It Is Diprotonated Inorganic Phosphate That
Depresses Force in Skinned Skeletal Muscle Fibers

TaOMAS M. NOSEK, KIMBERLY Y. FENDER, ROBERT E. GOoDT

The increases in the intracellular concentrations of inorganic phosphate and hydrogen
ion accompanying fatigue of skeletal muscle appear to be the most important metabolic
changes associated with the decrease in contractile force. Experiments on chemically
skinned single fibers from rabbit psoas muscle with pH ranging between 6 and 7.25
demonstrate that the depression of maximal calcium-activated force by inorganic
phosphate correlates nicely with the concentration of the acidic (diprotonated) species.
Therefore, in addition to the well-known depressant effect on the contractile machin-
ery of lowering pH per se, any decrease of intracellular pH associated with fatigue
further depresses force production by converting more of the total inorganic phos-

phate within the cell to the inhibitory diprotonated form.

P"['ﬂ HE EFFECTS OF INORGANIC PHOS-
phate (P;) and pH on muscle func-
tion are important biological issues
inasmuch as the intracellular concentration
of P; and H™ are dramatically elevated dur-
ing fatigue of skeletal muscle and are closely
associated with the force depression ob-
served under these conditions (I-4). A
number of investigators have reported that
P; (5-8) and lowered pH (6, 9) have direct
inhibitory effects on force production by the
contractile machinery of muscle cells, and
current work suggests that these two meta-
bolic changes may play major depressant
roles in fatigue (7). Recent studies with *'P
nuclear magnetic resonance (NMR) spec-
troscopy indicate that there is a strong corre-
lation between the diprotonated (acidic)
form of P; (H,PO,™") and the decline of

Fig. 1. Effects of total [P;] on maximal Ca®*-
activated force (pCa 4) of skinned muscle fibers.
Single fibers from rabbit psoas muscle were
skinned in relaxing solution (pCa > 8) containing
0.5% purified Triton X-100. The skinned fibers
were sequentially bathed in a series of solutions
containing 1 mM Mg**, 1 mM magnesium aden-
osine 5'-triphosphate, 5 mM EGTA, 20 mM
imidazole, 15 mM phosphocreatine, 0 to 37.8
mM P;, and 47 to 119 mM KCI to maintain ionic
strength at 0.2M; pH 6 to 7.25, pCa either > 8
(no added CaCl,) or 4, and creatine kinase, 3 U/
ml. All experiments were performed at room
temperature (about 22°C). For further technical
details see (21). To control for deterioration of
the fibers, each test contraction was compared to
the mean of two bracketing control (#H 7, 0 P;)
contractions. The inhibition of force due solely to
phosphate at any pH (see Fig. 1A) was taken to be
the ratio of a test contraction with and without
phosphate. (A) Typical record of effect of P; on
maximal force of skinned psoas muscle fiber (No.
2-851030, diameter 50 wm). Calibration bars
show 50 mg and 10 seconds and spikes on record
are solution exchange artifacts. For concision, the
record shown is not continuous but has been
truncated at the interrupted lines. (B) Influence of
total [P;] for pH ranging from 6 to 7.25. Data in
this and other figures are means of at least five
fibers. Vertical bars show standard error of mean.
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force with fatigue in intact skeletal muscle of
the frog (10). In the study described here we
explicitly tested for such effects on the con-
tractile apparatus using skinned muscle fi-
bers. Unlike intact muscle fibers, these prep-
arations are free of the influences of cellular
metabolism and excitation-contraction cou-
pling and thus permit complete control of
the solution bathing the contractile machin-
ery.

