries?

b) If we used the model of Poiseuille flow,

u@) = =L - £2rd)

TR
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a different scaling result would be obtained. Compute

as a function of the radius ratio (R3/Rg) for a
symmetric bifurcation using the model of Poiseuille
flow.

Problem #3 }
In Exercise 1 above, you derived the following form of the momentum

equation for an inviscid fluid:

2
9Q o0 - iAop
ot i dx ( A e p ox

Here, A = A(p,x) , and is given by the compliance

ref .

Cu = o4 ~ constant or
ap
A = —Cul(p —'p )

a) Integrate the momentum equation from x = 0 (the root of the

vegcel) to ite terminal end at x = I , and obtain
2 2
8 T R i
rp-r e 2 &g 8 T () - ()]

0

where (0Q/ot) is the average acceleration of the fluid
along the length of the vessel.

b) The quantity (pL/A) is called the inertance of the fluid,

, and is analogous to an inductor in an electrical
circuit. Justify this interpretation by considering the
case where A and Q are nearly constant along the vessel
length.
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Problem #4

Discuss, using the cardiac output and venous return graphs
the events which occur in the cardiovascular system of a
healthy man following a 1000cc. blood loss. Include all

of the control mechanisms with which you are familiar.

Problem #5

Show, using the graphic technique, the expected sequence
of cardiovascular events during cyanide poisoning (a

form of asphyxia) .

Problem #6

Assume wave propogation in the arterial tree to be adequately

mo

[T
(D

ledsby the transm
Consider a symmetric arterial bifurcation such as the iliac
bifurcation. What must be the reguired geometric relation-
ships between parent and daughter vessels for no reflections
to take place? - (Assume modulus of elasticity does not

change across the bifurcation), and also assume Cdﬁiggﬁ
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FLOW IN THE MICROCIRCULATION

Although the ancient Greeks were familiar with the anatomy of the
heart and major blood vessels, the concept of a closed circuit for the
‘circulation was not firmly established until the early 17th Century. Later
in that century, and continuing into the early 19th Century, some ingenious
experiments were conducted in an attempt to isolate the major sources of
resistance to flow. It is a credit to the investigators of that time,
particularly Thomas Young (1808-1809), that they succeeded in establishing
that the major resistance to flow occurred in vessels whose diameter was
some small multiple of the size of a red cell. The experiments of Hagen
(1839) and Poiseuille (1840) were performed in an attempt to elucidate
the flow resistance of the human microcirculation.

In the last two decades, major strides have been made in under-
standing the detailed fluid mechanics of the microcirculation. While an
undergraduate course in organ physiclogy is certalnly uol au appivpriale
point to review all of these developments in detail, we have every opportunity
to extract from these studies a concrete picture of the flow in capillaries
and other small vessels. Two contemporary review articles, with style as
well as extensive bibliographies, are highly recommended to the interested
student; they are:

—— Richard Skalak, "Mechanics of the microcirculation', in
Biomechanics, Its Foundations and Objectives, (Y.C. Fung, N.
Perrone, and M. Anliker, Eds.), Prentice-Hall, Englewood Cliffs,
N.Jis (1972) . Chi 8. '

-— J.M. Fitz-Gerald, '"The mechanics of capillary blood flow,"
in Cardiovascular Fluid Dynamics, Vol. 2, (D.H. Bergel, Ed.)
Academic Press, N.Y. (1972), Ch. 16.

A, Structure of the Microcirculation

We include in the term "microcirculation'" those vessels with lumens
(internal diameters) which are some modest multiple -- say 1 to 10 -- of
the major diameter of the unstressed red cell. This definition includes
primarily the arterioles, the capillaries, and the post-—capillary venules.
The capillaries are of particular interest because they are generally from
6-10y in diameter, i.e. about the same size as the red blood cells (RBC).
In contrast to the larger vessels, where RBC may tumble and interact with
one another and move from streamline to streamline as they course down the



vessel, the RBC must travel in single file through true capillaries.
Clearly, any attempt to adequately describe the behavior of capillary flow
must recognize the particulate nature of the blood.

The architecture of the microcirculation is very complex, with
many parallel branches between the arterial and venous vessels. Figure 1
illustrates the tortuous route which the blood must traverse through the
capillary bed. The schematized pathway of this figure will be illustrated
by a movie provided by Dr. H.J. Berman of Boston University, in which the
in vivo flow of blood through the hampster cheek pouch is recorded.

Sphincter
’ e \\

Fig. 1 Typical "architecture'" of the microvasculature.
(After B.W. Zweifach, Functional Behavior of the Micro-
circulation, C.C. Thomas, Publ., Springfield, Il1l., 1961).

In addition to the elaborate vessel architecture, there is a second
important feature of capillary flow; motion in any particular vessel is
highly erratic, stopping and starting in an erratic and apparently random
manner. The motion is not random, however, as it is coatrolled by the
oxygen demand of the tissue which is being served by the capillary. As
illustrated in Fig. 1, there are small muscular sphincters located at the



terminae of the arterioles which control the flow through the capillaries.
A simplified model for this control can be given as follows: the closure
of the sphincter requires oxygen to sustain tension in the musculature. As
" the oxygen supply in the tissue surrounding the sphincter becomes depleted,
the muscles cannot sustain their tension and the vessel begins to open.

But "Laplace's law" tells us that as the diameter increases, the wall
tension must also increase to balance the increased internal pressure force
acting against the increased wall area (T = Rp). The relaxed muscle cannot
withstand this tension, and opens rapidly until the tension is accommodated
by non-muscular tensile members in the vessel wall which limit the maximum
sphincter diameter. As the musculature regains its load-carrying ability
by virtue of the new supply of oxygen delivered by the flowing blood, its
contractile force exceeds the-tension in the arteriole wall and, again by
Laplace's law, finds that the stable state is that for which the sphincter
is closed. This "bang-bang" control model, while somewhat speculative,

is consistent with in vivo observations. :

B. A Simplified Model of Capillary Flow

The tortuosity and intermittency of capillary flow argue strongly
that the case for an analytic description is lost from the outset.
To prove this, we must return to the Navier-Stokes equations for a moment
and compare the various acceleration and force terms which apply in the
microcirculation. The momentum equation, which is Newton's second law for
a fluid, can be written

(A) (B) (c) (D)
3¢ > + :
o] o + p(v * V)v = - Vp + (viscous shear force) (1)

(Forces other than the two given may be neglected.) Since we are analyzing
capillaries in which the RBC are considered solid bodies travelling in a
tube and surrounded by a water-like fluid (plasma), a good representation
of the shear forces acting in the fluid phase is the Newtonian flow

viscous shear force = W v ¢ (2)

We now examine the four terms in°the momentum equation from the
vantage point of an observer sitting on the erythrocytes. It is an
observable fact that most frequently the fluid in the capillary moves at
least 10-20 vessel diameters before flow ceases, so that a characteristic
time for the unsteady term (A) is, say, 10 D/U. The distance over which
the velocity varies by U is, typically, D. (In the gap between the RBC
and the wall, this distance is, of course, smaller but the sense of our
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Fig. 2. Capillary flow as seen from a coordinate
system in which the erythrocytes are
stationary. ;

argument is not changed.) Dividing both sides of‘Eq. (@) by & |, and
defining the kinematic viscosity, Vv , to be equal to (u/p), we have the
following order-of-magnitude comparisons between terms:
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The term UD/v is, of course, the Reynolds number. Typical values for

human capillaries are U ~ 500u/sec., D ~ 7u ,  (plasma) ~ 1.5 X 10~2 cn /sec.,
so that the Reynolds number is about 2 x 103 , Clearly, the unsteady and
convective acceleration terms” are negligible compared to the viscous forces.

