Figure 3 shows records taken simulta-
neously at 200, 107, and 42.5 kHz. The
pulse lengths and beam widths at each
frequency were nominally identical (0.1
msec, 5° by 10°). Since the three trans-
ceiver systems were not intercalibrated,
direct comparison of signal levels is not
possible. However, discrete scatterers
(fish?) in the water column common to
the three frequencies provide a basis for
qualitative comparison of the relative
signal levels at the three frequencies.
The relative amplitude of the reverbera-
tion from the turbidity current to that
from discrete scatterers decreases with
decreasing frequency in these records.
Since the median diameters of samples
of sediment deposited along the channel
axis are about 0.05 mm and that of the
tailing before discharge is 0.03 mm, the
median diameter of the particles sus-
pended within the surge must be of the
same order. This and the apparent fre-
quency dependence of the signal suggest
that the reverberation is due to Rayleigh
scattering from suspended particles. The
Rayleigh scattering mechanism has been
suggested elsewhere (3) to account for
reverberation from suspended sediment
in the ocean and has been confirmed in
additional quantitative experiments in
Rupert Inlet in 1978 and 1979 (4).

A single-point mooring with two Aan-
deraa current meters set at a 2-minute
sampling interval and at distances above
the bottom of 3 and 13 m was in place
during the event. The mooring location
shown in Fig. | is approximate only, as
we were unable to determine its exact
position relative to the channel after de-
ployment. The current records (Fig. 4)
indicate a tidal modulation of a mean
down-inlet flow. Subsequent to the onset
of the event, there is an increase in
vertical shear with higher up-inlet speeds
(6 cm/sec) at the near-bottom meter and
lower up-inlet speeds (< 2 cm/sec) at the
upper meter. This shift to higher up-inlet
speeds in the near-bottom zone suggests
that the mooring was outside the chan-
nel.

The primary importance of the acous-
tic records in Figs. 2 and 3 lies partly in
the fact that they represent the realiza-
tion of a method for the remote detection
of a phenomenon which subjects in situ
instrumentation to high risk of loss or
damage and partly in the fact that quanti-
tative estimates of flow thickness, sus-
pended solids concentration, and surge
speed (from acoustic sounders distribut-
ed along the surge path) can be obtained
(4). Theoretically, the surge speed along
a horizontal bottom depends only upon
the surge thickness and excess density
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“due to suspended solids (5). Acoustic

remote sensing offers the opportunity to
test the theory on sloping bottoms at
scales orders of magnitude greater than
those achievable in the laboratory.
ALEX E. Hay

Department of Physics, Memorial
University of Newfoundland,
St. John’s, Newfoundland,
Canada AIB 3X7

R. W. BURLING
Department of Oceanography,
University of British Columbia,
Vancouver, British Columbia,
Canada V6T 1W5

J. W. MURRAY
Department of Geological Sciences,
University of British Columbia

References and Notes

1. R. A, Daly, Am. J. Sci. 31, 401 (1936); H. W.
Menard, Bull. Am. Assoc. Pet. Geol. 39, 236
(1955); P. D. Komar, J. Geophys. Res. 74, 4544
(1969); W. R. Normark, Soc. Econ. Paleontol.
Mineral. Spec. Publ, 19 (1974), p. 56.

2. W.R. Normark, Bull. Am. Assoc. Pet. Geol. 62,
549 (1978).

3. J. R. Proni, F. C, Newman, D. C. Rona, D. E.
Drake, G. A. Berberian, C. A, Lauter, Jr., R. L.
Sellers, Deep-Sea Res. 23, 831(1976); M. H. Orr
and F. R. Hess, J. Geophys. Res. 83, 4062
(1978).

. A. E. Hay, in preparation,

. T. B. Benjamin, J. Fluid Mech. 31, 209 (1968).

. We are indebted to R. D, MacDonald, A. Ram-
narine, and M. P Storm for technical assistance,
and we thank the staff of the Island Copper
Mines, Port Hardy, British Columbia, for their
cooperation. This research was supported by
National Research Council grants A5374 and
A3542 and Natural Science and Engineering
Research Council strategic grant (group) G0208.
Contribution 2 from the Newfoundland Institute
for Cold Ocean Science, Memorial University of
Newfoundland.

