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Fig. 2. A hyperbilirubinemic premature
infant showed a negligible response to the
oral administration of 5 g of glucuronic
acid but a large decrease in indirect bili-
rubin during intravenous administration.
Note the slight rise in the direct-reacting
pigment during intravenous administra-
tion.

details of the reaction are not known at
present (5). Even though there are no
known pathways for the utilization of
free glucuronic acid in glucuronide syn-
theses, there is some experimental evi-
dence that such a pathway may exist.
Attempts have been made to promote
glucuronide conjugation in man (6) and
animals (7) with glucuronic acid or glu-
curonolactone, but the results of these in-
vestigations are contradictory and incon-
sistent. Nevertheless, it seemed desirable
to make the attempt to control indirect
hyperbilirubinemia in the newborn by
the administration of glucoronic acid.
This attempt has met with a consider-
able measure of success. Twenty-eight
infants with hyperbilirubinemia have
been treated to date by oral administra-
tion of glucuronic acid. In 16 of these a
striking fall in the concentration of in-
direct bilirubin was observed, as is illus-
trated in the accompanying graph (Fig.
1), with an equally striking rebound
within a few hours after the discontinu-
ance of the conjugating agent. A simul-
taneous but less marked rise in direct
bilirubin has been observed in some, but
not in all instances. Of the 16 patients
who responded, 10 were infants with
erythroblastosis, the remainder being in-
stances of physiological hyperbilirubin-
emia in which the concentration of in-
direct bilirubin exceeded 20 mg/100
ml. Of the patients who failed to re-
spond to the oral administration of glu-
curonic acid, one, a premature infant,
subsequently responded to intravenous
administration of the acid (Fig. 2). Ad-
ministration of glucuronic acid by the
oral route produced a mild-to-moderate
amount of watery diarrhea and acidosis
in most of the infants treated. This
prompted us to pursue intravenous glu-
curonic acid therapy further. We have
now treated 14 additional infants by
intravenous administration of glucuronic
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acid (and simultaneous oral administra-
tion of sodium bicarbonate); 12 have
responded. No untoward symptoms have
been noted during the injection or there-
after. The urinary excretion of direct
bilirubin has been measured in two pa-
tients. In both, a three- to fivefold in-
crease in the conjugated product was
noted during and immediately after ad-
ministration of glucuronic acid as op-
posed to control periods.

It appears that glucuronic acid per se
is successful in lowering indirect bili-
rubin levels in serum in a significant per-
centage of hyperbilirubinemic patients.
The exact mechanism of this action re-
mains to be determined. These observa-
tions have obvious therapeutic implica-
tions and suggest that it may be possible
to avoid many of the exchange trans-
fusions now given in the neonatal period
(8). Since glucuronic acid is not with-
out toxicity, caution is required in its
clinical use.

StuarT DANOFF, CHARLOTTE GRANTZ
Avuprey Bover, L. EmmeETT HoLT, JR.
Department of Pediatrics, New York
University College of Medicine,

New York
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A Theory of Active State
Mechanisms in Isometric
Muscular Contraction

This report (I) presents in outline a
formulation of the interaction of the con-
tractile component and the series elastic
component of isometrically contracting
muscle. In general our theory is like that
of Hill (2), but our assumptions and
other details are significantly different.
Our first assumption is that the basic
property of the active state of the con-
tractile component, the capacity to bear
a load [given maximally by P, (g),

the maximal force in isometric tetanus],
is dependent on time (Hill’s P, was in-
dependent of time). In simple, first ap-
proximation it is assumed that after on-
set this parameter rises exponentially
with time constant o, (sec). Thus Hill’s
classic force-velocity relation,

(P+a)(v+b)=b(Ps+a), (1)
is altered to read
(P+a)(v+b) =b[Po(1—et/®) +a]. (2)

In these equations: P(g) =force of the
muscle; v(cm/sec) =shortening speed of
the contractile component; ¢(sec) = time;
and a(g) and b(cm/sec) are constants.
We normalize Eq. 2, and all subsequent
ones, so that quantities having dimen-
sions of force are measured relative to
P,=1. Thus, by defining p=P/P, and
ap=a/P,, Eq. 2 becomes