This result is most welcome, because it allows us to neglect the
acceleration of the fluid as it passes around and between the RBC, and
establish a continuous balance between the local net pressure force acting
on an element of fluid and the viscous stresses acting on the same fluid
element. The equation to be solved, then, is

Vp. = uVv:y

*
See the Appendix.




subject to the condition that the fluid velocity is zero at the
erythrocyte surface, which is our fixed frame of reference, and U at

the capillary wall. We must also place boundary conditions on both the
pressure and velocity at the tube ends, and specify the actual shape and
distribution of the red cells. This requires some drastic simplifications
if we wish to obtain quantitative results, so we assume that the red cells
all have a uniform shape (sphere, disc, ellipse, pancake, etc.) and are
spaced at regular intervals. Then the flow, and hence the pressure, will
also be subject to the requirement of periodicity, and we can idealize the
ends of the capillary as being substantially removed from the region
-being analyzed. If we specify the relative velocity U between the
capillary and the RBC, the total pressure drop across the capillary may
be computed.

C. Results of the Calculation

"For isolated and modestiy-spaced RBC, the results of the calculation
are not especially surprising. Figure 3 is a diagram of the fluid
velocities in the vicinity of the red cell. In the gap, the velocity
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Fig. 3. Diagram of the fluid velocities near the red cell.

varies from U to zero in a distance h , whereas in the '"bolus" region
between the RBC, the same variation is achieved over a distance of (D/4).
If h < (D/4), as is often observed in vivo, then the viscous shear force
is greatest in the gap region and tends to '"pull" the RBC along in the
direction of relative motion of the wall. Counteracting this viscous force




must be a net pressure, py — Pd » acting in a direction opposite to the
sense of the shear force. This balance of forces is the origin of the
parachute-like shape shown in Fig. 3 and frequently observed under a
microscope.

For' h << (D/4), we have very roughly

2
(b, - * - T () - @) )

where 2b is the axial extent of the region of the gap. Suppose we use
Eq. (4) to estimate the pressure drop across a typical capillary. If we
take h = .02D, b = 0.1D U = 500u/sec, D = 74, and W = 1.4 x 10-2
dyne-sec/cm?, then
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Py - Py =80 (E)(2)

40 dynes/cm2

For a capillary bed of effective length lmm, and assuming.the fairly close
spacing of red cells of 2u to achieve physiological hematocrits, the
overall capillary pressure drop is

1000u
u pd) : 24
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40 x 500 = 20,000 dynes/cm2

24

15 mm Hg.
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It has been estimated by several investigators that between 20 and 30%Z of
the systemic pressure drop occurs across the capillaries, i.e. the total
capillary pressure drop should be 20 - 30 mm Hg. Thus, the crude calcula-
tion of Eq. (4) is within a factor of 2 of the correct result. Note well,
howeyer, that in order to get reasonable agreement, we picked a very small
value for h, (h/D) = 0.02. We conclude that the gap between the red cell
and the capillary wail must be small indeed, if we are to predict correctly
the overall pressure drop across the capillary. By comparison, a fully-
developed Poiseuille flow gives ‘
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dp = 321 (

and taking the values for L, U and D from the preceding examgle, but

a viscosity characteristic of the average bulk blood of 4 X 1074 dyne-sec/cm”, .
we calculate a pressure drop of only 12 mm Hg. Thus, the discrete nature

of the RBC leads to an increased resistance to flow.

D. Bolus Flow

As illustrated in Fig. 3, the fluid in the bolus region between
red cells tends to exhibit a velocity in the retrograde, or reverse
direction relative to the coordinate system fixed to the erythrocyte.
Viewed from a reference frame fixed to the capillary wall, the plasma
along the axis would be travelling along the tube at a velocity higher than
that of the RBC. At first this might be somewhat counter-intuitive, but it
is easily explained if we imagine that the RBC fit tightly in the tube
[(h/D) » 0] and view the resulting motion from the vantage point of the
RBC.

As the wall moves axially from one erythrocyte towards the next,
the fluid in the vicinity of the wall will be set into motion in the
direction of the wall movement. But with (h/D) = 0 , there is negligible
"leak-back" through the gap, and the fluid within the bolus must therefore
recirculate continuously in a ball-bearing-type circulatory motion. This
is indicated by the curved direction arrows in Fig. 3. For large separations
between erythrocytes, the velocity profile is parabolic (like Poiseuille
flow), and the retrograde velocity along the axis is exactly equal to the
relative wall velocity U . If the separation between RBC is small, more
complicated recirculation patterns result.

E. Viscosity of Blood

As time permits, the following topics will be discussed:
1. DNon-Newtonian behavior of bloo& at low shear rates.
2. Agglomeration as observed in the microvasculature.
3. The Fahraeus-Lindqvist effect

a) Reduced hematocrit in small tubes

b) Apparent decrease of viscosity in flow
through small tubes. y




APPENDIX. NOTE ON CONVECTIVE ACCELERATION

Several times the question has been posed, 'What is the origin
of, and physical meaning of, the so-called convective acceleration term
in the Navier-Stokes equations?' This note is intended as a quick and
dirty physical explanation to this question.

When we write the equation for conservation of momentum of a
fluid, we are simply expressing Newton's second law:

Rate of change of momentum = z forces acting on the particle

To apply this law, we must adopt a coordinate system moving with the fluid
so that we may properly evaluate its change in momentum.

Writing Newton's second law for a fluid is most conveniently
accomplished by dealing with the mass per unit volume and the forces per
unit volume. For incompressible fluids such as water and blood, we
express the mass per unit volume as a constant density, p . Then the
rate of change of momentum per unit volume following the fluid is
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z Forces per unit volume.

The term (ﬁ:/Dt) represents the total acceleration of the fluid
in fluid-fixed coordinates. But it is frequently easier to solve a
problem (and specify the forces acting) if we adopt a statiomary coordinate
system through which the particle moves. The total acceleration in the
fixed coordinate system then has two distinct parts. The first represents
the rate of change at any specific point in the fixed coordinate system,
while the second represents the acceleration which the fluid experiences
in sweeping through successive points in the fixed coordinate system.
Expressed mathematically, this is
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The first term is called the unsteady acceleration, and vanishes if the flow
is steady as viewed by a stationary observer. The second term arises
because the fluid is experiencing an acceleration as it is convected through
the fixed coordinate system; not surprisingly, this term is called the
convective acceleration, and in Cartesian coordinates is:




V() = v

9(

X ox

Q

)

z

) 96D

v v
y 9y z

W

Note that the operators (0( )/9t) and (v V)( ) are scalars, so that the

vector momentum equation is
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The Mechanism ol Muscular Contraction

IWhen a muscle contracts, one kind of filament within it slides

past another kind. Llectron microscopy and other technigues have

begun to disclose how the filuments exert a force on each other

by I. E. Huxley

tary muscle—thick filaments and thin
ones—slide past each other so as to pro-
duce changes in the length of the mus-
cle. At that time one could offer only
a hypothetical description of contrac-
tion at a more detailed level; it was as-
sumed that a relative force is somehow
exerted betweeri the thick and thin fila-
ments at sites where they are connected
by tiny cross-bridges. Now, thanks to

n outstanding characteristic of all
A animals is their ability to move
voluntarily by contracting their
muscles. When I summarized our un-
derstanding of muscle contraction sev-
en years ago [see “The Contraction of
Muscle,” by H. E. Huxley; Scientiric
Axrerican, November, 1958], it had al-
ready been determined that during con-
traction two kinds of filament in volun-
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STRIATED MUSCLE from the leg of a frog is shown in longitudinal section in an electron
micrograph (zop) and the overlap of filaments that gives rise to its band pattern is illus-
trated schematically (bottom). Parts of two myofibrils (long parallel strands organized
into musele fiber) are enlarged some 23.000 diameters in the micrograph, The myofibrils are
separated by a gap running horizontally across the micrograph. The major features of the
sarcomere (a functional unit enclosed by two membranes, the Z lines) are labeled. The [
band is light because it consists only of thin filaments. The A band is dense (and thus
dark) where it consists of overlapping thick and thin filaments; it is lighter in the I{ zone,
where it consists solely of thick filaments. The M line is caused by a bulge in the center of
each thick filament, and the pseudo I zone by a bare region immediately surrounding the
bulge. The electron micrograph and others illustrating this article were made by the author.
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advances in electron microscopy and
allied techniques, we have been able to
substantiate that hypothesis and to learn
considerably more about the nature of
the interaction of the thick filaments
(composed mainly of the protein myo-
sin) and the thin ones (composed of an-
other protein, actin). It appears that at
each site where the proteins of the two
kinds of filament are in contact one of
them (probably myosin) acts as an en-
zyme to split a phosphate group from
adenosine triphosphate (ATP) and thus
provide the encrgy for contraction. The
basic problem is to understand how the
conversion of chemical into mechanical
energy takes place.

