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ABSTRACT 

A method of rapid freezing in supercooled Freon 22 (monochlorodifluorome- 
thane) followed by cryoultramicrotomy is described and shown to yield ultrathin 
sections in which both the cellular ultrastructure and the distribution of diffusible 
ions across the cell membrane are preserved and intracellular compartmentaliza- 
tion of diffusible ions can be quantitated. Quantitative electron probe analysis 
(Shuman, H.,  A. V. Somlyo, and A. P. Somlyo. 1976. Ultramicros. 1:317-339.) 
of freeze-dried ultrathin cryo sections was found to provide a valid measure of 
the composition of cells and cellular organelles and was used to determine the 
ionic composition of the in situ terminal cisternae of the sarcoplasmic reticulum 
(SR), the distribution of C1 in skeletal muscle, and the effects of hypertonic solu- 
tions on the subcellular composition of striated muscle. 

There was no evidence of sequestered C1 in the terminal cisternae of resting 
muscles, although calcium (66 mmol/kg dry wt -+ 4.6 SE) was detected. The 
values of [C1]l determined with small (50-100 nm) diameter probes over cyto- 
plasm excluding organelles and over nuclei or terminal cisternae were not sig- 
nificantly different. Mitochondria partially excluded C1, with a cytoplasmic/ 
mitochondrial C1 ratio of 2.4 -+ 0.88 SD. 

The elemental concentrations (mmol/kg dry wt -+ SD) of muscle fibers mea- 
sured with 0.5-9-/zm diameter electron probes in normal frog striated muscle 
were: P, 302 - 4.3; S, 189 -+ 2.9; C1, 24 - 1.1; K, 404 +- 4.3, and Mg, 39 +- 2.1. 
It is concluded that: (a) in normal muscle the "excess Cl" measured with previous 
bulk chemical analyses and flux studies is not compartmentalized in the SR or in 
other cellular organelles, and (b) the cytoplasmic Cl in low [K]o solutions exceeds 
that predicted by a passive electrochemical distribution. 

Hypertonic 2.2 x NaC1, 2.5 • sucrose, or 2.2 • Na isethionate produced: (a) 
swollen vacuoles, frequently paired, adjacent to the Z lines and containing 
significantly higher than cytoplasmic concentrations of Na and Cl or S (isethion- 
ate), but no detectable Ca, and (b) granules of Ca, Mg, and P -~(6 Ca + 1 Mg)/6 
P in the longitudinal SR. It is concluded that hypertonicity produces compart- 
mentalized domains of extracellular solutes within the muscle fibers and translo- 
cates Ca into the longitudinal tubules. 
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The distribution of diffusible ions in, respectively, 
the extracellular space, cytoplasm, and cellular 
organelles, represents one of the most general 
problems of cell function. The main techniques 
available for determining the concentrations of 
ions in different compartments are the measure- 
ment of radio isotope ion fluxes in intact tissues 
and organeUe fractionation. These techniques are, 
however, subject to the respective uncertainties of 
the ultrastructural identification of kinetically de- 
fined flux compartments and the possible translo- 
cation of diffusible elements during cell fractiona- 
tion. Therefore, a method suitable for determin- 
ing quantitatively and directly the composition of 
cells and organelles is of general interest to cell 
physiology. The first, and possibly most impor- 
tant, requirement of such a method is a tissue 
preparatory technique that maintains both the in 
vivo distribution of diffusible elements and a rec- 
ognizable ultrastructural organization. The second 
requirement is that of a sufficiently sensitive physi- 
cal technique for making the necessary measure- 
ments. One of the objectives of this work is to 
demonstrate that energy-dispersive X-ray analysis 
of freeze-dried cryo sections can satisfy the above 
requirements. 

In the present study we describe a method of 
rapid freezing in supercooled Freon 22 that quan- 
titatively preserves in freeze-dried cryo sections of 
muscle both the transmembrane gradients of diffu- 
sible ions and the cellular ultrastructure. The cryo 
sections obtained with this method were suitable 
for energy-dispersive electron probe analysis in a 
transmission electron microscope. The results of 
quantitative electron probe analysis of ultrathin 
sections, with a method developed in conjunction 
with this study (83), were compared to the results 
obtained with independent techniques and shown 
to be reliable. 

We chose striated muscle as the biological sys- 
tem to study in detail, because of the wealth of 
available information about the elemental compo- 
sition of this tissue (e.g., cell K, P), on the one 
hand, and the existence of some unsettled physio- 
logical problems amenable to cryoultramicrotomy 
and quantitative electron probe analysis, on the 
other. The ultrastructure of muscle in unfixed cryo 
sections was compared to that in fixed material, to 
determine whether the triadic gap could be an 

artifact of fixation. The major biological questions 
to be dealt with are the ionic composition of the 
terminal cisternae of the sarcoplasmic reticulum 
(SR), the distribution of C! in striated muscle, and 
the possible existence of an intracellular compart- 
ment having an ionic composition similar to that of 
the extracellular space. Such a compartment has 
been suggested by previous authors on the basis of 
ion flux studies (27, 46, 60, 69, 79), the distribu- 
tion of fluorescent dyes and other markers (34), 
and the finding of fiber CI contents exceeding the 
amounts predicted by passive electrochemical dis- 
tribution (46). The apparent correspondence be- 
tween the size of this kinetically defined compart- 
ment and the size of the SR (70, 74) led to 
suggestions (46, 79) that the SR is in ionic com- 
munication with the extracellular space. This hy- 
pothesis is not in agreement with electrophysiolog- 
ical measurements (49) including measurements 
of membrane capacitance (28, 33, 36, 50), but 
received support from studies showing the swell- 
ing of the SR in muscles fixed after incubation in 
hypertonic solutions (15, 16, 53). Therefore, we 
also examined cryo sections of muscles treated 
with hypertonic solutions for evidence of compart- 
mentalized extracellular solutes. An incidental ob- 
servation of some importance to excitation-con- 
traction coupling was the finding of electron- 
opaque granules consisting of Ca, Mg, and P in the 
longitudinal SR of the muscles incubated in hyper- 
tonic solutions. Preliminary reports of some of 
these findings have been published (87, 89). 

MATERIALS AND METHODS 

Tissue Preparation 

The extensor longus digitorum IV, the musculi lum- 
bricales of the toe, and small fiber bundles from the 
semitendinosus of Rana pipiens were used. It was neces, 
sary to use muscles that were thin (to optimize freezing) 
and not longer than the diameter of the freezing micro- 
tome's chuck. Frogs were fed daily and were free from 
obvious infection. 

The composition of the frog Ringer's solution in mM 
was; NaCI, 116; CaClz, 1.2; KCI, 3.0; NaHCO3, 2.0; 
with a pH of 7.2 and osmolarity of 245 mosmol/kg H20; 
the 2.2 x hypertonic NaCI Ringer's solution had a total 
of 270 mM NaCI in the frog Ringer's solution. The 2.2 • 
hypertonic Na isethionate Ringer's was prepared by re- 
placing the NaCI in the hypertonic NaC1 Ringer's solu- 
tion with 270 mM Na isethionate. 2.5 x hypertonic 
sucrose Ringer's was prepared by adding 1.198 g of solid 
sucrose to 10 ml of frog Ringer's fluid. Unless otherwise 
stated, all solutions contained 10 -6 g/ml tetrodotoxin 
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(Sigma Chemical Co., St. Louis, Mo.) to prevent activa- 
tion. Bovine serum albumin 4% (no. 6003, Sigma 
Chemical Co.) was added during the final 15 min of 
incubation to minimize the formation of ice crystals in 
the extracellular space, unless otherwise stated. 

Muscles were stretched to 100-130% of slack length, 
their tendons tied to a stainless steel holder, and incu- 
bated in Ringer's solution from 15 to 180 min at room 
temperature. The muscle was examined under a dissect- 
ing microscope for damaged fibers just before freezing. 
Specimens with damaged fibers were discarded. After 
preincubation in normal Ringer's, for 15-150 min, some 
muscles were incubated in hypertonic NaCI, Na isethion- 
ate, or sucrose Ringer's solution for 30 min at room 
temperature. The morphology of and the ion distribution 
in muscles exposed to hypertonic solutions were similar 
regardless of the duration of preincubation in normal 
Ringer's solution, and, therefore, these results are re- 
ported together. 

A special low mass stainless steel holder (Fig. 1) was 
designed to hold the whole muscle during freezing and 
sectioning. The use of cubed tissues (23) was not suitable 
for the study of muscle, due to the movement of ions 
through cut surfaces. The configuration of the muscle 
mounted in the holder was such that there was a very 
small ( -  1 mm z) dome of muscle presenting a cutting face 
at the tip that did not require trimming. This dome 
configuration also assured that no matter how deeply 
sections were cut, the periphery of the section still in- 
cluded some of the muscle surface that was frozen at the 
fastest rate. 

Tissue Freezing and 
Cryoultramicrotomy 

The techniques previously used for cryoultramicro- 
tomy (4, 5, 10, 23) required some further modifications 
for the present study. It was obviously necessary to avoid 
the use of stabilizing agents such as glutaraldehyde and 
cryoprotectants such as glycerol or dimethylsulfoxide, 
and to analyze only sections picked up from the dry knife 
without floating them on a liquid surface that would 
permit the diffusion of ions. 

After incubation, the holders were carefully blotted 
with filter paper. The muscles were blotted at the tendon 
regions only. The holder, with the muscle cutting face 
downward, was quickly clipped into the silver wire of the 
freezing apparatus (Fig. 2), swung over the container of 
coolant and fired into 100 ml of supercooled Freon 22 
(monochlorodifluoromethane) with an air gun operated 
at a velocity of 60 cm/s. The time from removal from the 
Ringer's to freezing was -15  s. The Freon 22 was 
vigorously stirred with a magnetic stirrer and cooled in a 
styrofoam container of liquid nitrogen. The temperature 
was monitored with a thermistor and tissues were frozen 
at -164 -+ 2~ above the solidification temperature of 
- 175~ Upon solidification of the Freon 22 the temper- 
ature rose to the normal freezing point of -160~ 
Vigorous stirring is required for supercooling Freon (a 
chance observation) and for maintaining a uniform tem- 
perature in the coolant. The supercooled Freon 22 was 
found to yield superior freezing to a liquid N2 slush 
produced by cooling liquid N2 through vacuum pumping 
a surrounding container of liquid N2 (boiling point, 
-196~ freezing point, -210~ as judged by the 
number of ice crystal-free sections obtained. Preserva- 
tion of ice crystal-free structures at the electron micro- 
scope level requires freezing rates of > 5,000 ~ 10,000~ 
s. (5, 19, 23, 42, 71, 77). 

