crystal type over more stable forms—in
fact, highly metastable polymorphs may
often be produced in this way. In such
cases Ty will not mimic the equilibrium
liquidus line.

It is reasonable to suggest, on the basis
of these considerations, that in the pressure
range 0 to 2 kbar the local molecular order
in water changes systematically with pres-
sure in the direction of the ice III local
structure. This is a multiple ring size (five-,
six-, and eight-membered) arrangement of
fully hydrogen bonded molecules in which
the H-O-H angles are strongly distorted
from the ideal tetrahedral value and the O-
H---O bond angles are much less than 180°
(11). Such a suggestion is quite consistent
with the results of recent Raman spectral
studies at high pressures (I2) which show
that volume decreases are not primarily as-
sociated with any increase in the propor-
tion of broken hydrogen bonds, as two
state models would suggest, but instead are
accomplished by increased hydrogen bond
distortion.

The fact that, above 2 kbar, Ty remains
a constant 70° below the melting point
shows that the low-pressure supercooling
range of 38° is anomalously small. This
premature termination of the supercooled
state can be associated with the remark-
able divergences in Cp, k1, and « (the heat
capacity at constant pressure, compres-
sibility, and expansivity) observed in low-
pressure supercooled water (2, 3, 6)
through the increase in nucleation proba-
bility which accompanies the implied in-
creasing entropy and volume fluctuations
(AS? = kgCp, AV? = kpTVk7). The rapid
increase in (T'm — Ty) with increasing pres-
sure therefore implies that these interesting
thermodynamic anomalies are also washed
out by increasing pressure [as already sug-
gested by the disappearance of the density
maximum above 2 kbar (/3)]. Since we in-
ferred above that the same pressure in-
creases are systematically favoring bent
bond topologies, we can conclude that the
water anomalies all derive from the possi-
bility, at low pressures, of forming bonds
which on average approach the ideal 180°
O-H---O angle (within a single network as
in ice VII). It is this unusually open dis-
position of linked tetrahedral units, rather
than tetrahedral coordination per se, which
is the unique feature of low-pressure water.
In support of this we note that SiO,, whose
crystalline polymorph crystobalite (high-
temperature form) has the ice Ic structure
with linear “oxygen bonds” (Si-O-Si) av-
erages Si-O-Si bond angles of only 144° in
the liquid at normal pressures and low
temperatures [judged from the vitreous
structure frozen in at about 1300°C (14)].
Although this network liquid does exhibit
a volume minimum (15, 16) it is only a
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Fig. 1. Homogeneous nucleation and equilibri-
um melting temperatures for water in emulsion
form as a function of pressure. Results obtained
with different pressure cells and emulsion carrier
fluids are distinguished as follows. Cell I
(A) heptane, (M) pentane, (A) methylcyclohex-
ane. Cell 2: (O) heptane, (®) methylcyclopen-
tane 4+ methylcyclohexane. Solid lines are the
accepted equilibrium phase boundaries.

shallow one on both absolute and reduced
bases of comparison with water, and is
only encountered at large (200°) super-
cooling. For GeQ,, in which the analogous
oxygen bond angle (Ge-O-Ge) in the vit-
reous state has decreased to an average
value of 133° (I7), no volume minimum is
observed anywhere in the liquid state.
H. KanNO

R.J.SPEEDY, C. A. ANGELL
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Muscle Activation: Effects of Small Length Changes
on Calcium Release in Single Fibers

Abstract. In single muscle fibers, small (1 percent) changes of length have a marked ef-
Sect of both the calcium activation and the tension elicited by a constant current stimulus.
The decrease in tension with shortening is accounted for almost entirely by a decrease in
calcium release, rather than by changes in mechanical factors, such as filament geometry.

It was well established by the work of
Gordon et al. (1) and others (2) that the ac-
tive force a muscle can develop depends on
the length of the muscle. Typically, for
striated muscles, a plot of length against
maximum active tension (force per unit
area) shows a maximum near in situ rest
lengths. At muscle lengths shorter or long-
er than the rest length, active tension de-
creases. Much of this decrease may be due
to mechanical factors involving filament
geometry. At long lengths, the decreased
amount of overlap between the thick and
thin force generating filaments is probably
a major factor. At short lengths, the major

mechanical factors are less well under-
stood. However, evidence is accumulating
that factors other than filament geome-
try—for example, changes in calcium acti-
vation—operate, particularly at short
lengths (3).