2 February 1982; revised 6 May 1982

N N

Phosphorylation of Myosin Light Chains in Mouse Fast-Twitch

Muscle Associated with Reduced Actomyosin Turnover Rate

Abstract. Phosphorylation of the 18,000-dalton light chains of the fast-twitch
myosin in mouse extensor digitorum longus muscles was correlated with reduction in
the rate of the actomyosin adenosinetriphosphatase in vivo, but neither of these
changes occurred in the soleus muscle. These results suggest that actomyosin
interactions can be down-regulated by a reversible covalent modification of myosin
light chains, that a mechanism for thick-filament regulation occurs in vertebrate
skeletal muscle, and that the expression of this regulation may be limited to a

specific fiber type.

Myosin molecules contain lower mo-
lecular weight subunits called light
chains (/-3). A functional role for light
chains has been shown clearly (i) in
systems where the primary control of
contraction is linked to the myosin thick
filament, such as in scallop muscle (2—),
or (ii) in smooth muscle where the
expression of the regulatory nature of
these light chains is dependent on their
phosphorylation (5-7). In skeletal mus-
cle, where the primary control of con-
traction is exerted on the actin-contain-
ing thin filament (8), a regulatory role of
myosin light chains has not been estab-
lished, since removal of these light
chains from the parent molecule has little
effect on its adenosinetriphosphatase ac-
tivity in vitro (9). Nevertheless, verte-
brate skeletal muscles contain the en-
zymes capable of reversibly phosphory-
lating the 18,000-dalton light chains (/0-
12). The possibility exists, therefore,
that the expression of the regulatory
nature of skeletal muscle light chains is
linked to their phosphorylation. Yet, de-
spite reports that light chain phosphor-
ylation decreases the apparent K, (Kq,
Michaelis constant) for actin-activated
myosin adenosinetriphosphatase in vitro
(13) and that it is associated with post-

tetanic potentiation of the twitch in rat
fast-twitch muscle (/4), no unified func-
tional role has been demonstrated for
myosin light chain phosphorylation.

Our experiments on isolated mouse
muscles suggest phosphorylation of
18,000-dalton light chains is an unusual
thick filament-linked regulatory system
in that the modulation is inhibitory. The
functional significance of phosphoryla-
tion of vertebrate skeletal muscle myosin
may be related to the apparent fiber-type
specificity. Fast glycolytic fibers are op-
timum for large power outputs (/5) be-
cause of their large cross-sectional area
and of their organization into large motor
units. Maximum power is needed only in
situations of extreme acceleration and of
large power output. Fast-twitch fibers
have a higher energy cost for contraction
than do slow-twitch fibers (/6). Howev-
er, great speed and mechanical power is
not necessary or useful for sustained
forceful contractions. Phosphorylation
of the light chains in these fibers and the
concomitant reduction in actomyosin
turnover rate may therefore be a mecha-
nism to reduce fatigability in sustained
forceful contractions,

We have previously reported a de-
crease in the rate of energy utilization
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Table 1. The relation between light chain phosphorylation and energy cost of contraction and
maximum velocity of shortening in the mouse soleus and EDL. All measurements are expressed
as means * standard deviation. P, is the isometric tetanic force just before release or
termination of stimulation. A ~ Py, and A ~ P.. designate the extents of high-energy
phosphate utilization during the periods of contraction and recovery, respectively (16),
measured in micromoles of high energy phosphate per newton-meter-second. The maximum
velocity of shortening, in fiber lengths per second, was measured from the velocity of unloaded
shortening, V (79). LC2f-P/(LC2f-P + LC2f) represents the fractional extent of LC2f phos-

phorylation [data from (/7)].

Tetanus Maximum LC2A-P
duration Py (g) A ~ Pt A~ Prec velocity of E——
(seconds) shortening LC2f-P + LLC2f
Soleus
3 12+ 1.3 9.1 £ 1.8 8.9 =04 1.88 = 0.05 0.11 = 0.05
9 11 = 1.1 89=x 1.9 8.7 +03 1.89 = 0.04 0.12 = 0.06
15 11 = 0.6 8.8 +2.5 8.8 +0.3 1.88 = 0.03 0.10 = 0.05
EDL
3 17 £ 0.8 24.1 £ 3.6 22,1 = 1.1 5.75 = 0.13 0.22 = 0.07
9 16 =1.2 148 +3.9 145+ 1.9 4,07 = 0.06 0.45 = 0.06
15 13=1.5 100 £ 1.2 114=14 321 £0.10 0.51 = 0.05

(I16) and an increase in the extent of
phosphorylation of the 18,000-dalton
light chain of fast-twitch myosin (LC2f)
(17) during a maintained tetanus of the
fast-twitch extensor digitorum longus
(EDL). None of these changes occurred
in the slow-twitch soleus muscle. To test
the hypothesis that phosphorylation of
the 18,000-dalton light chain is a mecha-
nism for down-regulation of actomyosin
in fast-twitch muscle, we measured the
maximal velocity of shortening after var-
ious durations of isometric tetanus. We
now report a comparison of these me-
chanical data with the data on light chain
phosphorylation and energetics. The
muscles used were the isolated and in-
tact slow-twitch soleus and fast-twitch
EDL muscles of the mouse (I8). The
maximum velocity of shortening was es-
timated from the velocity of unloaded
shortening (V) by the quick-release
method (19).