As shown in Fig. 1B, at pH 7 force
decreases monotonically with total P; con-
centration ([P;]), an effect similar to that
observed by others (5-8). At near-neutral

pH, phosphate exists almost exclusively in
cither monoprotonated (HPO4 ™) or dipro-
tonated (H,PO,™") forms whose ratio de-
pends on the proton concentration. Thus, at
fixed pH, increasing total [P;] increases both
charged forms proportionately. To examine
the possible effect of cither of the charged
species one must change pH as well as total
[P;]. However, alteration of pH affects maxi-
mal force in and of itself (Table 1) and must
be factored out to examine the additional
cffects of P; (Fig. 1A). For simplicity, we
assume that the effects of pH and P; are
multiplicative and that the sensitivity of the
contractile apparatus to phosphate is inde-
pendent of pH. When the effect of pH per se
is extracted, the strong correlation between
total [P;] and force is lost (Fig. 1B; note the
force at 30 mAf total [P;]). Figure 2 shows
that the decline in force correlates nicely
with the concentration of H,PO4~! (slope,
—2.72% per millimolar H,PO,~! = SE of
slope, 0.11), and Fig. 3 shows that there is
no apparent linear relation with the concen-
tration of HPO, 2.

Increases in total intracellular [P;] up to
about 26 mmol per kilogram of whole mus-
cle [39 mmol per liter of fiber water (11)]
have been reported for intact, fatigued skele-
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Fig. 2 (left). Correlation of phosphate-induced depression of maximal Ca?*-
activated force with concentration of H,PO,~! in skinned skeletal muscle
fibers. Concentration of H,PO, ™! calculated from total [P;] with pK of 6.79

(16). Symbols as in Fig. 1B. Fig. 3 (right). Lack of correlation between

tal muscle. From NMR studies of intact
muscle it has been suggested that it is the
diprotonated form (H,PO4~!) of P; that
depresses force by direct action on cross-
bridges (10). Work with intact cells, howev-
er, is subject to the criticisms that (i) the
intracellular milieu is not well controlled,
and (ii) force production reflects excitation-
contraction (E-C) coupling processes as well
as cross-bridge activity. Neither are germane
to skinned fibers where the composition of
the bathing medium is under strict experi-
mental control and E-C coupling is circum-
vented. Thus, in our experiments, the effects
of P; and pH on force are those exerted
solely on the contractile apparatus, and they
strongly support the suggestion that maxi-
mal force produced by the cross-bridges is,
indeed, dependent on H,PO, ! and not on
HPO,™? or total P;.

In addition, there is a strong quantitative
similarity between our findings and those of
Dawson and co-workers (10-12) as to the
slope of the relation between force and
H,PO,~". In their experiments with intact
gastrocnemius muscle from frog, the rela-
tion is linear, with zero force attained at
about 18.5 mmol per kilogram of whole

Table 1. Influence of pH on maximal Ca**-
activated force (pCa 4) of skinned rabbit psoas
muscle fibers. The composition of the bathing
solution is described in the legend to Fig. 1. Data
normalized to maximum force at pH 7.

Maximum .
pH force Fl(k;c)rs
(% + SEM)

7.25 120.5 = 1.4 6
7.125 114.7 + 2.8 6
7.0 100 76
6.65 953+ 14 12
6.5 862+ 14 10
6.0 67.7 £2.2 6

muscle (10, 12), which converts to about 28
mmol per liter of cell water (11). This is
similar to our data for skinned fibers from
rabbit psoas (Fig. 2), which approach zero
at around 30 to 35 mAM. Moreover, unpub-
lished *'P NMR data from human adductor
pollicis in vivo during voluntary, fatiguing
contractions also show a strong correlation
between maximal voluntary force and
H,PO,~! with a zero force intercept be-
tween 30 to 40 mAM (I13). This finding
suggests that the sensitivities of cross-
bridges to H,PO, ! in amphibia and mam-
malia are much the same.

The effect of P; on maximum force can be
explained by the finding of Hibberd and co-
workers (8, 14) that P; appears to reverse the
putative force-producing step of the cross-
bridge cycle (that is, P; release from the
attached cross-bridge) by shifting the distri-
bution of cross-bridges toward those states
with a full complement of bound products
[adenosine 5'-diphosphate (ADP) and P;].
This shift would lead to a decrease in the
instantaneous number of force-producing
bridges [however, see (15)]. If this view is
correct, the observation that maximal force
produced by the cross-bridges depends on
H,PO,™!, and not on HPO, 2 or total P;,
implies that it is H,PO,™" that is released
during the force-producing step of the
cross-bridge cycle.