J.T_'Ch Lo L‘.:Cﬂj i":""if_“.v"" 0“}\'?{: ig L’nn\vn
about the structure and function of mus-
cle. Under the microscope voluntary
muscles—for example those that can
move the leg of a frog—appear regu-
larly striated at right angles to their
length. The muscles responsible for the
slow and regular movements of organs
that work involuntarily, such as the gut,
appear smooth. For reasons of technical
convenience most investigations of mus-
cle have dealt with striated muscle, and
so our discussion will refer specifically
to muscle of that type. A good deal of
what has been learned about striated
muscle, however, may apply to smooth
muscle as well.

Striated muscle can shorten at speeds
equal to several times its length per sec-
ond; it can generate a tension of some
40 pounds per square inch of its cross
section; it can conftract or relax in a
very small fraction of a second. A mus-
cle consists of individual fibers with a
diameter of between 10 and 100 mi-
crons (a micron is a thousandth of a
millimeter); the fibers run the length of
the muscle, or a good part of it. Each
fiber is surrounded by an electrically po-
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is generally a tenth of a volt negative
with respect to the outside. Contraction
is signaled by an impulse that travels
down a nerve to a motor “end‘ plate” in
contact with the fiber. The arrival of
the impulse depolarizes the membrane
and causes the release throughout the
fiber of an activating substance, prob-
ably calcium. It is this activation that
enables one of the muscle proteins to
act as an enzyme and split a phosphate

group from ATP. The muscle stays con-

tracted until nerve impulses cease (or
until it becomes exhausted), at which
point the activating substance with-
draws, probably by being bound to-the
sarcoplasmic reticulum, a network of
tiny channels within the fiber.

\n individual fiber is made up of a num-
<X Der of parallel elements callec myo-
fibrils, each about a micron in diameter.
Each myofibril itself consists of parallel
actin and myosin filuments that, when
they are viewed from the end, are seen
to lie a few hundred angstrom units
apart in a remarkably regular array. (An
angstrom unit is a ten-thousandth of a
micron.) The myosin filaments are some

160 angstroms in diameter but often ap-

pear somewhat thinner when fixed for
electron microscopy. They are about a
micron and a half in length. The actin

length and 50 to 70 angstroms in diam-
eter. The overlap between the arrays of
thick and thin filaments gives rise to the
pattern of striations visible in the micro-
scope. The pattern is characterized by a
succession of dense bands (called A
bands) and light bands (I bands). In the
A bands the myosin filaments lie in reg-
ister in hexagonal array and are respon-
sible for the bands’ high density. The
actin filaments are. attached in register
on each side of a narrow, dense strue-
ture that traverses the I band: the Z
line. In a relaxed muscle the distance
between Z lines—one sarcomere—is such
that about half of the length of a thin
filament and two-thirds of the length of
an adjacent thick filament overlap. In
the region of overlap in a relaxed fiber
the array contains twice as many thin
filaments as thick ones. The thin fila-
ments terminate at the edge of the H
zone, a region of low density in the
center of the A band. In the center of
the H zone lies the “pseudo H zone,”

a region of even lower density that

maintains its width no matter how the
length of the muscle changes. This light

.zone surrounds a thin, dark strip known

as the M line, which is now thought to
be caused by a slight bulge in the cen-
ter of each thick filament.

When a longitudinal section of mus-

CONTRACTION OF MUSCLE entails change
of the thick and thin filaments that comprise
left and right). The effect of contraction on the band pattern of
muscle is indicated by four electron micrographs and accompany-

it can be seen that the cross-bridges be-
tween a given pair of thick and thin fila-
ments come at fairly regular intervals,
The cross-bridges are the only mechani-
cal linkage between the filaments, and
they are responsible for the structural
and mechanical continuity along the
whole length of a muscle. It is the cross-
bridgos that must generate or sustain
the tension developed by a muscle. As
the sarcomere changes its length, either
actively during contraction or passively
(stretching or shortening while at rest),
the filaments themselves do not percep-
tibly change in length but slide past one
another; the thin filaments move farther
into the A bands ding shortening and
farther out of them during stretching.
Since normal contractions involve
changes in the length of the sarcomere
of 20 percent or more, the thi® fila-
ments in each half of the A band must
move distances of at least a quarter of
a micron while maintaining tension. It
seems physically impossible that ‘the
cross-bridges could remain attached to
the same point on the actin filament
throughout this process. We supposed,
therefore, that they are attached to one
site on the filament for part of the con-
traction, then detach and reattach them-
selves at a new site farther along. More-
over, we assumed that at each site

in relative position
the myofibril (top

4 =

L 4

ing schematie illustrations of muscle in longitudinal section, fixed
at consecutive stages of contraction. First the Il zone closes (1),
then a new dense zone develops in the center of the A band (283
and 4) as thin filaments from each end of the sarcomere overlap.
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CROSS-BRIDGES between thick and thin filaments are enlarged 180.000 diameters in elec-

tron micrograph made by

“negative staining.” Technique involves surrounding very small

objects with a densé salt (white substdnce in background) so that they stand out by contrast.

where cross-bridge and filament inter-
act, one molecule of ATP is split to gen-
erate a sliding force between the two
kinds of filament (and hence between
arrays of filaments).

“his general description of the struc-

- tural changes associated with con--

traction is the sliding-filament hypothe-
sis put forward a decade ago by Jean
Hanson of the Medical Research Coun-
cil unit at King’s College in London and
me, and independently by A. F. Huxley
and R. Niedergerke of the University of
Cambridge. Our hypothesis was partly
based on observations of muscle pre-
pared by what is called the thin-sec-
tioning tcdm]que. That method in-
volved steeping a chemically fixed (for
preservation) and stained (for contrast)
picce of muscle in liquid plastic and
then cutting the solidified plastic into
slices as thin as 100 angstroms. It turned
out, however, that the "thin-sectioning
technique was not adequate to the tasl\
of illuminating many details of the hy-
pothe.sxs. In (ndel to ascertain how a
force might be developed between thick
and thin filaments we needed informa-
tion about the detailed structure of actin
and myosin, and such information was
not forthcoming until the arrival of the
technique of electron microscopy known
as nemh\.e *;la.mmrr

Thu, new method in which the speci-
men under examination is embedded in
a thin film of some very dense material
such as uranyl acetate, has in recent
years revealed much about the struc-
ture of small spherical viruses and parti-
cles of similar size. As adapted in our

20

laboratory at the Medical Research
Council unit in Cambridge, the tech-
nicpue involves applying a drop in which
particles of muscle are suspended to an
electron microscope grid covered by a
thin film of carbon. Many particles ad-
here to this flm: the excess is washed
away with a few drops of solvent. Be-
fore the preparation diies a shallow
drop of the negative-staining y material—a

heavy metal salt in dilute solution—is

apphe(l It is allowed to dry around the
particles. The 10010115 of the pa:tlclcs
that are not penetrated by the stain
show up clearly by negative contrast be-
cause they consist of pmtein and are
much less dense than the salt that sur-
rounds them.

