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INTRODUCTION 

This dissertation is an attempt to analyze and 

understand the effects of different ionic bathing solutions 

on skeletal muscle proteins, as the interaction of the 

ternary complex of solvent, solute, and macromolecule. In 

order to accomplish this, the experimental paradigm used was 

the demembranated or "skinned" muscle fiber which allowed 

control over the intracellular environment while permitting 

continual assessment of force generation. This preparation 

has greatly aided elucidation of contractile mechanisms 

(Stephenson 1981), and in these experiments gave further 

insight into muscle biophysics and solvent-solute-macro

molecular interactions. 

Skinning refers to physically removing (Natori 1954) or 

chemically permeabilizing the cellular membranes of the 

muscle fibers (Szent-Gyorgi 1949). Since the introduction of 

the glycerinated muscle preparation by Szent-Gyorgyi (1949), 

the single glycerinated fiber preparation of H.H. Weber (A. 

Weber 1951), and the work of Natori with mechanically 

skinned single muscle fibers (1954), such preparations have 
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been useful in providing information concerning the 

biologic~! processes involved in contraction. 

The main advantage of a skinned fiber is that it is an 

intermediate between intact cells and isolated proteins in 

vitro, and as such, can yield insights into muscular 

function which other preparations cannot. Since the 

structure of the contractile apparatus remains preserved, 

the myofilaments retain their in vivo functional and 

morphological characteristics, and one is left with control 

over the composition of the intracellular environment .. The 

contractile apparatus can then be activated directly with 

calcium, circumventing the normal excitation-contraction 

coupling and agonist induced processes. By increasing 

calcium concentrations in a step-wise manner calcium-

sensitivity of the contractile apparatus can also be 

determined .. 

While skinning allows control over the intracellular 

milieu, such manipulation can become a double-edged sword: 

the investigator now has the responsibility of correctly 

composing the bathing solution s~ that it will mimic the in 

vivo conditions and not cause alterations in the function of 

the contractile apparatus. The general ionic composition of 

such bathing solutions is quite important and quantitively 

expressed in terms of ionic strength (~s): 

~s (1) 
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·where c., is the concentration of a given ion i, and z. is its 
I . I 

valence. Division by two takes into account that this 

measure is concerned with ion-ion interactio.ns. The concept 

of ionic strength was empirically introduced by Lewis and 

Randall (1921) in their studies ·of activity coefficients of 

mixed salt solutions containing polyvale~t ions. They found 

that ~s quantified changes in physical properties of 

solutions better than previously used measures. 

For a muscle fiber in vivo, ionic strength has been 

calculated to be 140-180 rnM (Gordon et al. 1973;·Godt and 

Maughan 198S), and many of the specific ·intracellular ions, 

e.g., magnesium, calcium, pH and calcium buf~ers, adenosine 

triphosphate (ATP), and phosphocreatine, and their 

approximate concentrations, are known (Aomine et al. 1982; 

Beis and Newsholme 1975; Ashley and Moisescu 1977; further 

reviewed by Godt and Maughan·1988). However, when composing 

a bathing solution these essential components, and.the ~ons. 

which accompany them in. their salt forms, ac:;:count for only 

about 80-90 mM ionic strength. Approximately one-half of 

that found in vivo. 

Muscle fibers do not react welt to such a low ionic 

strength; under such conditions, in the presence of ATP, a 

non-calcium ·dependent tension has been shown to develop due 

to attachment of "weakly-bound" crossbridges. These 

crossbridges differ from those of rigor and calcium

activated conditions (Gordon et al. i973; Chaiovich et al. 
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1981; Gulati 1981 and 1983; Brenner et al. 1982), becoming 

attenuated in solutions of physiological ionic strength. 

Therefore, in order t~ prevent this aberrant tension 

from developing, ionic strength must be brought into the 

physiological range. To accomplish this, ions are introduced 

in the form of a salt of neutral character, viz., one which 

is not involved in contractile activation or intracellular 

metabolism and does not affect structural integrity. The 

neutral character of the salt is especially important in 

cases where ions such as lactate or inorganic phosphate are 

being added to a control bathing solution with their effects 

being assessed. As such ions are added, the ions present 

solely to adjust ionic strength are normally removed so that 

a constant ionic strength can be maintained. Therefore, it 

is important that the salt removed be of a neutral character 

so that results will not be confounded by ion-specific 

effectse 

In vivo, the major intracellular cation is potassium 

(total concentration about 140 roM), while the anionic· 

composition is much more diverse, consisting of a 

heterogeneous group of proteins, amino acids, small 

peptid~s, and amino acid derivatives. The most abundant of 

these anions are creatine phosphate, present in 

concentrations of 20-30 roM in mammals (Beis and Newsholme 

1975), and the proton buffer carnosine, present at 

concentrations of approximately 15-20 mM (Aomine et al. 

1982). In order to simplify this diverse anionic environment 
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in the in vitro system, investigators have utilized various 

univalent anions (as potassium salts) to adjust ionic 

strength. These have included: the major extracellular anion 

- chloride (Nosek et al. 1987; Brenner et al. 1986; Gulati 

1981, 1983); an organic anion found in vivo- acetate (Xu et 

al. 1987) ; a more complex organic molecul.e - propio-nate 

(Sweeney et al. 1986; Martyn and Gordon 1988); and a non-

physiologic organic_ anion - methanesulfonate (Matsubara et 

al. 1985; Nakajima and Endo 1973). Presently, no consensus 

has been reached concerning which salt to useo 

In addition to aberrant-tension development noted at 

low ionic strength, if ionic concentrations become much 

greater than physiological ionic strength (JJ.s > 200 mM) 

maximal force generation is depre$sed. This ef~ect was first 

recognized when intact muscles were bathed in hypertonic 
... 

solutions (Overton 1962; E~7nst 1926). Such solutions were 

noted to cause an osmotic loss of intracellular water and 

result in an increased intracellular ion concentration. 

Later, ~odgkin and Horowicz ( 1957) -noted that immersion of 

an intact frog semitendonosis muscle in hypertonic Ringer's 

solution reversibly_decreased maximal tetanic tension. 

It was first proposed by Howarth (1958) that such 

decreases in force generation were at least partially due to 

effects- upon the contractile proteins. April et al. (1968) 

explicitly tested hypertonic effects at the myofilament 

level by direct injection of calcium (to assure full 

activation) into intact fibers being bathed in increasingly 
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hypertonic solutions. They noted that· maximal force 

generation was inversely related to hypertonicity. 

Directly increasing ionic strength by the addition of 

salts into skinned fiber bathing solutions is also known to 

decrease the maximal force generated by the fibers. This 

treatment was initially tested on mechanically skinned 

fibers by Podolsky and Sugi (1967). They noted that fibers 

bathed in hypertonic Ringer's solution had a decreased force 

generating capacity. This has since been corroborated by a 

host of others (Gordon et al. 1973; Hamsher et alo 1974; 

Gulati and Podolsky 1978, 1981; Julian and Moss 1981; 

Kentish 1984; Fink et al. 1986). 

Although the ability of increased ionic strength to 

decrease Fmax has been known for some time, the mechanism of 

ion action is still under investigation. The most often 

proposed mechanisms include: 1) electrostatic screening, 2) 

alteration of protein structure, and 3) alteration of 

solvent structure. 

Increased electrostatic screening between actin and 

myosin by an elevated ion concentration was first proposed 

by Gordon and Godt (1970) as the mechanism for decreased 

force generation as ionic strength was raised. They found 

that intact muscle fibers bathed in hypertonic solutions 

caused a reversible decrease in their force generating 

capacity. As a result they suggested that the ionic strength 

effect could be due to increased electrostatic screening 
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among the contractile filaments. Hamsher et al. (1974) later 

proposed a similar mechanism of ionic screening. 

It is also possible that an increased ionic strength 

might cause a decrease in force generating capacity due to 

stereochemical reordering of the myosin molecule, i.e., an 

alteration of secondary and tertiary structures. This might 

then cause destabilization of the protein structure, and 

lead.to a deCreased capacity of the myofilaments to form 

proper crossbridges. This point was given support by the 

work of Bowen and Kerwin (1955) in glycerinated rabbit psoas 

muscle fibers·. They determined that the rate of the myosin

ATPase reaction decreased with the addition of 300 mM KCl. 

such effects on myosin-ATPase rates_.were first evide~ced by 

Hasselbach (1952) in muscle protein·extracts. Eisenberg and 

Moos (1968; 1970) also demonstrated that increasing ionic 

strength above 100 mM decreased actomyosin-ATPas~ rates. 

However, is the reduced ATPase rate due to the increased 

electrostatic screening, or to a direct ion effect upon the 

actomyosin itself? At this time. the information available is 

inconclusive. 

It was hypothesized by April and Brandt (1973) that 

lower myosin-ATPase rates at increased ionic strength was 

due to a decreased rate of c:tossbridge associat;ion. This 

would then result in a decreased number of crossbridges 

being formed at any time, and .total force generation would, 

in turn, fall. The effect of increased ionic strength on 

ATPase rates in muscle homogenates has also recently been 
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investigated by Freydina et .~1:' (1986). In the ionic 

strength range from 60 to 140 mM a pronounced dependen~e of 

ATPase activity was seen, with maximal A~Pase activity being 

noted at 100 mM. Also rec.ently, Ludescher et ·ai. (-1988) 

conducted triplet absorption anisotropy studies in which 

they monitored a probe on the sulfhydryl 1 of heavy 

me~omyosin. subfragment 1. They noted that increasing ionic 

strength (by addition· of KCl) caused rotational dynamics 

(crossbridge motion) of myosin.heads to be·d~creased. 

Finally, increased ionic strength may indirectly affect 

force generation of muscle by· enfluencing the highly 

structured hydrog~n-bonded lattice of the solvent water. 

This might then affect the structure and function of the 

·proteins which it bathes. 

In addition to the general ionic strength· effect noted 

above, it is known that commonly used salts have ion

specific effects on the function of various chemical and 

biological systems, including muscle fibers. Such specific 

effects have been noted since the late nineteenth century. 

At that time, the German biochemist Frans Hofmeister (1888; 

1891) ·noted that maintaining a constant salt concentration, 

while substituting various salts, caused differential 

effects in salting-out (precipitating) proteins from aqueo.us 

solutions. He aLso found that the swelling of.gelatin gels 

was affected by substitution of variou~ s~lts~ The salts 

utilized by Hofmeister formed a hierarchy for these effects, 
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and, when arranged from least to most effective, are known 

as the Hofmeister lyotropic series: 

sodium sulfate ~ sodium tartrate ~ sodium citrate 

< sodium acetate 

< potassium chloride ~ sodium chloride ~ ammonium chloride 

< sodium chlorate ~ sodium nitrate ~ sodium bromide 

Lyotropic refers to _the general ordering of ions or salts in · 

relation to their ability to interact with a substrate, but 

in this case, as is commonly done_, .··this term will be· used to 

denote the specific Hofmeister lyotropic seri~s.which is 

concerned with alterations. -of the substrate. ·since. · 

Hofmeister's work, this same series has also been shown to 

cause ion-dependent variation in the physico-chemical 

properties of various macromolecules including:_. collagen 

(Bello et al. 1956; von Hippel and Wong 1962, 1963a, 1963b), 

DNA (Hamaguchi and Geiduschek 1962), lipid bilayer membranes 

(McLaughlin et al. 1975), sodium channels of axons (Dani et 

al. 1983), ribonuclease (von Hippe! and Wong 1965), ·and 

various other enzymes (Massey 1953; Fridovich 1963). All 

such effects have been shown to follow·the-lyotropic series,. 

or a slight variation of it. Also, when assessing these 

results, it has been noted in most of the studies cited 

above that the effects of anions and .cations are essentially 

additive, i.e., no syriergistic interact{ons occurring. 
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Ion-specific effects have also been noted with respect 

to maximal calcium-activated force gener~tion-of skinned 

muscle fibers. Laky and Bowen (195-5) were the .first to 

illustrate such ion~specific differences, with KSCN and KI 

shown to be much more deleterious to glycerinated muscle . 

fibers than KCl. They noted KSCN and KI caused irr.eversibl.e 

contraction of the fibers,. which they proposed to· be due to 

protein denaturation. 

Brahms and ·Brezner (1961) also showed· similar ion

specific effects on muscle extracts, at ionic strength in a 

range below 200_mM. Various potassium salts increased the 

solubility of myosin in the order: acetate < chloride < 

thiocyanate < nitrate. This series also held for the binding 

of anions to myosin as determined by electrophoretic 

mobility and charge differences. Acetate was not bound to, 

and did not solubilize myosin in solution. In addition, 

myosin-ATPase rates were shown to differentially decrease, 

dependent on the anion present in solution~ according to the 

series: chloride ~ nitrate > thiocy~nate. 

Furthermore, Tonomura et al. (1962) conducted a 

detailed inves~igation of the effects of inorganic salts in 

the supraphysiological range of 600 mM to 4 M on myosin

ATPase and optical rotation power (a measure of alpha~ 

helical content). Asses~ing cation effects, they fou~d 

potassium was much less deleterious than lithium. Lithium 

was noted to cause an irreversible decrease·in myosin-ATPase 

at all concentrations, due to denaturation of the protein. 
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The effects of the anions iodide, bromide, and thiocyanate, 

were seen as ·approximately_equal as each caused irreversible 

denaturation. Chloride was noted to be more benign than the 

other anions, causing a reversible decrease of~myosin-ATPase 

activity up to 4 M. In all cases, alterations ·.in myosin-

. ATPase activity occurred at:- much· lower concentrations _than 

losses in alpha-helical content (resulting in a random 

coil), and they suggested that the active. site.of myosin was 

not alpha-helical in structure. 

The results of Tonomura et .al. (1962) were generally 

upheld by Warren et al. (1966), as they determined that in 

the ionic strength range of 0.5 to 2M, anions-affect the 

activity of myosin-ATPase and alpha-helical content in the 

order: acetate < chloride < nitrat'e < bromide < iodide -< 

thiocyanate < perchlorate; while cations affected these 

paramete~s in the order: tetramethylammonium < cesium < 

potassium < sodium < lithium. 

Examini':n:g effects upon Fmax of mechanically skinned 

muscle fibers, Gordon et al. (1973) ranked the effects of 

anions as: propionate < sulfate < chloride < bromide; and 

the effects of cations as: potassium ~ sodium ~tetramethyl

ammonium < tetraethylammonium < tetrapropylammonium < 

tetrabutylammonium. The cationic series indicates that 

increased hydrocarbon chain length causes an increased 

capacity of the cation to inhibit force ~reduction. 

Finally, it should be noted that Jacobs and Guthe 

(1970) ordered the anions as: acetate < chloride < nitrate < 

11 



bromide < iodide, on their capacity to decrease force 

generation in·bundles of glycerinated rabbit psoas (100-250 

mM added salt). Additionally, they proposed that acetate was 

benign to force generation, possibly due to the fact that 

its methyl group can facilitate the entry of the molecule 

into hydrophobic pockets of proteins. This might decrease 

the hydrophobe-ion interactions which could disrupt the 

protein structure and inhibit the function of the 

contractile apparatuse 

It has been proposed that the ion-specific effects of 

the lyotropic series may be due to structural disruptions of 

the macromolecules, but they vary on the underlying ~ause of 

such disruptions. Specifically, in skinned muscle fibers, 

one possible explanation for ion-specific effects on force 

generation is direct binding, with consequent alterations in 

fiber diameter due to alteration of myofilament charge 

(Saroff 1950; Bello 1963; Mandelkern and Stewart 1964). Such 

alterations could, in turn, alter the function of the 

contractile apparatus. 

Based upon the ground-breaking work of Bernal and 

Fankuchen (1941) on the coat protein of tobacco mosaic virus 

(TMV), and the work of Needham (1950) and Elliott (1968) on 

the myofilament lattice, we know that certain protein 

structures are smectic (parallel organized) liquid

crystalline (mutable, yet specifically structured) in 

design. The coat protein of TMV consists of an hexagonally 

arrayed system of parallel oriented proteins, similar to the 
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double hexagonal array of striated muscle. The organization 

and interactions of such associations are proposed to be 

greatly influenced by a combination of the van der Waals 

forces between and electrostatic charges on the proteinso 

The myofilaments are known to be negatively charged 

(Marsland 1964) at pH 7. More specifically, using 

microelectrodes, Naylor et al. (1985) found that there was 

approximately 12 mM electronegative charge on the thick 

filament, with about 15 mM electronegative charge on the 

thin filaments (about equally divided among actin, troponin 

and tropomyosin). From knowledge of primary structure and 

titration data, the charge has been found to be on the order 

of 15 e-;actin monomer and 70 e-;myosin monomer, most on the 

light meromyosin and the heavy meromyosin subfragment-2 

(Jennison et al. 1981}, with about one-third of the total. 

myofilament charge on the heavy meromyosin subfragment-1 

(Cooke et al. 1987). 

However, in intact muscle ·fibers, membrane structures 

continually compress the myofilament lattice and hinder 

control of myofilament lattice spacing by charge forces 

(Moisescu 1973). Membrane and cytoskeletal structures 

control fiber diameter and lead to the isovolumic behavior 

of the fibers (K = d21), e.g., as sarcomere length is 

changed, the diameter is altered by the inverse square (H.E. 

Huxley 1953; Elliott et al. 1963). Upon skinning, 

isovolumic behavior is lost and the myofilament charge is 

then allowed to have a much greater influence on the 
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myofilament arrangement (Rome 1968; Matsubara and Elliott 

1972), though some cytoskeletal barriers still persist. 

The myofilament charge forces have been shown to be 

dependent upon the pH (Rome 1967; Elliott 1968) and ionic 

strength (Matsubara and Elliott 1972) of the environment·. A 

decreased pH has ~been shown to decrease interfilament· 

distances, possibly by titration of- charges on the 

myofilaments (Rome 1967). Collins and Edwards (1971), and 

Naylor et al. (1985), have demonstrated that increasing KCl. 

concentration as little as 40 mM can enhance myofilament 

charge and cause increased interfilament -spacing (the 

isoelectric point of the myofilaments was seen to increase 

from pH=4.5 to pH=5.2). Furthermore, April and Wong (1976) 

have pinpointed the A-band, i.e., the thick filament, as 

controlling filament separation via charge alteration. This 

has since been confirmed by the work of Elliott (1980) who 

noted that thick filament charge increased as chloride or 

phosphate was added to skinned fiber bathing solutions. 

Changing myofilament charge by alteration of ion 

concentrations is not a new idea. Starting with the work of 

Szent-Gyorgyi (1947) and Sarkar (1950), it has been proposed 

that both cations and anions bind to the myofilaments. 

Furthermore, Saroff (1957) and Loeb and Saroff (1964) 

proposed that alterations in general protein behavior are 

due to ion-binding (at positions-now referred to as saroff 

sites) .. 

14 



More recently, Rinke (1969) and Hinke et al. (1973) 

noted that microelectrode and wash-out studies conducted in 

intact muscle fibers had given support to the binding of 7% 

of intracellular chloride to the myofilament proteins in the 

physiological pH range. This was also shown to be the case 

in studies utilizing diffusional coefficients (Caille and 

Rinke 1973), while it was also determined that chloride 

binding was pH dependent: 6% of chloride was bound at pH 7 6 

13% at pH 5.2, and 0% at pH 10, with the opposite trend seen 

for cations. 

April et al. (1972) proposed that increased 

interfilament spacing at high ionic strength was due to an 

increased myofilament anion binding capacity, with a 

concomitant increase in myofilament charge. This would 

result in an increased interfilament repulsion. Pursuant to 

this, Naylor et al. (1985) found that filament charge did 

increase with increasing ionic strength and pH (which, as 

noted earlier also increases interfilament spacing). 

As previously noted, Brahms and Brezner's (1961) 

results showed that anions of potassium salts bind myosin 

preferentially in the order acetate: < chloride < 

thiocyanate < nitrate, as determined by electrophoretic 

mobility. This is very similar to the Hofmeister series. 

Acetate was found not to bind myosin. Working with whole 

muscle fibers, Gayton and Rinke (1971) likewise found 

differences in anionic binding capacity with acetate binding 
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much less than chloride, as had Seidel a few years earlier 

(1969). 