The pattern of energy utilization for
isometric contractions (20) differed in
two respects in the mouse EDL and
soleus muscles (/6). (i) For short teta-
nuses, the initial rate of high-energy
phosphate splitting during steady isomet-
ric contractions was about threefold
higher in the EDL. than in the soleus. (ii)
With prolonged stimulation, this rate in
the EDL subsequently decreased so that
after 12 seconds of stimulation it had
fallen to about half the initial rate. Com-
parable contractile activity induced no
change in the rate of high-energy phos-
phate utilization in the soleus (Table 1).
The reduction in the rate of energy utili-
zation observed in the EDL followed a
similar time course to that of L.C2f phos-
phorylation (27) (closed squares in Fig.
1B), In the soleus there was no detect-
able change in either parameter (open
squares in Fig. 1B). Throughout all these
measurements, the tetanic force fell to

836

not less than 80 percent of the initial
force generation in EDL, and the fatigue
of force was less in soleus (Table 1). This
relative constancy of isometric force
along with the reduction in the overall
energy cost for tension maintenance sug-
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Fig. 1. The relation between LC2f phosphor-
ylation (LC2f-P) and maximum velocity of
shortening and reduction in total energy cost
in the EDL. (A) The fractional extent of
phosphorylation (M) and velocity of unloaded
shortening, V., (@), as a function of the
tetanus duration in EDL. Each point repre-
sents the average of at least six muscles; bars
represent 1 standard deviation. Phosphoryla-
tion data from (/7). (B) The rate of energy
utilization ((J and ®) and the maximum veloc-
ity of shortening (O and @) in the EDL
(closed symbols) and in soleus (open symbols)
as a function of the fractional extent of phos-
phorylation of LC2f. Each point represents
the average of at least six muscles; bars
represent 1 standard deviation. Data on ener-
getics from (16). Only the points for unstimu-
lated soleus and for a 9-second and 15-second
tetanus of soleus are shown.

gested that L.C2f phosphorylation is as-
sociated with a reduction in the actomy-
osin adenosinetriphosphatase rate in
vivo, This suggestion is based on the
assumption that a significant fraction of
the reduction in whole muscle energy
utilization is due to a reduction in the
actomyosin adenosinetriphosphatase.

Measurement of the maximum veloci-
ty of shortening (V) as a function of the
duration of the preceding tetanus pro-
vides a test of the hypothesis that the
reduction in the energy cost of the EDL
during prolonged stimulation is due, in
part at least, to a reduction in the turn-
over rate of the actomyosin adenosine-
triphosphatase. The values for Vs mea-
sured after various durations of isomet-
ric tetanus are given in Table 1. Aftera 1-
second tetanus, the V, of the EDL was
approximately three times that of the
soleus studied under comparable condi-
tions. With prolonged stimulations, V
in the EDL fell to approximately one-
half its initial value. Neither brief nor
prolonged stimulation induced any
change in the velocity of shortening of
the soleus.

Figure 1 also shows the relation be-
tween maximal velocity of shortening
and the rate of energy utilization as a
function of light chain phosphorylation.
In the EDL, the parallel reductions in the
rate of energy utilization and of V¢ with
continued stimulation were correlated
with the extent of LC2f phosphorylation.
In prolonged stimulations of the soleus,
no change was observed in V,, energy
utilization, or in the extent of phospho-
rylation of either LC2f (data shown) or of
the light chain of slow-twitch myosin
(LC2s) (data not shown). Thus, there are
distinctive qualitative differences be-
tween the fast-twitch EDL and slow-
twitch soleus muscles with respect to
LC2f phosphorylation, contractile ener-
getics, and mechanics,

In control experiments, we tested the
possibility that the energetic and me-
chanical changes were correlated with
the extent of high energy phosphate
splitting and product accumulation rath-
er than with L.C2f phosphorylation. In
soleus, the depletion of phosphocreatine
was much less in aerobic muscles than in
anaerobic muscles (/6), yet in neither
case was there a change in velocity of
shortening. The correlation between
light chain phosphorylation and decrease
in isometric energy cost and in velocity
of shortening was unaltered in anaerobic
or aerobic conditions in EDL. Light
chain phosphorylation in EDL was inde-
pendent of muscle lengths large anough
to reduce isometric force tenfold (Py, 0.6
Py, and 0.1 Py, where Py is the maximum
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isometric force) with a concomitant
threefold reduction in energy cost for a
9-second tetanus.