The LKB cryoultramicrotome (LKB Produkter, 
Bromma, Sweden) was modified so that the ambient 
temperature in the cryo chamber was -130~ A similar 
modification was reported while this work was in prog- 
ress (30). The liquid N2 normally pumped into the knife 
holder was directed into a large foil trough of about 7 x 
3 inches at one end of the chamber. The entire chamber 
was insulated with styrofoam. The knife was maintained 
at -100~ and the specimen at - l l 0 ~  Glass knives 
were used for the majority of the experiments, and a 
fresh area of the knife edge had to be used about every 
five sections because the knives became dull very quickly 
when cutting frozen tissues. Diamond knives were used 
occasionally and it is our impression that they are more 
suitable for cutting thinner sections. Section thickness 
was difficult to control due to minor instabilities of the 
advance mechanism of the microtome, and ranged from 

FIGURE 1 Low-mass stainless-steel-mesh muscle holder shown with a toe muscle mounted. In 1 a, the 
holder is mounted in the microtome chuck. The portion of the muscle (dotted line) on the top of the domed 
holder, as seen in the side view of Fig. 1 b, serves as the cutting face. 

FIGURE 2 Freezing apparatus. The air gun A operated at 80 lbs/inch 2 shoots the muscle and stainless- 
steel mesh holder, clipped to the silver wire (arrow) into the Freon 22. N, compressed gas line. S, solenoid. 
F, styrofoam cup holding a beaker with 100 ml of Freon 22 immersed in liquid N2. M, magnetic stirrer. 
Double arrow, thermistor immersed in Freon 22. 

FIGURE 3 Frozen-dried section of unfixed normal frog toe muscle showing A band, 1 band, Z, and M 
lines. Note knife marks and fine compression lines at right angles to the knife marks. Unstained. Bar, 1 
/.~m. x 22,500. 
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900 to 2,000 /~ as judged by the gray-to-blue interfer- 
ence colors. The thinner, more electron-lucent sections 
were used for imaging and analyzing terminal cisternae. 
The dry sections were picked up with chilled orange stick 
splinters from the knife edge through the opening on the 
top of the cryokit and placed on the grids. Copper grids 
were held on a small silver tray molded to fit over the 
knife holder. Carbon-coated Formvar films on copper or 
nylon grids were used in the earlier part of this study, but 
the image resolution of the sections was much improved 
in later experiments with the use of carbon support films, 
prepared by evaporating carbon onto freshly-split mica, 
floating the carbon film onto a water surface, and subse- 
quently submerging the Cu grid and picking up the C 
film. After drying, the grids with carbon films were glow- 
discharged. The sections were sandwiched between two 
of the carbon film-covered copper grids and stamped 
with a liquid N2-chilled, polished brass rod. Breaks in the 
film were common, possibly caused by the stamping. 
These breaks frequently exposed sufficiently large areas 
of muscle suitable for analysis without an underlying 
film, but still stable under the beam. The silver tray with 
the grids was transferred to a liquid N2-chilled brass cup 
covered with a heavy brass lid and transported in liquid 
N2 to the Denton vacuum evaporator (Denton Vacuum 
Inc., Cherry Hill, N. J.) where the grids were frozen- 
dried by pumping at 10-5-10 7 Torr overnight. Within 
25 min the temperature of the brass cup was -80~  and 
the vacuum was 5.5 • 10 6 Torr. The saturation vapor 
pressure of ice at -80~  is - 1  • 10 -4 Tort ,  and ice 
sublimation from a 100-nm section occurs in about 10 s 
(78). Grids were carbon-coated and stored in a desicca- 
tor. One grid from each experiment was stained with 
osmium vapor in vacuo for 10 min to enhance contrast. 

Electron Probe X-Ray  Analysis 

The principles of electron probe analysis have been 
discussed in detail by Hall (45), and several biological 
applications of the method have been reported (5, 24- 
26, 29, 41, 44, 54, 64, 65, 76, 88, 90, 91). 

We used a Philips EM 301 transmission electron mi- 
croscope having a goniometer stage modified to accept a 
30 mm 2 (20 ~ specimen-to-detector angle, 0.067 steradi- 
ans solid angle, 160 eV resolution) Kevex Si(Li) X-ray 
detector (Kevex Corp., Burlingame, Calif.) interfaced 
with a Kevex 5100 multichannel analyzer and a Tracor 
Northern NS 880 computer and TN 1000 magnetic tape 
recorder (Tracor Northern, Middleton, Wis.). A modi- 
fied Philips liquid nitrogen-cooled holder, operated at 
- 1 0 0  ~ to -110~ was used to minimize contamination 
and mass loss. The detailed characteristics of tlae system 
have been described previously (83). 

The X-ray spectrum obtained in a transmission elec- 
tron optical column from a thin section includes the 
characteristic peaks due to elements Z > 11 present in 
the specimen and the associated continuum largely aris- 
ing from the organic matrix. It also contains instrumental 
peaks (the largest one being the Cu signal K~ = 8.047 

keV) from the specimen grid and holder, with an associ- 
ated extraneous continuum, and low-energy noise proba- 
bly due to electrons reaching the detector. These extra- 
neous signals and the associated continuum can be mea- 
sured by collecting the spectrum generated with the 
beam passing through an empty grid hole, and are sub- 
tracted by the computer routine as is the low-energy 
noise level (83). The presence of a variable, but fre- 
quently large, Si peak can be due to contamination from 
pump oils and vacuum seals used in the electron micro- 
scope and vacuum evaporator, and signal originating 
from the dead layer of the detector. Therefore, no infer- 
ence should be drawn regarding the biological occur- 
rence of silicon from the present study. 

The measurement of elemental concentrations is 
based on the fact, pointed out by Hall (45), that for 
elements of atomic number Z >- 11-20 in concentrations 
of <1 M/kg, the characteristic peak/X-ray continuum 
ratio is linearly related to the concentration/dry mass 
ratio. The peak counts in the unknown peak and its error 
of measurement are computed together with the counts 
in a continuum band (1.34-1.64 keV) that has the small- 
est relative error in specimens that do not contain alumi- 
num (in view of the A1 K lines at 1.3-1.5 keV). The 
peak/continuum ratio is obtained and is converted to an 
elemental concentration by using a proportionality con- 
stant obtained from linear calibration curves of stan- 
dards. 

The basic equation for quantitation is: 

Cx = ~ • Wx, 

where C~. is the concentration of element x, I~ is the 
number of characteristic peak counts for that element, Ib 
is the number of continuum counts, and W~ is a quantita- 
tion parameter relating concentration to peak/back- 
ground ratio and is obtained from standards. Wx includes 
the effects of ionization cross sections, fluorescence 
yield, and detector efficiency for each specific element. 
As an example, the ratio of the characteristic potassium 
peak to the continuum counts IK/I b in the center panel of 
Fig. 17 is 12,359/2,631 = 4.6957 and WK is 105.7 (83); 
therefore, the K concentration (CK) is 496 mM/kg dry 
wt. A detailed description and validation of quantitative 
electron probe analysis of thin sections, with an accuracy 
of - 1 0 % ,  has been published elsewhere (83, 84). 

The minimal detectable concentration of potassium, 
with our instrumentation, is 10 mM/kg dry wt in a 100- 
nm section during a 100-s count at 1,000 cps (83, 84). 
The minimal detectable concentration of C1 is similar to 
that of K; however, the detectability of Na is worse by a 
factor of ~5.9  (see Discussion). Therefore, the Na con- 
centrations measured with small spots are subject to 
rather large errors. 

The probe currents used ranged from 0.4 nA to 3.5 
nA, and the probe diameters from ~50 nm to 14,000 
nm. The larger (0.5-1.4/~m) probes were used to deter- 
mine the "bulk" fiber concentrations reported in Tables 
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I, II, and IV. For comparison of terminal cisternae and 
mitochondria with the adjacent cytoplasmic regions, 
paired analyses were done in every case with identical 
probe parameters (current, spot diameter, and analysis 
time). Small probes ( - 5 0 - 2 0 0  nm, sufficient only to 
cover the organdie analyzed) were used for this purpose. 
This procedure allowed a comparison of the absolute 
number of counts in a given peak (proportional to the 
mass of that element in the volume analyzed) in addition 
to the concentrations measured through the charac- 
teristic peak/X-ray continuum ratio. The contents of the 
broken vacuoles or "holes" (see Results) were analyzed 
by placing (50-100 nm) probes on the edges or the 
strands running across the holes. All small spot analyses 
were done at -100~  to avoid contamination that would 
contribute to the X-ray continuum. The cold holder 
drifts about 10 /k/s, thus, with small spot analysis at 
low temperature it was necessary to interrupt the analysis 
every 25-50 s to check the position of the structure 
under analysis. Spectra from four to six 100-s counts 
over terminal cisternae or cytoplasm were summed. This 
approach also allowed us to reduce the radiation dose 
delivered with small probes to - 5 0 0  coulomb/em 2. The 
dose delivered with a 4-/~m probe in 300 s is - 1 5  
coulomb/cm 2. Both values are within the range tolerated 
with < I 5 %  mass loss (83, 84). 

Osmium vapor staining in vacuo of frozen-dried sec- 
tions contributes substantially to the X-ray continuum as 
well as giving the characteristic osmium lines. Because 
the presence of osmium increases the error in quantita- 
tion (83), unstained sections were used for all the quanti- 
tative analyses. Electron micrographs of osmium vapor- 
stained sections are used for optimal illustration of mor- 
phology. Occasionally, qualitative analyses were done on 
osmium-stained material. 

Statistical Treatment o f  the Data 

Variations of elemental concentration in biological 
material as measured by quantitative energy dispersive 
X-ray analysis are due to two sources: real cell-to-cell or 
intracellular variations and random fluctuations in X-ray 
production and detection, as determined by poisson sta- 
tistics. Since the statistical properties of energy dispersive 
analysis are known, the two types of variations can be, to 
some extent, identified (83). 