On the other hand, cations such as sodium and potassium 

have also been shown to bind to the myofilament lattice in 

vitro (Szent-Gyorgyi 1951; Saroff 1957; Lewis and Saroff 

1957; Ling 1962; Hinke 1959; Lev 1964). In addition, 

Kushmerick and Podolsky (1969) determined that the 

diffusional profiles of potassium and sodium were reduced in 

frog myoplasm, and more recently, using radioautographic 

techniques, K42+ binding to the myofilament !-bands was 

found to occur (Tigyi 1981)a 

Preferential cation binding was inferred by McLaughlin 

and Hinke (1966) using cation-sensitive microelectrodes, and 

monitoring membrane potential. They found sodium and 

potassium were bound in single striated_muscle fibers, with 

sodium being preferred. In further studies, utilizing 

diffusional coefficients, Caille and Hinke (1973) noted 

preferential binding of sodium over potassium, while also 

demonstrating the dependence of ion diffusion on pH: O% 

sodium and potassium were diffusionally inhibited at pH 5.2, 

34% and 13% respectively at pH 10,· and 21% and 7.5% 

respectively at pH 7o 

As an alternative to ion-binding, the theories of von 

Hippe! and Wong (1962, 1963a, 1963b) and von Hippe! and 

Schleich (1969) propose that the effect~ related to the 

lyotropic series are ·due to changes in the structure of the 

solvent water. The anomalous solvent characteristics ·of 
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water are very important for life as we know it (Frank and 

Evans 1945). The water molecule is highly polar, which gives 

it a tendency to "bind" not only other water·molecules, but 

also other charged particles. This makes it a-proficient, 

solvent. Water also has a high spe~ific heat, a density 

minimum at 4°C, and a ·very high surface tension· •. ·Each of 

these properties is important in maintaining cellular 

integrity. The highly ordered tetrahedral structure of water 

is responsible for many of its charact-eristic properties. 

Such order is lost only upon vaporization, but the addition 

of solutes can alter it. When ·the structure of water is 

altered, it may in turn interact with and alter the 

structure and the physical properties of other molecules in 

solution, e.g., the contractile proteins. 

Additionally, the intramuscular binding of wateF has 

been a noted phenomena for some time. Rubner (1922) was the 

first to propose that water binds to intracellular 

structures, and a few years later Hill (1930) and s'zent

Gyorgyi (1947) determined that some sarcoplasmic water was 

bound to the intracellular proteins. More recently 

McLaughlin and Hinke (1966), Hinke_ (1970). and Clarke et al. 

(1982), utilizing H-NMR, determined that approximately 30-

40% of intracellular water is not ayailable as solvent. H

NMR has also shown sarcoplasmic water to be highly 

structured and immobile compared to_water in simple 

solution. Pezolet et al. (1978) using the phase transition 

of water with laser Raman vibration spectroscopy noted more 
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than 20% of sarcoplasmic water failed to .freeze with the 

majority o.f water. This is two times what is seen in a 

normal protein (albumin) solution (Bull and Breese-1968), 

probably reflecting the highly ordered structure of the . 

myofilament lattice. Additionally, structural hydration, 

determined by x-ray or neutron diffraction techniques, 

s~ggests that a continuum exists between bound and free 

wat·er in muscle fibers. Although our knowledge of water in 

such systems is in its fledgling stages, the future 

scientific investigation of-water may be aided by new 

techniques such as computer based molecular dynamics and 

Mopte Carlo simulations (Hermans et al. ,1988; Tapia et al. 

1989). 

Proteins, including myofilaments, are highly reliant 

upon structural integrity for proper function. Structural 

integrity, in turn, is fundamentally dependent upon non-

covalent ~inks such as hydrogen bonds and hydrophobic 

"bonds". Hydrogen bon~s are weak inter- or intramolecular· 

bonds which involve a compound containing_ H-0, H-N or H-F 

bonds. The hydrogen atom bound to any of these elements, 

sometimes called an "unshielded proton", acts similar to a 

free proton and attracts the non-bonding electron pair of 

another oxygen, nitrogen or fluorine. Only these thre~

elements have sufficient negative :ch~rge __ to cause hydrogen . 
. . 

bond formation. The hydrogen bond iri turn allows the~e-. 

elements to come into. closer., assoc~ation than would normally 

-be possible with only van der Waals forces. The 
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electronegative amino nitrogen and carboxyl oxygen of 

protein are especially adept at hydrogen-bondin·g ·(Pauling 

1945; Pauling et al. 1951). 

Another important molecular interaction is the 

hydrophobic "bond". Proteins are amphipathic molecules and 

as such contain non-polar residU:es important . for molecular ... 

stability. These non-polar residues are typically buried in 

the structure, imposing conformational restrictions on the 

molecule (Tanford 1980) •. Due to the inability of water to 

solvate-these non-polar moities, ·they must be compensated 

for by segregation, driven bi hydrogen bond exclu~ion~ 

Anything which would disrupt hydrogen-bonding or hydrophobic 

interactions might, in turn, cause a denaturation of the 

contractile proteins. 

This is not to say that proteins are rigid complexes of 

amino acids. Proteins can assume a large number of slightly 

different conformations with their function being affected 

concomitantly (Frauenfelder 1988). Proteins rely upon 

intramolecular non-covalent interactions to attain their 

active conformations, therefore, the solvent medium, which 

dictates hydro_gen~bonding and hydrophobic interactions, 

working in concert with van der Waals and electrostatic . 

forces, can have important effects on the activity of 

proteins. Such reliance upon the solution ch~racteristics is 

seen in·the refolding of bovine serum albumin (BSA). BSA is 

affected by the monovalent salt introduced into the medium 

in an order that agrees with the Hofmei'ster lyotropic 
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series: chloride <. bromide < iodide < perchlorate < 

thiocyanate, expressing the decreasing rate and extent of 

refolding at 200 mM (Damodaran 1988). It is of interest that 

Damodaran found no ·proof of differential binding of ions. 

Therefore, in order to fully understand muscle and its 

biophysical properties, it.should be viewed as a ternary 

system of solvent-ion-macromolecular interdependence. 

Because of the binding of ions and water to the 

myofilaments, we can no longer view muscle· as existing in a 

totally homogeneous environment. Furthermore,. the importance 

of correctly composing skinned fiber bathing solutions can 

now be realized. It is evident that salts which cause 

minimal alterations to cellular energetics.or contracti1e 

functions and which do not disrupt· the myofilament: 

architecture should ba use~ to regulate ionic strength. 

Although some general experiments have been done concerning 

the Hofmeister series on muscle contractile force ·(Jacobs 

and Guthe 1970), until now, no systemat.;i.c study has been 

conducted, or consensus arrived at, concerning which salt to 

utilize for increasing ionic strength in bathing solutions.· 

That is the initial purpose of these experiments. 

A second question which these experiments have 

attempted to answer is whether formal 'ionic strength (eq. 1) 

is the correct parameter for quantifying the general ionic 

environment of skinned muscle fiber ba~hing solutions. In 

quantifying the ionic environment, it is reasonable to 

believe that the two important factors involved would be: 1) 
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the total number of charged particles in solution, and 2) 

.the amount of charge on each of these ions. These two 

factors are taken into account by both the.formal ionic 

strength (eq. 1) and a more traditional method of 

quantifying the ionic environment, the total number of-ionic 

equivalents <~e>= 

(2) 

where, ci is the concentration of a given ion, and I zil is 

the absolute value of its valence. As with ionic strength, 

division by two takep into account ion-ion int.eractions. The 

concept of ionic equivalents was probably first·proposed by 

Dumas around 1834 when he established the idea of.valence. 

Ionic equivalents, along with simple molar concentration 

J.l.c - ~ cl. 
i 

(3) 

were the only measures used to quantify the ionic content of 

solutions until 1921, and the work of Lewis and Randall. 

Molar concentration is another calculable parameter of ionic 

solutions, but it has an inherent neglect of valence, a 

property which most certainly warrants consideration when 

the charge environment is being quantified. 

In considering ionic strength and equivalents, it can 

be noted that they differ when anything but uni-univalent 

salts, e.g., potassium chloride, are:present in the 
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solution. It should be noted that polyvalent species are 

quite ubiquitous in physiological solutions. The presence of 

vital polyvalent ions including calcium, magnesium, and ATP, 

makes the question of correct quantification of the ionic 

environment especially important. When polyvalent ion 

concentrations are altered, as is often done in biophysical, 

chemical and physiological studies, ionic strength ,and 

equivalents will differ increasingly with increased valence 

and concentrations as: 

/). = ~ <·~ c i [ z i2 - I z i I J > < 4 > • 
i 

Since it is impossible to maintain both a constant 

ionic strength and a constant ionic equivalents in such 

situations, a choice must be made. It has become an accepted 

practice to maintain a constant ionic strength in skinned 

fiber experiments with ionic equivalents allowed to change 

as the concentrations of polyvalent and univalent ions 

change. There is no theoretical basis on which to prefer the 

use of one measure over the other. However, at this time, 

indications from chemical and biophysical'literature imply 

that ionic equivalents might be the correct measure of the 

ionic environment. In studies on the concept of the constant 

ionic medium principle, Johansson (1975) proposed that when 

a significant portion of univalent ions of an inert medium 

is replaced by a polyvalent ion, the first stability 

constants of the Fe3+-HF (Iron (III) fluoride) and the Co 
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pn3
3+-I- (tris (propylenediamine) cobalt (III) iodide) 

systems were.altered when ionic strength was held constant. 

Alternately, ,when total ionic equivalents were maintained 

constant, the activity coefficients of the various species 

were unchanged. 

Miller and Smith (1984) also proposed that ionic 

strength was not the correct parameter with which to assess 

the ionic environment. In their studies on the buffering of 

calcium by ethylene glycol bis-(p-aminoethylether)- N,N

tetraacetic acid (EGTA), they found that to correctly 

describe the buffering activity of EGTA in physiological 

solutions, specific correction factors were needed to 

describe effects of the polyvalent ions in solution. They 

later found that the shift in hydrogen and calcium ion 

stoichiometric constants in the presence of EGTA fit an 

empirical relationship which depended on measuring ionic 

equivalents, not ionic strength (Smith and Miller 1985)o 

Also, in a recent paper concerned with skinned muscle fiber 

force generation and calcium-sensitivity, Fink et al. (1986) 

suggested that alterations in force generation observed when 

chloride salts were exchanged with polyvalent salts of EGTA 

and hexamethylenediamine-N,N,N',N' tetraacetic acid (HDTA) 

were due to maintenance of a constant ionic strength as ionic 

equivalents were allowed to decrease. They suggested that it 

would be more appropriate to maintain a constant ionic 

equivalents rather than formal iohic.strength, but they 

offered no further proof. For these reasons it seems 
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essential that the question of how to quantify the ionic 

environment of bathing solutions must be answered. 

In summary, this dissertation is an attempt to 

determine: 

1) which anions and cations are least deleterious to 

maximal calcium-activated force generation, as the ionic 

strength of experimental solutions are brought into the 

physiological and then into supraphysiological concentration 

range (in order to amplify any effects which may not easily 

be seen at physiological concentrations). 

2) why each ion affects the Fmax of fibers to the 

degree that it does, by assessing possible: a) changes in 

myofilament spacing within the sarcomeres, b) protein 

extraction, and c) alterations of microscopic morphology 

caused by the ionso 

3) whether, within the physiological range, the various 

anions commonly used to alter ionic strength differentially 

affect calcium-sensitivity of the contractile apparatus. 

4) whether formal ionic strength or ionic equivalents, 

is the most suitable measure of the ionic environment, as 

determined by alterations in Fmax· 
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METHODS 

1. Fibers: 

Fibers of the fast-twitch psoas major muscle of 

domestic rabbits (Oryctolagus cuniculus) were used in all 

experiments. The rabbits were sacrificed by sodium 

pentobarbital overdose and the muscle tissue was immediately 

excised and placed in a low-calcium solution of pea > 8.5 

(pea= -log [Ca2+J), containing (mM): 1 Mg2+, 2 MgATP, 5 

EGTA and 20 imidazole, and a 150 mM total ionic strength 

(appropriate potassium methanesulfonate added), at 4oc, pH 

7. Connective tissue surrounding the muscle fibers was then 

removed, and the muscle dissected into small bundles of 10-

20 fibers, approximately 1 centimeter in length. This was 

begun as soon as possible once the muscle tissue was 

excised, and usually completed within an hour or two. These 

fiber bundles were then stored in 15 ml of the relaxing 

solution (pea > 8.5) described above, containing 2 mM 

magnesium cytidine triphosphate, to prevent phosphorylation 

of the myosin light chains (Pires and Perry 1977) instead of 

2 mM MgATP, 100 micromolar leupeptin (to prevent proteolysis 

of the muscle proteins) and 0.5% volumejvolume (vjv) 
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purified Triton X-100 non-ionic detergent. This solution was 

then mixed v;v with glycerin and the tissue was stored in 

this mixture at -2ooc. The 0.5% Triton X-100 permeabilizes 

all membranes within one to thirty minutes, and allows free 

access to the intracellular milieu by substances as large as 

ferritin, a 750 kdal moiety (Kentish 1982). Triton X-100, 

and other similar substances, work by solublizing specific 

lipid components of the membrane, and by denaturing membrane 

proteins, binding hydrophobically to certain of these (Green 

1971) • In one set of e~periments where mechanically skinned 

fibers were used, a fresh fiber bundle was immersed in 

mineral oil (which had been water saturated and contained 5 

mM EGTA) and single fibers dissected out. The membrane of 

the fiber was then removed by holding the fiber at one end 

with jewelers forceps, pinching the membrane with another 

set of forceps, and then carefully peeling the membrane off. 

Immediately prior to experimentation, a fiber bundle was 

removed from the freezer and bathed in the previously noted 

low-calcium solution at room temperature (approximately 

22°C). Single fibers were then dissected from the bundles and 

gently stretched and wrapped around two small micro

sandblasted stainless steel hooks. One of these hooks was 

attached to the arm of an optoelectronic force transducer and 

the other to a stationary arm (Hellam and Podolsky 1969). 

The fiber was then activated by immersion in a calcium

containing solution (pea= 4). As this was done, the fiber 

shortened, coiling tightly around the hooks, and upon 
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relaxation in low-calcium (pea > 8.5) solution it remained· 

fully attached to the roughened surface of the hooks. The 

fiber was then stretched to achieve a sarcomere length of 2.6 

micrometers as determined via a laser diffraction method, 

utilizing a 1 mW He-Ne laser. At such sarcomere lengths the 

fibers generate 50-100 milligrams of force in an average 50-

75 ~m diameter fiber. The sarcomere length of 2.6 micrometers 

was utilized because at such a spacing calcium affinity to 

the troponin binding sites, and thus, calcium-sensitivity of 

the contractile apparatus, has been found to be maximal. No 

changes in calcium-sensitivity have been found to occur at 

longer sarcomere lengths (Moisescu and Thieleczek 1979), 

although Fmax is known to be approximately 10% lower at 2.6 

than at 2.2 micrometers (Gordon, Huxley and Julian 1966)e A 

second and most practical reason for working at sarcomere 

lengths of 2.6 micrometers is that the fibersr after being 

manipulated and attached to the hooks, are typically slack at 

sarcomere lengths of 2.2 micrometers. Therefore, to remove 

such slack the fibers were pulled to the point at which 

sarcomere lengths were a uniform 2.6 micrometers, at which 

length the fibers were no longer slack. 

2. Solutions: 

The solutions utilized in these experiments were 

formulated according to a group of microcomputer programs 

written in the Turbo Pascal computer language. These programs 
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solve the set of simultaneous equations describing the 

multiple equilibria of ions in the solutions, utilizing 

appropriate association constants (Table 1). Since data on 

calcium binding to methanesulfonate is not available, it was 

necessary to determine this association constant. Calcium

sensitive microelectrodes were used in solutions containing 

0-200 mM potassium methanesulfonate at 22°C. Binding of 

calcium to methanesulfonate was not found to differ from 

zero. 

As noted previously, it is necessary to correctly 

compose the bathing solutions to mimic in vivo conditions. 

With this in mind, the control relaxing solution contained 

(mM): 1 Mg2+, 1 MgATP, 15 Na2 phosphocreatine, 5 EGTA, 20 

imidazole, and approximately 100 U/ml creatine kinase, at pH 

7.00 (± 0.01). The final ionic strength of this solution was 

slightly less than 90 mM. All pH adjustments were made 

utilizing the acid andjor base of the salt being tested. 

Solution pH was adjusted to 7.00 (± 0.01) prior to all 

experiments. In addition, the post-experimental pH of all 

solutions was determined. If pH changes greater than 0.05 

units occurred during the experiment it would have been 

considered invalid (this did not occur). 

There were two sets of control relaxing and maximal 

activating solutions utilized throughout t~e experiments: 

one set being the 90 mM ionic strength solution noted above, 

with pea = 4 and pea > 8.5, the second set, having an ionic 

strength of 165 mM, was composed of the 90 mM ionic strength 
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Table I. Association con~tants M~1 (-log K) of species in 

the bathing solutions. 

Ionic ·species Reference 

Godt and Lindie~ 1~82 KATP/K-ATP 
NaATP/Na-ATP 
TMAATP/TMA-ATP 
CholineATP/Ch-ATP 
MgCP/Mg-CP 
CaCP/Ca-CP 
CaATP/Ca-ATP 
CaHATP/Ca-HATP 
CaEGTA/Ca-EGTA 
CaHEGTA/Ca-HEGTA 
MgATP/Mg-ATP 
MgHATP/Mg-HATP 
MgEGTA/Mg-EGTA 
MgHEGTA/Mg-HEGTA 
HEGTA/H-EGTA 
H2EGTA/H-HEGTA 
H3EGTA/H-H2EGTA 
H4EGTA/H-H3EGTA 
HATP/H-ATP 
H2ATP/H-HATP 
HIMID/H-IMID 
MgiMID/Mg-IMID 
CaiMID/Ca-IMID 
CaAcetatejCa-Acet 
MgAcetatejMg-Acet 
HAcetatejH-Acet 
CaPropionate;ca-Prop 
MgPropionatejMg-Prop 
HPropionatejH-Prop 
CaMeS03/Ca-MeS03 
MgMeS03/Mg-MeS03 
HMeS03jH-MeS03 
CaH2HDTA/Ca-H2HDTA 
MgH2HDTA/Mg-H2HDTA 
H3HDTA/H-H2HDTA 
casuccinate;ca-Suc 
MgSuccinatejMg-Suc 
HSuccinatejH-Suc 
CaSulfatejCa-Sulf 
MgSulfatejMg-Sulf 
HSulfate/H-Sulf 

II . 

II 

II 

Dl 

n 
II 

II 

II 

II 

II 

II 

II 

II 

n 

II 

II 

II 

II 

II 

II 

II 

II 

_(20°C) 
(20°C) 

Martell and Smith 1977 
II 

II 

II 

II 

II 

This dissertation 
Iino 1981 

Martell and Smith 1974 
II 

II 

II 

Dawson et al. 1986 
II 

II 

II 

II 

II 

8.0 
8·. 0 
8.0 
8.0 

40.0 
14.0 
9.71 
1.53 
8.84 
2.0 
3.41 
1.57 
1.62 
·2. 51 
3.05 
6.47 
4.47 
1.00 
3.42 
1.14 
1.20 
1.2 
1.2 
3.39 
3.24 
3.63 
3.16 
3.47 
4.68 
1.0 
1.0 
3-.98 
1.41 
1.62 
5.01 

15.85 
15.85 
1.55-xlo4 

2.69 x1o2 
2.00 x1o2 · 
1.78 xio4 
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control solution, plus an added 75 mM of KMeso3 , with pea = 

4 and pea > 8.5. 

All experimental solutions were based upon the 90 mM 

control solution, differing only by the addition of the 

specific salts to increase total ionic strength to 165, 240 

and 390 mM. Furthermore, each experimental solution 

was made at three different calcium concentrations: pea = 5, 

4.5 and 4, to assure that the pea of maximal activation 

(peamax> was found and utilized. The data determined from 

the experimental solutions was then normalized to the data 

obtained in the 90 mM controi solution at pea = 4, and 

reported as a percentage of maximal force generation under 

control conditionso 

3. Force Expe~iments: 

After being mounted on the force transducer, the fibers 

were then transferred through a series of experimental 

solutions, contained in rows of Plexiglas troughs, each 

holding 3 ml of bathing solution and 0.5% Triton X-100 vjv, 

which assured permeability and reduced surface tension. The 

troughs were kept covered when not in use in order to 

minimize evaporation, which would lead to alteration in 

ionic concentrations. Force recordings were made on a Gould 

two-channel chart recorder. 