(p+ao)(v+b)=b(l~-et*+a). (2a)

Our second assumption is based on the
now well-known (3-6) nonlinear elas-
ticity of the series elastic component
[Hill (2) assumed a linear elasticity],
and we express this by

p=f(e~1), (3)

in which s(cm) = the strain; p = the nor-
malized stress; and f and A (cm) are con-
stants. By proper choice of f and A, this
equation can be made to fit the data of
each of the previously mentioned studies
(3-6) with remarkable accuracy.
Now, by differentiation of Eq. 3, the
velocity of strain of the series elastic
structure in an isometric contraction is

_ds_ X dp

l)—-‘&'—ma) (4)

which, on substitution in Eq. 2a, yields

This equation cannot be explicitly in-
tegrated and must therefore be solved
numerically. However, this is required
over only a very short initial time inter-
val, for, as will be seen later, a; is very
small compared with the total contrac-
tion period of a tetanus (or even of a
twitch), and so for times greater than
about 5a;, Eq. 5 reduces to

dp b (pHf\
L=t (EHD) a-n, ©

for which the explicit integral is

2bt f
—~—=In—"—+—— +
TR (=)
2(10+1—f f+p
1 .7
i+7 "ri-p P
For computation of Egs. 5, 6, and 7

we use, for the frog sartorius, here stud-
ied at 20°C, the standard average values:
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a,=0.25, b=4.0 cm/sec, and P, as will
be involved later for particular muscles.
Unfortunately, corresponding appropri-
ate values for f and A are not available
even though, as previously mentioned,
they can be calculated from other work:
but they vary too greatly, they corre-
spond to muscles of other species than
ours (Rana pipiens), and, in some cases,
certain data (P,, weight, and length) of
the muscles, needed for critical evalua-
tion of the stress-strain data, are not
given. We therefore obtain these con-
stants from our theory and experimental
tetanus myograms as follows. By using
analytical procedures on Eq. 6, we de-
termine the equation corresponding to
dp/dt at maximum and put it into the
form

_ao(1=2pm) — pn’® ‘
f_ aot1 ’ (8)

in which p,, is the value of p for
(dp/dt) max. (Eq. 6 is usable here, and
not necessarily Eq. 5, since for p,,
t > 50,.) Since a, is known, and since p,,
can be determined from an experimental
record as given in Fig. 1 (here, 0.280),
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Fig. 1. Dual beam cathode-ray oscillo-
graphic records (8) of tension develop-
ment (p) and its derivative (dp/dt) in
maximal isometric tetanus contraction of
a massively stimulated, curarized frog
sartorius muscle (rest length, 3.0 cm;
weight, 67 mg; and Po, 48.3 g) at 20°C.
Tension was registered by the RCA Type
5734 mechano-electronic transducer tube.
Time is measured from onset of contrac-
tion. The time constant of the electronic
differentiating circuit is 0.1 msec. (Tim-
ing corrections must be made for the di-
rect contraction trace due to imperfect
synchrony of its sweep with that of the
derivative and because of relative tilt of-
the vertical axis of that trace.) Corre-
sponding myograms calculated by the
theory are represented by the dots for p
and the circles for dp/dt. The arrows
mark the active state “hump.”
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f can be computed =0.0256. Equation
6 is now used to calculate A, by inserting
in it the known constants and matched
values of p and dp/d¢ obtained from the
records of Fig. 1. With p varying from
0.1 to 0.74, five such determinations give
an average A=0.0537+0.0035 (S.E.)
cm. By way of comparison, our values
for f and A agree fairly well with those,
0.0353 and 0.0476 cm, required, respec-
tively, to make Eq. 3 fit Wilkie’s (6)
data (if it be assumed his P,=60 g).
Furthermore, using our constants in Eq.
3 and setting p=1, we obtain s, (the
maximum strain present in the series
elastic component at tetanus plateau) =
0.188 cm—that is, 6.3 percent of the rest
length (3.0 cm) of our muscle. For the
toad sartorius, Hill (4) determined that
Sm is 3 to 4 percent of muscle length, Our
larger value may be due to a species dif-
ference.