In this report we examine the hypothesis
that length changes directly affect muscle
calcium “‘activation”” (that is, the amount
of calcium released by a constant electrical
stimulus). Since calcium ions activate the
force generating cross-bridges in muscle
(4), reduced calcium release at shorter
muscle lengths would result in a reduced
force output. This hypothesis is tested by
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observing length-induced changes in cal-
cium activation and force simultaneously.
Our method was to inject single giant
barnacle muscle fibers with the calcium
bioluminescent protein aequorin (3, 6).
This sensitive calcium indicator emits light
in response to changes in intracellular cal-
cium ion concentration: the calcium-me-
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diated light response is called the calcium
transient.

Our main conclusion is that length can
affect the calcium activation of a muscle
directly. Less calcium is released by a con-
stant current stimulus at a short muscle
length than at a longer one.

Large single muscle fibers from the
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Fig. 1. Effect of prestretch and prerelease on the calcium transient and force responses under current
clamp conditions. (A) Response at rest length, L. (B) Effect of a 0.2-mm (< 1 percent) release about
200 msec before the stimulus. (C) Effect of a 0.2-mm (< 1 percent) prestretch. Trace 1 is the change
in muscle length recorded at 1 mm per calibration bar division; stretch is upward. Trace 2 is the cal-
cium transient recorded at 200 na per division. Trace 3 is the isometric tension recorded at 6.5 milli-
newtons (mn) per division (note change in tension occurring just after change in length). Trace 4 is
the stimulus artifact. Horizontal calibration, 200 msec per division; calibration bar, 1 division. Fiber
length, 22 mm; fiber weight, 0.59 mn. Temperature, 12.5°C. (D) Plot of peak force against peak light
output (peak calcium transient) for a series of responses in the same fiber. (Closed circles) Force was
varied by varying muscle length at a constant depolarizing current. (Open circles) Force was varied
by varying depolarizing current at a constant length. The relationship between calcium (light) and
force remains fairly constant for these two methods of varying force.
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barnacle Balanus nubilus were dissected
and cannulated (6) and the fiber was in-
jected with aequorin over its entire length
by the replacement method (7). The fiber
containing aequorin was then placed in a
chamber with cold circulating saline (8).
Light from the fiber was recorded with a
photomultiplier tube (6) under conditions
of constant current or constant voltage
stimulation using single or dual axial elec-
trodes (9) and appropriate electronics (/0).
The mechanical records were obtained us-
ing a chain and lever system similar to that
described by Ashley and Ridgway (6).
Force and length were measured while
length was varied with a Shaker pot to
which the force transducer (/1), chain, and
fiber were attached.

Figure 1 illustrates the effect of a length
change on the calcium transient and on
tension. Figure 1A is the response at rest
length (control). When the muscle is re-
leased by a small amount (Fig. 1B) imme-
diately before the stimulus pulse, both acti-
vation and the tension responses are sub-
stantially reduced. Conversely, under
stretch (Fig. 1C) the calcium transient and
tension are substantially increased. A sur-
prisingly small change in length has a
marked effect: in Fig. 1B a decrease of less
than | percent in muscle length causes an
80 percent decrease in maximum force,
while in Fig. 1C an increase of less than 1
percent causes a 30 percent increase in
force. The sensitivity to length change was
somewhat variable from fiber to fiber but
was present in all cases (/2).