Due to the possibility that repeated contractions might 

cause a decrease in Fmax' each experimental contraction (or 
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small group of contractions) was bracketed by contractions 

in a control solution. If there was a decrease in control 

Fmax with repeated contractions, the effects were factored 

out mathematically by averaging the pre- and post

experimental control forces and dividing the experimental 

forces by this control average. For salts whose effects were 

irreversibe at high ionic strength, e.g., KN03 and NaClo4 , 

contractions at high ionic strength were done last so as not 

to confound data at lower ionic strength. Also, in the case 

of NaCl04 , fibers could not be activated at both 240 and 390 

mM ionic strength, so additional fibers had to be used for 

these treatmentse 

All data were then normalized to the maximal force 

generation in the 90 mM control activation (pea = 4) 

solution, and reported as a percentage of the Fmax attained 

in this solution. When the fibers were finished with, they 

were removed from the transducer apparatus by soaking in 

chlorine bleach for 10-15 seconds, a process which dissolves 

the fibero 

Experiments were conducted to determine which neutral 

salt was the least deleterious to Fmax as ionic strength was 

increased. Anions were tested first, utilizing the potassium 

salts of methanesulfonate (CH3so3-), acetate (CH3coo-), 

lactate (CH3CH(OH)COO-), isethionate (HOCH2CH2so3-), 

propionate (CH3cH2coo-), chloride (Cl-), and nitrate (No3-). 

The sodium salt of perchlorate (Clo4-) was used instead of 

the potassium salt (KC104 ) because KClo4 precipitates from 
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aqueous solutions. Each salt was then added to the low

calcium (pea > 8.5) control and act.ivating solutions 

(peamax>, in amounts appropriate to bring total ionic 

strength of ·the bathing solutions to 165,_ 240 and 390 mM. 

This range of '·ionic strengths was believed necessary in 

order to fully detect ion~specific differenc~~ on force 

generation (Johansson 1975). 

Three calcium containing activation solutions (pea = 5, 

4.5, 'and 4) were prepared for each salt, at each ionic 

strength. These were used to determine which concentration 

of calcium yielded maximal actlvation of the fiber (:peamax>· 

A procedure which involved moving the fiber from the low

calcium solution (pea > 8.5) into solution~ of pea = 5, 4.5 

and 4, was used on the first two fibers.of each experimental 

group. This was done because: 1) changes in ionic conditions 

may have altered the. calcium-sensitivity of the. contra-ctile 

apparatus, or 2) there may·have been a decrease in maximal 

force generation as calcium concentration rose above pea = 

· 5. Fmax was attained at a pea of 4 in all solutions except 

for those containing .potassium ·lactate, which were maximally 

activating at a pea of 4.5o 

Following determination of peamax' fibers were 

equilibrated for one to two minutes in an appropriate low

calcium solutiqn (pea > 8.5) of the appropriate neutral salt 

at an ionic strength of 165 mM. This was done to assure full 

relaxation of the fibers. The fibers were then removed from 

the low-calcium 165 mM ionic strength solution and ran.domly 
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activated, at pCamax' in solutions-of 90, 165, 240, and 390 

mM total ionic strength. Each fiber acted as its own control 

throughout an experiment. This activation procedure also 

utilized a plateau method, which involved continuous 

activation of fibers through all four ionic strengths prior 

to return to the low-calcium solution. 

In another set of experiments a similar procedure was 

utilized to determine the cation(s) which caused the least 

decrease in force generation as ionic strength was_ 

increased. Tetramethylammonium ((CH3 ) 4N+), choline 

((CH3 ) 3NcH2cH2oH+), sodium (Na+) and potassium (K+·) salts of 

methanesulfonate were used. Each salt was added to the 

control solution in order to attain total ionic strengths of 

165, 240, and 390 mM. Procedures for determination of pCamax 

and Fmax were the same as for the anion experiments outlined 

above. 

4. Fiber Diameter Determinations: 

The next set of experiments was directed towards 

determining the mechanism underlieing the ion-specific 

effects on maximal force generation. It had previously been 

determined by Matsubara and Elliott (1972) that skinned 

fibers swell and interfilament distances increase when a 

muscle fiber is skinned and placed in aqueous bathing 

solutions (April et al. 1971, 1972; April and Brandt 1973; 

April 1975). It was hypothesized that the salts used in 
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these experiments, and. experiments of others, might have 

differential effects upon fiber swelling. If this was found 

to be true, and if the changes_in lattice-spacing 

corresponded with the decreases in Fmax' a possibile link 

between decreased Fmax and fiber swelling could be proposed. 

This might then explain the ion-specific effects on Fmax as 

being due to increased interfilament distanc~s, which in 

turn might modify c~ossbridge kinetics. 

Possible fiber swelling was determined in solutions 

prepared exactly as those used in the maximal activation 

experiments. A representative number of anions·were 

· utilized: Meso3-, acetate, propiona.te, ~hlorid,e and nitrate 

(as potassium salts). Measurements of .. fiber diameter were 

made using a Lasico micrometer mounted in the optical.system 

of a Zeiss inv·erted microscope at magnification. of 400x, and 

100x. This system allowed fiber diameters to be measured to 

within the nearest 10-? meter. The system included .a number 

of one milliliter solution. troughs to allow movement of the 

fibers among the solutions. All diameter measurements were 

made on activated fibers since fiber diameter is known to 

decrease upon activation (Maughan and Godt 1981). 

Alterations in fiber diameter were determined as the skinned 

fiber was bathed in the experimental solutions. Such 

alterations took only 10-20 seconds to stabilize at a new 

level. Simultaneous force measurements helped to assure that 

the fibers reacted to the salt solutions as they had 

previously, while photographs documented the diameter 
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alterations. Diameters are reported as a percent of- the 

fiber diameter in 90 mM control (pea = 4) solution. 

Similar experiments were also run with the dipotassium 

salt of creatine phosphate and the Meso3- salts of sodium, 

potassium, choline and TMA. 

s. Fiber compression Experiments: 

Since _a relationship was noted between decreased Fmax 

and increased fiber diameter, it was proposed that a causal

relationship may exist. To determine if this was the case, 

fibers were- osmotically compressed back to control diameters 

(as per Godt and Maughan 1977; Maughan and Godt 1979) in 

solutions containing the potassium salts of Meso3-, acetate, 

propionate and chloride (nitrate was not included due to its 

irreversible deleterious effect·on Fmax>~ 

Osmotic compression of the myofilament lattice was 

accomplished by the addition of Dextran T-500 (Pharmacia) to 

the various bathing solutions. Dextran T 500 is a 

commercially available D-glucose polymer of approximately 

500,000 molecular weight. Dextran T 500 does not penetrate 

the myofilament lattice of the skinned fiber and therefore 

causes an increase in osmotic pressure surrounding the 

fiber, and compresses the fiber (Godt and Maughan 1981). 

With simultaneous monitoring of force generation, it could 

then be determined whether a causal relationship existed 

between fiber swelling and Fmax., 
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Dext~an T 500 concentrations of 4% and 10% weight per 

volume (grams/100 milliliters) were used in each 

experimental solution (4% was usually sufficient, with 10% 

compressing the fibers back to control diameters in all 

cases). After recompression, force generation was 

interpolated to the point between o and 4% (or 4 and 10%) 

Dextran T 500 where control (90 mM total ionic strength) 

diameter was reached. Force was expressed as a percentage of 

control Fmax· By this process, any changes in Fmax caused by 

swelling could be factored outo 

6. Protein Extractions: 

A second possible explanation for ion-specific effects 

on force generation could be the extraction and salting-into 

solution of contractile proteins, therefore possibly 

decreasing the number andjor integrity of crossbridges that 

are formed. It is known that at concentrations of 0.6 molar 

potassium chloride solubilizes myosin and myosin related 

proteins (Meyer and Weber 1933). This has been an 

established·means of separation and purification of myosin 

for many years. The question that must now be answered is 

whether lower concentrations of potassium chloride andjor 

other potassium salts cause differential destabilization 

andjor extraction of muscle proteins. Any such effect may 

then result in a decreased force generating capacity. 
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To determine the effects of various anions on protein 

extraction, fibers of known volume were immersed, under 

mineral oil, in a series of three, five microliter aliquots 

of a given solution for one, nine and twenty minutes (a 

total of 30 minutes). Four microliters of each aliquot were 

then picked up with a micropipet, and, along with the 

remaining fiber matrix, analyzed by sodium dodecylsulfate 

polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli 1970). 

The samples were handled according to the techniques of 

Giulian, Moss and Greaser (1983), being run alongside known 

standards of major muscle proteins in order to determine the 

specific proteins being extracted. The solutions to be 

assessed in this manner include one of the least deleterious 

to Fmax' namely KMeso3 (n=6), and one of the most 

deleterious to Fmax' potassium chloride (n=6). Two fibers 

and their aliquots were also analyzed in the case of 

potassium acetate and potassium propionate. Solutions of 

both 165 and 390 mM ionic strength were used in these 

experiments and results from the SDS-PAGE are reported as 

percent loss of total fiber protein for 1, 10 and 30 minute 

time periods. The different ionic strengths and immersion 

times allowed an evaluation of solution effects on 

solubility of the proteins. Because of the small amounts of 

proteins present in single fibers (total volume in the 10-50 

nanoliter range), and the smaller amounts extracted, the 

highly sensitive silver staining process was. utilized for 

the polyacrylamide gels instead of the more common Coomassie 
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blue stain. Silver staining, although a more difficult 

process, is about two orders of magnitude more sensitive 

than Coomassie stains, and allows a more precise 

quantification of minute amounts of extracted proteins 

(Switzer et al. 1979; Oakley et al. 1980). 

7. Microscopic Morphology Determinations: 

Transmission electronmicroscopy was utilized to assess 

the fine myofilament structure of fibers: 1) immediately 

upon dissection from in vivo, i.e., prior to skinning, 2) 

immediately fo~lowing skinning, and 3) following a one 

minute treatment in control relaxing solution containing 300 

mM of KCl or KMeso3 (total ionic strength of 390 mM). As 

with the SDS-PAGE experiments, solutions were chosen on the 

basis of affects on Fmax' as KMeso3 , one of the the least 

deleterious salts, and KCl, one of the most deleterious 

salts, were utilized. The fiber bundles were fixed in 

glutaraldehyde with tanic acid, and embedded in Epon. 

Thick and thin ("gold", i.e., referring to the color of 

the sections as they floated on the collecting trough; the 

color being related to the index of refraction of Epon, and 

other methacrylates, that being 1.5) sections approximately 

100 + 10-20 nm thick were cut using a DuPont diamond knife. 

The sections were then exposed to chloroform vapors for a 

few seconds in order to cause spreading of the sections upon 

the water. They were then placed onto copper grids and 
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stained with uranyl acetate for 30 minutes and lead acetate 

for 5 minutes. The sections were then examined on a Phillips 

400 electron microscope. This process allowed visual 

assessment of the effects of skinning and of the application 

of the KCl and KMeso3 salt solutions to the myofilaments, 

sarcolemma and the external basal lamina (part of the 

extracellular matrix). 

s. Calcium-sensitivity with anion substitutions: 

Potassium salts of the anions: Meso3-, acetate, 

propionate, and chloride, were used at 200 mM total ionic 

strength to determine if they differentially affected 

calcium-sensitivity. Levels of calcium chosen to activate 

fibers were pea= 8.5, 6.4, 6.3, 6.2, 6.0, 5.8, 5.6, 5.4, 

5.2, 5.0, 4.5, 4.0. The two parameters of calcium

sensitivity, K (the calcium concentration at which half

maximal activation occurred), and N, the Hill ~oefficient 

(the slope of the force-pea relationship), were determined 

by least squares fit to a Hill equation of the form (Godt 

and Lindley 1982): 

39 



9. Determination of the Ionic Environment 

A. Polyvalent Anion Effects: 

The next set of experiments was the initial step in 

answering the question of which parameter of the ionic 

environment, ionic strength or ionic equivalents, is most 

appropriate to maintain constant when univalent and 

polyvalent ions are being interchanged. To correctly asses 

those parameters, it was necessary to determine a polyvalent 

anion which was least deleterious to maximal force 

generation, and then compare this to the least deleterious 

univalent anion as ionic strength was increased. The 

polyvalent ions tested included: sulfate, succinate, 

hexamethylenediamine-N,N,N',N' tetraacetic acid (HDTA), and 

creatine phosphate (PCr), as potassium salts. Again, three 

ionic strengths, 165, 240, and 390 mM, were utilized. The 

Turbo Pascal solution program was again modified to assure 

correct solution composition, with ionic association taken 

into account (Table I). 

B. Ionic strength versus Ionic Equivalents: 

Utilizing the information determined from the previous 

experiments with polyvalent anions, the final set of 

experiments was an attempt to answer the question of whether 

formal ionic strength (eq. 1) or the total number of ionic 
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equivalents (eq. 2), was the most suitable parameter by 

which to gauge the ionic environment of aqueous solutions. 

The strategy for these experiments involved altering 

the ionic environment of the control bathing solution by 

increasing the amount of neutral salt of the univalent 

cation and the polyvalent anion found to be the least 

deleterious to Fmax (TMA2 HDTA; solutions A, 1-3). A 

com~lementary set of solutions (solutions B, 1-3) was mixed 

in which the added neutral salt was of the univalent·cation 

and anion found to be least deleterious to Fmax (TMA Meso3). 

Concentrations were such that ionic strength was maintained 

between correspondingly numbered solutions, while, in the 

case of TMA2 HDTA, ionic equivalents were allowed to 

decrease, as compared to TMA Meso3 , according to equation 

(3). These solutions were composed as follows: 

Soln. set 1: 

Soln. set 2: 

Soln. set 3: 

Sol'n. A 

JJ.e / J.l.s 

119 I 165 

169 I 240 

269 I 390 

Sol'n. B 

J.l.e I J.l.s 

144 1 165 

219 1 240 

369 1 390 

If the regression lines determined by· :force generation 

and ionic strength of the twosolution groups were the same, 

or nearly the same, -this would be evidence f6r_ionic 

strength being a better measure of the ionic environment. -If 

the regression lines determined by force generation and 
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ionic equivalents are similar when uni-polyvalent and uni

univalent salt solutions are compared, this would point to 

the utility of describing bathing solutions by their ionic 

equivalents and not their ionic strengths. 
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EXPERIMENTAL DESIGN AND STATISTICS 

All experiments _involving force and diame~er 

measurements utilized a modified La.tin-square design with 

each fiber acting as its own control, with six fibers per 

experimental group (unless otherwise noted). All for~e and 

diameter.data are normalized,-·a~d reported as a percentage 

of maximal calcium-activated force, or control dia.meter, in 

the 90 mM ionic strength control solutions •. ·.Means and 

standard errors were determined, and· analyses of variance 

calculated. Post hoc testing ·(alpha level = 0.05) of means 

were conducted, using the Student-Newman-Keuls method· (Sakal 

and Rohlf 1969), with results from Fmax and swelling 

experiments. Paired one-tailed t-tests (alpha level = 0.05) 

were used during analysis of data determined from optical 

scanning of the SDS-PAGE gels of KCl and KMeso3 treated 

fibers. Regression analysis with the data of each group of 

salt solutions fitted by a logarithmic or linear function 

(95% confidence intervals) was also utilized. 
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RESULTS 

1. General Ionic Effects 

As ionic strength was raised from 90 mM to 390 mM by 

addition of 75, 150 and 300 mM of various uni-univalent 

potassium (and sodium perchlorate) salts, maximal force 

generation decreased in a nearly logarithmic fashion with 

most potassium salts, except the most deleterious. (chloride, 

nitrate, and perchlorate, which were best fit by regressing 

on a linear transformation of the data) as shown in Table II 

and Figure 1. Similar results, as shown in Table III and 

Figure 2, occurred with the use of various uni-univalent 

salts of methanesulfonate (Meso3-) at the same 

concentrations. It was observed that as total ionic strength . 

was increased to 165 mM, 240 mM, and 390 :mM by increasing 

the concentration of various salts, there was an 

approximately logarithmic decrease in maximum.ca~cium

activated force production· (Fmaxf, except with choline, 

which was best fit by a linear functiono 
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Table II. Percent Fmax at varying ionic stren.gth as anions 

are ·substituted (n=6). 

SALT:. IONIC STRENGTH: 

165 mM 240" mM 390 mM 

K MeS03 81.2% * 73.3% * 55. 6.% # 
.±1. 2 ±1.8 ±1.8 

K lactate 72.5 64.0 55.2 # 
±1.5 0 ±0.9 ±1.8 

K acetate 72.8 63.3 47.8 
±1.6 ±1.3 ±4.0 

K chloride 73.5 59.6 26.0 
±2.1 ±3.0 :f:3.7 

K isethionate 69.6 ·59 .4 46.9 
±2.5 ±2.8 ±2.3 

K propionate 66.5 50.0 31.7 
±2.1 ±1.8 ±2.0 

K nitrate 63.9 32.7 4.3 
±1.4 ±1.6 ±1.9 

Na perchlorate 73.7 12.2 - 0. 0 
±3.5 ±4.8 ±0.0 

* Significantly greater force was generated under this 

condition than under all other conditions at equal ionic 

strength (p<0.05). 

# No statistical differences were noted between these 

conditions, but significantly greater force was generated 

under these conditions than under all other conditions·at 

equal ionic strength (p<0.05). 
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Figure 1. The influence of ionic strength and anion 

substitution on maximal calcium-activated force generation 

of single skinned rabbit psoas muscle fibers. All results 

are expressed as the percent of 90 mM ionic strength control 

force (including standard error bars). Ionic strength of th~ 

90 mM control solution was increased to 165·, 240 and 390 mM 

by the addition of potassium (or sodium) salts of various 

anionso 
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Table III. Percent Fmax-at varying ionic strength as cations 

are substituted (n=6). 

SALT: IONIC STRENGTH: 

165 mM 240 mM 390 mM 

Choline Meso3 91.9% # 79.3% * 42.9% 
±0.9 ±1.0 ±1.6 

TMA MeS03 91.1 # 75.8 51.9 # 
±1.8 ±1.6 ±2.2 

K MeS03 81.2 73.3 55.6 # 
±1.2 ±1~8 ±1.8 

Na MeS03 83 .·1 69.3 50.3 
±1.2 ±1.4 ±2.?. 

* Significantly greater force was generated under this 

condition than under all other' conditions at equal· ionic 

strength (p<0.05). 

# No statistical differences were noted between these 

conditions, but significantly greater force was generated 

under these conditions than under all other conditions at 

equal ionic strength (p<O. 05) •. 



Fiqure 2. The influence of ionic strength and cation 

substitution on maximal calcium-activated force generation 

of single skinned rabbit psoas muscle fibers. All results 

are expressed as the percent of 90 mM ionic strength control 

force (including standard error bars) . Ionic strength of the 

90 mM control solution was increased to 165, 240 and 390 mM 

by the addition of meth~nesulfonate salts of the va~ious 

cationso 
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2. Ion-specific Effects 

As can be seen in Table II and Figure 1, the anions 

form a hierarchy in maximal force g_eneration at each ionic 

strength, and as ionic strength is increased. A _similar type 

of hierarchy is seen with cations in Table III and Figure 2. 

The potassium·salt found to cause the least decrement 

in maximal force generation as ionic strength increased was 

methanesulfonate (KMeso3). Force declined to 81%, 73%, and 

55% of control force at 165, 240, and 390 mM ionic strength, 

respectively. These forces wer~ all statistically greater (p 

< 0.05) than with any other potassium salt under every 

condition except at 390 mM total ionic strength, where 

potassium lactate was equally benign. The data were well fit 

by regressing on a logarithmic transformation of the force 

generation data in all cases except for three of the mtist 

deleterious: chloride, nitrate, and perchlorate. If the 

decreases in force noted with the least deleterious 

conditions are taken as being due to a single function, then 

the anions best fi~ by regressing on a linear transformation 

of the raw data- points, i.e., chloride, nitrate, and 

perchlorate, must exert multiple effects on the muscle 

proteins. 

Most decreases in force generating capacity caused by 

increased ionic strength were seen to be reversible. 