The negative-staining method brings

to light far more detail than the con-

ventional positive-staining technique
(which artificially increases the density
of objects with respect to their. back-
ground). Tts disadvantage is that it can
only be applied to very thm specimens;
thick ones and the associated thick de-
posit of negative stain would impair the

resolution of the electron microscope

image. Thus the method is not directly
applicable to whole pieces of tissue such
as muscle. The muscle must first be
broken down into fragments of suitable
thickness (such as individual filaments),
which is not easily accomplished.

rl“he usual method of breaking down
4 muscle tissue for purposes of investi-
gation is to homagenize it in the Waring
blcndm under thls treatment it dl‘h
perses 1et1dlly into its constituent myo-
fibrils but no further. In fact, the myo-

- probably because the cross-Diidges he.

tween thick and thin filaments bind the
whole structure together in a very 1o-
bust fashion. Making the assumption
that the cross-bridges are the sites where
actin and myosin combine, we wondered
if we might weaken the structure by sus-
pending the fibrils in certain salt solu-
tions that tend to dissociate the two
proteins. We were delighted to find that
if muscles, either freshly isolated or pre.-
served in a deep freezer in a solution

of water and glycerol, were placed in

the appropriate salt solution and then
homogenized in the blendor, they in-
deed broke down into their constituent
filaments. Thus they could provide ex-.
cellent material for examination by the
negative-staining technique.

The first specimens we prepared by
this method consisted of filaments from
the psoas muscle in the back of a rab-
bit. In the electron micrographs the
layer of negative stain was thickest
in the region immediately surrounding
the filaments; accordingly the filaments
have a dense outline [see illustrations at
bottom of opposite pagel. We could
at once recognize the’ thick filaments
by their resemblance to the thick fila-
ments in earlier prcpamtions of striated
muscle, The diameter of the filaments
was-the expected 160 angstroms; their
length was apparently about 1.5 mi-
crons. (Longer structures were never ob-
served but shorter ones, presumably
fragments, were.)
tending sideways from
along most of their length,

Smail projections, ex-
the filaments
seemed to

- correspond to the cross-bridges. Thin-

ner filaments 50 to 70 angstroms in di-
ameter could also be seen, and in places
we noticed a large group of such fila-
ments extending for about a micron on
each side of a Z line, to which they
were still attached [see illustration at
bottom left on opposite page]. These
observations of thick and thin filaments
of characteristic size,, lying side by side
and sometimes still connected by cross-
bridges, confirmed the conclusions about
the structure of the myofibrils reached
carlier by Xoray diffraction techniques
and by conventional light microscopy
and electron microscopy. We subse-
quently considered the 'lppeal‘mu, of
the individual filaments more closely.

A regular feature of the thick fila-
ments is a short region, midway along
their length, from wln(h the projections
we believe to be cross- bridges are ab-
sent, This differentiated, projection- -free
area, some .15 to .2 micron long, can
be scen not only in 1mgntively,stuincd




TRANSVERSE SECTION through a frog’s leg muscle in its un-
contracted state shows how thick and thin filaments are arrayed in
a regular hexagonal pattern. Breaks in the pattern at the right side
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FILAMENTS IN REGISTER at Z line (membrane in center) are
fl.n- thin filaments of actin, which alone comprise the I segment.
Ehis sample was obtained by homogenizing musele from the back
of a rabbit in the Waring blendor; it was prepared for the miecro-
graph l_i)' negative staining. Magnification is some 47,000 diameters.

of the micrograph are channels of the sarcoplasmie reticulum. From
the end thick and thin filaments look like large and small dots.
This electron micrograph enlarges them some 200,000 diameters.

SEPARATED FILAMENTS-are from rabbit muscle that has been
homogenized in a Waring blendor. The dark, thick strands are fila- -
ments of myosin. The very faint thin strunds‘are filaments of actin.
Thin filaments are still attached to remnant of Z line (dark patch
at top center). Filaments are enlarged some 35,000 diameters.

21
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material but also in sectioned speci-
mens. It is now apparent that the ab-
serice of cross-bridges from this region
is n’sprmxiblc for the mysterious pseudo
11 zone. This zone maintains its uniform
size at various muscle lengths because
it is a structural feature of the filaments
themselves and is not created by their
pattern of overlap.

At fivst sight the projcction-frec mid-
dle region of the thick filaments did not
seent pm'ticulzlrl_\' signiﬁcnnt. [t was con-
ceivable that the region was composecd

_of some other protein constituent of

muscle. The situation swas transformed,
however, when we found that filaments
of virtually the same appearance could
Le synthesized from purified solutions

]
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MYOSIN MOLECULES appear in electron
micrographs prepared by shadow-casting
method. The wide head has enzymatic prop-
ertics and combines with actin. The straight
tail can aggregate with other myosin mole-
cules. Magnification is 300,000 diameters.
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of myosin, the protein that is the main
component of the thick filament.

ri“he myosin molecule is known to be
- an elongated structure with a length
of about 1,500 angstroms and a diame-
ter of 20 to 40 angstroms. It can be
sp]i't (by the enzyme trypsin) into two
well-defined fragments; the [ragments
were named light meromyosin and heavy
meromyosin by Andrew G. Szent-Gy-
ijz'g:\'i of the Institute for Muscle Re-
search in Woods Hole, Mass. The heavy-
meromyosin tragment has the ability to
split a phosphute group from ATP and
the ability to combine with actin. The
light-meromyosin fragment possesses

neither of these attributes but retains

AGGREGATIONS of several molecules
from a precipitate of pure myosin were neg-
atively stained and magnified 175,000 diam-
eters to reveal their characteristic appear-
ance: a thick strand with projections near
the ends and a bare region in the middle.

the SoIuDInTY Properces it erare 1t
to form the same kind of structure that
intact myosin does. The molecule of
heavy meromyosin appears to be more
globular than the molecule of liglt
meromyosin. The dimensions of the frag-
ments suggest that before cleavage of
the myosin molecule they are arranged
in simple end-to-end fashion.

Isolated myosin molecules have been
examined under the electron micro-
scope, first by Robert V. Rice of the

“Mellon Institute in Pittsburgh and sub-

sequently by other workers, by means
of the technicue known as shadow-cast-
ing. This entails treating 1):111{(-103 on a
film in a vacuum by spraying them' at
an angle with a vaporized heavy metal.
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MOLECULAR -STRUCTURE of myosin
makes it aggregate in the manner shown
here. Head of molecule is schematically rep:
resented by zigzag line, tail by straight line.
Tails join in center; heads extend as projec:
tions at ends, oppositely pointed at each end.



side and leaves a shadow on the far
side, where it is blocked from landing
on the underlying film. YWhen myosin
molecules arve prepared by this method
for viewing in the electron microscope,
they appear as linear structures with a
globular region at one end [see illustra-
tion at left on opposite page]. Heavy-
Ieremyosin l'mgments are seen to con-
sist of a lurge globular head with a short
tuil. E.il‘_{.}]t-!l](’l';)n]}'().\'in fragments appear
as simple linear strands. It therefore
scems that the intact myosin molecule is
asvmmelric—a molecule with a head and
a tail. The sites (perhaps a single site) re-

. sponsible for its enzymatic activity and
its allinity for actin are located in its

alobular head, and the sites responsible
for its affinity for other myosin molecules
are in its tail. The head, which is 40
angstroms in  diameter, accounts for
about a sixth of the length of the mole-
cule; the tail, 20 angstroms in diameter,
accounts for the rest. -

It is known that under certain condi-
tions purifiod myosin in potassium chlo-
ride solution will precipitate. When we
examined such a precipitate by the
negative-staining technique, we were
delighted to find that it consisted
entirely of filaments. They varied some-
what in length and diameter but gen-
erally bore a most remarkable resem-
blance to the thick filaments prepared
directly from muscle. Systematic exami-

nation of these synthetic filaments, first -

ot short filaments ouly two or thiee
times the length of a single myosin
molecule and then of longer ones,
turned up an even more remarkable
feature. The shortest filaments were
straight rods some 1,500 to 2,500 ang-
stroms Jong, with clusters of globular
projections at both ends. It occurred to
us that we were looking at a small num-
ber of myosin molecules arranged in two
opposite directions, with- their globular
heads forming the projections and their
lincar tails overlapping [see middle il-
zz{rxfra{irm on opposite page]. Longer
filuments had longer clusters of projec-
tions, but the projection-free region in
the middle of each filament was the
saume length as the corresponding region
in the shorter filaments. The longest syn-
thetic filaments we observed closely imi-
tuted the appearance of thick filaments
extracted from muscle. It seems. clear
that myosin filunents grow by the addi-
tion of molecules pm‘ulfci'to the mole-
cules that have already aggregated. The
molecules are oriented in’one of two op-

posite directions, depending on which
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MYOSIN -FILAMENTS were obtained directly from muscle homogenized in a blendor
(four electron micrographs at left) for comparison with a synthetic filament from precipitate
of pure myosin (micrograph at right). The thick filaments from musele and the synthetic
filament have the same form, characterized by the bridge-free zone in the center and the
projections clustered at each end. The filaments are enlarged some 105,000 diameters.