For each individual measurement (each spectrum) the 
random error of peak counts and continuum counts can 
be estimated. The concentrations in Tables I and V are 
shown with the individual standard deviations, predicted 
from these random errors. Because the peaks are nor- 
mally superimposed on a statistically noisy background, 
it is possible to have a nonzero standard deviation even 
when that element is absent from the specimen. It is also 
possible for the noisy background to make it appear as 
though a small negative peak were present. The negative 
concentrations do not have biological significance. 

In analyses of regions that have very little dry mass, 
such as areas of the extracellular space devoid of connec- 

tive tissues, it is possible to have large standard devia- 
tions (e.g., 50%) of the concentrations even though the 
elemental peaks are very large and accurately measured. 
In this case, the relatively large standard deviation of the 
concentration is due to the low number of counts in the 
continuum region with its large relative error. Therefore, 
the certainty of the element being present is much 
greater than the certainty of its concentration. When 
comparing extracellular spaces that generate low contin- 
uum counts or two areas that may have had very differ- 
ent degrees of hydration, it is useful to compare the 
actual peak counts (using identical probe parameters and 
counting times) as well as the concentrations. This was 
done in the present study for the paired analyses of 
mitochondria-adjacent cytoplasm, nuclei-cytoplasm, and 
vacuoles-cytoplasm. 

The standard deviations of the individual measure- 
ments can be improved by increasing the number of 
counts in a given peak. This is accomplished by increas- 
ing the counting time, increasing the probe current in the 
microvolume analyzed, or increasing the absolute 
amount of elements (such as by increasing section thick- 
ness) in the volume irradiated. 

Because the precision of the individual concentration 
measurements varies, mainly due to differences in speci- 
men thickness and counting time, the average concentra- 
tion over different fibers must be a weighted average 
(11). The weighted mean /z  is given by: 

~.(x,l~?) 
p-=  ~1/O.t 2 , (1) 

where x~ is the concentration (or peak counts), and tr~ 2 is 
the predicted variance of each measurement. 

The standard error of the mean (SEM) and the stan- 
dard deviation of the fit S(SD) are the square roots of the 
respective variances o-~ 2 and S ~ (11). 

The X 2 value is used to determine whether fiber-to- 
fiber (or muscle-to-muscle) variations could be explained 
on the basis of measurement errors. The "chi-squared" 
test compares the variance of the mean, cru 2, to the 
variance of the fit, S 2, where 

o'~ 2 = 1/~s (1/o'~2). (2) 

The X 2 is defined to be: 

X 2 = lf,(,yi - l.Q2/o'i ~, (3) 

and the reduced X, z is given by 

Xz S~ (4) 
X v2 p No'u 2 ' 

where v = N- l ,  the number of degrees of freedom, N is 
the number of measurements (11). If X~ 2 = 1, then the 
variations in the measurements are entirely due to ran- 
dom errors. 

The probability values P shown in Table II give the 
probability that a random sample of elemental concert- 
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trations would yield a value of X 2 as large as or larger 
than that observed if the parent distribution were equal 
to the assumed distribution. A small P value, therefore, 
suggests variations greater than those that can be ac- 
counted for by errors in measurement. 

RESULTS 

Morphology of Normal Muscle 

Whole sections free of ice crystal damage at 
magnifications of about 20,000 could be obtained 
with our freezing method to a tissue depth of 
about 5-10/zm. At greater depths the section had 
a "vitreous" periphery with ice crystals of increas- 
ing size appearing towards the center of the sec- 
tion. Vitreous freezing generally permitted better 
visualization of the fine structure at high resolu- 
tion, although the contrast of the sarcomere pat- 
tern was enhanced in some sections showing fine 
( -50 -100  A) ice crystal formation. A bands, I 
bands, and Z and M lines were well defined in 
unstained sections (Figs. 3, 4, and 18). Fine 
compression lines at right angles to the knife 
marks were frequently present (Fig. 3). The pres- 
ence of knife marks on the frozen-dried sections 
(Figs. 3, 4, and 11) indicated that it was unlikely 
that any melting had taken place during the proce- 
dures after sectioning. There was sufficient mass 
contrast even in some of the unstained sections to 
discern fine structure, and occasionally mitochon- 
drial cristae could be visualized. Exposure of the 
sections to osmium vapor in vacuo naturally en- 
hanced the contrast of membranes and filaments. 

The junctional gap, traversed by periodic foot 
processes, between the junctional T tubule and 
the junctional SR has been described in fixed 
material (38, 74) similar to that shown in Fig. 5. 
The junctional gap in unfixed cryo sections pre- 
pared without cryoprotectants is illustrated in 
Figs. 6-8. The T tubule has a flattened oval shape 
in cross section (Fig. 8), similar to that found in 
fixed sections, and there is a junctional gap that in 
cryo sections measures 8-14 nm. In the unfixed 
material, as shown in Fig. 6, periodic structures 
suggestive of foot processes can also be seen. 
Examples of osmium-stained terminal cisternae 
and longitudinal SR including the fenestrated col- 
lar are illustrated in Figs. 9 and 10. 

Morphology of Muscles Incubated in 
Hypertonic Solutions 

The proportion of sections free of ice crystal 
damage was greater in muscles that were incu- 

bated in hypertonic solutions than in normal mus- 
cles, because of the reduction in cell water content 
by hypertonicity. 

In muscles incubated in hypertonic solutions 
(NaC1, sucrose, or isethionate), there were oval, 
membrane-bounded structures adjacent to the Z 
lines and with their long axis parallel to the fiber 
axis (Figs. 11 and 14). These structures, hereto- 
fore referred to as vacuoles, were frequently 
paired and were present in locations normally oc- 
cupied by the terminal cisternae. However, the 
vacuoles were wider and longer (Fig. 12) than the 
comma-like terminal cisternae of the normal mus- 
cles (Figs. 5 and 6). Some of the vacuoles, paired 
and unpaired, were broken ("holes") and their 
contents collapsed on the edge or in strands across 
the electron-lucent structures. The breaks in the 
vacuoles were more frequent and larger where a 
knife mark was running along the Z line. The 
vacuoles (broken and unbroken) contained NaCI 
(see the section on Electron Probe Analysis). The 
membrane surrounding the vacuoles was some- 
times adjacent to the longitudinal SR (Fig. 12), 
but there was no evidence of vacuolation (swell- 
ing) of the longitudinal reticulum or of the fenes- 
trated collar. 

Muscles incubated in 2.5 x hypertonic sucrose 
solutions also showed, in addition to the vacuoles 
along the Z lines (Figs. 13 and 14), a "bubbled" 
appearance of both the extracellular space and the 
vacuoles (Figs. 13 and 14). Sucrose is subject to 
- 5 0 %  mass loss under the electron beam (83), 
and the bubbled appearance is indicative of su- 
crose in these regions. 

Electron-opaque granules were found in the 
longitudinal (Fig. 16) and the fenestrated SR tu- 
bules in every fiber treated with hypertonic NaC1, 
sucrose, or Na isethionate, and were more fre- 
quent in the hypertonic sucrose than in the NaCI 
solution. The composition of the granules is de- 
scribed below. 

Electron Probe Analysis of  
Normal Muscles 

The ionic concentrations measured in 34 fibers 
from five frogs with probe diameters ranging from 
0.5 to 9.0/~m are shown in Table I and summa- 
rized in Table II. Each concentration in Table I 
represents one analysis with its SD. An analysis of 
variance of the P, S, C1, K, and Mg concentrations 
of the 34 fibers shows that the estimated variance 
of mean concentrations between frogs is signifi- 
cantly larger than the estimated variance within 
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FIGURE 4 LOw magnification view of a frozen-dried section of two frog toe muscle fibers. Some regions 
are out of focus because the section does not lie flat on the grid. Unstained. x 7,500. 
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frogs. The X~ ~ values for P, S, C1, and K concen- 
trations measured in all the muscles give probabil- 
ity values of <0.001, indicating that it is highly 
unlikely that these differences in ion concentra- 
tions measured on a dry weight basis in different 
frogs were due to the statistical error in measure- 
ment. In the case of the Mg, there is a 50% 
probability that the variations were within the 
range of measurement statistics. 

X~ 2 analyses of the fiber elemental concentra- 
tions within one muscle, shown in Table II (col- 
umn 5), in general have high P values, indicating 
that the variations in elemental concentrations in 
different fibers of a single muscle are within the 
range of measurement statistics. There were three 
exceptions: the K in frogs B and C and the P in 
frog C. Fiber 9 from frog C shown in Table I has 
the lowest K and its P is also the lowest for that 
frog. The fiber with the highest K (fiber 1) also has 
the highest P. Fiber 9 has 36% less P and 40% less 
K than fiber 1. The C1 in these two fibers could 
also differ by the same magnitude considering 
their standard deviations, although the P value for 
the X~ 2 of the C1 of frog C is 0.5. 

The concentrations measured over different 
areas of cytoplasm of the same fiber, including 
analyses done within 500 nm of the cell mem- 
brane, were within the limits of variation due to 
count statistics (Fig. 17). Analysis of the extracel- 
lular space within 500 nm of a fiber showed no 
indication of K "spilled" from the fiber. These 
very sharp boundaries of ions across the cell 
membranes indicate that the normal ion distribu- 
tion was preserved by the freezing techniques. 
Sharp ionic gradients across membranes at 100 nm 
spatial resolution are also demonstrated in Table 
V and Fig. 15 from a muscle exposed to hyper- 
tonic sucrose (to be discussed later). 

In muscles incubated in normal Ringer's solu- 
tion, analyses of fourteen mitochondria (from six 

frogs) showed no evidence of C1 accumulation in 
these organelles. The K/C1 ratios obtained in 
paired analyses over mitochondria and adjacent 
cytoplasm were, respectively, 20.2 and 11.7; P < 
0.001. The K cytoplasm/K mitochondria ratio was 
1.4 -+ 0.4 SD and the C1 cytoplasm/Cl mitochon- 
dria ratio was 2.4 --- 0.8 SD. Because the values 
expressed as concentrations are based on dry 
weight and because the relative dry masses of the 
mitochondria and cytoplasm differ, the data were 
also evaluated in terms of the total number of 
characteristic counts collected in paired analyses, 
using identical probe parameters, with the follow- 
ing results: the ratio of K counts cytoplasm/K 
counts mitochondria = 1.0 - 0.3 SD, and the 
ratio of C1 counts cytoplasm/Ci counts mitochon- 
dria = 1.9 -+ 0.7 SD. These results indicate a 
relative exclusion of CI by the mitochondria. The 
ratio of mitochondrial phosphorus to cytoplasmic 
phosphorus was always >1. 