Three observations rule out the possi-
bility that this effect is due to essentially
mechanical factors [the steep lower branch
of the classical active length-tension curve
(1)]. First, we find not only a decrease in
the maximum tension as a result of pre-
release, but a decrease in the calcium tran-
sient as well. Second, the length depen-
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Fig. 2. (A and B) Responses to a 0.2-mm release and stretch, respectively, of a fiber under voltage clamp conditions. Trace 1 is the clamped membrane
potential recorded at 10 mv per division. Trace 2 is the calcium transient recorded at 400 na per division. Trace 3 is the isometric force recorded at 6.5
mn per division. Horizontal calibration, 100 msec per division; calibration bar, 1 division. Fiber length, 22 mm; fiber weight, 0.592 mn. Temperature,
12.5°C. (C) Records of a 0.2-mm release from L, to L. (released length) superimposed on a 0.2-mm stretch from L, back to L,. The upper trace of cach
pair was recorded during stretch, the lower during release. Trace 1 is the membrane potential recorded at 10 mv per division. Note that after a release .lh.e
final depolarization level for a constant current stimulus is slightly less than that for a stretch. Trace 2 s the calcium transient recorded at 100 na per divi-
sion. The smaller response occurred after the release. Trace 3 is isometric force recorded at 6.5 mn per division. The timing of the length change can be
seen on the tension trace preceding the stimulus. Trace 4 is the stimulus current recorded at 50 pa per division. Horizontal calibration, 100 msec per divi-
sion; calibration bar, 1 division. Fiber length, 22 mm; fiber weight, 0.59 mn. Temperature, 12.5°C.

882 SCIENCE, VOL. 189



dence of both force and calcium transients
was much less (as a percentage) at larger
stimulus currents than at smaller ones, al-
though the mechanical-geometrical factors
should have been the same for the two cur-
rent intensities. Third, additional experi-
ments argue that for these small length
changes, the change in maximum active
force is due almost entirely to the length
dependence of the calcium activation.

Figure 1D shows the relationship be-
tween maximum force and light output
when contractile force is varied in two dif-
ferent ways, by varying the depolarizing
current at a constant length or by varying
muscle length at a constant depolarizing
current. The former involves variations in
calcium activation. The question is wheth-
er the latter does also or whether it in-
volves mainly mechanical factors. As can
be seen in Fig. 1D, peak force seems to be
uniquely related to the height of the cal-
cium transient and depends on length only
through the length dependence of the cal-
cium transient. Since the total length
change involved in the record in Fig. 1D is
less than 5 percent of the muscle length,
this does not imply that tension is not lim-
ited by mechanical factors or filament ge-
ometry at other lengths. In experiments
with larger changes in length, deviations
are observed from this unique relationship
between maximum force and light, which
are to be expected if geometric factors are
important. For example, with large re-
leases (decreases in muscle length) little
isometric force develops, while the calcium
transient is still substantial. Also, in some
experiments the maximum active tension
decreases if the muscle length is increased
greatly, even though the calcium transient
does not change. But, the main point illus-
trated by Fig. ID is that the decrease in
calcium activation accounts for the de-
crease in force without the necessity of in-
voking any argument involving filament
geometry.

As to the timing of the length change,
the most effective period (Fig. 1) is imme-
diately before the stimulus pulse. If the
length change is delivered some 30 seconds
before the stimulus pulse, then the effect of
the length change is reduced to roughly 40
percent of the value observed. for a change
delivered immediately before the stimulus.
Visual examinations with a dissecting mi-
croscope of fibers during both stretch and
release showed that the length change was
accomplished almost instantly and that
there was no subsequent “creep.” There-
fore, whatever process is responsible for
the partial recovery of activation after a
length change takes place at a sub-
microscopic level.

What are changes in length doing to af-
fect calcium release? Do they affect the
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relationship between membrane potential
and calcium release or do they affect mem-
brane properties? Figure 2, A and B, dem-
onstrates that under voltage clamp, rather
than *‘constant” current conditions, when
the membrane is depolarized by a constant
amount, neither prerelease (Fig. 2A) nor
prestretch (Fig. 2B) has an appreciable ef-
fect on the calcium or the force transient.
In no experiment did the height of the cal-
cium transient decrease more than 10 per-
cent with decreases in length under voltage
clamp conditions, whereas changes of as
much as 80 percent were seen under con-
stant current conditions. Therefore, con-
trolling membrane voltage minimized or
eliminated the length dependence of the
calcium activation.