The effects of phosphorylation of LC2f
in the mouse fast-twitch muscles differ in
two major respects from the effects seen
upon phosphorylation of smooth muscle
light chains. (i) In mammalian skeletal
muscles, the time course of phosphoryla-
tion occurs on a time scale at least two
orders of magnitude slower than the con-
traction time (/6, 22). (ii) Phosphoryla-
tion of the light chains in smooth muscle
is dssociated with activation of the acto-
myosin adenosinetriphosphatase (5, 6)
and is related to cross-bridge turnover
rate (23), whereas our results indicate
that phosphorylation of the light chains
in vertebrate (mouse) skeletal muscles is
associated with a reduction in the acto-
myosin adenosinetriphosphatase rate in
vivo.

M. T. Crow*
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Cardiovascular Actions of Cadmium at

Environmental Exposure Levels

Abstract. A low intake of dietary cadmium induces specific dose-dependent
functional and biochemical changes in the cardiovascular tissues of rats. Maximum
changes occur when the cadmium intake is 10 to 20 micrograms per kilogram of body
weight per day. The changes reflect the accumulation of “‘critical’’ concentrations of
cadmium in the cardiovascular tissues. The biologic activity of cadmium is demon-
strated for intakes that approach those of the average American adult exposed to the
usual environmental concentrations of the element but not to industrial concentra-
tions. The sensitivity of the cardiovascular system to low doses of cadmium could not
be anticipated by extrapolation from data on exposure to high concentrations of
cadmium. The data support the hypothesis that ingested or inhaled environmental
cadmium may contribute to essential hypertension in humans.

Cadmium accumulates in human tis-
sues as a direct function of age and level
of exposure (/, 2). Geographic differ-
ences in the incidence of cardiovascular
mortality have been directly correlated
with cadmium concentrations in the
environment (3). Despite this apparent
association in humans, toxicologic indi-
cators, for example, growth and hemato-
logic characteristics in various animal
models, are unaffected by exposure to
cadmium at environmental levels (4, 5).
(The average daily intake of cadmium in
Americans and Europeans is 50 to 70

y=-6.9299x%-3.8712x +17.126

-
4] (o)
1 L

Average change in
systolic pressure (mmHg)
o
I

i
[+
1

i
(2]

Zam T T T T
“20 -1.0 ) 1.0 2.0
Log (ppm cadmium) in drinking water
Fig. 1. Dose-effect curve depicting blood
pressure difference relative to control after 18
months of exposure plotted against the loga-
rithm of the cadmium concentration (0.0l to
50 ppm) in the drinking water. Each point
represents the average of 16 or more rats per
group, with a total population of 520 rats
represented. The least squares equation for
the curve which approximates this relation is
shown and represented by the solid line. The
dasheéd lines represent the standard deviation
about the equation.

ng.) The generally accepted dose-re-
sponse relations that have been formu-
lated are based on these and similar
experimental criteria (2, 6). Extrapola-
tion from these dose-response curves
has led to the prediction that in man
cadmium is biologically inert when the
intake range is 1 to 100 wg per day (7).

To test the validity of this prediction
we have investigated the functional and
metabolic effects of chronic low-level
cadmium intake in rats, with emphasis
on the cardiovascular system. Our re-
sults, which were not predicted from the
accepted toxicologic dose-response rela-
tions, indicate that a cadmium intake of
10 to 20 ng per kilogram of body weight
per day induces maximum cardiovascu-
lar changes. Ordinary environmental
sources provide many members of indus-
trialized societies with cadmium expo-
sures in this range.

Weanling female Long-Evans rats
were housed in a low-contamination
environment and given free access to a
rye-based low-cadmium diet and deion-
ized water fortified with essential trace
metals as described (4). Cadmium as the
acetate salt was administered to the rats
by way of the drinking water. Blood
pressures were determined at quarterly
intervals in triplicate by tail-cuff plethys-
mography in lightly anesthetized animals
(25 mg of sodium pentobarbital per kilo-
gram of body weight). Body weights
were determined as an index of group
well being. At 18 months, specific heart
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