The mean ratio of K counts cytoplasm/K counts 
in five nuclei (from five frogs) was 0.9 -+ 0.2 SD. 
The ratio of C1 counts cytoplasm/C1 counts nuclei 
was 1.4 --- 0.5 SD, thus also ruling out the nuclei 
as sites of C1 compartmentalization. While the 
mean Na concentrations/dry wt did not differ over 
the cytoplasm, mitochondria and nuclei, the stan- 
dard deviations for Na were up to 50 mmol/kg dry 
wt. 

Paired analyses of terminal cisternae and adja- 
cent cytoplasm are given in Table 1II, and an 
example is shown in Fig. 18. Representative spec- 
tra are shown in Fig. 19. To minimize inclusion of 
cytoplasm in the microvolumes of terminal cister- 
nae analyzed, the probe diameters used for the 
analyses were - 5 0  nm. The mean Ca concentra- 
tion detected over the terminal cisternae was 66 
mmol/kg dry wt. -+ 4.6 SEM. The slightly higher 
Na and CI concentrations over the terminal cister- 
nae than over the cytoplasm are within statistical 

FI6UaE 5 Longitudinal section of frog toe muscle showing terminal cisterna, foot processes, and T 
tubule. Glutaraldehyde-, osmium-fixed, stained, and embedded. • 75,000. 

FIGURE 6 Unfixed frozen-dried section showing T tubule, junctional gap, and foot processes (bars). 
Osmium vapor stained. • 108,000. 

FmURE 7 Unfixed frozen-dried section showing a "face view" of the T tubule (arrow) with paired 
terminal cisternae, longitudinal SR, fenestrated collar and mitochondrion (M). Note the T tubule-SR gap. 
Osmium vapor stained, x 60,000. 

FmtrRE 8 Unfixed frozen-dried thin section of frog toe muscle showing the T tubule (arrow), T tubule- 
SR gap, and terminal cisterna. • 66,000. 
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FIGURES 9 and 10 Longitudinal frozen-dried sections of frog toe muscle showing well stained terminal 
cisternae, mitochondria (m), and fenestrated collar (arrow). Osmium vapor stained, x 39,000. 
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Fmut~ 11 Frozen-dried section of frog semitendenosus muscle incubated in 2.2 x hypertonic NaCI 
solution for 30 min. Frequent paired vacuoles occur along the Z line. Ca granules (arrows) are shown in the 
longitudinal SR. Osmium vapor stained, x 18,000. 
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FIGURE 12 High magni••ati•n view •f sw•••en (arr•ws) and vacu••ated structures after incubati•n in 2.2 
• hypertonic NaCl solution. Osmium vapor stained. • 66,000. 

FIGURE 13 Frozen-dried section of frog toe muscle after incubation in 2.5 x hypertonic sucrose solution. 
Paired vacuoles indicated by arrows. Osmium vapor stained, x 23,000. 
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FIGURE 14 Frozen-dried section of frog toe muscle after incubation in 2.5 • hypertonic sucrose solution. 
Note the typical "bubbled effect" of the sucrose in the extracellular space (ecs) and in the oval structures at 
Z line. • 30,000. 

FIGURE 15 A portion of a fiber and adjacent extracellular space (E.C.S.) from a frozen-dried section of 
a frog toe muscle after incubation in 2.5 x hypertonic sucrose solution. The dark bands are due to 
compression of the section. Areas of analyses are indicated and the elemental concentrations are shown in 
Table V. The micrograph was taken after analyses nos. 1 and 2, and the areas of mass loss show the 
location and area analyzed. • 30,000. 

error.  The  phosphorus  concent ra t ion  was higher  

over the  terminal  cisternae than  over  the adjacent  

cytoplasm.  This  was probably due  to the phospho-  

lipid content  of  the SR m e m b r a n e ,  a l though the 

possibility of  some  of the P being associated with 

Ca cannot  be ruled out .  
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FIGURE 16 High magnification view of a muscle incubated in 2.5 • hypertonic sucrose illustrating the 
granules occurring in muscles incubated in hypertonic solutions. Osmium vapor stained. • 39,000. 

Electron Probe Analysis of Muscles 
Incubated in Hypertonic 270 mM 
NaCI Solutions 

The results of 60 large-spot ( 0 . 5 - 1 4 / z m  diam) 
analyses of 16 fibers from four toe muscles and 
one semitendinosus muscle are summarized in Ta- 
ble IV. The variation of cytoplasmic Na and C1 
within fibers depended on the number of vacuoles 
included in the area analyzed. This was most evi- 
dent where paired vacuoles were seen along the Z 
lines. For example,  analysis of three vacuolated 
areas and three areas excluding the obvious vacu- 
oles in the same fiber showed K/C1 ratios of, 
respectively, 6.7, 5.8, and 14.9; and 17.1, 20.0, 
and 25.0. 

In 75 paired small-probe analyses of 14 fibers 
from five frog muscles incubated in 2.2 • hyper- 
tonic NaC1, the K/CI ratio over the vacuoles (3.7 
- 2.6) was significantly lower (P  < 0.001) than 
over the cytoplasm (15.8 --- 5.5). Representative 
X-ray spectra are shown in Fig. 20. 

The marked differences in the K/C1 ratios over 
the two areas could be due to an increased C1 and/ 
or a decreased K in the vacuoles. The X-ray con- 

tinuum, representative of dry mass, may also be 
different in the two regions. For  example,  if the 
swollen structures were much more aqueous than 
the surrounding cytoplasm, the mM/kg dry wt 
concentrations would be appropriately increased 
and the comparison of the two regions on the basis 
of concentrations/dry weight would not be mean- 
ingful. These effects can be eliminated by compar- 
ing the absolute number of X-ray counts gener- 
ated in a particular peak for identical counting 
time, probe size, and current. Under  these condi- 
tions, the counts obtained are proportional to the 
absolute amounts of the respective elements con- 
tained in the microvolume analyzed. Using this 
approach in 33 paired analyses over  vacuoles and 
adjacent cytoplasm, the means and SEM for Na I 
and C1 counts over  the vacuoles were 657 --- 98 
and 1,446 --- 33 and over the cytoplasm they were 
334 - 47, and 384 --- 57 (P  < 0.001). Thus, the 

1 The Na counts detected are lower by a factor of 5.6 
than the CI counts obtained from an equimolar (NaC1) 
mixture, due to different absorption in the beryllium 
window of the Si(Li) detector, the X-ray cross section, 
and fluorescence yield (83). 
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TABLE I 

N o r m a l  Fiber  Elemental  Concentrations 

Area an- 
Fiber alyzed 

Frog Date no. (diam) P S CI K Mg Na 

tam mmol/kg dry wt +- SD 

A 2/13/76 1 3.0 365 • 81 152 • 40 46 • 20 413 • 86 68 • 37 
2 3.0 312 • 30 113 • 14 83 • 11 383 • 33 49 • 16 
3 3.0 293 • 30 129 • 17 42 • 9 367 • 33 54 • 17 
4 0.5 336 • 49 148 • 26 53 -+ 15 415 • 55 33 • 24 

B 2/9/76 

C 4/9/76 

D 5/21/76 

E 5/11/76 

128 • 82 

123 • 35 
97 • 34 

126 • 58 

1 3.5 275 • 19 209 • 15 18 • 5 392 • 23 42 • 11 44 • 19 
2 6.0 264 • 22 204 • 17 11 • 5 340 • 24 53 • 13 62 • 23 
3 3.5 235 • 20 201 • 17 1 9 •  6 208 • 16 44 • 13 46 • 16 
4 3.5 359 • 41 240 • 29 19 • 9 431 • 46 82 • 23 114 • 53 
5 2.3 239 • 21 205 • 18 14 • 6 337 • 25 59 • 14 35 • 26 
6 1.0 325 • 20 178 • 13 14 • 4 345 • 20 38 • 10 43 • 19 
7 2.0 238 • 19 200 • 16 7 • 5 356 • 23 51 • 12 8 4 •  26 
8 3.0 277 • 17 217 • 15 16 • 5 417 • 24 46 • 10 82 • 22 
9 3.0 299 • 18 217 • 14 14 • 4 403 • 22 53 • 10 75 • 20 

1 4.0 394 • 34 144 • 12 25 • 8 533 •  45 • 14 47 • 32 
2 6.0 324 • 14 177 • 8 18 • 3 453 • 16 37 • 6 2 9 •  14 
3 6.0 291 • 18 191 • 13 16 • 5 385 • 20 36 • 9 18 • 20 
4 6.0 344 • 25 223 • 18 27 • 7 473 • 12 46 • 11 56 • 27 
5 6.0 352 • 43 246 • 32 27 • 12 482 • 51 55 • 20 45 • 52 
6 5.0 287 • 25 201 • 19 33 • 8 413 • 13 40 • 13 67 • 31 
7 6.0 302 • 38 186 • 26 33 • 12 454 • 47 21 • 17 48 • 47 
8 6.0 372 • 30 272 • 30 1 9 •  7 394 • 29 29 • 12 36 • 32 
9 6.0 251 • 21 201 • 17 28 • 7 321 • 22 30 • 11 31 • 25 

10 4.5 2 5 4 •  27 255 • 26 23 • 9 337 • 30 9 • 15 0 • 32 
11 4.0 328 • 32 173 • 20 11 • 7 456 • 40 71 • 18 82 • 35 

1 6.0 307 • 23 195 • 17 71 • 10 454 • 29 38 • 12 13 • 25 
2 9.0 276 • 25 201 • 19 51 • 9 414 • 30 19 • 12 0 • 27 
3 4.0 295 • 36 266 • 32 80 • 16 451 • 44 32 • 17 0 • 38 
4 4.0 295 • 46 229 • 37 116 • 24 480 • 61 29 • 22 21 • 52 
5 5.0 319 • 28 143 • 17 109 • 14 460 • 34 28 • 13 13 • 33 
6 6.0 306 • 41 236 • 33 75 • 18 428 • 49 29 • 20 33 • 53 

1 5.0 357 • 34 162 • 20 69 • 12 557 • 44 19 • 14 13 • 33 
2 2.0 446 • 31 219 • 18 72 • 9 637 • 38 27 • 11 3 • 22 
3 2.0 465 • 33 210 • 19 84 • 11 592 • 38 48 • 13 11 • 24 
4 2.0 430 • 32 214 • 19 77 • 10 606 • 39 27 • 12 34 • 25 

Normal cytoplasmic elemental concentrations of 34 fibers from four frog toe muscles and one frog semitendinosus 
muscle (D). Muscles from frogs A, B, and D had 4% bovine serum albumin added to the Ringer's solution. All 
muscles were exposed to 10 -8 M qTX. Each concentration represents one analysis with its standard deviation. For a 
discussion of the SD, see Materials and Methods (statistics section). 

abso lu te  a m o u n t s  of  Na and  C! con ta ined  in the 

vacuoles  were  significantly g rea te r  than in the 

same  vo lume  of  cy toplasm.  The  analyses  of  the 

con ten t s  adher ing  to the  edge of  b roken  vacuoles  

p robab ly  included a small vo l um e  of  adjacent  cy- 

top lasm.  

