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Summary. The objective of this study has been to determine the 
intracellular localization of calcium in cryofixed, cryosectioned 
suspensions of kidney proximal tubules using quantitative electron 
probe X-ray microanalysis. Two populations of cells have been 
identified: 1) "Viable"  cells, representing the majority of cells 
probed, are defined by their relatively normal K/Na concentra- 
tion ratio of - 4  : 1. Their measured Ca content is 4.1 • 1.4 (SEM) 
mmol/kg dry wt in the cytoplasm and 3.1 • 1,1 mmol/kg 
dry wt in the mitocbondria, or an average cell calcium content of 
- 3 .8  mmol/kg dry wt. 2) "Nonviable"  cells, defined by the pres- 
ence of dense inclusions in their mitochondria and a K/Na con- 
centration ratio of - 1 .  The Ca content is 15 • 2 mmol/kg dry wt 
in the cytoplasm and 685 • 139 mmol/kg dry wt in the mitochon- 
dria of such cells. Assuming 25 to 30% of the cell volume is 
mitochondrial, the overall calcium content of such nonviable 
cells is -210  mmol/kg dry wt. The presence of these inclusions 
in 4 to 5% of the cells would account for the average total Ca 
content measured in perchloric acid extracts of isolated proximal 
tubule suspensions (~  18 nmol/mg protein or 12.6 mmol/kg dry 
wt). Whole kidney tissues display a large variability in total Ca 
content (4.5 to 18 nmol/mg protein, or 3.4 to 13.5 mmol/kg dry 
wt), which could be accounted for by inclusions in 0 to 4% of the 
cells. The electron probe X-ray microanalysis (EPXMA) data 
conclusively demonstrate that the in situ mitochondrial Ca con- 
tent of viable cells from the kidney proximal tubule is low and 
support the idea that mitochondrial Ca may regulate dehydro- 
genase activity but probably does not normally control cytosolic 
free Ca. 
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Introduction 

Two mutually exclusive roles have been attributed 
to mitochondrial Ca transport which are critically 
dependent on the mitochondrial Ca content. Studies 
of Ca2+-sensitive mitochondrial dehydrogenase en- 
zymes demonstrate that their activity is controlled 
with a half-maximal Ca 2+ concentration of about I 
/.~M [6, 8]. This intramitochondrial concentration 
would be achieved with a mitochondrial Ca content 
of 1 to 2 nmol/mg protein [9]. On the other hand, 

isolated mitochondria containing 5 nmol Ca/mg pro- 
tein or higher are capable of buffering the extramito- 
chondrial (cytoplasmic) Ca 2§ level to about 0.3 to 
0.8 /zM [4, 20]. In order to distinguish between 
these two possible roles for mitochondrial 
Ca, it is extremely important to accurately 
measure mitochondrial Ca content in situ in 
each tissue under consideration. Somlyo and co- 
workers [5, 28] using electron probe X-ray micro- 
analysis (EPXMA) have measured mitochondrial 
contents of about 1 to 2 nmol/mg protein (0.8 to 1.6 
mmol/kg dry wt) in both liver and smooth muscle 
cells. On the other hand, values of 10 to 20 nmol Ca/ 
mg protein were found in liver [12, 18] and kidney 
[1, 35] mitochondria by other investigators using 
other methods. 

The present study was designed to reconcile 
these differences between mitochondrial Ca con- 
tents measured by EPXMA and other methods. To 
this end, we measured the intracellular localization 
of calcium in cryofixed, cryosectioned suspensions 
of kidney proximal tubules using quantitative 
EPXMA. Results show a sharp heterogeneity be- 
tween two cellular populations. The majority of 
cells display normal plasma membrane transport 
and morphology, and an average mitochondrial Ca 
content of 3. I mmol/kg dry wt (4.3 nmol/mg pro- 
tein). The other population consists of a small per- 
centage of injured cells within the preparation, 
many of which contain mitochondria with large con- 
centrations of Ca, precipitated in association with 
phosphate. While this phenomenon has been noted 
before [8, 30], this is the first time that such a heter- 
ogeneity has been quantitated by direct correlation 
with other physiological techniques. These results 
show that the normal mitochondrial Ca content in 
the kidney is sufficiently low for control of dehydro- 
genase activity [6, 8] and probably too low for the 
control of cytoplasmic-free Ca concentration [4, 
20]. Furthermore, the heterogeneity in Ca distribu- 
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tion presents serious problems for the interpretation 
of results of Ca flux experiments using populations 
of cells or intracellular organelles. This result has 
far reaching implications for the understanding of 
the role of Ca in normal cell function and in the 
progression of cell injury, especially in the kidney. 