However, the solutions containing potassium chloride (KCl) 

and nitrate (KN03) at 390 mM ionic strength and sodium 
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perchlorate- (NaCl04 ) at 240 mM and 390 mM total ionic 

strengths were found to have an irreversible, effect on force 

generation, causing a rapid deterio~ation of force within a 

few seconds. 

In turn, the tetramethylammonium (TMA; (CH3 ) 4N+) and 

choline ((CH3 ) 3NcH2cH2oH+) salts of Meso3- were shown to be 

the least deleterious cation$, with no statistical 

differences ·(p > 0.05) at concentrations of 165-.mM and 240 

mM total ionic strength. Differ~nces among cations were much 

iess pronounced than among ·anions, with no cation causing 
- -

excessive impairment or irreversible damage to maxi~al force 

generation, as had been seen wit~ ?~rtain anions. Except for 

choline, which was best fit by a linear transformation-of 

the raw data, regressing-upon a logarithm transformation of 

the data yielded best fit for each salt. 

Furthermore, regression analyses conducted on Fmax in 

each salt over the 90 mM to 390 mM ionic strength range (95% 

confidence intervals) determined that Meso3- was the least 

deleterious anion, with TMA and choline being equally least 

deleterious cations. 
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3. Fiber swellinq 

Table IV illustrates the phenomena of fiber swelling as 

skinned fiber~ are removed from control ·conditions (water 

saturated mineral ~il), in which they were skinned, and 

placed in aqueous bathing media of· 165 mM (75 mM KMeso3 or 

KCl present as ·the major ·salt) and 390 mM (300 mM KCl added) 

total ionic strength. When fibers are mechanically skinned 

under mineral oil they maintain their in vivo diameters. 

When they are then removed from the oil and placed in 

aqueous solutions they markedly swell. 

Additionally, swelling of fibers due to increased ionic 

strength is noted in Table V and Figure 3 for potassium 

salts of anionsf and in Table VI and Figure 4 for Meso3-

salts of cations. All data was determined at a constant 

sarcomere length of 2.6 micrometers. Initial swelling at 165 

mM ionic strength varied from salt to salt, and was always 

exacerbated by increased ionic strength. With anions, the 

degree of swelling was directly related to the extent of 

decreases in maximal force generation (Table II). However, 

with cations, force (Table III) and swelling were not 

directly, but rather, inversely relatedo 
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Table IV. Diameters under control (mineral oil), and aq1.1eous 

ionic conditions. 

Under oil. 165 mM 

(in vivo (75 mM 

CONTROL) KMeS0.3 )·. 

Fiber # 

1 22.29 p,m 37'. 30 p,m 

2 32.01 49 .. 22 

3 23.69 38.09 

4 27.89 44.27 

5 33.96 53.84 

6 27.78 48.47 

~ 0 .Averages·: 100% 162.9% * 
±3.6 

165 mM 

(75 mM 

KCl) 

41. 39• 

50.14 

' 41.27 

48.03 

58.33 

51.17 

174.2% 
±4.7 

p,m'· 

* 

390 mM 

(300 mM 

KCl) 

46.17 p,m 

55.21 

45.10 

53.03 

63.34 

. 57.04 

192.0% * 
±5.8 

* Fiber swelling under these conditions was statistically 

different from control and from all o.ther conditions 

(p<0.05). 
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Table v. Percent control (90 mM ionic strength) diameter 

with potassium salts (n=6). 

SALT: IONIC STRENGTH: 

165 mM 

102.68% * ±0.91 

K acetate 103.63 * ±0.57 

K propionate 105.15 
±0.44 

K chloride 106.43 
±1.63 

K nitrate 112.27 
±2.31 

240 mM 

103.77% 
±0.95 

104.79 
±0.39 

107.62 
±0.62 

109.63 
±0 •. 63 

122.13 
±3.52 

* 

* 

390 mM 

104.35% * 
±0.86 

105.46 * 
±0.74 

110.95 
±0.94 

112.34 
±1.93 

134.39 
±4.20 

* swelling in solutions containing K acetate and K Meso3 was 

equal yet statistically different from control and from 

all other similar conditions at equal ionic strength 

(p<0.05). 
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Figure 3. The influence of ionic strength and anion 

substitution on the diameter of single skinned rabbit psoas 

muscle fibers. All results are expressed as the percent of 

90 mM ionic strength control diameter (including standard 

error bars). Ionic strength of the 90 mM control solution 

was increased to 165, 240 and 390 mM by the addition of 

potassium salts of the various anions. 
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Table VI. Percent control (90 mM) diameter with Meso3 salts 

(n=6). 

SALT: IONIC STRENGTH: 

165 mM 

Na MeS03 102.68% 
±0.34 

* 

102.68 * ±0.91 
K MeS03 

TMA MeS03 104.37 
±0.86 

Choline Meso3 105.04 
±0.83 

240 mM 

103.46% 
±0.58 

103.77 
±0.95 

107.15 
·±0.91 

107.97 
±0.88 

* 

* 

390 mM 

104.08% * 
±0.68 

104.35 * 
±0.86 

108.71 
±0.70 

108.84 
±2.19 

* Swelling in solutions containing Na and K Meso3 is equal 

yet statistically different from control and from all 

other conditions at equal ionic strength (p<0.05)o 
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Figure 4. The· influence. of ionic strength and cation 

substitution on the diameter of single skinned rabbit psoas 

muscle fibers. All results are expressed as the percent of 

90 mM ionic strength control diameter (including standard 

error bars). Ionic strength of the 90 mM control so'lution 

was increased to 165, 240 and 390 mM by the addition of 

methanesulfonate salts of the various cations. 
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4. Recompression 

To determine if a causal relationship existedbetween 

decreased force generation and fiber swelling, procedures 

identical to those in the swelling experiments :were 

performed in potassium salt solutions having 4% and 10% 

Dextran T 500 (KN03 solutions were not rerun due to the 

irreversible effects on force generation previously 

mentioned). The data presented in Table VII shows that force 

generating capacity·recovered very little, if at all, after 

compression to control diameter. Recovery of force was seen 

only in the salt solutions which caused the greatest 

swelling a 
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Table VII. Percent control Fmax (90 mM ionic strength) pre-

and post-compression to control (90 mM ionic strength) 

diameter (n=6). 

SALT: IONIC STRENGTH: 

165 mM 240 mM 390 mM 

K MeS03 wjo Dext.: 84.3% 69.3% 53.1% 
±0.9 ±0.9 ±2.0 

W/ Dextran: 84.0 69.7 53.4 
±0.8 ±0.9 ±2.0 

K acetate wjo: 79.5 66.9 51.2 
±1.8 ±1.5 ±1.5 

W/ Dextran: 79.2 67.5 54.2 
±2.9 ±1.4 ±1.1 

K propionate wjo: 77.7 62.0 46.3 
±1.0 ±1.0 ±0.8 

W/ Dextran: 76.2 63.4 50.8 * ±0.8 ±0.7 ±1.0 

K chloride wjo: 74.4 64.5 20.6 
±1.9 ±1.1 ±1.9 

W/ Dextran: 72.7 66~7 * 24.6 * ±1.5 ±0.6 ±1.8 

* Compression significantly increased force generation under 

these conditions (p<0.-05). 



s. Protein Extraction 

As can be seen in Table VIII for potassium salts of 

chloride, acetate, propionate and Meso3-, at 75 mM 

concentration (165-mM total ionic strength), and Table IX 

for 300 mM concentrations (390 mM total ionic ·strength) 1 -_ 

differential protein extraction occurs dependent upon the 

anion present. The gels are shown in Figures 5 for KCl and 

KMeso3 and in-Figure 6 for potassium salts of acetate and 

propionate conditions as labeled. 

As can be seen in Tables VIII and IX, protein 

extraction occurs in all KCl solutions, even near 

physiological ionic strength (165 mM), while much less 

extraction was seen in solutions containing propionate. 

Minimal protein was extracted by solutions containing the 

potassium-salts of Meso3 or acetate, even at high_ ionic 

strength (390 mM). Myosin,- actin and light chains along with 

a 60 kDal protein, which may be a-actinin, or alternatively 

a digestion product of myosin (heavy meromyosin subfragment-

2, or a digestant of heavy meromyosin subfragment-2) were 

found to be ext~acted. The rapid loss of light chains may 

relate to their smaller size and, therefore, relative ease 

in diffusion. 



Table VIII. Protein extractions at 75 mM added salts (n=6 

for Meso3- and chloride; n=2 for acetate and propionate)~ 

MYOSIN 60 kD ACTIN MLC1 MLC2 MLC3 

After 1 min: 

K chloride 8.30% 

K propionate 0.89 

K acetate 

0.11 

MYOSIN 60 kD ACTIN MLC1 MLC2 MLC3 

After 10 min: 

K chloride 10.46% 

K propionate 0.03% 1.24 0.07% 

K acetate 0.28 

0.66 

------------------------------------------------------------
MYOSIN 60 kD ACTIN MLC1 MLC2 MLC3 

After 30 min: 

K chloride 13.15% 0.04% 

K propionate 0.08% 1.74 0.04 0.17-% 

K acetate 5. 3.5 

KMeS03 1.14 

------------------------------------------------------------
60 kd = protein of 60 kD molecular weight. 

MLC1 = myosin light chain 1. 

MLC2 = myosin light chain 2. 

MLC3 = myosin light chain 3. 
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Table IX. Protein extraction at 300 mM added salts (n=6 for 

Meso3- and chloride; n=2 for acetate and propionate). 

MYOSIN 60 kD ACTIN MLC1 MLC2 MLC3 

After 1. min: 

K chloride 1.03% 16.28% 0.04% 1.51% 0.95% 0.76% 

K propionate 0.08 1.87 0.04 0.17 --
K acetate 5.35 0.08 

KMeS03 1.40 

MYOSIN 60 kD ACTIN MLC1 MLC2 MLC3 

After 10 min: 

K chloride 5.55% 43.72% 0.11% 17.3% 16.0% 24.4% 

K propionate 0.08 1.87 0.04 0.17 

K acetate 5.35 0.08 

KMeS03 0.04 1.40 

MYOSIN 60 kD ACTIN MLC1 MLC2 MLC3 

After 30 min: 

K chloride 12.25% 47.23% 0.35% 34.2% 33.1% 46.9% 

K propionate 1.13 5.17 0.04 0.17 

K acetate 5.35 0.12 

0.10 3.11 0.02 

------------------------------------------------------------
60 kd = protein of 60 kD molecular weight. 

MLC1 = myosin light chain 1. 

MLC2 = myosin light chain 2. 

MLC3 = myosin light chain 3. 



Figure s. Silver stained polyacrylamide gel of rabbit psoas 

muscle fiber matrix and muscle proteins extracted by 

treatments in low-calcium control solution to which 75 and 

300 mM KCl, or K methanesulfonate, was added. 

sp =matrix protein standards (structuraljcontractile)o 

se = cytosolic protein standards (enzymes). 

m = matrix of fiber after experiment. 

m' = lOx dilution of fiber matrix after experiment. 

1,10,30 = total elapsed time in experimental solution. 

Tm = :tropomyosin (a and {3 forms shown) o 

LC =myosin light-chain (1, 2, or 3). 

TnC= troponin-c. 
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Fiqure 6. Silver stained polyacrylamide gel of rabbit psoas 

muscle fiber matrix and muscle proteins extracted by 

treatments in low-calcium control solution to which 75- and 

300 mM K propionate, or K acetate, was added. 

sp = matrix protein standards (structural/contractile). 

se = cytosolic protein standards (enzymes). 

m = matrix of fiber after experiment. 

m' = lOx dilution of fiber matrix after experiment. 

1,10,30 = total elapsed time in experimental solution. 

Tm = tropomyosin (a and ~ forms shown) . 

LC =myosin light-chain (1, 2, or 3). 

TnC= troponin-c. 
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6. Ultrastructural Effects 

Transmission electronmicrographs aided in the 

assessment of sarcomere architecture ·of·intact (Figure 7) 

and skinned (Figure 8) rabbit psoas fibers. The micrographs 

show that whiie the membranes are disrupted, the. myofilament 

lattice is not disrupted and in apparently native condition. 

Also, differential effects of potassium Meso3 (Figure 

9) and potassium chloride (Figure 10) on ultrastructure can 

be noted in the electronmicrographs. While the sarcomeres· of 

skinned fibers treated with 390 mM t·otal ionic ·strength low-

calcium KMeso3 solution for one minute appears similar to 

the unskinned and skinned control fibers in Figures 7 and_8, 

respectively, the ultrastructural architecture of the fibers 

treated for one miriute with the 390 mM total ionic str~ngth 

low-calcium KCl solution appear to have disrupted 

sarcomeres, with myofibrils out of register, ·and generally 

disorganized throughout (especially ,at the Z-lines). 



Fiqure 7. Electronmicrograph (10,000 x) of an intact rabbit 

psoas muscle fiber illustrating the intact external basal 

lamina (M) and the slightly convoluted sarcolemma (located 

between the basal lamina and the sarcomeres). The Z-lines 

(Z) of the sarcomeres are also noted. The debris located on 

and external to the basal lamina is the extracellular 

matrix. 
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Figure 8. Electronmicrograph (21,500 x) of a rabbit psoas 

muscle fiber after chemical (0.5% v;v Triton X-100) skinning 

treatment, illustrating the bare sarcomeres (TM) with 

absence of the bas·al- lamina ·and sarcolemma. The unaltered 

appearance of the sarcomeres and intact z~lines-(Z) and M

lines (M) are also evident. 
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Figure 9. Electronmicrograph (27,500 x) of a chemically 

skinned rabbit psoas muscle fiber treated for one minute 

with a low-calcium 90 mM ionic strength control solution to 

which 300 mM potassium methanesulfonate was added. Note the 

highly organized appearance of sarcomeres and lack of 

disruption of the myofilaments. Z-lines (Z) and M-lines (M) 

are in register throughout the tissue.-
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Fiqure 10. Electronmicrograph (27,500 x) of .a chemically 

skinned rabbit psoas muscle fiber treated for· one minute 

with a low-calcium 90 mM ionic strength control solution to 

which 300 mM potassium chloride was added. Note the 

disorganized appearance of sarcomeres and the general 

disruption of the myofilaments (arrows). Z-lines (Z) and M

lines (M) are not in register and myofilaments appear to be 

torn andjor dissolved. 
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7o Differential Calcium-Sensitivity 

It was found that none of the potassium salts of anions 

commonly used to adjust ionic strength: Meso3 , acetate, 

propionate, or chloride, affected calcium-sensitivity 

differently from the others at 200 mM total ionic strengthe 

As can be seen in Figure 11, all plots of force-pea 

relations lay one upon another with no major differences 

between any of the salts. The two parameters of calcium

sensitivity, K and N, are similar for all potassium salts, 

except for the Hill coefficient (N) of acetate being greater 

(p < 0.05) than that of chloridee 



Figure 11. The influence of anion substitution on the force 

generation of single. skinned rabbit psoas muscle fibers· as a 

function of calcium concentration (pea= -log[Ca2+]) at. 200 

mM ionic strength (90 mM control with 110 mM added salt)._ 

All results are expressed as th~ percent of maximal calcium-· 

activated force generation at 200 mM ionic strength in· the 

given salt (including standard error bars). Ionic strength-
. ' 

was maintained at a constant 200 mM· utilizing potassium _: 

salts of various anions. For the potassium salts used, Hill 

coefficients (N) and half-maximal ca2+ activation levals (K) 

were: methanesultonate N=3.70 ±0.35, K=1.00 ±0.08 x1o~6 M; 

acetate N=4.72 ±0.34, K=8.56 ±0.49 x1o-7 M; propionate 

N=3.42 ±0.53, K=9.36 ±0.46 x1o-7 M; chloride N=3.17 ±0.12, 

K=8.59 ±0.51 xlo-7 M. The only significant difference 

(p<0.05) was found between Hill coefficients of K acetate 

and K chloride (n=6 for all conditions). 
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8. Divalent Anions 

An additional aim of this investigation was to 

determine which measure of the ionic environment: formal 

ionic strength or ionic equivalents, must be· more closely 

regulated when bathing solutions are altered. For this 

purpose it was initially necessary'· to determine a least 

deleterious polyvalent aniono 

As with the determination of the least deleterious 
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monovalent ions, maximal·force was monitored and used as the 

criterion, as total ionic strength was increased to ·165, 

240, and 390 mM, with various potassium salts· of the 

divalent anions: creatine phosphate (Pcr2-), sulfate 

(so4 
2-) , succinate (COOCH2cH2coo2-) , and hexam.ethylene

diamine~N,N,N',N'-tetraacetic acid (HDTA2-). As can be seen 

in Table X,. HDTA2-, PCr2-, and succinate were found to be 

equally benign and maintained a high force output. 



Table X. Percent Fmax using the dipotassium salts of 
\ 

polyvalent anions to increase ionic strength (n=6)o 

SALT: IONIC STRENGTH: 

165 mM 240 mM 390 mM 

K2 HDTA 89.5% * 75.2% # 62.3% 
±1.4• ±1.9 ±3.9 

K2 PCr 86.8 76.8 # 60.4. 
±1.5 ±2o4 ±3.2 

K2 succinate 84.3 74.6 # 67.2 
±1.7 ±2.0 '±3. 6 

K2 sulfate 80.2 71.6 60.1 
±1.5 ±1.3 ±2.2 
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* 

* Significantly greater force was seen under this condition 

than ~nd~r all other conditions at equal ionic strength 

(p<0.05). 

#No statistical differences were noted betweenthese 

conditions, but significantly great~r force was' generated. 

under these conditions than urid'er .. all other conditions at 

equal ionic strength (p<O·. ()5) • 



9. Ionic Str~ngth versus Ionic Equivalents 

Consequently, with the determination of the least 

deleterious anions and cation, it w~s ~oss{bie to test 

whether formal ionic strength or ionic equivalents; is the 

most sui table parameter by·· which to gauge the· ionic 
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environment of skinned fiber bathing solutions. To this end, 

salts composed of TMA Meso3 , and TMA2 .HDTA, .the ions found 

to be least deleterious, were compared at the three ionic 

strengths previously used. Results in Figure 12 reveal that 

when the ionic environment is quantified by ionic strength., 

the decreases in Fmax are similar as both TMA2 HDTA and TMA 

Meso3 are increased. However, when the ionic environment is 

quantified using ionic equivalents, .as shown in Figure 13, 

the decreases in Fmax' at a given ionic equivalents, differ 

greatly between TMA2 HDTA and TMA Meso3 • Therefore ionic· 

strength appears to be the parameter best suited to gauge 

the intracellular medium. 

One major assumption which needs to be accepted if this 

result is to be accepted, is that, the three ions utilized 

must be assumed to have no, or very minimal, specific 

effects upon the contractile apparatus. Any such ion-

specific effect would invalidate these results. This cannot 

be positively known, but everything was done to eliminate 

such possibilities, especially since the ions used here were 

found to be the least deleterious in their respective 

groups .. 



Figure 12. Comparison of the influence of tetramethyl

ammonium salts of methanesulfonate (TMA MeS03) and 

hexamethylenediamine-N, N, N' , N '. -tetraacetic acid . ( TMA2 HDTA) · 

on force generation of single skinned rabbit psoas muscle 

fibers at three levels ionic strength (n=6). Ionic strength 

of the 90 mM control solution was increased to 165, 240 and 

390 mM by the addition of TMA Meso3 and TMA2 HDTA. All 

results are expressed as the percent of 90 roM ionic strength· 

maximal force (including standard error bars)_. Force was 

seen to differ statistically at 165 mM, but not at 240 or 

390 mM total ionic strength (p<0.05). Anova and regression 

analysis confirmed that the two lines describing the data 

did not differ (95% confidence interval). 
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Figure 13. Comparison of the influence of tetramethyl

ammonium salts of methanesulfonate (TMA Meso3 ) and 

hexamethylenediamine-N,N,N',N'-tetraacetic acid (TMA2 HDTA) 

on the force generation of single skinned rabbit psoas 

muscle fibers at.three levels of ionic equivalents (n=6). 