The  vacuoles  in muscles  t rea ted  with hyper ton ic  

NaCi ,  with one  except ion ,  did not  contain  detecta-  

ble concen t ra t ions  of  s eques t e r ed  calcium. The  

minimal  detectable  concent ra t ion  of  Ca with the 

p robe  p a r a m e t e r s  used was  15 mmol /kg .  Ca gran-  

ules were  f requent ly  found  in the longi tudinal  SR 

of  these  muscles  t rea ted  with hyper ton ic  so lu t ions  

(see be low) .  
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TABLE II 

Summary of Elemental Analysis of Normal Muscles 

Analysis of vari- 
No. of fi- Grand weighted ~ -+ SEM -+ ance P value of 

Element Frog bers Weighted ~ - SEM P value for X~zr SD* P value for X~=w F ratio 

P A 4 311 • 18.9 0.8 '~ 
! B 9 273 • 6.7 0.01 

C 11 310 • 7.2 0.001 x. 302 • 4.3 • 51.3 <0.001 <0.001 
D 6 299 • 12.3 0.9 

) E 4 426 • 16.0 0.1 

CI 

K 

Mg 

A 4 125 • 9.6 0.6 "~ 
B 9 204 --- 5.3 0.5 
C 11 187 --- 4.7 0.01 / 
D 6 192 --- 9.0 0.01 

) E 4 202 • 9.5 0.1 

A 4 56 • 6.0 0.05 "~ 
B 9 14 • 1.6 0.8 
C 11 21 -+ 1.9 0.5 
D 6 73 --- 5.3 0.01 
E 4 75 • 5.2 0.8 

A 4 383 • 20.8 0.9 "~ 
! B 9 336 - 7.5 <0.001 

C 11 427 --- 6.2 <0.001,)  
D 6 444 • 15.1 0.9 

) E 4 600 • 20 0.6 

A 4 49 --- 10.0 0.8 
B 9 48 --- 3.9 0.8 
C 11 37 --- 3.4 0.4 
D 6 29 - 6.0 0.9 
E 4 30 - 6.2 0.4 

189 • 2.9 --- 33.4 <0.001 <0.05 

24 _ 1.1 --- 20.1 <0.001 <0.001 

404 - 4.3 --- 84.5 <0.001 <0.001 

39 -+ 2.1 -+ 12.3 >0.5 <0.01 

Summary of elemental analyses of the normal muscles shown in Table I. 
* Formulae for weighted mean, SEM. and SD are given in Materials and Methods (statistics section). 
:~ X~ ~ reduced chi square P values of the distribution of the concentrations measured within one muscle. 
w X~ z reduced chi square P values of the distribution of the concentrations measured in all the muscles. 

Electron Probe Analysis o f  Muscles 

Incubated in Hypertonic 350 m M  

Sucrose Solution 

Large-spot  analysis of muscles t reated with hy- 
pertonic sucrose solution gave the following 
weighted mean  concentra t ion  for nine fibers from 
winter frogs (mmol /kg  dry wt --- SEM):  Na,  131 -4- 
12 ;P ,  3 9 2 _  1 1 ; S , 2 3 6 - - - 7 ; C I , 2 3 + - 2 ; K , 4 4 0 - +  
12; Mg, 71 --- 6; and for 10 fibers from summer  
frogs: Na,  48 --- 9; P, 467 -+ 10; S, 239 --- 5; CI, 18 
--- 2; K, 580 +- 10; Mg, 50 --- 4. In six fibers in one 
of the above muscles not included in the mean  
values given above,  the K concentra t ions  were low 
(167-317  mmol/kg dry wt) and  the Na concentra-  
tions were high (148-228  mmol /kg  dry wt). The  

C1 concentra t ions  (13 -34  mmol /kg  dry wt) were 
within normal  limits. It is possible that  the high Na 
in these fibers was related to the occasional depo- 
larizing effect of hyper tonic  solutions observed by 
others  (9). 

The  K/CI ratios in paired analysis of 24 vacuoles 
and adjacent  cytoplasm were,  respectively, 4.8 +- 
1.1 SE and 28.4 • 5.3 SEM,  P < 0 .001.  The  
NaC1 rat io in the same paired analyses was 2.0 
over  the vacuoles and 5.6 over  the cytoplasm. 
Using the same probe  current  and  microvolume 
analyzed, the absolute  n u m b e r  of C1 counts  over  
the vacuoles was significantly greater  ( P  < 0.01) 
than over  the cytoplasm. These  findings show that  
the C1 concentra t ion  was higher  in the vacuoles 
than in the cytoplasm, and that  this difference in 
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FIOURE 17 X-ray spectra and elemental concentrations from two areas of the same fiber and the 
adjacent extracellular space. 

concentrations was not due merely to variations 
in the relative dry mass of the two regions. 

An example of analysis of a muscle incubated in 
hypertonic sucrose solution is shown in Table V 
and Fig. 15 and also illustrates the sharp ionic 
gradients across membranes at 100 nm spatial 

resolution. The Cl, as well as the absolute number  
of CI counts, was significantly higher and the K 
and K counts were lower in the lumen of the six 
vacuoles analyzed than over  the adjacent cyto- 
plasm. Analysis of the lumen of the oval structure 
labeled 1 showed (mmol/kg dry wt -+ SD) 122 -+ 
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Fmva~ 18 Frozen-dried section of normal frog toe muscle. Analyses were done using 50 nm probe sizes 
at the regions indicated by arrows. The large standard deviations shown below reflect the short counting 
times (100 s). Four to six analyses of this type were summed for use in Table III. Unstained. x 30,000. 
Elemental concentrations (mmol/kg dry wt • SD) of the areas numbered l through 4: 

no. P K CI Ca Mg 

1 582 • 148 589 • 161 49 • 39 0 • 26 21 • 51 
2 949 • 289 587 • 186 37 • 41 375 • 130 71 • 75 
3 562 • 168 497 • 143 24 • 33 101 • 52 38 • 56 
4 376 • 103 498 • 117 30 • 29 0 • 20 32 • 44. 

30 C1 and 59 - 18 K, while the cytoplasm at about 
200 nm distance away contained 6 -_+ 13 C1 and 
428 - 62 K. Comparison of areas 1 and 4 sepa- 
rated by - 1 0 0  nm also shows sharp gradients. In 
analyses 4 and 15 over  the vacuole membrane,  
more phosphorus was detected than over  the cyto- 
plasm. The phosphorus in the lumen of these 
structures was significantly lower than over the 
cytoplasm. 

Electron Probe Analysis o f  Muscles 

Incubated in Hypertonic Na lsethionate 

The purpose of this experiment  was to deter- 
mine, by measuring the S X-rays, whether the 
impermeant  anion isethionate entered the vacu- 
oles. The results of analysis of 4.8-/xm diameter  
regions of nine fibers incubated for 30 min in 2.2 
x hypertonic Na isethionate solution were (values 
expressed as mmol/kg dry wt -+ SEM):  Na, 119 -+ 

12; P, 416 -+ 12; S, 231 --- 8; C1, 17 - 3; K, 521 - 
13; and Mg, 43 --- 5. The normal cytoplasmic S 
values confirm that the plasma membrane  effec- 
tively excludes isethionate. In two sets of analyses 
over  2- and 4-/~m diameter  areas, the areas which 
included prominent vacuoles as well as cytoplasm 
had 18 and 44 mmol/kg dry wt more Na and 20 
mmol(kg dry wt more S than the neighboring 
areas that did not contain obvious vacuoles. Anal- 
ysis with a focused probe of 80 nm over one of 
these same vacuoles showed (mmol/kg dry wt) S, 
403 --- 37 SD; and Na, 478 --- 69 SD, indicating 
the entry of Na isethionate. The K/S ratios in 12 
paired analyses over vacuoles and adjacent cyto- 
plasm were,  respectively, 1.7 -+ 0.65 SD and 2.6 
-+ 0.8 SD. The K/Na ratios in the same paired 
analyses were 3.0 - 1.4 SD over  vacuoles and 7.1 
--- 4.8 SD over cytoplasm (P < 0.001). 

The external solution contained 272 mM Na 
and 5.4 mM C1 (CaC12 and KCi) or a Na/C1 ratio 
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FIGURE 19 X-ray spectra over terminal cisternae and 
adjacent cytoplasm of normal frog toe muscle. Each 
spectrum represents the sum of five analyses of 100 s 
each. The ordinate gives the number of counts for the 
energies shown on the abscissa in keV. Note the pres- 
ence of a Ca peak in the spectrum recorded from termi- 
nal cisternae. The K K~ at 3.59 keV is separated from 
the Ca K~ by 100 eV. Instrument and the extraneous 
continuum were subtrated by the computer program. 

of 50. Even if all of the Na (119 mM/kg dry wt) 
analyzed in the fiber had been in an extracellular 
compartment, the C1 associated with it should 
have been only -2mmol/kg dry wt. The CI values 
were greater than this in six of the nine fibers 
analyzed, suggesting that C1 was retained in some 
of the fibers. 

Granules consisting of Ca, P, and Mg were 
found in the longitudinal SR of all fibers analyzed. 
The ratios of these elements in the granules are 
summarized in the next section. 