In contrast, Fig. 2C shows an experi-
ment designed to test the effect of length
change on the membrane potential during
a constant depolarizing current pulse. The
length record has been omitted; instead we
have recorded the membrane potential
(trace 1) using an intracellular electrode.
Stretch (marked by upward deflection of
the force trace) causes the membrane po-
tential to be more polarized from the rest-
ing potential during the same constant cur-
rent pulse than does release. The different
response to constant current and constant
voltage implies that the length dependence
is not due to changes in the relationship be-
tween membrane voltage and Ca?* release,
but rather to changes in the amount of de-
polarization caused by a constant stimu-
lating current. '

The observations under voltage clamp
conditions could most easily be accounted
for by assuming that the length effect is
due to a simple change in membrane re-
sistance (a reduction in resistance or open-
ing up of another path into the muscle on
shortening). Stated as a working hypothe-
sis, a decrease in membrane resistance on
shortening would cause a constant current
stimulus to give less membrane depolariza-
tion and thereby lead to a reduced calcium
release. But a direct test of this hypothesis,
using the voltage clamp to measure cur-
rent-voltage (I-V) curves at different
muscle lengths, did not consistently show
an effect large enough to entirely account
for the observed differences. Thus, a simple
length-dependent resistance change is not
the only mechanism involved. A second
mechanism is suggested by observation of
fibers during passive stretch and release.
We usually saw small depolarizations (up
to 2 mv) on stretch and hyperpolarizations
(up to 1 mv) on release. These changes in
potential are in the correct direction to
contribute to the recorded changes in
membrane potential with length. Together,
these two mechanisms may account for the
observed effects of length.

The decrease in calcium activation at de-
creased muscle lengths under constant cur-
rent stimulating conditions is probably due
to a decrease in Ca?* release, rather than
an increase in calcium binding to sites in
the muscle (other than the activating sites,
troponin c¢) or to an increased calcium up-
take, for the following reasons. (i) Under
voltage clamp conditions (Fig. 2, A and B),
the change in calcium activation with
length is virtually eliminated. This tends to
rule out length-dependent Ca?* binding.
(ii) The calcium transient is decreased if
the fiber is released at any time up to the
end of the constant current pulse, but not
after the pulse (even though the calcium
transient is still near the peak, uptake is
still high). In addition, the time constant of
the decline in the calcium transient (which
may mirror uptake) is not sensitive to
changes in muscle length, even though the
calcium transient is. These observations
tend to rule out length-dependent Ca?* up-
take and leave effects on Ca?" release as
the most likely explanation.

Finally, it should be noted that the
changes in force induced by changes in
length, which are shown by these results,
constitute negative feedback. A decrease in
calcium release with shortening may be a
more general process limiting force gener-
ation at short muscle lengths in a number
of other muscles. It is of particular rele-
vance that many muscles, like cardiac
muscle, work predominantly in a region of
muscle length where isometric force is de-
clining with decreasing muscle length:
How much of this decline in force at short
muscle lengths seen in all striated muscle is
due to decreased calcium activation? We
have verified that in barnacle muscle a de-
crease in muscle length can cause a de-
creased calcium release under constant
stimulating conditions (13).
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Pressure-Induced Depolymerization of Brain

Microtubules in vitro

Abstract. Microtubules, assembled in vitro from tubulin extracted from rabbit brain,

were subjected to changes in hydrostatic pressure (200 to 10,000 pounds per square inch)
and temperature (37° to 0°C). Increased pressure, like cooling, reversibly depolymerizes
microtubules, as measured by changes in either turbidity, birefringence, or the number
of microtubules seen in electron micrographs. The characteristic response of brain micro-

tubules in vitro to pressure is similar to that of mitotic spindle microtubules in vivo.

Investigations of the assembly and dis-
assembly of mitotic spindle microtubules
in vivo have indicated that these labile mi-
crotubules are in a dynamic equilibrium
with a cellular pool of subunits (/). Having
the same effect as low temperature and col-
chicine, hydrostatic pressure from 3500
to 7000 pounds per square inch (psi) (at

normal physiological temperatures) rapid-
ly and reversibly depolymerizes spindle mi-
crotubules (2) and other labile cytoplasmic
microtubules in vivo (3). The reversible
depolymerization of brain microtubules in
vitro by low temperature and colchicine
has been examined (4-7), and the charac-
teristics of the assembly-disassembly pro-