Since the pK for the reaction HPO, 2
+ H* & H,PO, ! is near the normal intra-
cellular pH (pH;) (16, 17), a decrease in pH;
would convert more of the intracellular P; to
H,PO,™!. Therefore, the decline of pH;
normally seen with fatigue, which can ap-
proach a full pH unit (14, 18), will inhibit
force not only directly (6, 9 and Table 1) but
indirectly as well, by increasing the fraction
of total P; in the H,PO,™! form. Thus the
combined effects of increased intracellular
[P;] and decreased pH; observed under these

phosphate-induced depression of maximal Ca?* -activated force and concen-
tration of HPO,? in skinned skeletal muscle fibers. Symbols as in Fig. 1B
and calculations as in Fig. 2.

conditions will result in a dramatic depres-
sion of maximal force production by the
contractile apparatus (19). These effects will
be additive with the inhibition of E-C cou-
pling that is likely to occur with fatigue (20).

1.

2.
3.

4.

REFERENCES AND NOTES

M. J. Dawson, D. G. Gadian, D. R. Wilkie, Nature
(London) 274, 861 (1978).

, J. Physiol. (London) 299, 465 (1980).

D. R. Wilkie, M. J. Dawson, R. H. T. Edwards, R.
E. Gordon, D. Shaw, Ady. Exp. Med. Biol. 170, 333
(1984).

R. A. Meyer, T. R. Brown, M. J. Kushmerick, Am.
J. Physiol. 248, C279 (1985).

5. J. C. Riiegg, M. Schidler, G. J. Steiger, G. Miiller,

vl N

10.

11.

12.
13.

14.
15.

16.

Pfluegers Arch. 325, 359 (1971); ]. W. Herzig,J. W.
Peterson, J. C. Riiegg, R.J. Solaro, Biockim. Biophys.
Acta 672,191 (1981); P. W. Brandt, R. N. Cox, M.
Kawai, T. Robinson, J. Gen. Physiol. 79, 997
(1982); G. J. M. Stienen, K. Giith, J. C. Riiegg,
Pfluegers Arch. 397, 272 (1983); J. D. Altringham
and 1. A. Johnston, J. Physiol. (London) 368, 491
(1985); J. C. Kentish, ibid. 370, 585 (1986); J. W.
Lacktis and E. Homsher, Bigplys. J. 49, 269a
(1986).

. R. Cooke and E. Pate, Bigphys. J. 48, 789 (1985).

R. E. Godt and T. M. Nosek, J. Physiol. (London)
371, 174P (1986).
M. G. Hibberd et al., Science 228, 1317 (1985).

. A. Fabiato and F. Fabiato, J. Physiol. (London) 278,

233 (1978); S. K. B. Donaldson and L. Hermansen,
Pfluegers Arch. 376, 55 (1978).

M. J. Dawson, S. Smith, D. R. Wilkie, Biophys. ].
49, 268a (1986); D. R. Wilkie, Fed. Proc. Fed. Am.
Soc. Exp. Biol. 45, 2921 (1986).

See (2). If one assumes the density of myoplasmic
water to be unity, the factor 1/0.662 converts milli-
moles per kilogram of whole (wet) muscle to milli-
moles per liter of fiber (cell) water including the
water volume occupied by the sarcoplasmic reticu-
lum and mitochondria and excluding the volume
occupied by solid matter [see S. M. Baylor, W. K.
Chandler, M. W. Marshall, J. Physiol. (London) 344,
625 (1983)].

M. J. Dawson, personal communication.

Data presented at Society of Magnetic Resonance,
Montreal, Quebec, Canada, August 1986, by M.
Boska, R. Moussavi, R. Miller, R. Layzer, and M.
W. Weiner.

M. G. Hibberd and D. R. Trentham, Annu. Rev.
Biophys. Biophys. Chem. 15, 119 (1986).

Using sinusoidal lenfth oscillations, M. Kawai [].
Muscle Res. Cell Motil. 7, 421 (1986)] found that P;
significantly increases the oscillatory power output
0? skinned rabbit psoas fibers and suggested that P;
does more to cross-bridge kinetics than merely
reverse the P; release step.