Ca Granules 

Electron-opaque granules (Fig. 16) were found 

in every fiber examined that had been exposed to 
hypertonic NaC1, hypertonic sucrose, or hyper- 
tonic Na isethionate solution. They were associ- 
ated with the SR and were most frequently in the 
longitudinal elements. An occasional granule was 
also found in the control fibers. The results of all 
granule analyses were used to determine their 
composition. The granules consisted of Ca, Mg, 
and P. The mean ratio of Ca/Mg in 28 analyses 
was 6.1 -+ 2.4 SD. To estimate the ratio of Ca plus 
Mg to P, the P concentration was corrected for P 
counts originating from cytoplasmic P (but not for 
P in SR membrane phospholipids) included in the 
area analyzed by scaling the P to the K on the basis 
of the P/K over the cytoplasm. The corrected 
mean (Ca + Mg)/P was 1.1 -+ 0.35 SD. A spec- 
trum from one of these granules in a muscle fiber 
incubated in hypertonic NaCi solution is shown in 
Fig. 21. 

DISCUSSION 

Cryoultramicrotomy and Electron 
Probe Analysis 

The most general conclusions reached through 
this study are: that it is feasible to freeze intact 
cells without cryoprotection while preserving ul- 
trastructure and the boundaries of ion distribu- 
tion, and that the results of electron probe quanti- 
tation of cryo sections are consistent with the 
known intracellular concentrations of the detecta- 
ble elements (see below). 

It should be emphasized that great care needs to 
be taken during dissection to avoid damage even 
to the most superficial portions of the tissue to be 
frozen for cryoultramicrotomy, since only the 
most superficial regions yield cryo sections suffi- 
ciently free of ice crystals to be suitable for high 
resolution imaging and electron probe analysis. A 
spatial X-ray resolution of at least 100 nm for the 
distribution of diffusible elements (K, C1) can be 
demonstrated across membrane-bounded com- 
partments in frozen-dried ultrathin cryo sections 
(Table V and Fig. 15). Other techniques, involv- 
ing the use of fixatives, negative stains, and freeze 
substitution, may yield sections showing more ul- 
trastructural detail than frozen-dried cryo sections 
prepared in the manner described in this study. 
However, they caused translocation and loss of 
diffusible elements (86, 90), and are not suitable 
for quantitative electron probe analysis of diffusi- 
ble ions. A disadvantage of the freeze-drying proc- 
ess is that the quantitative comparison of solute 
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TABLE IV 

Elemental Concentrations o f  Fibers Exposed to 2.2 x Hypertonic NaCl Solution 

Fiber No. of 
Frog no. analyses Na P S CI K Mg 

3/5/76 

12/11/75 1 
2 

3/3/76 

1/9/76 

5/25/76 

mmol/kg dry wt 

1 6 180 • 28 316 • 30 298 • 24 23 -+ 5 441 - 32 103 • 16 
2 4 236 • 24 562 • 28 134 • 10 30 • 5 583 • 27 71 • 9 
3 1 208 325 293 9 498 125 

3 51 • 18 442 • 25 259 • 16 21 • 5 633 • 32 56 • 11 
2 108 • 32 344 • 29 185 • 18 17 • 7 391 • 29 57 • 16 

1 4 69 • 28 334 • 26 181 • 16 31 • 6 458 �9 31 38 • 13 
2 6 117 • 24 319 • 20 223 • 15 41 • 6 419 • 23 54 • 12 
3 5 70 • 13 310 • 11 217 • 8 22 • 3 4 7 1 •  15 52 • 6 
4 2 62 • 36 315 • 32 270 • 27 39 • 9 513 • 44 65 • 19 

1 9 127 • 12 289 • 10 232 • 8 39 • 3 382 • 11 48 • 6 
2 6 95 • 16 313 • 15 242 • 12 24 • 4 487 • 20 63 • 9 

1 3 46 • 21 349 • 19 203 • 13 31 • 5 487 • 23 29 • 8 
2 6 40 • 15 389 • 16 233 • 11 27 • 4 563 • 20 33 • 6 
3 1 10 298 204 29 372 25 
4 1 78 401 257 25 500 38 
5 1 58 295 240 6 507 43 

Summary of 60 large spot (0.5-14 /xm diam) electron probe analyses of frog toe muscles incubated in 2.2 x 
hypertonic NaCl solution. Each row represents one fiber. Weighted means and standard errors of the weighted means 
are shown for fibers in which more than one analysis was done. 

concentra t ions  be tween compar tmen t s  having dif- 
ferent  (and unknown)  degrees of hydrat ion be- 
comes difficult and that  the contents  of highly 
aqueous  domains  (vacuoles,  the lumen of secre- 
tory structures,  and capillaries) are precipi tated on 
the limiting wall dur ing drying. Therefore ,  for the 
quant i ta t ive analysis of highly aqueous  domains  
the use of f rozen-hydrated (44, 65),  ra ther  than 
frozen-dried,  cryo sections may offer some advan- 
tages, in spite of the increased technical  difficulties 
and the reduced sensitivity of electron probe  anal- 
ysis due to the background  (cont inuum counts)  
genera ted  by ice. 

The analytical sensitivity of energy-dispersive 
detectors  suitably m oun t ed  on a t ransmission elec- 
t ron microscope with opt imized design is sufficient 
to detect  dur ing a 100-s count ,  a minimal  detecta-  
ble concent ra t ion  of 10 mM K/kg dry wt in a 50- 
nm d iamete r  region of a 100-nm thick section (83, 
84). The  minimal detectable  mass (in the absence 
of significant background  due to organic matrix) is 
- 1 0 - 1 9 - 1 0  -20 g of iron (82, 83). As  shown else- 
where  in detail  (Fig. 6 in reference 83), these 
detect ion efficiencies vary but  little for biological 
e lements  in the periodic table  down to and includ- 

ing P. However ,  the sensitivity and,  therefore ,  
also the precision, for measur ing e lements  having 
a lower atomic n u m b e r  (e.g., Mg and  Na) are 
significantly worse due to the very marked  absorp- 
tion of the softer X-rays, emi t ted  by these ele- 
ments ,  in the beryllium window of the detector .  
The  minimal  detectable  concent ra t ion  can ob- 
viously be reduced by increasing beam current ,  
prolonging analysis t ime,  or using thicker  sections. 
However ,  the first two approaches  increase the 
potent ia l  for radiat ion damage while the use of 
thick sections will reduce spatial X-ray and image 
resolution.  For  the measu remen t  of bulk cellular 
Na at a relatively low (micron)  spatial resolut ion,  
the use of thicker sections (72) may be preferable .  
However ,  X-ray absorpt ion within the specimen,  
negligible in ultrathin sections, is significant and 
has to be corrected for if section thickness exceeds 
the mass equivalent  of a 0 .5 /zm- th ick  plastic spec- 
imen (83). 

Quant i ta t ive  electron probe  analysis based on 
the me thod  used in this study (45, 83, 84) requires 
the accurate de terminat ion  of the characterist ic 
counts  and also the X-ray cont inuum counts  used 
as a measure  of the dry mass of the biological 
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FIGURE 20 X-ray spectra of the cytoplasm (cyto) vacuole (vac), and extracellular space (e.c.s.) from a 
frozen-dried thin section of a frog toe muscle incubated in 2.2 • hypertonic NaCI. The ordinate gives the 
number of counts for the energies shown on the abscissa. The positions of the characteristic energies of Na, 
P, CI, and K are indicated. Note the NaCI peaks over the vac and the e.c.s. Instrument and osmium peaks, 
and the extraneous continuum were subtracted by the computer program. 

FIGUR~ 21 X-ray spectra of the cytoplasm (cyto) and a granule in the longitudinal SR from a muscle 
exposed to 2.5 x hypertonic sucrose. Note the Ca, P, and Mg peaks from the granule. 

matrix. In the presence of overlapping peaks (e.g., 
the Na K and Cu L and the K K~ and Ca K~ 
peaks) it is necessary to use computer-based spec- 
trum fitting techniques to deconvolute and obtain 
the respective counts in the adjacent characteristic 
peaks. Similarly, since extraneous sources (e.g., 
grid, specimen holder, parts of electron micro- 
scope column) can also contribute to the X-ray 
continuum, these extraneous contributions have 
to be subtracted to obtain the continuum X-rays 
arising from the specimen itself. In the method 
used in the present study, the extraneous contin- 
uum generated by the grid can be scaled accu- 
rately to the Cu peak emitted from the same 
source, and is subtracted by the computer fitting 
routine. Thus, since the multiple least squares 
fitting technique easily permits the separation of 

the adjacent Cu L and Na K lines, we used copper 
grids to obtain an accurate correction for the grid- 
generated continuum (83). This approach has the 
disadvantage of a relatively high count rate due to 
the copper grid. Without a reliable method of 
deconvoluting the adjacent Cu L and Na K peaks, 
the presence of the Cu signal would preclude the 
quantitation (or even the detection) of Na (c.f. 
Fig. 17). 