Fig. 1. (A) Electrophoretic analysis of tubulin solutions (/4) in 25 mM iris-glycine, pH 8.3, sodium

dodecyl sulfate 5 percent polyacrylamide gels. (A1) The supernatant after the first 40,000g centrifu-
gation of the rabbit brain-buffer mixture; (A2) the final supernatant, after one cycle of polymeriza-
tion-depolymerization and centrifugation at 100,000g and 4°C. The « and g tubulins comprise more
than 75 percent of the total protein as determined by densitometry of the gels stained with fast-green.
(B) Intensity and distribution of birefringence retardation after the initial 40,000g supernatant (see
above) was incubated at 35°C for 2 hours and then placed in the microscope pressure chamber at
29°C and viewed with polarization microscopy (B1) at 200 pounds per square inch (psi) and (B2) 10
seconds after returning to 200 psi from 9600 psi held for 3 minutes. Areas of dark and light contrast
in (B1) are produced principally by densely packed, aligned microtubules. (C) Electron micrographs
of a purified tubulin solution at 22°C. (C1) Tubulin polymer solution fixed before pressurization, and
(C2) the same solution pressurized at 10,000 psi for 5 minutes and fixed about 2 minutes after the
pressure was released. Negative staining shows many microtubules in (C1). Depolymerization is es-
sentially complete in (C2). Of the original absorbance at 37°C, 10 percent remains after depolymeri-
zation by pressure or low temperature. The irreversible absorbance (4i) appears to represent non-
filamentous aggregates of tubulin that remain after the microtubules have disassembled.
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cess are similar to those observed for labile
microtubules in vivo. We now report that
brain microtubules in vitro can also be re-
versibly depolymerized by hydrostatic
pressure and that the characteristics of the
polymerization-depolymerization reaction
to pressure in vitro is similar to that of
spindle microtubules in vivo.

Rabbit brain tubulin was extracted by a
modification of the procedure of Shelanski
et al. (8, 9); it consistently yielded about 11
mg of protein, more than 75 percent being
pure tubulin (Fig. 1A), from 8 g of raw,
minced brain. Microtubules were assem-
bled by incubating the tubulin in buffer so-
lution at 37°C for 15 minutes. The degree
of microtubule assembly was assessed sim-
ply and quantitatively by measuring
changes in turbidity (absorbance, 4), since
these changes in absorbancy are pro-
portional to changes in the amounts of po-
lymerized microtubules (5, 6). Turbidity
(A) was monitored at 403 nm with a Beck-
man DB spectrophotometer or a high-
pressure, temperature-controlled spectro-
photometer cell system (/0). Microtubule
assembly was also assessed qualitatively by
measuring birefringence retardation with
polarization microscopy (Fig. 1B) and by
examining negatively stained (1 percent
uranyl acetate) grids with an electron mi-
croscope (Fig. 1C).

Pressure induces rapid, reversible depo-
lymerization of the brain microtubules in
vitro (Figs. 1 and 2). At 21°C, 9000 psi
completely depolymerizes the micro-
tubules within 1.5 minutes. When pressure
is released (returned to 200 psi), repolym-
erization is slow, but at 30°C the absorb-
ance returns to more than 90 percent of its
original value within 15 minutes. Increas-
ing magnitudes of pressure induce progres-
sively increasing rates of depolymeriza-
tion, as well as lower equilibrium levels of
microtubule assembly (Fig. 2). The kinet-
ics of depolymerization induced by pres-
sure appear to be first-order, similar to the
kinetics of depolymerization in vitro in-
duced by rapid cooling (6). At 30°C, the
time constant for the kinetics of depolym-
erization is about 0.4 minute; for repolym-
erization, about 3.0 minutes. These time
constants are nearly identical to those for
the pressure-induced disassembly of
spindle microtubules in vivo measured by
monitoring changes in spindle size and bi-
refringence retardation (2).

The equilibrium level of microtubule po-
lymerization depends on temperature as
well as the magnitude of pressure (Fig.
3A). The effects of pressure and low tem-
perature are synergistic. Although 10,000
psi will not completely depolymerize the
microtubules at 37°C, at 16.5°C dis-
assembly is complete with only 3000 psi.
The range of pressure and temperature

SCIENCE, VOL. 189



	Cit r110_c146: 