A pK value of 6.79 for inorganic phosphate at 25°C
and 0.2 ionic strength given in R. M. Smith and

SCIENCE, VOL. 236



A. E. Martell, Critical Stability Constants, vol. 4,
Inorganic Complexes (Plenum, New York, 1976), p.
56.

17. About 7 to 7.2, pH; near room temperature: R. F.
Abercrombie, R. W. Putnam, A. Roos, J. Physiol.
(London) 345, 175 (1983); (4); M. J. Kushmerick
and R. A. Meyer, Am. ]. Physiol. 248, C542 (1985).
At lower temperatures pH; is somewhat higher [A.
Malan, T. L. %Vilson, R. B. Reeves, Respir. Physiol.
28, 29 (1976); M. J. Dawson and A. C. Elliott, J.
Physiol. (London) 360, 59P (1985)].

18. H. Gonzalez-Serratos et al., Proc. Natl. Acad. Sci.
US.A. 75, 1329 (1978); Y. Seo, K. Yoshizaki, T.
Morimoto, Jpn. J. Physiol. 33, 721 (1983); R. H.
Fitts and J. M. Metzger, Biophys. ]. 49, 85a (1986).

19. This accords with the notion that the decrease in pH;
alone is insufficient to explain the marked decrease
in tetanic force with fatigue of intact muscle [J. M.
Renaud, Y. Allard, G. W. Mainwood, Can. J. Physiol.
Pharmacol. 64, 764 (1986)].

20. A. Eberstein and A. Sandow, Science 134, 383
(1961); H. Mashima, M. Matsumura, Y. Nakayama,
Jpn. J. Physiol. 12, 324 (1962); A. Eberstein and A.
Sandow, in The Effect of Use and Disuse on Neuromus-
culay Functions, E. Guttman and P. Hnik, Eds.
(Czechoslovakian Academy of Science, Prague,
1963), I—FP. 515-526; W. Grabowski, E. A. Lob-
siger, H. Ch. Liittgau, Pfluegers Arch. 334, 222
(1972); H. Kanaya, M. Takauji, T. Nagai, Jpn. J.
Physiol. 33, 945 (1983).

21. R E. Godt and B. D. Lindley, J. Gen. Physiol. 80,
279 (1982).

22. We thank D. J. E. Luney and G. Shirley for technical
assistance, Y. E. Goldman for discussions, M. W.
Weiner and M. Boska for unpublished observations,
M. J. Dawson for suggestions and unpublished data,
and H. C. Davis for statistical assistance. Rabbit
muscle was supplied by K. Green, Medical College
of Georgia, from NIH grant EY 04558. Supported
by grants from the NIH (AM 31636) to R.E.G. and
the American Heart Association, Georgia Affiliate,
to T.M.N. R.E.G. is an Established Investigator of
the American Heart Association.

29 September 1986; accepted 5 February 1987

Cellular Localization of Somatomedin (Insulin-Like
Growth Factor) Messenger RNA in the Human Fetus

Vicror K. M. HaN, A. JosePpH D’ERcoOLE, P. KAy LUND*

The somatomedins or insulin-like growth factors (IGFs) are synthesized in many
organs and tissues, but the specific cells that synthesize them in vivo have not been
defined. By in situ hybridization histochemistry, IGF I (somatomedin C) and IGF II
messenger RNAs were localized to connective tissues or cells of mesenchymal origin in
14 organs and tissues from human fetuses. IGF messenger RNAs were localized to
perisinusoidal cells of liver, to perichondrium of cartilage, to sclera of eye, and to
connective tissue layers, sheaths, septa, and capsules of each organ and tissue. All of the
hybridizing regions are comprised predominantly of fibroblasts or other cells of
mesenchymal origin. Because these cells are widely distributed and anatomically
integrated into tissues and organs, they are ideally located for production of IGFs,
which may exert paracrine effects on nearby target cells.