end of the filament a given molecule is
joining. It is this method of constriiction
that gives rise to the projection-free re-
gion in the synthetic filaments and of
course to the same feature in the natu-
ral filaments.

r!“his study of myosin molecules and

- the way they aggregate impressed
on us two features that explain the role
of these molecules in muscle. First, the
head of the molecule has the enzymatic
and actin-binding properties we have
long assumed the cross-bridges must
have. Second, because the molecules ag-
gregate with their heads pointed in one
direction along hall of the filament and
in the opposite direction along the other
half, they have an inherent direction-

ality. The first observation leads us to
conclude that the heads of myosin
molecules serve as the cross-bridges con-
necting the thick and thin filaments in
muscle. The second ‘is important be-
cause it explains a crucial feature of the
sliding-filament hypothesis at the mo-
lecular level.

In a sliding-filament system in which
a relative force is developed between
actin and myosin molecules located in
the two types of filament, it is essential:
that the appropriate divectionality of
sliding be built into the filaments in
some way. In a striated muscle the thin’
filaments move toward each other in the
center of the A bands, so that it is
required that all the elements of force
generated by the cross-bridges in one
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ACTIN FILAMENT has a characteristic
structure, visible in micrograph in which
filament is enlarged some 420.000 diameters.
The filament has the appearance of two coils
of globular units wound in a double helix.

half of the A band be oriented in the
same direction, and that the direction
of the force be reversed in the other
half. The direction of the force devel-
oped as a result of the interaction of
actin and myosin would depend either
on the orientation of the mvosin mole-
cules, the orientation of the actin mole-
cules or both. Our electron microscope
observations suggest strongly that all or
part of this directionality is achieved by
the fact that the myosin molecules are
arranged so that they point in the same
direction in half of each thick filament
{and hence in each A band) and in the
opposite direction in the other half [sce
illustration at right on page 22]. More-
over, we have shown that filaments with
this essential reversal of polarity at their
midpoint will assemble themselves auto-
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“ARROWHEADS” point in one direction
along each filament of actin labeled with
heavy meromvosin (extract of the globular

halves of myosin molecules), implying that.

actin has an inherent polarity of its own,

matically in vitro from pnriﬁcd prépm'a-
tions of myosin; this finding has obvious
relevance to problems of how muscle
develops its structure.

]et us now turn to the thin filaments,
— Tt was first noticed by Jean Hanson
and J. Lowy of the Medical Research
Council unit in® London that the thin
filaments from the smooth muscle of
clams had a characteristic beaded ap-

.pearance. They were able to show that

the filament had the form of a double
helix consisting of two chains of rough-
ly globular subunits, the chains twisted
around each other so that viewed from
a given direction the crossover points
were about 360 angstroms apart [see
illustration at left on this page].

The thin filaments from striated

muscle show an identical structure; i
can often be seen even when they are
still attached to a 7 line. Filaments
macle from actin prepared by standard
biochemical techniques again show the
same pattern. Thus we can confirm that
the thin filaments of striated muscle dg
contain actin, as we had supposed. We
can also deduce - that the globulur
subunits are molecules of actin that
aggregate to build up the filament. The

‘ structure itself might resemble two

strings of beads twisted around each oth-
er; its alternating high points and low
points suggest a gcneml arrangement

for the successive active - sites on the

filament to which the cross-bridges may
attach themselves (assuming that eacl
globular unit has one site). We cannot
directly view enough of the internal
structure or shape of the subunits to
make any deductions about their direc-
tionality. To reveal such polarity we
have used a natural marker, namely
heavy meromyosin, the fagment of
myosin that combines with actin.
When actin filaments are treated with
a solution of heavy meromyosin and
examined in the electron microscope by
negative staining, thcy assume a com-
pie.\: appearance that we do not yet
understand in full detail. Nevertheless,
one salient feature stands out immedi-
ately: the filaments of the resulting
compound have a well-defined structur-
ol mplarite that manifests itself i an

obvious arrowhead pattern [see illus-
tration at right on this page]. The ar-
rows always point in the same direction
over the length of a given filament, even
when only dilute solutions of heavy
meromyosin have been applied and the
arrow pattern is interrupted by long
stretches of normal uncombined actin.
If the polarity were imposed by some
local condition such as the direction
along the actin filament at which a se-
ries of heavy meromyosin molcmlh’j
were attached during the formation of
the compound filament, one would ex-
pect the pattern of arrowheads to Jack
such consistency. Therefore it would
seem that it is the underlying structure
of the actin that imposes the pattern.
Precisely which [eature ‘of the myosin-

actin combination gives rise to the ar-

rowhead effect is unclear; it may well
be that the pattern reveals the actual
orientation of some part of the heavy-
meromyosin fragments. A general fea-
ture can be deduced, however: all the
actin molecules in a filament will com-
bine with heavy meromyosin in precise-
ly the same way [see top illustration o
page 26]. We can conclude that all



Z LINE, the membrane that forms the end of a sarcomere, appears
as dark region from which strands radiate. The strands are. thin
actin filaments that comprise the I band. At times, as in this in-
slance, they remain attached even after musele has heen homog-
enized. This micrograph and one at right were made by negative

. staining, They both hiave magnification of some 165,000 diameters. .

e T

DIRECTIONALITY OF ACTIN is demonstrated when thin fila-
ments attached at the Z line are labeled with heavy meromyosin..
Arrowheads form, pointing away from the Z line on each side, In
this micrograph they point up at top of Z line, down at lLottom.
Opposite orientation of the two I segments of a sarcomere enables
filaments from left and right I segmentis to converge on center.
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ment are oriented in the same sense and
e

the actin molecules in a given thin fila-  frequently contain groups of Hlaments
still connected to both sides of a Z
line. We find, in examining such as-
semblies after treatment with heavy
meromyosin, that the arrows on all

filaments always point away from the Z

that they can all interact in identical
fashion with a given myosin cross-
bridge.

We have used the same technique to
investigate the way in which the actin
filaments are attached at the Z lines.
As [ have mentioned, preparations of
thiii filuments from homogenized muscle

stince on one side of a Z line are all
similarly oriented; on the opposite side
of the Z line the orientation is reversed.

STRUCTURE OF ACTIN is represented by two chains of beads twisted into a double
helix (top). The way in which actin might combine with heavy-meromyosin fragments to
give rise to arrowheads apparent in micrograph at right on page 24 is suggested at bottom.

BRIDGE-FREE
REGION

MYOSIN
FILAMENT

ACTIN

FILAMENT BRIDGES

CONTACT OF ACTIN AND MYOSIN in muscle might be made in the manner schematical-

ly illustrated here. The thin actin filaments at top and bottom ave so shaped that certain sites-

are closest to thick myosin filament in the middle. The heads of individual myosin
molecules (zigzag lines) extend as cross-bridges to the actin filament at these close sites.