The solutions were the same as those used in the experiments 

illustrated in Figure 12; the ionic environment being 

measured in ionic equivalents and not ionic strength. Based 

on the 69 mM ionic equivalents (90 mM ionic strength) 

control, ionic equivalents of solutions containing TMA Meso3 

were: 144, 219 and 369 mM. The TMA2 HDTA solutions had ionic 

equivalents of 119, 169 and 269 mM. All results are 

expressed as the percent of 90 mM ionic strength control 

force (including standard error bars). Anova and regression 

analysis (95% confidence interval) confirmed thatthe two 

lines describing the data did differ statistically. 
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10. KMeso3 versus.K2 Pcr: Fmax and fiber diameter 

The major anion in skeletal muscle is phosphocreatine· 

(PCr-2 ). To determine whether KMeso3 has influence upon the 

contractile apparatus similar to K2Pcr,. and. therefore could 

serve as a fitting substi~ute, results from Fmax and fiber· 

diameter experiments were compared between sotutions which 
~ 
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contained :KMeso3 or K2Pcr as ionic strength adjustors at 

165, 240 and 390 mM total ionic strength. As seen in Figure 

14, the effects of KMeso3 on force generation compare quite 

favorably to results determined in solutions containing 

K2Pcr. On the other hand, as can be noted in·Figure 15, the 

two anions cause similar, but not equal swelling of skfnned 

fibers as ionic str~ngth is .increased. Swelling. is .. slightly 

greater in K2Pcr than in KMeso3 solutions at 390 mM.total' 

ionic strength •. 



Figure 14. Comparison of the influence of potassium salts of 

methanesulfonate (KMeso3 ) and phosphocreatine (K2Pcr) on 

Fmax of single skinned rabbit psoas-muscle fibers as total 

ionic strength of the 90 mM control solution was increa$ed 

to 165, 240 and 390 mM by the addition of KMeso3 or K2Pcr 

(n=6). All ~esults are expressed as a percentage of max~mal 

force generation in 90 mM ionic strength control solution 

(including standard error bars). 
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Figure 15. Comparison of the influence of potassium salts of 

methanesulfonate {KMeso3 ) and phosphocreatine {K2Pcr) on 

fiber diameter of single skinned rabbit psoas muscle fibers 

as total ionic strength of the 90 mM control solution was 

increased to 165, 240 and.39o·mM by the addition of KMeso3 

or K2Pcr {n=6). All results are expressed as a percentage of 

the diameter in. the· 90 mM ionic strength control sol-qt.ion 

{including standard error bars). {Data points for K2Pcr are: 

100% at 90 roM; 103.2· ±1.7% at 165 mM; 105.-3 .. ±2~2% at ·240:mM; 

109.8 ±2.2% at 390 mM.) 
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DISCUSSION 

1. Ion 'Effects on Force Generation 

The general decrease in Fmax ca~sed by increased ionic 

strength (Tables II and III; Figures 1 and 2) was similar to 

results previously noted with intact and skinned muscle 

fibers (Ashley and Moisescu 1977; Gordon.et al. 1973; 

Hamsher et al. 1974; Thames et al. 1974; and Fink, et al. 

1986). Furthermor~, the ions used in the present study can 

be ordered on their capacity to decrease Fma~· at a given 

ionic strength, illustrating an ion-specific effect, with 

some anions causing irreversible effects on force 

generation. Anions formed a series (in th_e_ range of 165-240 

mM total ionic strength), from least to most deleterious on 

Fmax' as: 

methanesulfonate 

< lactate ~ acetate 

< chloride ~ isethion~te 

< propionate 

< nitrate 

<< pe.rchlbrate 
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Of anions tested, methanesulfonate (Meso3-) gave the 

least deleterious effects at all but the highest (300 mM) 

concentration (p < 0.05), at which it was equaled by 

lactate. Irreversible decreases in Fmax were noted when 

fibers were immersed in bathing solutions containing 

potassium nitrate and sodium perchlorate at 240 and 390 mM 

total ionic strength. These effects are believed to be due 

to destabilization and subsequent ioss o_f contractile 

proteins. 
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Cations studied did not differ much in their capacity 

to decrease Fmax even though their structures were quite 

disimilar. In contrast to anions, no cation was shown to 

cause any irreversible effects on force generation. This is 

probably due to the choice of cations for these experiments 

and not a general trend for all anion-cation C9mparisons. 

For example, it is known that lithium (Tonomura et al. 1962) 

and long-chain tetraalkylammoniums (Gordon et ·al. 1973) are 

quite deleterious to muscle fibers, some irreversibly so •. 

The cations used in these experiments can be ordered as: 

choline ~ tetramethylammonium 

< potassium ~ sodium 

on their capacity to decrease force generation as ionic. 

strength is increased. These results demonstrate that common 

anions and cations inhibit force generation of skinned 
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rabbit psoas fibers in an order approximating the Hofmeister 

lyotropic series. 

Similarly, in the range of ionic strength of 0.5 to·2 

molar, Warren et al. (1966) determined that anions decr~ased 

_the activity of myosin-ATPase and other enzymes in a similar 

order: acetate < chloride < nitrate < bromide ·< iodide < 

thiocyanate < perchlorate·; cations formeQ. ~he s.eries: 

tetramethylammonium.< cesium < pota'ssi\}m < sodium < lit~ium. 

The present results are also in agreement with the ·ion- · 

specific effect~ on maxi~al force generation seen with 

mec~anically (Gordon et al. 1~73). and chemically (Jacobs and 

Guthe 1970) skinned muscle fiberso 

Since ionic solutions remain an important ex~erimental 

tool in biophysicai studies of muscle, the importance of 

utilizing the correct salt to regulate ionic strength can 

now be realized. Using improper ions in t~e bathing medium 

may confound results and cause errdneous conclusions to be 

reached. 

2. Ion ·size As An Indicator of Ion-Specific Effects 

One possi9le reason for ion-specific effects could be 

the size or the· solvation radius of the ion. This, however, 

has previously been investigated in the case of the 

solubility and activity coefficient of the model protein 

acetyltetraglycine ethyl ester, and shown not to be of 

relevance (Robinson and Jencks 1965). Utilizing a wide range 



of ions, their work illustrates that ion-specific. effects 

are probably due to selective binding of ions, or some 

direct interaction unrelated to size. Bello et al. (1956) 

also found that size of the ion was not directly related to 

the degree of effect, as trimethylacetate was found to be 

1/8 as powerful in reducing the melting point·of the 

collagen helix as was tribromoacetate. However, Fridovich 
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(1963) suggested that size was related to the ability of an 

anion to inhibit the activity of acetoacetic decarboxylase. 

In the present experiments size may help to explain the 

differential cation effects. Fibers bathed in solutions 

containing large cations, e.g., choline and TMA, generated 

greater force than those bathed in solutions containing 

smaller cations, e.g., potassium and sodium. However, the 

differences in their effects on Fmax are not large 

considering the structural differences among these cations. 

On the other hand, such size relationships are not at all 

evident in the anion series: the structure of ions such as 

chloride and propionate are remarkably different, yet Fmax 

of skinned fibers, at the various ionic strengths, did not 

vary to any great extent. On the other hand, while 

structurally similar, the anions lactate and propionate 

yielded very different effects on Fmax· Therefore it does 

not appear as though the mechanism responsible for the ion

specific effects is based simply on size. 



3. Fiber swelling 

Maughan and Godt (1979), and the present research 

(Table IV), have illustrated that fibers swell when removed 

from mine.ral oil (in which they have been mechanically 

skinned) and placed in aqueous relaxing solution. 

Furthermore, Godt and Maughan (1977) and the present work 

(Tables IV, V, and VI) have shown that increased ionic 
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strength of the solutions bathing these fibers causes an 

increase in fiber diameter. Such results point to the 

myofilament lattice of skinned fibers being affected by the 

ionic composition of the bathing solution. It was proposed 

that the ions used in this study may have exerted their 

specific influences on maximal force generation by affecting 

myofilament spacing, or by exerting an effect related to 

myofilament spacing such as altering myofilament chargee 

As shown in Tables V and VI, an ion-specific effect 

upon fiber swelling can be noted as ionic strength 

increases. Some salts, e.g., KCl and KN03 , cause quite 

prominent increases in fiber diameter. The effects of anions 

correspond well to the ion-specific effects seen on maximal 

force generation, i.e., those anions. which caused Fmax to 

decrease the most profoundly also caused the most prominent 

swelling of the fibers. Again, as with force generation, 

Meso3- was found to be the least deleterious anion, causing 

the least swelling of muscle fibers (Table V). Similar ion

specific effects on fiber swelling have been noted by Magid 
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and Reedy (1980), and also by Millman and Irving (1988), who· 

found that interfilament spacing decreased as acetate was 

substituted for chloride. As can be understood, the 

advantage of utilizing an anion such as Meso3- in bathing 

soluti9ns is that fiber swelling can be greatly minimized as 

ionic strength is increased. This would eliminate any 

complications which alteration of interfilament distances 

may·have on experimental results (Martyn and Gordon 1988). 

On the other hand, cation dependent swelling of the 

myofilament lattice was in an order opposite to that of the 

capacity of the cation to decr.ease force generation. For 

example, while being least deleterious ·on Fmax' choline and 

TMA caused greater swelling than potassium and sodium ~alts . 

of Meso3-. As indicated in Table VI, sodium and potassium 

are equally adept in maintaining a lesser interfilament 

spacing as compared to choline and tetramethylammoniumo 

4. Recompression of swollen Fibers 

To determine whether a causal relationship exists 

between anion-specific decreases in Fmax and increases ln. 

fiber swelling, the previous experiments were rerun, this 

time in the presence of Dextran T 500 in order to 

osmotically recompress fibers. towards control diameters.· If 

force generating capacity ret~rn.s upon recompression~ then 

causality could be inferred. 



As can be noted, recompression aids force generation 

only slightly (a few percent), if at all. The solutions 

which do allow this slight recovery in force generation are 

the potassium salts of propionate and· chloride·, i.e., the 

two most deleterious anions tested in this manner. If. 

lattice spacing alone were important, then the force 

generation of muscle fibers in Dextran T 500 should have 

fully recovered or, assuming KMeso3 only exhibits general 

ionic strength effects, at least recovered to equal the 
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force generation in solutions containing KMeso3 at any given 

ionic strength. 

These results are in partial agreement with April and 

Brandt (1973), who showed that alteration of interfilament 

distances cause no reversal in the decreased force 

generation due to increased ionic strength. However, April 

and Brandt only assessed general effects of increased ionic 

strength. In the present experiments ion-specific effects 

were taken into account, and results suggest·that 

recompression does indeed cause a slight increase in force 

generation, .but only in solutions containing anions which 

cause extensive swelling. A slight interfilament-spacing 

dependence of force generation has also recently been shown 

by Martyn and Gordon (1988). 
-

In comparison with the inverse relationship between 

force generation and fiber diameter with anionic 

substitution, the direct relationship between force 

generation and interfilament spacing with cation 
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substitution is quite interesting." Along with the low degree 

of force recovery with recompression, these conflicting 

results lead to the possibility that differential ion 

effects may be due to some parameter related to both force 

and myofilament spacing: myofilament charge is such a 

possibility. 

s. Possible Bindinq of Ions To The Myofilaments 

As previously noted, myofilaments are known to be 

negatively charged at pH,? (Marsland"1964; Jennison et al. 

1981; Naylor et al. 1985; Cooke et ale 1987), with the 

charge density being dependent upon pH and ionic strength •. 

This charge, in turn, is important in're9ulation of 

interfilament· spacing of the myofilaments of skinned fibers. 

If an anion adheres to the contractile proteins, it would 

cause an increased charge upon, ~nd electrostatic repulsion 

between, the myofiiaments and result in fiber sweliing. On 

the oth~r hand, the binding of cations would cause just the 

opposite effect, i.e., a decrease in myofilament charge and 

electrostatic repulsion, leadihg to a dedre~~~ in fiber 

diameter. 

Classically, and even to the ·present day, studies on 

the intracellular environment have assumed tbat 

.intracellula~ ions and water are freely diffUsable and 

homogeneously distributed. However, much of the ava~lable 

evidence indicates otherwise. The,possibility of anions 
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binding to the negatively charged myofilament ·latti~e m~y 

sound odd at first but in another instanc"e. ph~sph.ocreat:~ne, 

an electronegative ion, binds.to'the ·thin filaments of 

muscle and is intricately involved with ATP resynthesis. The 

important point is probably not the total charge· upon the· 

myofilaments, but rather the presence of positively charged 

residues or pockets of residues within.· the ·structu~e of 

myosin which make anion binding possible. Such locations may 

include hydrogen bond sites. The binding of anions by 

negatively charged proteins is in agreement with Saroff 

(1957), Lewis and Saroff (1957) and Loeb and Saroff (1964). 

It has recently been proposed that alterations in 

myofilament charge are due to ''intermolecular Saroff sites" 

which cooperatively bind anions on and betwe.en the thick 

filaments (Elliott 1980; Bartels and·· Elliott 19a5). 

Studies concerned with ion-binding ·Of gelatin, 

conducted by Bello and Vinograd (1956), and Bello et al. 

(1956), demonstrated a relationship between increased ion

binding and decreased helix stability. Their use of Meso3-, 

chloride, and nitrate allows comparison between their 

results and those presented here. In both instances the ions 

were seen to form an unmistakably similar series: Meso3- < 

chloride < nitrate. This points strongly to the possibility 

that the binding of ions to the contractile proteins may be 

directly responsible for decreased force generation and 

increased fiber swelling. 
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Differential anlon binding to myosin has·been 

demonstrated by Brahms ~!ld Brezner ( 19.61) • Using 

electrophoretic mobility, they determined that anion~ 

preferentially bind myosin in the order: acetate < chloride. 

< thiocyanate < nitrate. Acetate was not found to bind 

myosin to any extent. This order is similar to that shown in 

the present experiments with respect to effects on Fmax and 

fiber swelling. This adds additional evidence of a link 

between ion-binding and decreased force generation. Seidel 

(1969), and Gayton and Hinke (1971), working with sections 

of ~embrane intact mu~cle finers, have also found that 

myosin binds acetate to a much lesser degree. than chloride, •. 

Although it has not been explicitly studied, Meso3- is 

structurally similar to acetate and would be expected to 

bind similarly to the myofilaments. It is also possible that 

ion-binding is less likely with organic molecules such as 

lactate, MeS03-, and acetate, than with· inorganics such as 

chloride and nitrate. 

If anions such as chloride or nitrate ~ind to the 

myofilaments with a higher affinity than an organic molecule 
. . 

such as Meso3- or acetate, the negative charge on the 

myofilaments would be increased·in the· presence of· chloride 

or nitrate, and the fiber would be _expected ~o swell. This 

has been shown·by·Magid and Reedy (1980), and by Millman and 

Irving (1988.). These two groups found ·interfilament spacing 

was increased as chloride was sub~tituted for a6etat~.· 



Therefore, it can be c~ncluded th~t anions such as 

chloride and nitrate do bind to-.the myofilaments .. 
. ' 

Furthermore, since increased ionic strength alters 

myofilament charge, possibly by increased ion binding or, 

alternatively, by increased-proton dissociation, it can ~e 

proposed that these effects are ·at least partly responsi?le 

for controlling interfilament distances in skinned fiberso 
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This may explain the increased ·interfilament distances seen 

as ionic strength is increased in the present experiments~ 

bn the other hand, cations such as sodium and potassium 

are known to bind to the myof'ilament lattice in vitro and 

alter the myofilament charge (Szent-Gyorgyi 1951; Saroff 

1957; Lewis and Saroff 1957; Ling 1962; Kushmerick and 

Podolsky 1969; Tigyi 1981). If tetramethylammonium and 

choline bind to a lesser extent than sodium and potassium, 

their substitution for sodium or.potassium should cause a 

relative increase in interfilament.spacing since the 

myofilament charge will not be decreased. This is exactly 

what is noted in the present experiments. Although 

corroborating evidence is not overwhelming, it is possible 

that organics such as tetramethylammonium and choline bind 

to the myofilaments. to a lesser degree. Seidel (1969) has 

determined that myosin does not bind large cations such as 

tetramethylammonium and cesiumo 

As can be noted in Table 7, interfilament distances 

increase with increased ionic strength, independent of the 

Meso3 salt present. Since Meso3 does not bind t~ the · 
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myofilaments, additional mechanisms may be involved in fiber 

s.welling. One possibility. is that cation binding decrease as 

ionic strength is increased (Sarkar 1950; April et al. 

1972). Though this may explain swelling in the presence of 

cations such as sodium and potassium, non-bipding cations 

such as TMA and chol-ine would not be expected to follow such 

a pattern. Alternatively, increased swelling with. increased 

TMA and cholin~ concentrations might be explained by an 

increased tendency for proton dissociation at higher ionic 

strength as shown by Clarke et al. (1981). Such an effect 

could lead to fiber swelling independent of the salt in the 

bathing solution. 

In summary, these results imply that ion-specific 

effects of anions and cations on myofilament spacing may be 

~xplained by differential ion-birtding to the myofilaments, 

which may then cause an alteration of the myofilament 

charge. Since recompression yielded only a slight return of 

force, differential fiber swelling is probably only -an 

accompanying ef.fect, and not directly responsible for 

decreased force production.-_. Other possible causes must be 

investigated. 

In the context of the present results, it is proposed. 

that alteration of myofilament charge. is _actually.causing 
- . 

force to decrease, and that the myofilaments have., a small_. · · 

range of charge in which their functional capacity is 

maximized. When the myofilament charge is altered, e~g., by 

ion binding or proton dissociation, there is an alteration 
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in the force generating capacity of the fiber. 

Evolutionarily speaking, when the first cells were formed in 

the primeval ocean, they may have beeri attempting to 

selectively rid themselves of chloride and sodium, the two 

most ubiquitous ions found in sea water, and ions which 

strongly adhere to proteins. Cartilagenous and honey fish 

have especially adapted to these conditions by increasing 

their content of urea and choline, respectively, while 

molluscs produce specific organic zwitterionic molecules to 

counter the effects of increased intracellular ion 

concentrations (especially chloride) when salinity of their 

habitat increases· (Clarke et al. 1981)o 

6. Ion-water Interactions 

In addition to the effect of ion-binding, other factors 

have been proposed to influence force generation. Propionate 

has been shown not to bind to myofilaments to any extent 

(Clarke et al. 1981), yet in solution it is equally 

deleterious to force generation and causes a swelling 

comparable to that caused by chloride at similar ionic 

strengths. It is possible that propionate and other ions may 

differentially affect solvent structure, and indirectly 

alter structure and function of macromolecules. 

The anion and cation series determined in the present 

experiments are similar to.those determined by von Hippe! 

and Wong (1962; 1963a; 1963b; 1964; 1965) and von Hippel and 
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Schleich (1969). In those studies structural alteration of 

diverse macromolecules such as DNA, collagen and 

ribonuclease were determined to be differentially affected 

by the lyotropic salts. They explained the ubiquitous nature 

of salt effects by ·suggesting that the salts cause 

competitive reorganization of· the water. 

Von Hippel and Schleich (1969) proposed_that_anything 

affecting the solvent water woulq affect the macromolecules 

in the solvent. The same can be proposed for the contractile 

proteins: an alteration of the solvent by certain ion~, 

e.g., propionate, may affect d6ntractile kinetics and yield 

ion-specific effects o~ force gene~~tion and fibar swelling. 

This would be an indirect effect, as compared to the.more 

direct nature of ion-binding. This scenario is quite 

possible since structure and function are highly inter-

related in proteins. Anything which would _disrupt l'l:Ydrogen 

bonds or hydrophobic interaction~, such as·- changing ·the

water structure, might; in turnj ~ause a destabili~ation of 
' -

the contractile proteins. -As noted earlier, .proteins are not 

rigid complexes and, as a result, their functi~n can be 

affected by conformational changes (Frauen~elde~ 1988). 

water, in particular, has·been shown to-affect 

conformational flexibility and function of proteins 

(Robinson 1989; and Zaks and Klibanov 1988). 

ThoUgh ion-specific effects may occur due t6 ion 

binding 1 destabilization of water structure appears to be a 

possible explanation for general differences between the 
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effects 6f anions and c~tions, i.e.~,for anions being 

generally more deleterious than cations. Spaces between_ 

water molecQles are proposed to be inhabited by small non

polar solutes which can be solvated without,rupturing 

hydrogen bonds or altering intrinsic coordination patterns. 

On the other hand, anions and cations are known to alter the 

hydrogen bonds among water molecules. The introduction of an 

anion into water causes-the rupturing of 4 hydrogen bonds 

for solvation,. whereas only 2 hydrogen bonds are broken with· 

the introduction of a cation (Bernal and Fowler 1933; 

Bockris and Reddy 1970). 