Since all the constants of Egs. 5 and 7
are now known, theoretical p(t) curves
can be computed. Comparisons will be
made with the experimental equivalents
(of one frog sartorius muscle) shown in
Fig. 1 which have already been used to
determine the elasticity constants. Pre-
sentation of more extensive results indi-
cating variability is not necessary here
since they provide nothing different in
principle. The theoretical myogram of
Fig. 1 has been computed over the range
from 0 to 0.01 sec by an approximate
integration of Eq. 5 with a, =0.001 sec,
and from then on by means of Eq. 7.
The theoretical points do not perfectly
match the experimental ones, but the
general fit is quite good and the theoreti-
cal curve especially includes the sigmoid
foot [absent in Hill’s curves (2)] so
characteristic of actual myograms.

Figure 1 also presents dp/d¢ curves,
the theoretical determined by means of
Egs. 5 and 6. In general there is good
agreement between theory and experi-
ment, as would be expected from the
p(¢) curves. But of special interest is the
little “hump” that appears very early in
these myograms (see also Fig. 2). Theo-
retical considerations prove that the
hump, even though it appears too high
up on the theoretical curve, marks the
termination of development of the active
state and that this should occur at about
4.5 msec after onset of contraction, as it
does in experimental records. These re-
sults are of the greatest interest, for they
(i) involve a first observation of a feature
of the early phase of contraction which,
(ii), according to the theory, marks the
instant at which the active state has de-
veloped to full intensity, and (iii) they
provide verification of our assumption
that after onset the active state develops
exponentially with time constant «,.

The preceding deals only with the
tetanus contraction period—a relatively
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Fig. 2. (a) Twitch response of the same
muscle as that represented in Fig. 1, show-
ing very clear active state hump on the
dp/dt curve. (b) Initial part of the dp/d¢
curves of Fig. 1, showing the active state
hump on an extended time scale. Con-
tinuous line, experimental; circles, theo-
retical.

simple response since the active state,
once brought to plateau, remains there
as long as the tetanus stimulus continues.
Systems involving relaxation from this
plateau can be included in our theory by
means of an appropriate function for the
kinetics of active state decay. Making
the very simple assumption that this de-
cay is exponential with time constant
a,, a procedure like that leading to Eq. 5
yields the relevant equation,

in which ¢ measures time from the in-
stant at which the active state plateau
ends and decay begins. If p=1 at t'=0,
then this equation applies to muscular
relaxation from maximal tetanus level.
For the twitch, Egs. 5 and 6 hold up to
the moment #/=0 (at which tension is
still rising), and from then on Eq. 9 de-
scribes the remainder of the twitch, in-
volving the latter part of the rise to peak,
when p is always less than 1, and the
subsequent relaxation period. Prelimi-
nary studies indicate that this theory
yields results approximating those of ac-
tual twitch responses. o

In conclusion, our work leads to the
following general results: (i) a confir-
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mation of the essentials of Hill’s (7) con-
ception of active muscle as a two-com-
ponent system made up of contractile
and series elastic components; (ii) der-
ivation of equations that quite accu-
rately predict the mechanics of the con-
traction period of an isometric tetanus;
(iii) a simple method for determining
the stress-strain curve of the series elastic
component (though this needs confirma-
tion by direct methods); (iv) a determi-
nation of the theoretical and experimen-
tal means for studying a newly observed
feature of early contraction related to
the abruptly rising phase of the active
state; and (v) the general mathematical
basis for study of active state mechanisms
in tetanus relaxation and for the entire
course of the twitch. In future research
it is planned to complete the analyses
regarding systems including active state
relaxation, extend the theory to other
types of contractions, and apply it, in
general, to investigations of muscular re-
sponses under a variety of experimental
conditions.

ALEXANDER SANDOW
Department of Biology, Washington
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Science, New York University,
New York

References and Notes

1. This work was aided by grants from the Mus-
cular Dystrophy Associations of America and
by an Equipment Loan Contract No. Nonr-
1559 (00) with the Office of Naval Research.

2. A. V. Hill, Proc. Roy. Soc. (London) B126,
136 (1938).

3. J. L. Petit, Arch. intern. physiol. 34, 113
(1931).

4. A. V. Hill, Proc. Roy. Soc. (London) Bl41,
104 (1953).

5. L. Macpherson, J. Physiol. (London) 122, 172
(1953).

6. D. R. Wilkie, ibid. 134, 527 (1956).

7. A. V. Hill, Proc. Roy. Soc. (London) B137,

40 (1950).