- ANTIPARALLEL
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DOUBLE OVERLAP of thin filaments from each side of the sarcomere would result if the
sliding-filament hypothesis is essentially correct. It is now assumed that muscle generates
maximum tension when thin filaments reach eenter of 4 band, and that tension falls
when thin filaments cross the center and interact with improperly oriented cross-bridges.
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lines. The filaments forming the { sub-

- IThis 15 exactuy e AITAIZeIent We to-
quire in order for the same relative ori.
entation of the actin and myosin mole-
cules to obtain in the two halves of the
A bands but for the absolute orientation
to be reversed. The direction of the
forces developed will conscquently he
reversed and the actin filaments can
move in opposite directions, that is,
toward each other in the middle of the
sarcomere,

\\'[e conclude that both the thick and
the thin filaments in a striated
muscle are assembled and oriented in
such a way that if a relative force were
developed between a given actin and
myosin molecule in either filament, all
the elements of force in the whole
system would be added together in the
appropriate manner to give rise to the
organized behavior we have observed.
Several years ago we tentatively pro-
posed the analogy of a ratchet to de-
scribe the interaction of sliding fila-
ments. Now our understnnding of the
way in which cross-bridges of myosin
seem to hook onto consecutive active
sites on the actin filament makes the
analogy seem even more appropriate.
Recently we have examined with our
improved electron microscope tech-
niques sections of muscle fixed at vari-
ous stages of contraction, The filament
lengths, measured by Sally G. Page of
University College London, appear to
remain constant and equal to the cor-
responding lengths in j'bsting muscle
(discounting small changes in length
from tension during fixation and other
preparative steps). The most interesting
feature of the contraction sequences we
have studied is that at the shorter sar-
comere lengths a dense zone appears in
the center of the A band; the zone pro-
gressively increases in width as the mus-
cle shortens. This zone first appears after
the H zone has closed up completely.
We had shown previously that the clos-
ing of the II zone during shortening is
caused by the ends of the thin filaments
sliding toward each other in the center
of the A band. Now when we measured
the distance from the Z line to the op-
posite end of the new dense zone, we
found that it was still- equal to the
length of the thin filaments. We there-
fore suspected that the new zone might
correspond to a-region where the thin
filaments from each end of the sarco-
mere overlap: [see illustration on page
19].
This view was confirmed when we
examined cross sections of muscle cut
through the region of supposed double




of thick and thin filaments in regular

Lexaconul array with twice as many

“,

(RN
times as many thin filaments as thick
ones [sce illustration at right]. Appar-
ntly we were seeing the thin filaments
from both ends of the sarcomere at the
wune time, and these must have slid
et one another during the shortening.
This find ing umhzmed that the 'ilmple
sliding process describes the behavior of
the thin filaments under all conditions.
Objectors had pmposod, for instance,
that the thin filaments might coil up
within the A bands.) The finding also
cizeested to our group and to A, F.
Huadey, who is now at University Col-
lewe London, a possible explanation for
the observable decrease in tension gen-
erated by striated muscles at sarcomere
leneths shorter than resting length. Ten-
<ion would fall oft in the doub]c overlap
revion because there is a pu)gncssl\cly
increasing penetration of the thin fila-
wnts from one Z line into the “wrong”
cnd of the A bands. We know that actin
molecules in part of a thin filament pen-
ctrating the center of the A band would
Jiave an abnormal orientation with re-
pect to the adjacent cross-bridges [see
bottom illustration on opposite page].
Such a region would not be expected to
contribute to the development of ten-
sion by the muscle, and by interfering
and chemically with the
raction of the <‘nner‘ﬂv ariented

t

i ul: m]mll\
ac-

1 and myosin molmulm it might re-
duce the tension.

{ ‘an we extend our investigations to
consider changes in the arrange-
ment or configuration of the actin and
tmvosin molecules in museles that ave
actually contracting? This goal has in-
deed been attdmcd, th{ml\s to the
sophistication of a technique long used
i the study of muscle: X- ray dzﬂmctwn
Untreated muscle reflects X rays in a
pattern. We can compare the
in \_\lnicll contracted and relaxed
reflect X rays and thus de-
icnmine it activation and the develop-
ment of tension associated with
tppreciable changes in the length of the
repeating units of pattern formed by
fue arrangement of actin and myosin
within the filaments (and
we with possible changes in fila-
ment length). Two groups of workers—
B .i»;m‘.-:l‘ K. C. Holmes and I in Cam-
lge, and G. . Elliott,
A Millman at the Medical Research
i Biophysics Research Unit at

revular
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150 filaments as thick ones, the pattern’
less reonlar and there were four
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CONTRACTED MUSCLE viewed end on in this electron micrograph has four times as
many thin filaments (small dots) as thick (large dots). The regular array of thick filaments
is well preserved; the array of thin filaments iz not. Since the ratio of thin to thick filaments
in relaxed muscle (evident in micrograph at top of puge 21) is two to one, it appears that

actin filaments from each end of the sarcomere overlap during contraction: This trans-

verse section, made by cntting through the center of an A band of a

muscle from the leg of

‘a frog (the method used in making section at top of page 21), is enlarged 250,000 dmmclei’s.

King’s College in' London—have inde-
pendently conducted such studies, and
both groups report that no such changes
in length occur during contraction.
Another exciting fmdmg, reported by
our group, is tlmt th(, relative intensity
of some of the X-ray reflections asso-
ciated with myosin filaments “changes
greatly during contraction. (Subsequent-
lv the London group reported observa-
tions consistent with our findings.) These
effects have still to be analyzod in de-
tail, but they indicate a substantial
movement of the cross-bridges during
contpactile activity. Very recently mem-
bers of our group and a group of inves-
tigators under J. W. S. Pringle at the
University of Oxford huve demonstrated
a movement of the cross-bridges associ-
ated with the contraction of insect flight
muscle. These latest findings open up
new possibilities. Now. that we know
that measurable changes in the X-ray
reflections do in fact occur during con-

traction, we have a method of distin-
guishing steps in the process by which
energy for contraction is obtained.

A contracting muscle offers a uniquely
Favorable system for studying the out-
standing ploblems of protein structure
and funr.tlon. In muscle we have now
clearly identified the interacting pro-
tein molecules, the high concentration
in which they are present and their
regularity of arrangement. The major
unsolved question about contractility
is a general question of biochemistry:
Low do proteins act as catalysts for bio-
chiemical reactions, and what happens to
them in the process? It is interesting in
this regard to recall that ATP itself was
first identified as the source of enérgy in
the contraction of muscle and subse-
quently as the universal carrier of chem-
ical energy in the living cell. We expect
that the study of the precise basis of
contractility will also lead to broadly ap-
plicable results.
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Myocardial Ultrastructur
in the Normal and Failing Heart

EDMUND H.SONNENBLICK Harvard Medical School

The first article in a new series on cardiac failure focuses upon the

sarcomere as the basic contractile unit within the myocardium. The phenomena
observable under the electron microscope are related to the functioning of

the heart as a pump. And it is shown that derangements at the sarcomere level
can be related to compensatory mechanisms that ultimately lead to heart failure.

The performance of the heart as a pump is primarily de-
pendent on the contractile activity of the myocardium; the
contraction of the myocardium in turn reflects the sum-
mated and integrated working of its individual contractile
elements — the sarcomeres. This premise is the rationale

for examining the ultrastructure of the heart in relation to -

the continuum of cardiac function: a continuum that ex-
tends from normal performance to advanced failure.
Starting from this premise, this article will discuss, in

order, the .structural and functional components of the-

sarcomere, the mechanisms through which the phenomena
observable in the sarcomere become relevant to myocardial
behavior, and the relationships between derangements at
the ultrastructural level and the development of cardiac
tailure. :

The ultrastructure consists simply of those morphologic
features that are adequately observable only with the reso-
lution and magnification afforded by the electron micro-
scope. The myocardium is composed of numerous inter-
connecting, branching fibers or cells, each 5u to 10y in
diameter; these fibers are, of course, visible under the light
microscope. Longitudinally the fibers contain irregular
rodlike structures or fibrils. The electron microscope
shows that the fibrils run the length of the fiber and are
composed along their length of regular, repeating struc-

_tures — the sarcomeres, the ultimate unit of contraction

in heart as well as skeletal muscle, The sarcomeres give the
fibrils their striped or striated appearance. Sarcomeres in

turn are composed of two sets of rodlike filaments, thicker

ones composed of aggregates of myosin molecules, thinner
ones of aggregates of actin. Interactions between actin and
myosin at specific sites along the filaments produce con-
traction of the myocardium. Other regulatory proteins
have been discovered within the sarcomere, located along
the thin actin filament. These include the complex of tropo-
mysin and troponin whose role will be discussed lafer.
Functionally the myocardial “machinery” has three com-

ponents. There is a system to activate and relax the cell,

i.e., turn it on and off; an “apparatus” for generating force
and shortening; and a system for praviding the energy for

operating the cell. The activation-relaxation system is re- .

lated to a series of membranes covering and within the
cell. Covering the fibers externally is the sarcolemma, the
membrane that carries the electrical activity across the sur-
face of the cell.