The ultimate limit on the sensitivity and spatial 
resolution of biological electron probe analysis is 
that imposed by radiation damage (for review, see 
reference 84). Fortunately, when sufficient mass 
loss (10-20%) occurs to cause an error greater 
than that inherently due to count statistics, there is 
visible lightening of the specimen (83). Similarly, 
a significant gain in mass due to contamination 
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TAnLE V 

Ion  Compar tmenta l i za t ion  in a Fiber  E x p o s e d  to 2 .5  x Hyper ton ic  Sucrose  

Region Counting 
No. analyzed time P CI K Mg 

1 
2 
3 
4 
5 

6 
7 

8 
9 

10 
11 

12 
13 
14 
15 

16 
17 

s mmol/kg dry wt counts mmol/kg dry wt counts mmol/kg dry vet counts mmol/kg dry counts 
• SD • SD • SD wt -+ SD 

Lumen 100 44 • 23 191 122 • 30 672 59 • 18 335 45 --- 31 91 
Cytoplasm 100 309 • 54 1,735 6 • 13 36 428 • 62 3,004 78 • 33 194 
Membrane 100 232 • 38 1,492 71 • 18 585 202 • 31 1,715 21 • 24 64 
Membrane 100 652 • 85 4,228 17 • 13 142 391 • 18 3,328 51 • 28 155 
e.c.s. 100 41 • 30 127 1,301 • 240 5057 60 • 35 239 - 3  -+ 36 - 5  

Lumen 200 22 • 11 239 117 • 17 1,632 12 • 7 168 23 -+ 18 122 
Cytoplasm 200 252 • 30 2,881 10 • 8 145 324 -+ 32 4,874 66 • 21 353 

Lumen 200 2 .+ 10 20 121 • 18 1,557 1 .+ 7 15 16 • 18 79 
Cytoplasm 200 442 • 48 4,649 24 • 9 316 336 .+ 37 4,647 74 • 24 363 

Lumen 200 -10 -+ 9 -155 117 • 17 1,646 7 • 7 105 14 • 17 74 
Cytoplasm 200 363 --. 38 4,503 19 • 9 300 431 • 40 6,999 79 .+ 22 462 

Lumen 200 29 • 11 382 115 • 15 1,972 27 .+ 7 472 -2  • 11 -18 
Cytoplasm 200 263 .+ 28 3,109 24 .+ 9 372 321 .+ 29 5,100 37 -+ 15 259 
Membrane 200 214 .+ 27 2,127 42 • 11 538 283 • 28 3,787 45 - 16 260 
Membrane 200 494 .+ 39 7,716 44 .+ 9 895 395 -+ 31 8,300 52 .+ 14 477 

Lumen 100 253 • 42 1,420 77 .+ 20 551 212 • 33 1,564 20 • 24 50 
Cytoplasm 100 330 • 55 1,742 14 .+ 13 91 430 • 62 2,981 80 .+ 33 199 

Ion compartmentalization in a fiber incubated in 2.5 x hypcrtonic sucrose solution. Analyses were done at - 110~ using probe diameters of ~70-100 nm, on 
an unstained, frozen-dried section without a carbon foil support. Counts = number of characteristic counts in a given peak without the underlying background. 
Lumen and membrane refer to respective components of the swollen structures; e.c.s., extracellular space. Ca was below the levels detectable (15 mmol/kg) 
with the probe parameters used. Counting statistics for Na were not adequate due to the short counting times and small probe currents (see Fig. 15), 

a l s o  l e a d s  t o  a v i s i b l e  c o n t a m i n a t i o n  s p o t  in  t h e  

i m a g e .  T h u s ,  b y  a v o i d i n g  t h e  u s e  o f  v i s i b l y  e t c h e d  

o r  c o n t a m i n a t e d  a r e a s  f o r  q u a n t i t a t i v e  e l e c t r o n  

p r o b e  a n a l y s i s ,  t h e  e r r o r s  in  c o n c e n t r a t i o n  m e a s -  

u r e m e n t s  c a n  b e  r e d u c e d  t o  1 5 %  o r  l e s s  ( 8 3 ) .  

N o r m a l  M u s c l e  

T H E  T R I A D  A N D  T H E  C O M P O S I T I O N  OF 

T H E  T E R M I N A L  C I S T E R N A E :  T h e  m o r p h o l -  

o g y  of the triadic junction in cryo sections was 
similar to the configuration observed in glutaralde- 
hyde-osmium-fixed and plastic-embedded mate- 
rial (38-40, 74). The flattened shape of the T 
tubule, the 12-nm junctional gap, and the sugges- 
tion of foot processes at the triadic junction seen in 
our frozen-dried material indicate that the mor- 
phology of these structures is not due to fixation 
and dehydration. The existence of the junctional 
gap in unfixed material is of particular interest, as 
this is the site that must be traversed by the signal 
for Ca release. 

An important result of this study is the finding 
that the Cl content of the normal terminal cister- 
nae does not resemble that of the extracellular 
space, but is similar to the cytoplasmic concentra- 
tion. The slightly higher Na and C1 concentrations 

d e t e c t e d  o v e r  t h e  t e r m i n a l  c i s t e r n a e  t h a n  o v e r  t h e  

c y t o p l a s m  w e r e  w i t h i n  s t a t i s t i c a l  e r r o r ,  a n d  e v e n  

t h i s  t r e n d  c o u l d  b e  d u e  t o  C l  X - r a y s  g e n e r a t e d  

f r o m  a d j a c e n t  T t u b u l e s .  I f  t h e  S R  c o n t a i n e d  N a  

C1 s i m i l a r  t o  t h e  e x t r a c e l l u l a r  c o n c e n t r a t i o n s  a s  

p r o p o s e d  p r e v i o u s l y  ( 4 6 ,  7 9 ) ,  t h e n  t h e  C1 c o n t e n t  

o f  t h e  t e r m i n a l  c i s t e r n a e  w o u l d  b e  - 3 6 0  m m o l / k g  

d r y  w t .  T h e  5 4  m m o l  C l / k g  d r y  w t  m e a s u r e d  in  

t h i s  s t u d y  ( T a b l e  I I )  a r e  v e r y  s i g n i f i c a n t l y  l e s s  t h a n  

t h i s  c a l c u l a t e d  v a l u e .  T h e r e f o r e ,  t h e s e  f i n d i n g s  

s u g g e s t  t h a t  in  t h e  n o r m a l  r e s t i n g  m u s c l e  t h e  i o n i c  

c o m p o s i t i o n  o f  t h e  S R  is n o t  s i m i l a r  t o  t h a t  o f  t h e  

e x t r a c e l l u l a r  s p a c e .  T h e  s l o w  c o m p o n e n t  o f  C l  

e f f l u x  ( 4 6 )  c o u l d  b e  o r i g i n a t i n g  f r o m  t h e  S R  h a v -  

i n g  a C1 c o n c e n t r a t i o n  s i m i l a r  t o  t h a t  o f  t h e  c y t o -  

p l a s m .  H o w e v e r ,  t h e  a b s e n c e  o f  " e x t r a c e l l u l a r "  C1 

w i t h i n  t h e  t e r m i n a l  c i s t e r n a e  o f  n o r m a l  m u s c l e  

d o e s  n o t  c o m p l e t e l y  e x c l u d e  t h e  p o s s i b i l i t y  t h a t  

t h e  n o r m a l  T t u b u l e - S R  j u n c t i o n  is p e r m e a b l e  t o  

C1, b u t  t h a t  t h e  m o b i l e  a n i o n  is p a r t i a l l y  e x c l u d e d  

f r o m  t h e  S R  l u m e n  b y  t h e  D o n n a n  e f f e c t  o f  n e g a -  

t i v e l y  c h a r g e d  p r o t e i n s  ( 6 8 ) .  T h e  s o m e w h a t  

( - 2 0 % )  h i g h e r  K c o n c e n t r a t i o n  in t h e  t e r m i n a l  

c i s t e r n a e  t h a n  in  t h e  c y t o p l a s m  m a y  b e  d u e  t o  t h e  

b i n d i n g  o f  t h i s  c a t i o n  t o  c a l s e q u e s t r i n  ( 2 1 ,  6 8 ) .  

S e q u e s t e r e d  C a  w a s  f o u n d  in  t h e  t e r m i n a l  c i s t e r -  
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nae in normal resting muscle. However, not every 
area identified by its image as a terminal cisterna 
contained detectable Ca. This lack of Ca could be 
due to incorrect structural identification, such as 
mistaking glycogen-containing spaces for terminal 
cisternae in the unstained sections, or to analyses 
of regions that contained only a small fraction of a 
terminal cisterna within the section. It is also pos- 
sible that not all terminal cisternae contain detect- 
able Ca at a given time. The mean Ca of 66 --- 4.6 
SEM mmol/kg dry wt (=16 mmol/1 SR) mea- 
sured in the terminal cisternae in the present study 
is well within the range of 5-40 mmol/1 SR esti- 
mated with other techniques (32, 37, 75, 98, 99), 
and dependent on the assumptions made about 
how calcium is distributed (e.g., whether in 13 or 
5% of fiber volume). However, due to the com- 
bined effects of count statistics and beam damage 
(83), the results of electron probe analysis with the 
small probes required for analyzing individual ter- 
minal cisternae may be subject to greater error 
( - 2 0 % )  than the results of large-probe analyses. 
Although some of these errors were minimized by 
terminating analysis before visible etching oc- 
curred, it would be preferable to perform further 
analyses at better vacuum and lower temperatures 
to obtain the absolute value of the calcium content 
of terminal cisternae. 

FIBER COMPOSITION" The CI content of 
the muscle fibers measured with electron probe 
analysis was 24 mmol/kg dry wt • 1.1 SEM and 
also showed some variations between frogs (see 
Tables I and II) that may have been seasonal or 
due to differences in the incubation times in 
Ringer's solution (13, 46). Since the CI concentra- 
tion measured with large-diameter (0.5-9 /zm) 
probes may have included C1 sequestered in 
organelles, we have also determined the CI con- 
centration with small-diameter probes (50-100 
nm) in cytoplasm excluding organelles (terminal 
cisternae, mitochondria, nuclei) and in the or- 
ganelles themselves. The cytoplasmic C1 concen- 
trations measured with small- or large-diameter 
probes in the same fiber were not significantly 
different. The organelles analyzed showed no 
compartmentalization of CI. In fact, the mito- 
chondria appeared to partially exclude C1 in 
striated, as in smooth (88), muscle. A relatively 
low permeability of the mitochondrial membrane 
to C1 has previously been demonstrated in isolated 
liver mitochondria (97). Thus, our results indicate 
a relatively high (see below) total cytoplasmic CI. 

The results of earlier bulk chemical measure- 

ments, showing a cellular C1 content (e.g., 41 
mmol/kg dry cell [46]) significantly in excess of the 
9 mmol/kg dry wt calculated on the basis of pas- 
sive distribution (2), led to the suggestion that the 
"excess CI" in frog striated muscle was compart- 
mentalized in the SR (46, 79). However, recent 
studies with Cl-sensitive electrodes (7, 58) indi- 
cate that the cytoplasmic C1 is greater than can be 
accounted for by a passive (18, 48) distribution. 
For example, in frog muscles bathed in Ringer's 
solution the resting membrane potential was 82.7 
mV --- 7.0 SD and the C1 activity, 7.0 mmol/liter 
cell HzO --- 2.4 SD, as compared to a calculated 
value of passively distributed [C1]i of 3.3 mmol/kg 
cell water (7). The 28 mmol C1/kg dry wt --- 11.7 
SD (assuming 75% cell H20 and a CI activity 
coefficient of 0.75) obtained in the latter study are 
in very good numerical agreement with the 24 - 
20.1 mmol/kg dry wt measured with electron 
probe analysis (present study). However, in view 
of the significant frog-to-frog variations in CI con- 
tent, the very good agreement between the two 
sets of results may be fortuitous. 