I am thankful to Dr. Manfred Brust for per-
forming the experimental part of this investi-
gation.

25 November 1957

I

The Two Hemoglobin
Components of the Chicken

Recently Saha et al. (1) reported the
presence of two electrophoretically dis-
tinct hemoglobin components in the
chicken, one of which showed the same
mobility as the abnormal human hemo-
globin E. In the course of our investiga-
tions of animal hemoglobins, we also
studied the hemoglobin of the adult
chicken, using different techniques. The
results of this study will be reported here,
for they offer some additional informa-
tion.

Blood samples of over 50 different
chickens (stock for slaughter) were ex-
amined first by paper electrophoresis
with barbital buffer of pH 8.8 and of
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Fig. 1. Separation of two hemoglobin frac-
tions of the chicken on Amberlite IRC-50.

ionic strength 0.06. These analyses
showed the presence of one main com-
ponent (component I) with a low rela-
tive mobility and a second one (com-
ponent II) with a much higher mobility.
Component II, present for about 15 per-
cent of the total amount of hemoglobin,
was found in all examined animals. Its
relative mobility is about the same as
that of the abnormal human hemoglobin
E. Our paper electrophoretic investiga-
tions confirmed therefore the results re-
ported by Saha et al. (1).

The two hemoglobin components can
be separated completely by chromatogra-
phy on Amberlite IRC-50 with a citrate
buffer solution of pH 6.0 and a sodium
ion concentration of 0.15 (2). Figure 1
represents the relative positions of the
two fractions. This technique offers
therefore a possibility to obtain both
components separately and to compare
the amino acid compositions of the two
hemoglobins. For this purpose about 50
mg of each protein was hydrolyzed with
500 ml of 6N hydrochloric acid by boil-
ing under reflux for 48 hours. The
amino acid analyses of these hydrolyzates
were achieved by the column chromato-
graphic method of Spackman, Moore,
and Stein (3) with the Amberlite IR
120. The results of duplicate experi-
ments are given in Table 1. Component
IT contains much more of the acid amino
acids (aspartic acid and glutamic acid)
and much less of the basic amino acids
(lysine, histidine, and arginine). The
large difference in the amounts of acid
and basic amino acids may explain the
great difference in the electrophoretic
and chromatographic behavior of the
two hemoglobin fractions. Moreover,
other marked differences were found.
The amounts of serine, valine, and leu-
cine are higher in component II than in

Table 1. Amino acid composition of the
48-hour hydrolyzates of two hemoglobin
components of the chicken. The values
are given in grams per 100 g of protein.

Com- Com-
Amino ponent ponent
acid 1 11
(g/100 g) (g/100 g)
Aspartic acid 8.8 11.25
Threonine 4.5 4.1
Serine 3.15 5.15
Glutamic acid 6.8 11.5
Proline 3.2 3.0
Glycine 3.05 2.95
Alanine 8.95 7.55
Valine 8.0 9.45
Methionine 0 0
Isoleucine 5.0 3.75
Leucine 13.2 15.0
Tyrosine 3.1 1.15
Phenylalanine 6.5 6.8
Lysine 14.55 11.8
Histidine 11.8 7.7
Arginine 7.55 4.95
Totals 108.15 106.1

the other fraction, and the amounts of
alanine, isoleucine, and tyrosine are
lower. The results of these amino acid
analyses are therefore strongly indicative
of the existence of two widely different
hemoglobin types in the chicken.

It is remarkable that these two dif-
ferent hemoglobin types were present in
all the chickens studied. This situation is
different from that found in some other
animals—for instance, sheep (4) and
cattle (9), in which the occurrence of
two different hemoglobin types seems to
be controlled by a pair of allelomorphic
genes, both being readily recognizable
in heterozygosity. It is obvious from the
amino acid analyses that both compo-
nents are completely different from any
human hemoglobin (6). Any speculation
based on the occurrence of human hemo-
globin E (1) in birds is therefore with-
out foundation (7).
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