Cardiac fibers (or cells) branch wideiy and at their
ends the sarcolemma is modified to join cells together into
a “functional syncitium.” This modified cell surface mem-
brane is called an intercalated disk and serves the purposes
of holding cells together while providing pathways of low
electrical resistance between cells. In addition the sar-
colemma invaginates the fibers to carry electrical activity
deep into the cells, forming the transverse tubular or T

system. I would emphasize that both the intercalated disk -

and the T system are essentially specialized extensions of
the sarcolemma. i

Inside the cell, surrounding the contractile machinery,
is the sarcoplasmic reticulum, another system of fine mem-
branous tubules that abut both the sarcolemma and the
T system at specialized terminals or junctions. When elec-
trical activity is transmitted within the cell it triggers the
release of an activator, presumably calcium, from the
sarcoplasmic reticulum and activates, i.e., “turns on™ the
cell. Conversely, when the sarcoplasmic reticulum reab-
sorbs the calcium, the contractile machinery of the cell is
inactivated.

The aerobic energy system of the myocardial cell is con- -

tained within mitochondria, which lie between the myo-
fibrils and, as in other cells, utilize food substances and

Dr. Sonnenblick is assistant professor, Harvard Medical School,

and director of cardiovascular research, Peter Bent Brigham

Hospital, Boston.
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Myjocardial structure, as seen under the light and electron micro-

scopes, is schematized. Top drawing shows section of myocar-
dium as it would appear under light microscope, with intercon-
necting fibers or cells attached end-io-end and delimited by
modified cell membranes called intercalated disks. Ulirasiruc-
tural schematization (center drawing) illustrates the division of
the fiber longitudinally into rodlike fibrils, in turn composed of
sarcomeres, the basic contractile units. Within the sarcomeres,

thick filaments of myosin, confined to the central dark A band,.

alternate with thin filaments of actin which extend from the Z
lines (delimiting the sarcomere) through-the I band and into the

/

A band where they overlap the myosin filaments. These land-
marks are seen in detail drawings (bottom). On activation a repet-
itive interaction between the sites shown along these filaments
displaces the filaments inward so that the sarcomere and hence
the whole muscle shortens, with maximum overlap at 2.2u. Also
depicted are the membranous systems—the T- and L-systems
that carry electrical activity into the cells and release calcium
to activate the contractile machinery. Like the intercalated disks,
these are specialized extensions of the superficial sarcolemma.
Also noteworthy is the rich mitochondrial content, typical of
“red” muscle, which is highly dependent on aerobic metabolism.

Mitochondria



oxygen to produce adenosine triphos-
phate (A T p), the direct energy source
for myocardial contraction.

This brings us to the contractile
machinery, the sarcomere, which con-
stitutes about 50% of the myocardial
fiber.- This is an appreciably lower
percentage of contractile protein than
is found in skeletal muscle, where up-
ward of 80% to 90% of total mass is
contractile fibers. This difference re-
flects mainly the greater amount of
mitochondria in heart muscle.

With the electron microscope the
the outstanding topographic feature
of the sarcomere is its banded appear-
ance — alternating bands of dark and
light repeating from sarcomere to
sarcomere. Alternations in the repeti-
tive: banding of the sarcomere reflect
the relative disposition and overlap
of the two sets of protein filaments
that interact to produce the force of
contraction.

At both ends of the sarcomere,,

thete are thin dark lines which are
called Z lines. The Z lines provide in-
sertion points for the thin actin fila-
ments from the two abuttiﬁg_ sarco-

merec While the detailed structure of

the Z line is still not fully clarified and

varies somewhat from muscle to mus-
cle, it has the general appearance of
a straw mat into which the thin actin
filaments are interwoven. Although as
a matter of convenience we have been
referring to the thin filaments as being
composed of actin, troponin is now
known to be associated with the actin
and plays a major role in regulating
interaction of actin and myosin.

At the sarcomere center is a
broader dark. area, the A band, com-
pased of the thicker myosin filaments.
Between the dark Z lines and the dark
A band are two lighter zones, the I
bands. Thin filaments extend inward
from the Z lines through the I bands
and end near the center of the A band.
The thick filaments run the length of
the A band. In the lateral portions of
the ‘A band there is thus an overlap
of thick and thin — myosin and actin —
filaments. In longer sarcomeres a rela-
tively lighter zone appears at the cen-
tral portions of the A band, which is
termed the H zone. The H zone repre-
sents that portion of the A band where
only thick filaments are present.

In recent years, we have been able
to gain an increasingly clear under-

b
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standing of the nature of the force
generators along the myofilaments, al-
though definition is still far from com-
plete. At the center of the A band, the
thick filaments are connected by fixed
bridges that hold these filaments in
relative position and create a dark-
ened area of cross banding along the
M line. Along the thick filaments, pro-
jections extend out at intervals of 400
Angstroms. At rest, troponin, which is

located periodically "along the actin,

filament, inhibits the interaction of
these projections with the actin fila-
ment. When calcium is available to
interact with tropenin, this inhibition
ceases and bridges are formed be-
tween myosin and actin, An enzyme
in the myosin portion of the bridge
for splitting ATP (an AT Pase) is ac-
tivated; the bridge then generates
force and the filaments are displaced

relative to one another. This leads toa -

breaking of the bridge that can’then
be reformed further on along the fila-
ment. In this repetitive fashion and
through the summation of such bridge
formations, contraction is generated.

Because the degree of overlap
of filaments determines to a con-
siderable extent the degree of inter-
action, the normal lengths of the fila-
ments are extremely important in vis-
ualizing the process. The thick my-
osin filaments are approximately 1.5

in length; the thin actin filaments

measure about 1.0u. Present evidence
strongly suggests that the absolute
length of the filaments remains con-
stant during the resting peried and in

the course of contraction. When the

cell is activated however, a repetitive
interaction occurs between sites along
these filaments. This interaction effec-
tively pulls the thin filaments inward
toward the center of the A band,
shortening the sarcomere and hence
the muscle. This process gives us the
“sliding model” for muscle contrac-
tion, clearly established for skeletal
muscle and now well documented for
the myocardium as well. Since the

‘number of active sites on the myosin

filament that will come into contact

with the actin deépends on the degree

of overlap, the overlap primarily de-
termines the force generated between
the two sets of filaments. One other
fact is revelant. There is a section of
the thick filament at its center, about
0.2, that is devoid of reactive sites.

A number of variables have now
been defined, which, taken together,
can be seen to relate most significantly
to the functioning of the myocardium
and to the possible effects of dilatation
on such function. The thick myosin
filaments are 1.54 in length and oc-
cupy the central portion in the sarco-
mere. The thin actin filaments extend
inward from the Z lines 1.0y in each
direction. Taking into account the in-
active region in the ‘middle of the
myosin filament, the optimal length of
the sarcomere — the length at which
maximum overlap and force of con-
traction occur — is seen to be 2.2u.