Hydrophobic interactions are also important in the 

stabilization of protein structure. It has been proposed 

that ions of the lyotropic series having the strongest 

effects, e.g., chloride and nitrat~ in the present 

experiments, may facilitate the transfer of non-polar groups 

of amino acids into water. This would therefore lead to 

decreased hydrophobic interactions, and adversely affect the 

stability of the protein. Such ions are also proposed to 

penetrate w.ater structure better than organics, and may be 

more deleterious due.to being more apt to hydrogen-bond and 

alter the conformation of the water (Bockris and Reddy 

1970). This interaction of the ternary complex of water, 

ions and protein may be very important to the.~unctional 

capacity of the protein~ 

Zeidler ( 1973). found non-polar alkyl groups cause 

solvent molecules near them to form hydrogen bonds 
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elsewhere, i.e., hydrophobic exclusion. This may be the 

cause for propionate causing a greater decrease in force 

generation than acetate as ionic strength increases, while 

not binding to the myofilaments to any great extent. 

Hydrophobic exclusion caused by propionate may then cause 

the water to increase the number of intermolecular hydrogen 

bonds, therefore limiting the conformational flexibility of 

the contractile proteins. This could possibly limit their 

enzymatic capacity and also the conformational changes by 

which force is generatedo 

Although the true shape and behavior of bulk water is 

not known, the basic structural unit is thought to be one 

central molecule tetrahedrally associated with four others 

by hydrogen bonds, although new information points to water 

clusters as containing on the order of 1000 molecules in a 

cluster (Watterson 1987). Water has also been proposed to be 

a quasi-crystalline "broken-down" form of ice (Frank and 

Evans 1945), with groups of hydrogen-bonded water molecules 

referred to as "icebergs". Furthermore, it has been 

suggested that water which exists at an interface has ·a 

specific structure which extends for a distance of 100-500 

A, independent of the specifics of the surface or the solute 

concentration of the water (Drost-Hansen 1982). This water, 

termed vicinal water, is known to differ from bulk water in 

its physical (density of 0.965 gjml) and kinetic properties, 

so much so that it has been termed "immobile" (Watterson 

1987)o 
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The hydration of muscle proteins is important for their 

functional integrity. Vicinal water may make up a major 

portion of sarcoplasmic water due to the close-packed 

arrangement of the myofilaments. Though interfilament 

distances vary greatly and can be altered by internal and 

external environmental forces, they are generally in the 

range of 300 A for myosin-myosin and 150 A for myosin-actin· 

at a sarcomere length of about 2.5 microns (H.E. Huxley 

1957),. not including the 200 A crossbridge projections. The 

distance between crossbridges in the double alpha-helical 

myosin molecule is 143 A with 120° phase shift, i.e., 

parallel crossbridges can form about every 430 A (H.Eo 

Huxley 1957). In this scheme, vicinal water accounts for a 

great majority of intracellular water. The addition of 

solutes would cause the water clusters to conformationally 

adapt due to ion dependent constraints (Watterson 1987b), 

and the structural changes of the water would, in turn, 

alter the macromolecules within the solvent. 

Therefore, from the information available, it appears 

that, along with ion-binding, there is a possibility that 

alterations of water structure may be linked to the specific 

effects demonstrated by the ions used in these experimentso 

7. Protein Extraction 

Another possible manifestation of the ion-specific 

effects would be destabilization or denaturation of the 



myofilament proteins. It has been known for some time that 

potassium chloride concentrations in the 0.5 molar range 

cause a solubilization of myosin from_ muscle extracts. It 

was proposed that ion-specific effects may be due to 

differential destabilization of the myofilament proteins by 

the anions utilized in these experi~ents. As shown in Tables 

9 and 10, anions differentially affect protein extraction as 

determined by polyacrylamide gel electrophoresis and silver 

staining with of single fibers. Chloride is seen to extract 

a large amount of various proteins while propionate extracts 

appreciably less. Acetate.and Meso3 extract very minimal 

amounts. These re~ults agree in general terms with the work 

of Brahms·and Brezner {1961), who showed that different 

potassium salts increased the solubility of myosin in the 

order: acetate< chloride< thiocyanate.< nitrate .. · 

Such variable extractions are corroborated by the · 

recent work of Stafford {1985) in wh:Lch.it.was·illustrated 

that potqssium chloride destabilized the alpha-helix.of 

myosin to a greater·extent than potassium acetate. The 

location of the destabilization was pinpointed to a section 

n~ar the ·heavy meromyosin subfragment--2 linkage· .to light 

meromyosin. Increased chloride concentration caused an 
c-

increased capacity of papaintto digest myosin. Acetate was 
/' . 

seen as a stabilizer, an~ a~ 0.6 M concentration it totally 

prevented myosin digestion by papain. 

Recently Tanikawa et al. {1987) noted that myosin

ATPase activity decreased when insect flight muscle was 
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stored for three days at ooc, in a commonly used storage 

solution containing 0.6 M KCl. Furthermore, under these 

conditions, they found contractile proteins, including 

myosin and myosin light chains, were extracted from the 

fibers. Th~y did not notice such effects in control 

solutions containing only 150 mM KCl. 
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From the present results it' is· proposed that even at 

low concentrations {e.g., 75 mM KCl) specific ions influence 

the stability of myofilament proteins, and, even if proteins 

are not lost from the fiber, they may be altered to the 

point where the maximal force'generating capacity is 

inhibited. Upon immersion in less deleterious solutions the 

proteins may regain their integrity. In solutions containing 

chloride and propionate, protein extraction and diffusion 

may be exacerbated due to increased swelling of the 

myofilaments {an increase of diameter of 25% translates into 

' a diffusional area change of 112.5%). Solutions containing 

Meso3 or acetate, may limit protein extraction due to the 

inability of the proteins to penetrate the more pighly 

compressed myofilament lattice. However, even though 

chloride and propionate cause similar swelling their 

capacity to extract proteins is quite different. Therefore, 

while swelling may exacerbate protein extraction, it cannot 

be directly linked to protein extraction, and·prot~i~ 

destabilization cannot completely account for the ion

specific effects on force generation. 
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With respect to swelling and extraction, preli~inary 

results (Andrews, M~ughan and Godt unpublished) suggest that 
. ' . 

fibers are able to maintain high levels· of -force generation 

for longer periods in KCl solutions, when compressed by 

Dextran T 500. Therefore.swelling can _make a difference in 

diffusional loss of proteins. These results also show. that 

fewer irrevers-ible effects result when. the fibers are 

compressed. Thus, even if the proteins are being degraded 

they cannot leave the fiber as readily, and upon being 

placed into less deleterious solutions the destabilized 

proteins may reformo 

As has been noted, the extraction results are very 

interesting, especially in regards to chloride and 

propionate. While these two anions are equally adept at 

decreasing force generation, they are quite different in 

their capacity to extract protein and to bind to the 

myofilaments. In these terms propionate is more. similar to 

acetate_and Meso3 than it is to chloride. It therefore seems 

logical that propionate must in some way alter the solvent 

structure quite differently-than ·acetate or Meso3 o 

a. Ultrastructure of Skinned Fibers 

Electron micrographs of intact (Figure 7) versus 

skinned psoas muscle fibers (Figure 8) show that after· 

skinning, the sarcolemma and basal lamina have been 

disrupted and are no longer present. However, the 
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myofilaments of the skinned fibers appear no different from 

those of intact fibers except for possibly being more 

tightly packed. It had previously been shown, by H.E. Huxley 

(1957) for glycerol extracted frog sartorius, Magid and 

Reedy (1980) for Triton X-100 treated frog sartorius, and 

Padron and Huxley (1984) for Triton X-100 treated rabbit 

psoas, that x-ray diffraction patterns before and after 

skinning were altered only to a slight degreee 

The lack of morphological alteration also appears to be 

in agreement with the functional integrity of chemically 

skinned fibers as demonstrated by Matsubara (1985) in 

skeletal muscle, and Kentish (1984) in isolated cardiac 

trabeculae. These investigators noted that skinned fibers 

generate the same level of maximal calcium-activated force 

after skinning as during maximal tetanic stimulation prior 

to skinninga 

For these reasons it is believed that the chemically 

skinned muscle ~iber preparation is a good model, both for 

modeling contractility of the muscle proteins and also as a 

general model of protein function. Of course, in any 

experiment one is left with a caveat, i.e., that no one can 

be truly sure that the model is acting exactly as in vivo, 

since, as in any experimental procedure one cannot make a 

measurement without disturbing the system of interest to 

some extent. It is believed that, in the present case, any 

such disturbances are minimal and do not overtly irtfluence 

the results. 
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9. Ion-Specific Effects on Ultrastructure 

Chloride treatment was seen to be quite deleterious to 

the myofilament architecture, especially evident along the 

Z-lines. This speaks very strongly for the innate 

deleterious effects of chloride. In agreement with the 

present results, electronmicrographs obtained by Clarke et 

al. (1981) showed that 0.4 M potassium chloride disrupted 

the integrity of the myofilaments. It is quite possible that 

these effects are due to the binding of chloride by the 

myofilaments, and agrees with the well known effect of high 

chloride in solubilizing myosin (Sarkar 1950)e 

The effects of chloride on the ultrastructure of the 

sarcomere, especially at the Z-line, may also influence the 

swelling of fibers by breaking down cytoskeletal barrierse 

Once these barriers are broken down, the fiber may be free 

to swell to a greater degree as the myofilament-lattice is 

not hindered as strongly. 

10. Calcium-sensitivity 

It was determined that the ion-specific effects of 

Meso3-, acetate, propionate, and chloride on force 

generation, fiber swelling and protein extraction did not 

translate into any differences in calcium sensitivity of the 

contractile apparatus. The four potassium salts yielded 
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similar results at 200 mM total ionic strength. This is 

quite interesting if differential anion binding is proposed 

to occur. The lack of ion-specific effects· on calcium

sensitivity may be explained by hypothesizing that the 

binding of ions occurs at sites away from the calcium 

binding sites of troponin. Of the parameters determined, the 

only statistically significant difference noted was between 

the Hill coefficients (N) of acetate and chloride, which may 

relate to slight differences in cooperativity in calcium 

binding. Alternatively, if the anions differentially affect 

water structure, it must be said that the conformation of 

the calcium binding site is not specific, but can be altered 

with little or no affect upon contractile kinetics. 

11. Measuring the Ionic Environment: 

Ionic strength versus Ionic Equivalents 

As an initial step in determining which measurement of 

the ionic environment, ionic strength or ionic equivalents, 

is the most suitable, it was necessary to find a polyvalent 

anion which was minimally detrimental· to force generation. 

Maximal force was monitored as the ionic concentration was 

increased with various potassium salts of polyvalent anions. 

None of those tested were found to be extremely deleterious, 

however HDTA was chosen to be tested against the monovalent 

Meso3-. 
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Comparable experiments were run at the three ionic 

strengths previously used, and plotted as force versus ionic 

strength (Figure 12) and force versus.ionic equivalents 

(Figure 13). Results show that the fibers bathed in 

solutions containing.TMA salts of Meso3- and HDTA2-

generated similar force at a given level of ionic strength, 

while, when compared at similar levels of ionic equivalents 

force generating capacity differed when fibers were bathed 

in these two types of solutions. 

In addition, comparing force- generation in solutions·of 

dipotassium salts of divalent 'ions HDTA, PCr, ·succinate and 

sulfate (Table X), to KMeso3 (Table II), results also speak 

for ionic strength·being the most suitable parameter by 

which to gauge the ionic environment. These results are in 

contradiction to those determined by Fink et al.· (1986) who 

noted that ionic equivalents appeared to be ·the most. 

sui table par<:lmeter. .This disc·repancy, however, may easily be 

explained. Fink's group utilized choline, which was found to 

be less deleterious than potassium· or· sodium, the only other 

cations tested, but they did not similarly analyze different 

anions. According to the present experiments anions have·a 

wider range of effects·than cations. Fink chose .only·to use 

chloride, an anion found to be quite deleterious in the 

present experiments, and compared it with EGTA-2 • Chloride 

may have confounded their results. In the present 

experiments the cation an~ anions forind. to be least 

deleterious, and presumably showing only gene.r.al ionic 
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strength effects, were used. If TMA chloride, instead of TMA 

Meso3 , had been used in the present experiments, and results 

compared to TMA2 HDTA, it may also have lead us to conclude 

that ionic equivalents, and not ionic strength was the most 

suitable parameter by which to quantify the ionic medium. 

12. KMeso3 versus K2Pcr: Physioloqical Implications 

It was seen that KMeso3 has influence upon the 

contractile apparatus of skinned fibers similar to. 

dipotassium phosphocreatine (K2Pcr), the major intracellular 

salt found in skeletal muscle. The effects of ·KMeso3 on 

force generation are quite comparable with results 

determined in solutions containing K2Pcr (Figure 14). On the 

other hand, as can be noted in Figure 15, the two ·anions. 

cause similar, but not equal swelling of skinned fibers. 

Swelling is significantly greater in K2Pcr than in KMeso_3 

solutions at 390 mM total ionic strength.' ·The difference in 

fiber swelling (K2Pcr causing more swellin~.than KMeso3 ) can 

be explained by the capacity of the thin filamen.ts to bind 

K2Pcr, therefore altering their charge slightiy.and.causing· 

increased repulsion among the myofilaments. Otherwise, 

.KMeso3 seems to be a fitting replacement for K2Pcr. 



CONCLUSIONS 

1) One of the primary reason for .. conducting this study ·was 

to determine the·. anion. and. cation which would be mo$t suited 

to adjust ionic concentration in skinned muscle fi'ber 

ba~hing solutions. The choice of cations and ani6ns.·for 

these experiments relied heavily upon .physiological 

pertinence and common usage in b.iophysical studies.' It 

appears that the most suitable· salt for regulating ionic 

strength in such solutions is potassium methanesulfonate 

(KMeso3 ) because: 

A) the cation~ potassium, is the major cation found 

intracellularly, usually in concentrations of 

approximately 140 lnM, whereas the second most 

ubiquitous cation found intracellularly, .sodium, is 

present at a concentration of only·a few millimolar. 

B) even though choline and tetramethylammonium are 

slightly less deleterious on maximal force, they cause 

more swelling of th~ myofilament lattice. 

C) Meso3- is to be preferred as the major anion since 

it is the least deleterious anion to maximal force 

generation. 
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D) Meso3- also causes minima~ swelling of the 

myofilament lattice as ionic strength is increased. 

Therefore,. such an effect.does not need. to be. 

factored-out in experiments where ionic strength_is· 

altered. 

E) KMeso3 causes negligible extraction of contractile 

and structural proteins, as determined by sodium 

dodecylsulfate-polyacrylamide gel electrophore~is and 

transmission electronmicroscopy. 

F) maximal force generation and the degree of. fiber 

swelling are comparable tb those ·in the major 

intracellular salt, dipotassium phosphocreatineo 

G) Meso3H is a strong acid (pK = j.6), and is fully 

dissociated in H2o at physiological (~ 7) pHo 
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H) Meso3- does not strongly bi~d. to the physiologically 

important cations calcium·or:magnesium. 

I) MeS03- (and acetate)_may "stabilize" protein 

structure, whereas· propionate, chloride and nitrate 

appear to destabilize proteins or alter wat~r·structure 

unfavorably. 

J) calcium-sensitivity of the contractile apparatus, as 

determined in these experiments, appears· to be 

independent of the major anion in the solution, 

therefore no anion is favored ·in this respect. 

K) furthermore, Meso3- has the additional adv~ntage of 

being considerably less expensive and less temperature 

labile than potassium phosphocreatine. 
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2) A second valuable point which these. experiments attempted 

to resolve was ·which solution paramete·r, formal ionic 

strength or ionic equivalents was best suited to gauge 

skinned fiber bathing solutions. It is evident·_ from the 

present results that formal ionic strength is the most 

suitable parameter for measuring the ionic environment: 

J.l.s 

3) The causes generally associated with ion-specific effects 

were investigated, and it w~s found that: 

A) electrostatic shielding is a general parameter and 

probably does not relate to ion-specific effects. 

B) generally, ion size do~s not appear_to be-related to 

i6n-specific effects. 

C) fibe~ swelling, in and of itself, does not greatly. · 

affect for~e generation. 

D) differential binding of ions, with concomitant 

myofilament charge alteration, may alter maximal force 

generation. 

E) substantial protein extraction and ultrastructural 

alterations were caused by 300 mM potassium chl_oride. 

However, propionate, which affects force _ gen~ration •· 

to the same extent as chloride, does not extract muscle 

protein to_ the degree,th~t chloride does. 

F) The deleterious effect of propionate, and probably 

isethionate, can probably be linked to the hydrocarbon 



chain lerigth. Niether has been shown to bind to 

proteins to any great degree. Furthermore propionate 

and isethionate are orie hydrocarbon unit longer than 

acetate and Meso3 , respectively, and as such they 

probably disrupt the hydrogen-bonded lattice of the 

solvent water. 
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4) The present results, along with previous determinations 

of ion-binding and pH effects, lead to the hypothesis that 

alteration of myofilament charge affects force generation. 

More specifically, the· force ·generating capacity of the 

myo·filaments appear to be affected by a change in filament 

charge caused by ion binding. When the myofilament charge is 

made increasingly negative {by increased anion binding ~r 

increased proton dissociation).·or made incre~sirigly positive 

{by increased cation o~··proton binding) via.ion substitution 

or altered ionic ~t~ength, force generation is:decreased. 

5) In addition to adding to our knowledge of muscle 

biophysics and ion-specific effects, this work has also 

furthered the study of biophysical and ~lectrolytic 

chemistry by including additional lyotropic salts, and 

elaborating the_effects of lyotropic salts at lower ionic 

strength than previously studied. Most work in the past_has 

been done at molar or near molar concentrations because the 

physical parameters'being·assessed were not easily 

differentiated at low ionic strengths{~ 200 mM). However, 
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force generation of skinned skeletal muscle fibers is quite 

sensitive to ionic changes, and has thus allowed elaboration 

on the Hofmeister lyotropic series. 
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Appendix A 

A BRIEF.HISTORY OF MUSCLE AND IONS 

As we.study ~he effects of ions up6n~biologicial 

systems, it should be noted that much .. of our· basic knowledge 

of ions and ionic solutions has. grown from w.drk done in the 
. . . 

field of electrochemis.try. · Breakthroughs in . this .. field of 
. . ·.- -' ~ . 

chemistry began in the late ni~eteenth.arid early"twentieth 

centuries, and continue through . the J?l:'.esent tim,e ~ · }i'rom 
. . . 

Arrhenius, Ostwalt and van't Hoff, and then.through the work 

of. Debye and Hiickel, Bronsted;· Onsager, Bjerrum, and later 

Kr~us, our present knowledge of. ions and electrolytic 

solutions has grown rapidly. 

Although some have attempte~ to ·link the various 

theories of electiolyte solutions to effects of ions· in 

biological systems·, the link is still not well d,etermined. 

In applying knowledge of electrochemistry of ionic solutions 

to physiology, and determining how ions affect and are. 

utilized by living systems, it is of inte~est to first 

consider carbon and organic compounds, the building block of 
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all life as we know it. Organics are a special group of 

compounds and carbon is one of the most complex elements 

known - in its purest forms yielding the hardest naturally 

occurring compound, diamond, and. also one of the li'ghtest 

and most resilient substances, graphite. The only difference 

between these forms of carbon being the interionic forces. 

involved. The uniqueness of the carbon atom, with four· 

highly reactive unpaired electrons in its outer shell, makes 

it possible for a tremendous number of organic compounds to 

exist. 

To take this knowledge dne step further, because .of the 

uniqueness of the carbon atom, we can hypothe.s~ze that the 

non- covalent, intraionic interactions of organic molecules 

with free ions are also numerous.in their type an¢! degree .. 

As active sites of or~anic com~ounds are acted ~pan by ion~, 

we might see dramatic changes in structure and/C:tr activity 

of the molecule. This gives so~e.indJcati9n.of why 

interactions between myofilaments and .. their bathing 

solutions need to be investigated and understood. 

To understand where scientific investigation is headed, 

we must, at once, take one step back to look at the 

development of scientific thought with our view to the 

future to arrive at a new synthesis of ideas. We must learn 

from those who have gone·before.us. 