HE SOMATOMEDINS OR INSULIN-
Tlikc growth factors (IGFs) are pep-

tide mitogens that are structurally
homologous to proinsulin (1). In man, two
major IGFs, IGF I (somatomedin C) and
IGF II, have been characterized by amino
acid sequence analysis of peptides purified
from serum (2) and by isolation of comple-
mentary DNAs (¢cDNAs) encoding precur-
sor forms of these peptides (3, 4). Tradition-
ally, the liver has been thought to be the
primary site of IGF synthesis, but evidence
from a number of studies now suggests that
the IGFs are synthesized in many mammali-
an tissues: (i) immunoreactive IGFs are
secreted by cultured explants of a number of
mouse organs (5) and by monolayers of
fibroblasts derived from several human and
rat tissues (6); (ii) concentrations of immu-
noreactive IGF I (7) and abundance of IGF
I messenger RNA (mRNA) (8) is regulated
by growth hormone in a variety of adult rat
tissues; (iii) immunoreactive IGF I can be
extracted from multiple midgestation hu-
man fetal tissues (9); and (iv) mRNA encod-
ing IGF I and IGF II can be detected in a
number of fetal and adult rat tissues and
human fetal tissues (10).

The mitogenic actions of the IGFs on
cultured cells from fetal tissues of several
mammalian species and the presence of spe-
cific IGF receptors in many fetal tissues and
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cells (1, 11) point to a role for the IGFs in
fetal growth. These findings and the evi-
dence that IGFs are synthesized in many
fetal tissues (5—10) support the hypothesis
that IGFs act locally to elicit the biologic
response (5, 7). Information about the cellu-
lar sites of synthesis of IGFs in the fetus
should provide insight into their potential
role as paracrine fetal growth factors and,
toward this goal, we have investigated the
cellular localization of IGF mRNA in hu-
man fetal tissues.

Synthetic oligodeoxyribonucleotides (oli-
gomers) complementary to portions of hu-
man IGF I (3) and IGF II (¢) mRNA (Fig.
1, A to C) were used as probes for in situ
hybridization histochemistry to localize IGF
mRNA in sections of human fetal tissues.
The 31-nucleotide (nt) IGF II oligomer and
cDNAs encoding human IGF I and II pre-
cursors were first tested in Northern blot
hybridizations with polyadenylated RNA
from human fetal tissues. The IGF II oligo-
mer hybridized with five distinct mRNAs in
human fetal liver and muscle that are the
same size as mRNAs detected with the IGF
II ¢<DNA, but different in size from two
mRNAs detected in these tissues with the
IGF I cDNA (Fig. 1D). These data, plus
observations that the 31-nt IGF II oligomer
and a second 39-nt IGF II oligomer that
corresponds to a different region of human

IGF II mRNA do not hybridize with human
IGF I ¢cDNA, provide evidence for the
specificity of the IGF II oligomers for hu-
man IGF II mRNA. Similarly, the three
IGF I oligomers—IGF IA (20 nt), IGF IA
(36 nt), and IGF IB (Fig. 1, A and B)—
showed no hybridization with human IGF
I ¢<DNA or IGF II mRNA, providing
evidence that these oligomers are specific for
human IGF I mRNA.

Human fetal tissues were collected from
prostaglandin-induced abortuses of 16 to 20
weeks gestation with prior approval of the
Committee for the Protection of Rights of
Human Subjects at the University of North
Carolina at Chapel Hill. Sections prepared
from fixed human fetal tissues (12) were
hybridized with IGF IA, IGF IB, or IGF II
oligomers labeled at the 5’ end with **P
(Fig. 1). All human fetal tissues tested,
except cerebral cortex, showed hybridization
with IGF IA, IGF IB, and IGF II oligomers.
With each IGF probe and in all tissues
showing positive hybridization, the hybrid-
ization signal was localized to connective
tissues or to cells of mesenchymal origin
(Fig. 2 and Table 1). In liver, IGF oligomers
hybridized to perisinusoidal cells and
showed no detectable hybridization to hepa-
tocytes. Although the precise identity of
these hybridizing cells could not be conclu-
sively established with the resolution
achieved, perisinusoidal cells are composed
of mesenchymal cells, such as endothelial
and reticuloendothelial cells, and fibroblasts.
In costal cartilage, hybridization of IGF
oligomers was to perichondrium and fibrous
sheath and not to chondrocytes. In the eye,
hybridization was to sclera and not to neu-
roretina, choroid, or lens. In heart, thymus,
lung, skeletal muscle, skin, spleen, kidney,
adrenal, stomach, and small intestine, IGF
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