To understand the import of
this sarcomere.length it is necessary
to turn to some of the kinetics govern-
ing the functioning of the heart as a

. pump. A necessary starting point is

Starling’s law of the heart, which in
its simplest form states that the heart
will pump out the blood that is re-
turned to it from the venous system
on a beat-to-beat basis, and that both
the initial size of the heart (prior to
contraction) and the volume of blood
eiected will be determined primarily
by the volume of blood returned to it
from the circulation. This may be ex-
emplified with figures derived from
experiments with the intact dog’s
heart. If the initial or end-diastolic
ventricular volume is 40 cc, the out-
put with contraction or stroke volume
will be about 20 cc, or 50% of initial
volume. If the dog then lies down,
causing a sudden increase in venous

'return that raises the end-diastolic

volume to 50 cc, the following con-
traction will eject 25 cc of blood. The
ejection fraction, i.e., stroke volume/
end-diastolic volume, remains essen-
tially constant and the stroke volume
is determined primarily by the end-
diastolic volume. OFf course these rela-
tions are also affected by the load
against which the heart is pumping,
i.e., the pressure, and by the “contrac-
tility” of the ventricle at that moment,
but the example serves for general

illustration. As venous return and ven- .

tricular end-diastolic volume rise, so
does ventricular end-diastolic pres-
sure. The phenomenon takes place in
both the right and left sides of the
heart, providing a balance between
the two sides of the circulation. An
inevitable result otherwise would be
the displacement of excessive systemic
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The way in which aliering sarcomere lenath chunges kand pat.
tern is shown in actual frog sartorius muscle sarcomeres (left)

blood into the pulmonary vascular
bed, with attendant pulmonary ede-
ma, or the total depletion of the pul-
monary vascular volume.

Starling’s law of the heart is based
on the fact that the heart is a muscle
and, more precisely, a muscle that
pumps. Certain characteristics hold
for all muscle. First, initial muscle
lIength and contractile force are re-
lated. There is a muscle length at
which the developed tension produced
by a muscle will be maximum (Li,q.)-
If muscle length is either increased or
decreased from this point, a decrease
in developed tension occurs, i.e., a de-
crease in the force that the muscle can
produce. By plotting length of muscle
against the tension it produces,. one

can derive the length-active tension-

curve for that muscle. There is also a
length-passive tension relationship for
muscle — that is, the tension generated
when the muscle is not being actively
stimulated but simply being stretched.
In heart muscle, the length-passive
tension curve is reflected in the rela-
tion between the’end-diastolic volume
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and end-diastolic pressure. Because
the heart normally doesn’t operate at
L, but at a point somewhat lower,
i.e., on the ascending limb of the
length-active tension curve, an in-
‘crease in the passive tension will
strengthen the muscle and cause more
blood to be ejected. This accounts for
the change in the output of the heart
that corresponds to increased initial
size, and, of course, also provides the
heart with reserve capacity and with
the ability to compensate in certain
situations.

Other mechanical and geometric
considerations must be kept in mind.
First is the LaPlace relation which
states that the tension in the wall of a
sphere is directly related to the pres-
sure in and the radius of the cavity,
and inversely related to the thickness
of the wall. Thus, if the end-diastolic
volume is increased, the tension gen-
erated in the wall in systole must be
higher to develop the same pressure
to. open the aortic valve and eject
blood. As tension in the wall is in-
-creased, a decrease in the extent of

3:O,u.

221

cand i eonreluied diagrams. The nuddle sarcomere is at L
(2.2u), at which length maximum coniractile force is produced.

1.5m

max

shortening during systole will occur.
Because of geometric considerations,
the same stroke volume could still be
ejected with decreased shortening
as the ventricle enlarges. However, if
an increased stroke volume is to be
produced in direct relation to the in-
creased end-diastolic volume, the ex-
tent of shortening must be restored
despite the increased tension load.
Accordingly, one must move up the
length-active tension curve of the mus-
cle fibers in the wall of the heart.
Why does the Starling curve reach
a peak? Here again one can relate
physiologic events to the length-ten-
sion curve for muscle. As one ascends
the length-tension curve, a point
(Liax) 1is reached where further
stretching of the muscle will not result

in increased developed tension. There-

fore, the sarcomeres and the whole
muscle will not shorten as much and
the heart will not expel more blood
despite. increased volume. In an at-
tempt to compensate for the deficit in
output the heart will continue to get
larger. The individual with the failing

2SIL

e e



-

heart may no longer-operate on the
ascending limb of the length-active
tension curve but rather near its apex.
Here he has lost the ability to generate
increased tension by augmenting end-
diastolic volume. This is one explana-
tion for the discomfort such a patient
feels when he assumes the recumbent
position. A large volume of blood
moves into his chest, increasing the
size of his heart. The filling pressure
on the left ventricle rises since this
chamber cannot expel the increased
blood volume delivered to it. Pulmo-
nary capillary pressure rises and the
patient develops shortness of breath
and signs of pulmonary congestion.
Let us relate these dynamics now
to the ultrastructure of the heart, and
specifically to the sarcomere length. It
will be recalled that force develop-
ment in muscle is directly dependent
on the amount of overlap between the
thick and thin filaments of contractile
protein, with optimal overlap achieved
at a sarcomere length of 2.2u. :
If one takes isolated muscle (skel-
etal or cardiac) and fixes it at various
lengths one can correlate overall mus-
cle lengthwith sarcomere length. Such
correlations have established that over
a wide range, the Ie'ngt'h of the sarco-
mere is directly related to the length
of the muscle. The same muscle can
also be studied in terms of its
length-active tension curve. This is
done in the muscle bath by stretching

- the muscle; one can then stimulate

the muscle while maintaining the
same stretch and determine how much
tension it will produce at the particu-
Jar length when activated. Having de-
termined the relationship between ten-
sion and length in the muscle, the
muscle is fixed in the bath, and sarco-
mere length determined; the latter can
now be directly related to the length-
tension curve.

Not only is there a definite and
direct relationship between sarcomere
and muscle length, but there are cer-
tain predictable lengths for the sarco-
mere that can be correlated with the
length-tension curve. At the top of the
length-tension curve, sarcomere length
is about 2.2u. This, of course, is the
length already noted at which optimal
overlap exists between the myosin and
actin filaments that are responsible for
cardiac  contraction. Clearly the
length-tension curve is much more
than a mathematical construction. I.

represents an extremely significant re-
flection of physiologic events within
the myocardium.

" As muscle and sarcomere lengths
are reduced, there is a linear fall in the
muscle tension. And as muscle length
and sarcomere length are increased
beyond the apex of the curve, the ac-
tively developed tension again falls.

At first glance, this would seem to
be the reverse of what might be ex-
pected with increased muscle length.
In fact, resting (passive) tension con-
tinues to rise when the apex of the
Jength-active tension curve is passed.
But active tension — the tension that
the muscle can develop over and above
the resting tension — starts to decline
when muscle length is increased to a
point that increases sarcomere length
beyond approximately 2.2u. In skele-
tal muscle preparations, as one con-
tinues to stretch the muscle, sarco-
meres continue to elongate. An H zone
appears and continues to widen while

active tension falls progressively to -

zero — at a sarcomere length of 3.5u.
This figure is interesting; it can also
be arrived at by adding the lengths of
the thin filaments (1.0u each) and of
the thick filament (1.5} . In short, if
all overlap between thick and thin fila-
ments is removed, no tension can de-

velop. In effect, the thick and thin
filaments appear to have slid past each
other, removing all sites for interac-
tion and therefore all force generation.

In cardiac muscle, the changes in
the elongated sarcomere are not as
straightforward. If myocardium Is
overstretched, it becomes extremely
stiff, possibly because of the surface
membranes, connective tissue ele-
ments, or some factor inherent in the
sarcomere. If heart muscle is stretched
20% or 30% beyond L, the active
tension it can generate will fall from
about 10 gm/cm? to perhaps 2 or 3
gm/cm?, while the resting tension will
rise to 70 or 80 gm/cm?. This pre-
cipitous rise in resting tension Jimits
how far one can stretch myocardium.

“Slippage” is another factor that
must be reckoned with in evaluating
the relationship between the ultra-
structural features of the myocardium
and its performance. As the heart
muscle is overstretched — let us sup-
pose the cardiac muscle length is in-
creased to 30% above L, — the lin-
ear relationship between muscle and
sarcomere length no longer holds en-
tirely. In this situation the sarcomere
may be only 10% longer than at o
H zones appear in such clongated sar-
comeres in overstretched heart muscle
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The relationship between tension development and sarcomere length in cardiac (cat
papillary) muscle is shown by two curves, the lower one representing resting tension
and the upper one representing active tension. It is interesting to note that cardiac
muscle has considerable resting tension in contrast to most skeletal muscle.
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