Of the ancient civilizations, cultivation of the 

science of myology only appeared within the works of the 

Greeks. With the earliest writings of the Hippocratic 
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school, during the fifth century B .. C.; there was a 

realization that the body was not composed of the.age-old 

"undifferentiated body substance", but, the body is seen as 

consisting of individual components, termed muscles, which, 

at the least, confer splendid architectural arrangement to 

the bodyo Though these writing contained no single system· 

of thought on muscle or contraction, the Hippoctatic ~chool 

introduced·the idea of pneuma or spiritus animalis, loosely 

translated as air, but actually referring to the breath and 

flux of movement, which they believed it to be responsible 

for movement (Wilson 1959) . ~.:-: 

It is not until Herophilus, of the Alexand~ian __ school, 

in the early third century B.C., that we see the concept of 

voluntary movement being developeqn Erasistratus recog~ized

the muscles to be true "organs" of contraction. He· was of 

the belief that the spiritus animalis was channeled from the 

head through the blood vessels and into the muscles causing 

swelling and diminishing their length~ This is considered as 

the first recorded theory of contraction and it remained 

influential for centuries. 

Galen, in the second century A.D., master of anatomy 

and physiology, placed the science of myology on a sturdy 

scientific foundation, a foundation, however, which would 

not be built upon for many years. His morphological work 

also set the groundwork for later analysis of contractile 

function of muscle. Furthermore, Galen disproved 

Erasistratus theory, demonstrating that the arteries did not 
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contain pneuma, or spiritus animalis, but that they 

contained blood. However, Galen still believed that spiritus 

animalis was ·the active force in contraction, though he 

asserted it arose from the nerves. 

The Galenic school, including their concepts of 

contraction, was to be the most inflUential in W~stern 

thought for centuries, remaining virtually unchallenged 

through the·Middle Ages, for more than 1300 years. Myology, 

and scientific thought on the whole, stagnated during this 

period, until the dawning of the Renaissance. 

As the Renaisaance app~bached,· ~ew ide~s conc~rning 

morphology and function of muscle were enunciatede In De 

Humani Corporis Fabrica (1543), Vesalius addressed the fine 
. ·~ 

structure of muscle, seeing it as being built from.a great 

number of fibrous elements, and clearly acknowledged that 

contraction ~as an inate ability 6f the muscle. Fallopius 

continued the work of Vesalius, and was the first to express 

the idea that the fiber was the basid functional unit of 

muscle. 

Under the influence of the Renaissance period, and the 

scientific progress being made by contemporary science: the 

new chemistry of Robert Boyle and the atomists and their 

idea that all bodies were composed of an "indeterminate" 

number of elements (The Sceptical Chymist, 1679), the 

physics of Galilee, the mathematics of Descartes and Newton, 

and Harvey's new processes of experimentation and his work 
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in cardiovascular physiology and the circulation 1 of blood, 

myology thrived .. 

Descartes, as recalled by Foster (1901), though most 

remembered as a mathematician, in the mid-seventeenth 

century attempted an explanation of the functioning body as 

a machine, applying mathematical interpretations to describe 

physical phenomena, the first recorded biophysical 

examination or explanation of biologi~al processes. 

Descartes continued to utilize the ideas of the Galenic 

school, but to him ·entit~es such as spiritus animalis ~ere 

treated as rea~ fluids amenable to physical laws (·the first 

theory of neurotransmitters?), originating in the heart and 

being stored within the brain, where upon they are ieleased 

to cause contraction. 

William Croone, in his first treatise upon muscle, De 

ratione motus musculorum, published in 1664, reiterated the 

idea of Descartes of spiritus animalis being a liquor of the 

nerves, a juice like any other fluid produced by animal or 

vegetable. Observing muscle contraction, he theorized that 

contraction was due to swelling of the muscle, and drew 

support to this hypothesis from his own experiments in which 

he hung a seven pound weight from an empty bladder, and 

pouring water into it he noted the weight was raised (Wilson 

1961). Later, though, he came to believe in constancy of 

volume in muscle. Concurrently, in Denmark, an anatomist, 

Nicholas Stensen, was actively concerned with morphological 

and functional aspects of myology. In his treatise De 
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musculis et glandulis observationum specimen, published in 

1664, and Elementorum myologiae specimen seu musculi . 

descriptio geometrica, published in 1667 (Maar 1910), he 

described the intricacies of the fibrillar nature of muscle 

to the extent to where it appears that he.had observed 

muscle on a microscopic level, some ten years prior to von 

Leeuwenhoek descriptions. Stensen, unlike Croone, contended 

that there was a constancy of volume in muscle·. Stensen also 

came to doubt the axistence of the spiritus anim~lis. He 

believed that until proven to existi such juices ~hould not. 

be accepted as existing. ~. 

Walter Charleton (1654), held that muscle alone was 

responsible for contraction, and, observing the supple 

nature of muscle, believed it made muscle ideally suited· to 

allow the pneuma to enter and cause contraction. He also was 

the first to assert that the heart was a muscle with similar 

structure and function to skeletal muscle. This was a major 

step in understanding muscle and undermined the notion that 

the heart had special power and was the source of "vital 

heat", contradicting even Harvey, who had held such a view •. 

Charleton, as had Stensen, also hypothesized that 

muscle did not actually swell, but maintained a constant 

volume upon activation. such a notion was proven correct 

with the work of Jan Swammerdam (1758), who in 1663 

contracted a frog muscle in a tube filled ~ith water and 

noticed no increase in the water level, though this was not 

published until sixty years later, postumously. In 1677 
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Francis Glisson also related similar experiments with human 

arms immersed in water and voluntarily contracted, no 

increase in muscle volume was noted. This experiment appears 

to be attributed to Jonathan Goddard in 1669,. though it was 

not published until 1756 in Birch's Histor\(.of the Royal 

Society. 

Croone was also enfluenced ):>Y the. work of Leeuwenhoek, 

who in 1674 wrote of the. sma.lle.st muscle elements as 

"conjoyned globules" .. Later however, in 1682, van 

Leeuwenhoek, af.ter clo.ser ·examination of longitudinal 

sections of muscle, he descf.-.:ibed t;he.· transverse str,iations 

of skeletal muscle fibers and the appearance of the long 

sinews. He went on to hypothesize that each of the fibers 

might contain an innumerable number of even smaller 

filaments (Hoole 1798). 

In 1680~ .with the postumously published work of Alfonso 

Borelli, De motu animalium, Croonian ideas were again 

furthered .. This treatise covered the work of Borell'! 

conducted in the 1670's and though there is no doubt Borelli. 

knew of Croone's early work (Wilson 1961), it is possible. 

that he wa.$ ·unaware of his later experiments. Borelli set 

out 'to determine how inflation might bring about 

contraction,-without an increase in volume. His theories on 

the redistribution of muscle substance upon contraction 

agreed very much with Descartes'. He .also ~urthered Croone's 

ideas on brain and nervous system involvement in 



contraction, as Borelli made the link of nerve fibers 

originating in the brain. 
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Another contemporary of Croone, Thomas Willis was 

concerned with the brain and nervous system, and in De Motu 

Musculorum (1684) he appears to have taken a related view to 

Descartes, Croone and Borelli in his belief that the 

stimulus to muscle contraction was related to the nerves, 

through the influence of spiritus animalis. 

The influence of the new science of chemistry appears 

to have greatly influenced the work of Joh:h.Mayow. In 1660, 

Robert Boyle had proven thaf.air was responsible.·for 

combustion and theorized the existence of nitro-aerial 

particles, present in air, necessary for combustion. Mayow 

believed these nitro-aerial particles were the spiritus 

animalis and he pictured them as being transmitted by means 

of respiration from the air to the blood, and then to the 

brain, where they were stored until needed~ They wou;J.d then 

be distributed by the nerves, and, at the level of the 

muscle, such particles would join with particles of a 

"saline-sulphurous quality" carried to the muscle via the 

blood, and heat would be generated and contraction would 

ensue. These ideas can be seen as the first biochemical. 

theory of muscle contraction and were quite instrumental in 

later biochemical ~tudies, including the ~heories of oxygen 

utilization by muscle, and also the idea that·fuel, of some 

type, was utilized in muscular contraction (Wilson 1961). 
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During the Renaissance we see acceptance of muscle as a 

contracting tissue and the importance of the fibrous 

structure for this activity. The idea of neural envolvement 

was also an immense breakthrough and ·the work of Glisson 

(1677) on intrinsic irritability of tissue, particularly in 

regards to muscle, was later to be taken up by Albrecht von 

Haller in the mid-1700's, as the interest in 

electrophysiology was to arise (1936). 

After the late 17th century little was to change i~ 

myology, especially in regard to theories of contraction, 

for more than one hundred years. However, the century and a 

half following Boyle was a time of great chemical 

advancement. Scientists in the eighteenth and nineteenth 

centuries were most' interested in the application of such 

accumulated.chemical knowledge to oxidative reactions, 

analyses of tissue or the fate of nutrients, catalytic 

processes, etc., and contractile kinetic theory was not to 

become a major concern until more basic chemical knowledge 

had been developed. 

Among the theories expounded by the new chemistry of 

the 17th and 18th centuries concerned the new science of 

electrochemistry which included, among other things, the 

ionic theories of matter. And, as we study the effects of 

ions upon biological systems, it should be noted that much 

of our basic knowledge of ions and ionic solutions has grown 

from work done in the field of electrochemistry. 
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Ions and ionic interactions inhabit a specific phY:.~ical 

world·which we must attempt to understand in order to 

understand ioriic solutions and their affects, we must first 

understand from whence our current day c~ncepts have arisen. 

Being charged bodies, the earliest ~ark applic~ble to.ions 

can be traced to Sir William Gilbert~ who, as the court 

physician of Quee~ Elizabeth.t, coined the.term 

"electricity," and who was the first to present the world 

with insight into static elect~ical forces <c~; 1600). Early 

breakthroughs were not quicklY. coming though, but otto von 

Guericke's invention of a machine which produced static 

electricity (ca. 1.700) and a few years later the invention a·f 

the Leyden jar by Georg E. von Kleist and Pieter van 

Musschenbrock·were.major inventions that allowed 

experimentation with electrical forces and spurred·on further 

research. The Leyden jar was a simple apparatus which c.ould 

store and release great amounts of static.6harge •. It was used 

by Benjamin Franklin in the mid-eighteenth century to 

illustrate th~ nature of lightening. 

Also, in the mid~eight~enth century, Franklin wduld 

make a great jump by proposing his One-Fluid.Theory of 

electric charge. This was t~e first theory to describe 

positive and negative electricity to be the relative surplus 

or deficiency of electrical fluid in a charged b6dy. Before 

this time it was thought that two forms of electrical force, 

one positively charged and the other negative, existed. 

Henry Cavendish, a·British physicist working at this time 
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also theorized th~ existence of only one electrical 

substance, whose molecules repel one another· btit , which are 
. . . . ' 

attracted by-other bodies. In 1784; Charles Augustin coulomb 
' t --

became the first to make. a quariti~at.ive study of el~ctricity 

'by studying the forces acting between charged'bodies. 

At the- turn-of the nineteenth century_stat~c 

electricity was. the only known fo;-~ of_ e~ectrica~ _force_,_ as 

current electricity lie still undi~c~ve~ea~ :~owe~er,· since 

the discovery of electrical current by the great Italian 

scientist Luigi Galvani in 11191~ physics and ·chemistry have 

been greatly influenced by the concept of the flow of 

electrical charge~ Alessan~ro Volta's invention of the pile, 

or battery, in 1800, was the mqjor breakthrough which helped 

further our kno~ledge of electricity~ The pile provided a 

means to supply electricity-continuously and at a high 

power,-thus allowing more intricate experimentation to be 

conducted. F\lrthermore, it could also be said that the study 

of ionic solutions, as it is encompassed by 

electrochemistry, had its beginnings at this time. 

After l~arning of Volta's work, William Nicholson and 

Anthony Carlisle attempted to use water at one end of the 

pile in order to assure better contacts and assure a purer 

flow of electrical current. As a result they saw the water 

efferv-esce. This, they later learned, was the electrolysis 

of water into molecular hydrogen and oxygen, the first 

recorded evidence of electrolysis. Interest in ionic 

solutions and their properties really increased with the 
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first ionic theories of Sir Humphrey Davy of Great Britain 

and Jons Jakob Berzelius of-Sweden, the two most illustrious 

electrochemists working at the onset of the{ nineteen-th 

century. 

Davy, working at the Royal, Institute in London, was 

the first to fully investigqte electrochemical de.composition 

and attempt to explain the laws of such. He realized that 

the power delivered by Vo.lta's pile depended upon oxidation 

of the zinc and therefore the power of the pile was not 

unlimited, as ·had been thought. Davy's Electro-Chemical 

Theory of Affinity assertedt'fhat all substances which have 

an affinity for each other are in different states of 

electricity, either positive or negative, but, he believed 

that affinity was proportional to the intensity of the 

charge. Through experiments using electrolysis, he was able 

to illustrate that many substances thought to be elements 

were actually compounds. He first postulated the 

electrification of small particles of matter whe·n they 

contacted each other, in 1806 proposing that chemical bonds 

were electrical in nature. Later, in 1807 he utilized these 

properties when, using platinum electrodes, he passed 

current through pasty lumps of potash and soda, in the first 

modern investigation of electrolysis (it is believed that 

the ancient-Egyptians were the.first to. separate compounds 

by the use of voltaic batteries and to use gold 

electroplating on their jewelry and ornaments, the basis of 

alchemy) o 
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Working in stockholm, as contemporaries of Dav.y, 

Berzelius, who had just .completed his- doctorate in medicine 

at Upsala, working with Wilhelm Hisinger, theorized that 

electroly·sis ·occurred as neutral salts are decomposed· ·.by 

electricity and collected at opposing poles. Berzelius later 

systematized the ideas of charged particles in hi~ Dualistic 

Theory of Chemical Combination (1814). In this theory he 

attempted to explain the existence of charged particles and 

how they combined he set forth the idea that each particle 

of matter had a dipolar existence, viz., each had a positive 

and a negative pole, one being quantitatively greater than 

the other. Summation of these dipolar charges would yield 

the net charge of the particle. He went further by saying 

that electricity was th~ cause of all chemical activity and 

that every reaction strives for electroneutrality. However, 

he went on to theorize that even though a reaction may 

occur, the products themselves may not be electroneutral. By 

the way, Berzelius himself had interests in myology and was 

the first to relate the amount of lactic acid in muscle with 

the intensity of previous exercise, as shown in hunted ·stags 

(Lehmann 1851). 
-

Berzelius was similar to Davy in that he also went too 

far in his generalized theories~ He held that every chemical· 

reaction is basically an electrical phenomenon, as polarity 

was directly proportional to affinity and the tendency of 

particles to react. The ideas of Berzelius were great for 

his day and. should not be overlooked, but it has been said 
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that by the 1840's, when his theories had.bC?come outdated, 

that they had hindered th~ development of. organic chemistry 

and the understanding ~f organic-compounds because of their 
. . 

inherent attempt to simpli'fy chemical ~_unders-tanding to the 
. . . 

point where the true complexity of carbon chemis~ry seemed 

illogical. 

Though Davy and Berzelius were on th~ right track, 

neither of them had formed a theory of valence. It took· Jean-

Baptiste Dumas, in 1834, to propose a theory and system of 

valence whi_le bringing the idea of electrochemical 

equivalents into use. His Substitution Theory was the coup de 

gras of modern chemistry, as he took· .the the-ories of his 

predecessors and, adding ideas of his own; .came to the 

realization that similarly charged elements, referred to as 

chemical equivalents, could be_ substituted to make different 

and new compounds. Thus realizing the true basis of chemical 

reactions. And, unlike ~erzeliti~, he saw each charged 

particle,. not as a dipole, but,_ as a singly charged entity, 

either positive or negative. Many theories of Berzelius fell 

out of favor at this time. 

The next great step was taken by Michael Faraday, an 

assistant of Davy, who is said to have been Davy's greatest 

discovery. Faraday is most noted for his work in th~ physics 

of electricity, ·but a portion of his work bears on the 

c~emistry of electrolysis. He appears to have been the first 

person to truly concern himself with electrolytic solution 

chemistry. He joined Davy in the late 1820 1 s and by the 
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early 1830's was doing work to rival and surpass that of his 

mentor. Faraday closely studied the laws of electrochemistry 

and in cooperation with William Whewell, a classical scholar 

and science historian, introduced a number of now common 

terms to express electrochemical phenomena (1834): ion, 

cation, anion, electrode, which he used in place of pole 

(because he was not sure that polarity was really involved), 

cathode, and anode were among his contributions. Most of the 

terms coined ~y Faraday and Whewell are still part of 

scientific nomenclature today, though modern meanings differ 

somewhat from the original-definitions. 

In 1833 Faraday went on to expound the two chief Laws 

of Electrochemistry: 1) chemical action is directly 

proportional to the electrical force, and 2) chemical 

equivalent quantities of ions are set free by the same 

quantity of current. He hypothesized that decomposition of 

compounds was due to electrical charge and that further 

separation was due to some type of attractive forces at the 

electrodes. The Faraday Law states that: decomposition is 

directly proportional to quantity, not intensity, of 

electricity. 

In 1857, building on the work of Faraday, Rudolf 

Clausius, a Swiss physicist at Bonn, was the first to 

theorize the evolution of ions in solutions. He believed 

that ions were formed from compounds when sufficient 

electricity was applied to the solution. When this 

electrochemical threshold was reached ions were liberated 



and current could pass •.. To Clau.sius,· ~ions only existed while 

electricity,was suff{cieritiy supplied. H~ believed.that as 

soon as electricity went below the threshold, ions did not 

exist, but recombined into their neutral salt forms. W'ilhelm 

Hittorf followed with his work.~ on .. ·t:h:~ !1llgratiori of ·~ 

dissociated ions to their respective poles and Friedrich 

Kohlrausch, also working at this time, developed a method· 

for measuring the conductivity/resistivity of electrolytic 

solutions. 

However, with all the scientific advancements made up 

until the late nineteenth b~ntury, it took a graduate 

student, Svante Arrhenius, at the University of Upsala, in 

sweden, to propose the presently accepted theories of ionic 

dissociation and solution electrochemistry. He won the Nobel 

prize in 1903 for this work and his Theory of Electrolytic 

Dissociation (1887). His ideas though, were not immediately 

popular. His own profe.ssors were not particularly pleased 

with the theories in his thesis and passed him only with 

reservation in 1887, on his experimental work alone. 

Arrhenius was forced to seek support for his theories outside 

his homeland. He sent copies of his thesis to many of the 

scientific leaders of his day. Arr~enius did not receive many 

responses, but did find support from a few well respected 

electrochemists of the ti~e, namely Wilhelm Ostwald and 

Jacobus Henricus van't Hoff. 

Ostwald, professor at the Polytechnikum at Riga, and 

later at Leipzig, was the first fellow scientist to champion 
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the work of the younger Arrhenius and the two entered-into a 

life long relationship. Ostwald, founder o:e the prestigious 

Zeitschrif.t fur Physikalische Chemie in· 1887, and ·recipient 

of the Nobel Prize for Chemistry in 1909 (for his work on 

catalysis, chemical equilibria and rates of reaction), was 

able to calculate equilibrium constants utilizing the 

theoretical work of Arrhenius.. He was very interested in the 

conductivity of solutions and how this related to the 

affinity coefficients of the salts contained thereine His 

· work supported the ideas of Arrhenius and the first issue of 

his journal (1887) include~~papers authored by Arrhenius, 

van't Hoff, and himself, on ionic t~eoriese 

Van't Hoff, a Dutch electrochemist at Amsterdam, father 

of stereochemistry with his work on the asymmetrical carbon 

atom in 1874, and first recipient of the Nobel Prize for 

Chemistry in 1901, also found interest in Arrhenius' work. 

Van't Hoff's own intuitive work, regarding dilute solutions 

acting as gases and amenable to the same·laws which describe 

the activity of gases, closely coincided with some i~eas put 

forth by Arrhenius. In particular, in 1887, van't Hoff 
t 

bolstered Arrhenius' theoretical work by observing that an 

increase in the total salt concentration of a solution 

altered the physical characteristics of the solution. 

Namely, its osmotic pressure appeared higher than would be 

expected without ionic dissociation, and its freezing point 

lower and its boiling point higher, than would be expected. 
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The theories of Arrhenius concerning the dissociation of 

salts in solution helped van't Hoff interpret these results. 