The excess CI present in frog striated muscle 
fibers incubated in normal Ringer's solution (Ko = 
3 mmol/liter) is suggestive of a nonDonnan distri- 
bution of this anion in muscles bathed in low K 
media. An even greater departure of [Cl]i from 
the passive distribution has been observed in other 
cell systems. The 60 mmol/kg fiber water (180 
mmol/kg dry wt) [C1]i in vertebrate smooth muscle 
(22, 55, 57) suggests a discrepancy of 20-40 mV 
between Ec~ and Em; a passive, Boyle-Conway 
type distribution of C1 is not observed in smooth 
muscle until Ko is raised to 50 mM or higher (55). 
There is a similarly large discrepancy between E m 
and Ec~ in squid (59, 96) and in crayfish (93) giant 
axons. Very recently, an ATP-dependent C1 trans- 
port into dialyzed squid axons has been demon- 
strated (80). It is possible that an active inward CI 
transport system is also operating in frog striated 
muscle, but its contribution to CI distribution is 
detectable only at relatively low (<5 mM) extra- 
cellular K concentrations. 

The K content of the control muscle fibers (404 
mmol/kg dry wt - 4.3) determined by electron 
probe analysis was consistent with previous chemi- 
cal determinations of 365-420 mmol K/kg dry wt 
(1, 14, 18, 47, 66). The frog-to-frog variations in 
K are in agreement with the highly significant 
differences in the resting membrane potentials be- 
tween frogs (1) and with the 137 --- 26 SD mmol 
K/kg fiber H20 (=411 • 80.4 SD mmol/kg dry 
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wt) measured in single frog semitendinosus fibers 
with neutron activation analysis (47). However, 
because the concentrations measured with elec- 
tron probe analysis of frozen-dried cryo sections 
are on a dry weight basis, the fibers in which the 
concentrations of all elements in the water phase 
deviate in the same direction from the mean could 
differ in their cell water content and have the same 
ionic distributions (activities in cell H20) and rest- 
ing membrane potentials. In fact, it is apparent 
from Table II that the frogs with the higher K 
contents also have higher C1 contents. 

The phosphorus content (320 mmol/kg dry wt) 
quantitated in normal muscles with electron probe 
analysis is in substantial agreement with the results 
of chemical analysis of total P (up to 300 mmol/kg 
dry wt) in muscle extracts (92). The phosphate 
metabolites as determined by 31p-nuclear mag- 
netic resonance (NMR) account for only about 
135 mmol/kg dry wt muscle P (20) and acto- 
myosin-bound P for another - 7  mmol/kg (8); a 
significant proportion of the remaining cyto- 
plasmic P in muscle can be accounted for by the 
- 6 0  mmol P/kg dry wt in phospholipids (M. B~ir- 
~iny, personal communication). 

The mean Mg content of the fibers was 39 - 
2.1 SEM mmol/kg dry wt, and there was little 
fiber-to-fiber variation within one muscle as indi- 
cated by the probability values for Xv 2 in Table II. 
The values are similar to those reported for whole 
frog (13, 43) sartorius muscle (8.6 -+ 0.3 SEM 
mmol/kg wet wt -~40 mmol/kg dry cell in refer- 
ence 13), and for the cellular Mg content of un- 
perfused rat ventricle (41.4 - 0.3 mmol/kg dry 
wt in reference 73), Ionized Mg in skeletal muscle 
is probably less than 1 mM (35). 

The Nai determined by electron probe analysis 
(42 - 4.4 SEM mmol/kg dry wt) showed con- 
siderable fiber-to-fiber and muscle-to-muscle vari- 
ation (c.f. Table I and II), and was within the 
range of the 31-87 mmol/kg dry wt values ob- 
tained with bulk chemical analyses (6, 61, 85) and 
the 78 mmol/kg dry wt --+ 30.9 SD measured with 
neutron activation analysis of single fibers (47). 
Due primarily to the absorption of the relatively 
soft Na X-rays in the beryllium window of the 
detector, the statistical error of the electron probe 
measurements is relatively large (83), and longer 
counting times (or higher probe currents) will be 
required for improving the precision of Na meas- 
urements. However, the results of bulk chemical 
analysis, neutron activation, and electron probe 
analysis are all compatible with a higher cytoplas- 

mic Na concentration than the 16-27 mmol/kg dry 
wt detectable with Na-sensitive electrodes (6, 61, 
67). In view of the significant fiber-to-fiber and 
frog-to-frog variations in total fiber Na content, an 
accurate estimate of bound Na (the difference 
between total [Na]i and the cytoplasmic free Na) 
would require that studies with Na-selective elec- 
trodes and with electron probe analysis be per- 
formed on the same muscle fibers. Electron probe 
analysis of nuclei, mitochondria, and terminal cis- 
ternae showed no evidence of compartmentaliza- 
tion of Na. No definite statement can be made 
about the absolute Na concentrations in these or- 
ganelles, due to the large statistical errors of meas- 
uring Na with the small probes. 

Muscles Incubated in 

Hypertonic  Solutions 

The compartmentalization of extracellular sol- 
utes was clearly demonstrable after incubation in 
hypertonic solutions, in contrast to the observa- 
tions made on normal resting muscle. The com- 
partments containing much higher than cytoplas- 
mic concentrations of extraceIlular solutes (e.g., 
C1) included both broken and unbroken vacuoles. 
The size of the broken vacuoles (holes), however, 
may not have been representative of the in vivo 
state of these swollen structures. These regions, 
because of their high water content, could form 
preferred sites of ice crystal formation, and also 
have a greater tendency to break apart during 
sectioning, drying, or when exposed to the beam 
in the electron microscope. The precise identifica- 
tion of the swollen membrane system constituting 
the compartment (broken and unbroken vacuoles) 
containing high concentrations of extracellular sol- 
utes must await techniques that provide better 
contrast and detail than are available in the major- 
ity of unfixed, frozen-dried and vapor-stained cryo 
sections. Thus, although the location of the vacu- 
oles adjacent to the Z line and their frequently 
paired disposition and apparent continuity with 
the longitudinal SR led to their identification as 
swollen terminal cisternae in a preliminary report 
(87), an alternate interpretation of the identity of 
the swollen compartments is possible (unpub- 
lished observations in collaboration with Clara 
Franzini-Armstrong; see note added in proof). We 
did not find in cryo sections the swelling of the 
longitudinal tubules of the SR previously observed 
in acrolein-fixed samples of muscles treated with 
hypertonic solutions (15). The location of the 
vacuoles in frequent pairs along the Z line ob- 
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served in the present study differed from the dis- 
tribution and size (up to 10/zm) of the vacuoles 
observed in muscles fLxed during stimulated efflux 
of permeant ions and nonelectrolytes (62). 

The presence of high NaC1 or sucrose or S (the 
latter in isethionate-treated muscles) in the swol- 
len structures suggested that the extracellular sol- 
utes entered the vacuoles through diffusion from 
the extracellular space, rather than by active trans- 
port from the cytoplasm. Thus, while an active 
pump system could have been responsible for the 
entry of NaC1 into such structures, neither sucrose 
(17) nor isethionate enters the cytoplasm and 
there is no evidence for an active transport system 
for either of these two solutes. The existence of 
this "extracellular" compartment is in agreement 
with the osmotic volume behavior (17, 31) and the 
possible increase in membrane capacity (95) of 
muscle in hypertonic solutions. The presence of 
this compartment, regardless of its identity, may 
have some bearing on the interpretation of physio- 
logical experiments in which hypertonic solutions 
are used to immobilize muscles during voltage 
clamp studies of charge movements (3, 81) and 
during the measurement of birefringence (9) and 
voltage-sensitive dye responses (12) considered to 
reflect the electrical behavior of the T-SR system. 

Electron probe analysis of the cytoplasm (be- 
tween vacuoles) of muscles treated with hyper- 
tonic solutions showed normal K concentrations, 
in agreement with earlier bulk chemical measure- 
ments of hypertonically treated muscle (14). The 
Cl content of the cytoplasm in these muscles was 
also normal, while electron probe analysis of aver- 
aged regions, including both the vacuoles and my- 
ofibrillar regions, showed an increased C1 content. 

The presence of Ca granules in t.he longitudinal 
tubules of the SR of muscles treated with hyper- 
tonic solutions provides direct evidence of translo- 
cation of Ca by hypertonicity into the longitudinal 
tubular system. The initial release of Ca, presum- 
ably from the terminal cisternae, by hypertonic 
solutions has also been suggested on the basis of 
the transient contracture (14, 51, 52, 63) and the 
increase in aequorin signal (94) produced by hy- 
pertonicity. Total fiber Ca is not increased, and 
may be slightly decreased, by hypertonic solutions 
(14, 51), and the increase in the slow component 
of the exchangeable 45Ca has been interpreted as 
being due to translocation of Ca into a less readily 
mobilizable compartment (51). The association of 
Mg (and P) with Ca in the granules found in the 
longitudinal SR may be related to the Mg require- 

ment of the Ca ATPase of the SR and/or the 
proposed Mg-Ca exchange during Ca transport 
(56). 

Finally, we wish to reemphasize that quantita- 
tive electron probe analysis combined with cryoul- 
tramicrotomy is a uniquely suitable technique for 
providing detailed information about the intracel- 
lular and transcellular distribution and movement 
of a variety of elements. 
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Note Added in Proof: Electron probe analysis of toad- 
fish swimbladder striated muscle with improved count 
statistics for Na shows that neither Na nor C1 are com- 
partmentalized in the SR (A. V. Somlyo, H. Shuman, 
and A. P. Somlyo. Nature [Lond.]. In press). In addi- 
tion, recent studies on freeze-substituted frog muscles 
treated with hypertonic solutions show that the vacuoles 
containing extracellular solutes described in the present 
study are part of the T-tubular system (C. Franzini- 
Armstrong, A. V. Somlyo, J. Haeuser, T. Reese, and 
A. P. Somlyo. Manuscript in preparation). 
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