Before Arrhenius' work, many held to the theories of 

Cla-q.sius, i.e., that electrolytic dissociation required 

application of electricity. Arrhenius hypothesized, and was 

later able to prove, that salts immediately dissociated when 

placed in a solvent, the electricity only being required to 

direct the ions to the poles. But many continued to 

disagreed with the more involved theories of Arrhenius and 

his "wild army of Ionians." These included Dmitrii 

Mendeleev, at st. Petersbur'g, and Louis Kahlenberg, at 

Wisconsin. 

Kahlenberg, who had gotten his doctorate under Ostwald, 

was at first enthusiastic about Arrhenius' work, but he 

encountered difficulties in his own research which these 

theories could not explain. In particular, he and his 

students found that Arrhenius' theories, which were 

supposedly general principles, could not explain the 

dissociation of salts in solvents other than water. They 

rightfully attacked Arrhenius' theories because all of his 

experiments were conducted in water, with his results being 

generally stated and applied to all solvents. Kahlenberg 

proposed that the solvent played an important role in the 

properties of a solution and was able to show that the 

dissociation power of a solvent is related to its dielectric 

constant. Henry Edward Armstrong, at South Kensington, also 

attacked Arrhenius' theories, also insisting that the 



solvent plays-a significant tole in the.prope~ties of a· 

solution. 
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These critics, especially Kahlenberg; were able to show 

some of the weaknesses of Arrhenius' theories and aided in 

forming a more encompassing theory and a fuller understanding. 

of ionic solutions .. It was found that Arrhenius' theories 

only held for dilute solutions, and that the source of the 

ionic charge was, at. this time, ·still unknown. However, with 

the support of Ostwald and van't Hoff, and additional 

evidence which mounted with time, the -ionic theories of 

Arrhenius, and the other Ionians, and their ideas of solution 

chemistry became commonly accepted by the mainstream of 

chemical thought. From 1902 on, Arrhenius ·concerned himself 

with the application of theoretical chemistry to physiology, 

especially immune chemistry. 

As the 1920's·came into view, and more was known of the 

structure of ions, especially with the work of Niels Bohr, 

Nevil Sidgwick and Gilbert N. Lewis, the time was appropriate 

to combine the accumulated knowledge and form an all

encompassing theory of electrolytic solutions. As Johannes N. 

Bronsted was forging ahead in experimental solution 

chemistry, Peter Debye and Walter Huckel were working to 

combine the accumulated theories with _experimental evidence 

and proposed their Interionic Attraction Theory of 

Electrolytes, now commonly referred to as the Debye-Huckel 

theory (1926a; 1926b; 1927). It attempts to explain the 

manner in which ions distribute themselves in dilute 



~-~:·· :·' .~·: ·. 
~ 1-: . ·. ,~' ' 'iJ. 

149. 

solutions, and how this affects the properties of the 

solution. This theory, though, is only applicable to.full~ 

dissociated electrolytic solutions below 0.01 molar. Bronsted. 

was concurrently providing experimental verification.of their 

theories. 

The_Debye-Huckel theory proposes ·that 1) due to 

electrostatic attractions, on the whole there are more ions 

of unlike than like sign in the neighborhood of any ion, 2) 

each ion is thus surrounded by an ionic environment having a 

sign opposite to its own, and therefore; 3) electrical 

properties of dilute solutibris can be accounted for by 

various mathematical formulae. Debye and Hucke! went on to 

state, based on the current theories of valence and x-ray 

crystallographic data, that, as solids, ions are held 

together by electrostatic forces. Furthermore, when put into 

solution the salt is dissolved or solvated (referred to as 

hydration when water is the solvent) as the solvation energy 

resulting from ion-solvent interactions overcome the 

electrostatic forces of the crystalline lattice. The ions 

are th~n, as·a result, released as free solvated-ions in 

solution. 

As concentrations rise and oppositely charged ions move 

closer together, dissociation appears incomplete and there· 

appears to be a difference between dissociated and ionized. 

Debye and Hucke! rea~ized this, as others had. They related 

this to a decrease in ion mobility caused by an ion 

attracting an·atmosphere of oppositely -charged ions, hence 
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its mobility is hindered by the drag of the surrounding ions 

and their propensity to flow to the opposite· electrode. The 

decrease in mobility was determined to be proportional to 

the squ.are-root of the concentration. In 1925, Neils Bjerrum 

provided further information to correct the interionic 

energetics of DeJ:?ye-Hiickel while Lars Onsager improved the 

theory immensely by taking-the Brownian motion of the ions 

into account in 1926 and 1927, while clarifying the Debye

Hiickel understanding of fr~e ·energy in 1933. However: as 

mentioned earlier, when the concentration of ions reaches 

OeOl molar, the Debye-Hiickel~theory is no longer applicable, 

and no other all-encompassing theory has as yet been 

proposed in the case of more concentrated solutions. As a 

result of this work and related projects, Debye went on to 

win the 1936 Nobel Prize for Chemistry. 

The problem of concentrated electrolytic solutions 

centers around the interaction of ions with one another and 

with the solvent molecules. Thanks to Debye and Hiickel we 

have some reasonable theories with respect to highly dilute 

solutions, with ions considered as point charges, howev'er 

these solutions are so dilute in fact that some cail them 

theories of slightly contaminated distilled water. The 

problem is that theoretical complications arise when 

intermediate (physiologically relevant) and higher 

concentration solutions are confronted. At such 

concentrations, due to interionic interactions, the 
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mathematics become nighly. complex. This is still one of the 

great unsolved problems of physical chemistryo 

As noted earlier, Bjerrum (1925) attempted an 

explanation of the interaction of ions at short range with 

his ionic association theory. He in~roduced the ion-pair 

concept and showed how the mass action constant of the . 

equilibrium between ions and ion-pairs and in higher order 

interactions is dependent upon the dielectric constant 

(higher order interactions are favored .in solvents of low 

dielectric constant) of the solvent as well as on the 

temperature (higher order -v/ith lower temperature) and the 

size of the ions (higher order with smaller ions - more 

condensed force?). However, if this continued indefinitely 

the fused salt state would be reached. From conductance 

data, and in an attempt to further this theory, Fuoss and 

Kraus (1933) were able to show that the th~ories of Debye

Huckel and Bjerrum could satisfactorily account for 

experimental observations, while not reproducing their data 

in a strictly quantitative manner, it gave a good 

approximation and is invaluable in interpreting experimental_ 

results as a function of dielectric constant and 

temperature. This is intricately explained by Kraus (1956), 

in his paper on the ion-pair concept. It is also known that 

the degree of association of all salts increases with 

increasing concentrations up to about 0.1 to 0.3 molar. At 

that concentration, or at slightly· greater concentrations, 

the degree of association declines :tapid.ly. This reversal of 
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the law 'of mass actio-n occurs for all salts and in all 

solvents. The Bjerrum The.ory and equations inheirant with it 

yield a sufficiently close approximation to render it useful 

in interpreting the properties of solutions of typical 

electrolytes .in a great variety of different solvents under 

varying conditionso 

Returning to the study of myology, we see that during 

this time of great strides in physical science, knowledge of 

physiological chemistry grew with the introduction of new 

analytical processes crossing-over from the world of 

chemical research. In 1838; 'Mulder first hypothesized the 

existence of a· common protein molecule. Liebig (1842) 

proposed that all animal heat came from the.,combustion of 

food stuffs, which he linked to the original work of Seguin 

and Lavoisier, conducted in 1789 showing an inc-reased oxygen 

utilization wlth increased work intensity· in humans (Seguin 

and Lavoisier 1862). Von.Leibig also studied mus;cle by 

approaching it as a machine, and as such, he proposed that 

it obeyed the Law of Conservation of Energy, refering to 

muscle as a heat engine. By the turn of the nineteenth 

century, muscle was generally accepted to rely totally on 

chemical forc~s for its mechanical pro~esses. Traube was the 

first (1861) to propose that oxygen traveled from the blood, 

into the muscle tissue, and there used for combustion. 

In the 1840's Ernst Weber (1) conducted physical 

studies concerned with the elastic pr.opertie:·s- of ·muscle and 

noted how these properties changed-when the muscle was 
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stimulated, likening muscle to a spring and proposing that 

all physical phenomena could be related to its elasticity. 

This had long standing influence ori myology, enfluencing 

A.V. Hill, among others, in the early twentieth century. The 

late 1800's and early 1900's were also a·time when much 

study of microscopic morphology of muscle was being 

conducted, after a 200 year hiatus of·sorts had taken place 

between the work of Leeuwenhoek in the 1670's. 

Quantitative muscle biochemistry is regarded to have 

been founded by the publication of Fletcher's 1896 paper on 

respiration of excised mus6l~. In this paper we see the 

first use of -methods to measure low level carbon dioxide 

evolution in excised muscle in the absence of oxygen. 

Therefore, the first sign of anaerobic metabolism, though 

oxygen was necessary if the P+eparation was to·continue to 

function. 

In 1912, A.V. Hill began his long and productive years 

of research in muscle with his work on myogenic heat 

production. This had been of interest to scientists for some 

time, and Hill was able to further it it with new and 

improved techniques·. He was the first to recognize the 

necessity of oxygen if heat prod~ction in muscle was to be 

maintained for more than short periods. Also during this 

peri~d of the 1910-1930's, the works of both Meyerhof and 

Embden, shed light upon bioenergetics, and in 1929, 

adenosine triphosphate, a substance known to be. important 

for energy release, was determined to be present in muscle. 
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tissue (Parnas et al. ·1934). At this time the process of 

oxidative phosphorylation was yet to be discovered and ATP 

was only known to be rephosphorylated anaeropicallye 

Returning to contractile theory, among those postulated 

during the late 1800's and early 1900's were the imbibition 

theory of Engelmann (1895) which proposed that increased 

temperature within the muscle caused water to flow from the 

I bands to the A bands with the muscle going to a more 

spherical form. Another common theory relied on surface 

tension within the muscle as a driving force. In 1924 

Meyerhof proposed that deh~dration of protein resulted in 

contraction. There was also a colloid osmotic theory which 

relied upon the intramuscular cytosol being osmotically 

changed whe.n stimulated occurred. In 1929 K.H. Meyer 

proposed his electrostatic mechanism of contraction which 

relied upon the ionization of zwitterionic protein to 

develop force, with deionization causing -relaxation. ·This 

mechanism relied upon lactic acid as the stimulus for 

contraction. 

Hill had in 1922 regarded visco-elasticity as playing 

an impo~tant role in contraction. In. his cla.ssic study of 

1938 he found. that heat. production was proportional to 

changes in length of shortening muscle, tot~lly independent 

of speed and load. This changed his thinking, and he no 

longer believed in the visco-elastic-theories of muscle 

contractiori, and instead riot~d these so-c~lled ~isco~elastic 
i ' 
i 

properties were in fact properties of a two component · 



system. In 1939 Hill proposed that muscle does actually 

shorten when contracted isometrically, with stretching of 

the series elastic component acting as a buffer. 

The next era of muscle research concerned the 

identification purification and characterization of the 

muscle proteins from the 1930's through the 1950's, and the 

further elucidation of bioenergetic processes. Bozler (1951) 

was the first to get a contraction-relaxation cycle from a 

skinned fiber bundle in the presence of a great excess of 

ATP. 

Many theories were hypothesized in the 1940's and early 

1950's, but not uritil 1954 was the sliding filament 

mechanism proposed. At this time it was still held by many 

that the contractile apparatus of striated muscle consisted 

of a single array of filaments, continuous from one z line 

toanother. Internal foldiflg or coiling was believed to be 
I 

I 
the most logical contractile mechanism. H.E. Huxley, in 

1957, noted that many such "classical" theo~ies of 

contraction still held sway through the 1950's (Spiro 1956; 

Hodge 1956; Sjostrand and Andersson 1956) 

However, by the 1950's much information was being 

compiled on_the biochemistry and morphology of muscles~ and 

current research was intense with new and better techniques 

· which had been recently developed. During. this period H.E. 

Huxley was obtaining low-angle x-ray pattern~·from living 

and glycerol-extracted·muscles from which he was able to 

conclude that a double array of filaments was pte~ent in 
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muscle, believing that one was composed of myosin the other 

of actin. In an-EM study in 1953, which utilized a new thin

sectioning technique, he noted two sets of·filaments and 

bridges linking them. In a further study, using the phase-

contrast microscope (Huxley and Hanson 1954), they _noted 

that ATP applied to rabbit myofibrils caused ·the !-band to 

shorten while the A-band elongated. Contraction bands were 

seen to occur at the ends Of the A bands when adjacent~

bands made contact. Electronmicrographs confirmed these 

findingso They ·further stated the belief of repetitive 
. ·~"t.·~ ·.--' 

· .cQriformational changes in the myosin· filament being 

··responsible for movement of the filaments, which, in 1954 

(Hanson and H.E. Huxley), by differential extraction; were 

able to show that the thick filaments contained myosin, and 

the thin filaments contained actin. The proposal of the 

sliding filament theory was made concurrently-with A.Fo 

Huxley and Niedergerke (1954) who noted similar results 

using an interference microscope and believed ·that actin 

filaments were drawn int6 the thick filament, with force 

generation at a number of points.along the overlap region. 

This theory was not met with totally open ~rms, but as time 

went by it came to-be realized that such a m~thanism ·is- at 

the heart of contraction. The data to b~ck it continued to 

accumulateo 

In 1955, H.H. Weber proposed cyclic formation and 

breakage of covalent linkages, resulting from actin 

phosphorylation by ATP, followed by reaction with a known 
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sulfhydryl group on the myosin, after which the phosphate is 

released. This process was seen to continue as another 

sulfhydryl group of a neighb~ring myosin monomer is brought 

into the active actin site (H.H. Weber 1958)o 

A.F. Huxley's study of contractile proteins culminated 

in the publication of his theory in 1957. In this, he 

postulated myosin filaments which had longitudinally 

oscillating binding sights, ~riven by Brownian motion. This 

oscillating bit was capable of interaction with sites on the 

thin filament. When bound, there would be an initial 
·~.:·. : 

stretching of the series elastic ~lement, then tension 

development and contraction would ensu~, again, as with 
-

Weber, actin phosphorylation by ATP was' believed to be the 

energy input to the mechanism. Huxley. hypothesized an 

intricate kinetic mechanism which included rate constants 

for making connection (f) and breaking connection (g) 

between actin and myosin. When values were given to f and g 

the·theory was seen to agree with Hill's·equation for 

activation heat~ Gordon, A.F. ·Huxley and Julian (1966) then 

put the finishing touches on the· sliding filament hypothesis 

by showing that· tetanic tension was direct~y· related to the 

degree of filament overlap. 

But, though there is now a consensus·. among myol-ogists 

that the sliding mechanism does .operate in muscle, the 

question of how such a mechanism works $till remains a point 

of contention. In 1963 Davies (4) proposed a.mechanism of 

crossbridge cycling which included charge interactions 
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between the myofilaments with actin attachment to ADP and 

myosin attachment to ATP being involved. Calcium .release was 

seen to cause·a joining of the two phosphate compounds. When 

joined _to actin, the myosi~ crossbridge was thought to alter 

its conformation as force was generated and sliding occurred 

with the ATP- being split by the myosin ATPase, which was now 

much closer to the ATP binding site due to the 

conformational change. ATP then rebinds to the crossbridge, 

and the cycle continues as long as calcium was present. 

Elliott (1967; 1968) proposed the idea of myofilament 

charge interaction being responsible for contraction. The 

theory was promoted in 1970 with the publication of Elliott, 

Rome and Spencer in which thes_e ideas were promoted for all 

forms of motion. Noting the isovolumic behavior of fiber 

volume, they believed that increased repulsive forces 

between filaments could cause the fiber to shorten, and 

decreasing interfilament space could cause elongation of the 

fibero 

In 1969, Tonomura, Nakamura, Kinoshita, Onishi and 

Shigakawa proposed a molecular mechanism of cori_traction. In · 
. - . . 

this cycle they included the rel~xed myosin-phosphate 

complex, activation by calcium release causing 

conformational change in troponin and actin, a~d the 

formation of an actomyosin link, with release of phos-phate. 

ATP then phosphorylated myosin with rapid dephosphorylation 

by actin causing conformational change in myosin and sliding 
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of the filaments. Relaxation included another ATP forming a 

myosin-Pi-ADP relaxation stateo 

The late nineteen-60's and continueing until today, a 

new view of contraction has arisen. With the-work of 

Eisenberg and Moos (1968) in which it was shown that 

actomyosin interraction caused an increased rate of ATP 

hydrolysis .• Lymn and Taylor followed in 1971 with a kinetic 

scheme in which they postulated that product release 

(inorganic phosphate) was important to force generation, and 

that ATP b~nding caused actomyosin dissociation. In their 

scheme each kinetic step was linked with a biochemical. step, 

and was the first attempt at integrating biochemical and 

biophysical phenomena into a thorough proposal of . 

crossbridge kinetics. Since then, as biochemical and 

biophysical data has increased, improvements have been made, 

with the introduction of the idea of weak and strong binding 

crossbridges by Stein et al; (1979), who also showed product 

release was not necessary for force to be generated, and 

Eisenberg and Green's (1980) work on ctossbridge 

conformationa·l changes and strain dependence of force 

generationo 

As has been outlined, our understanding of muscle 

contraction has come ~ long_·ways since the time of the 

~ncient Greeks. And thou~h our understanding has been aided 

by the parallel development of chemical methods, there has 

yet to be a thorough study of ioriic ertv1ropment effects on 

crossbridge kinetics and myofilament i~teractions, 



especially needed in the case of skinned fibers. There is 

still much to be learned, and this dissertation is an 

attempt to begin to understand such interactions. 
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Appendix· B 

FURTHER EXPERIMENTS 

The present experiments point the way for future 

research in regards to the interaction of the ~olvent

solute-protein ternary complex, specifically with-regards to 

muscle biophysics. These future. directions may include: · 

1) if ionic strength relates the change in soln. properties 

away from idealt then a quantitative study is in line: 

a) if force generation falls according to changes in 

solution properties as solutes are added, in a range of ionic 

strength, then it would point to the solutes acting upon the 

water and the water, in turn, acting upon the contractile 

apparatus. Or, 

b) if force generation does not change in direct. 

relation to solution properties, then it may be the salts 

acting directly upon the contractile apparatus,· i.e., 

binding, that is responsible for specific ion effects. 

161 
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2) Binding of ions may possibly be determined by titration 

of myofilament charge in various major salt solutions. It 

may be possible to determine differential binding of ions by 

titration of charges upon the myofilaments, and whether 

this, in turn, relates to the force, swelling, or extraction 

capabilities of the ~nions. 

3) Repetitive contractions could be elicited to dt=termine 

whether or not Meso3- is better at maintaining a force 

generating capacity over multiple contractions than chlo~ide 

or acetate or propionate. 

4) Stiffness measurements could be ~ade in the various 

solutions, to see whether or not the different ions effect 

crossbridge kinetics according to the specific effects on 

force. 

5) myosin-ATPase rates of skinned fibers could be determined 

in various ionic solutions to de~ermine whether there are 

any ion-specific differences. Any such differences may 

relate to effects upon the structure of the myosin-ATPase 

itself. 

6) Utilizing different solutes, which do not have the same 

structural characteristics as water (ethylene glycol, 1,3-

propanediol, formamide), it would be of interest to see 

whether effects of the various ions are similar in these 
/ 



solutions as in water. If so this woulq point to a direct 

effect of ions upon the contractile proteins, e.g._, 

differential binding or adhesion of th~ ions to the 
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proteins .. If results in various solvents are not similar, 

then it may be that an indirect effect of ions on the solute 

structure is occurring, and the solvent, in turn, is 

affecting force development. At this time no erie. pas even 

been able to contract a muscle in-a non-aqueous meqium, and 

this would be a major accomplishment. 

7) Need to fully investigate protein extraction by SDS-PAGE, 

and microscopic morphology, with a number of different ions 

over a range of ionic strength. 

8) Since it may be that the most deleterious ion species to 

muscle contractility affect through binding. An attempt 

could be made to see if inorganic phosphate (Pi), known to 

play a major role in fatigue, binds to myofilaments (not 

just in the known position, but generally) . It would be of 

interest to use .a photolabile 'caged' Pi and see whether the 

fiber swells as Pi is released. 