Materials and Methods  

Tubule fragments are isolated from the rabbit kidney by methods 
developed in our laboratory [2, 26]. They have open lumens, 
actively transport ions, and the individual cells are characterized 
by a well-developed apical brush border and a high proportion of 

mitochondria. The tubules are incubated in a shaker bath at a 
concentration of 4 to 5 mg protein/ml for 20 min at 37~ in a 
solution containing (raM): 115 NaC1, 25 NaHCO3, 2 NaHzPO4, 1 
CaCI2, 5 KC1, 1 MgSO4, 5 glucose, 4 lactate, 1 alanine, 5 malate, 
and 2 butyrate. The suspension is continuously gassed with 95% 
02/5% CO2 to maintain a pH of 7.4. In some experiments, oua- 
bain (10 -4 M) is added to the suspension after this 20-rain period 
and the incubation continued for another 5 min. For X-ray micro- 
analysis, a 0.5-ml sample is taken from the suspension and rap- 
idly centrifuged in a microfuge (about 3 sec), the supernatant is 
aspirated, a sample is taken from the loose pellet and placed on a 
wooden stub which is then rapidly frozen without cryoprotec- 
tants by immersion in liquid nitrogen-cooled liquid propane. The 
frozen tubule suspension is then processed in one of two ways: 1) 
by freeze substitution with osmium tetroxide in acetone [33] for 
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Fig. 1. (a) (facing page) Transmission electron micrograph of proximal tubule preparation fixed by quick freezing in liquid nitrogen- 
cooled liquid propane and freeze-substituted in OsO4 in acetone [33] prior to epoxy embedding and routine sectioning. No cryoprotec- 
tants were used in freezing. BB, brush border; CY, cytoplasm; arrows, mitochondria. (b) Transmission electron micrograpfi of proximal 
tubule preparation quick frozen by plunging into liquid nitrogen-cooled liquid propane and cryosectioned at - 130 ~ prior to freeze- 
drying for 48 hr in a vacuum evaporator at 10 -3 Torr. No cryoprotectants or stains were used in the preparation. BB, brush border, CY, 
cytoplasm; arrows, mitochondria. (Micrograph lb taken by B.L, Craig.) 

examination by transmission electron microscopy (TEM) of the 
quality of quick freezing and 2) by cryosectioning at - 130~ 
freeze-drying and examination by TEM, scanning transmission 
electron microscopy and energy dispersive X-ray microanalysis. 

Results 

EPXMA MEASUREMENT 
OF INTRACELLULAR CALCIUM 

Figure l(a) illustrates the appearance of a proximal 
tubule following freeze substitution. The brush bor- 
der and mitochondria of the ceils are well preserved 
with little ice crystal damage evident. Figure l(b) 
shows a typical cryosection used for X-ray micro- 
analysis. Mitochondria and cytoplasmic regions are 
clearly identifiable in the absence of heavy metal 

stains or fixatives, thus allowing the electron beam 
to be positioned on individual structures for micro- 
analysis. 

Figure 2(a) and (b) show the type of EPXMA 
spectra obtained from the cytoplasm and mitochon- 
dria of the great majority of ceils. The averaged 
elemental contents obtained from a number of such 
spectra are displayed in Table 1. The K/Na ratio of 
between 3 and 4:1 obtained in these tubules is the 
value expected for viable cells, based on measure- 
ments using other methods [27]. The Ca content 
was obtained by deconvolution of the overlapping 
K K/3 peak from the Ca Kc~ peak using the peak 
centroid shift correction method of Kitazawa et al. 
[13]. Calculated values for the Ca content were 4.1 
-+ !.4 mmol/kg dry wt for cytoplasm and 3.1 _+ 1.1 
mmol/kg dry wt for mitochondria. 

Results for other elements, e.g. Na, K, in viable 
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Table I.  Elemental  contents  in cytoplasm and mitochondria of  kidney proximal rubles ~' 

Elemental  content  (mmol/kg dry wt) n 

Na Mg P S C1 K Ca 

A. Viable cells 
Cytoplasm 125 -+ 12 27 +- 4 356 + 18 124 -+ 8 141 +- 11 348 + 23 4.1 + 1.4 23 
Mitochondria 95 -+ 7 27 -+ 3 349 + 22 158 -+ 6 131 +- 12 349 + 22 3.1 + 1.1 23 

B. Nonviable  cells 
Cytoplasm 261 +- 16 26 +- 5 288 + 16 147 -+ 14 70 -+ 10 206 _+ II 15 +- 2 9 
Mitochondria  154 _+ 29 37 -+ 16 612 + 85 112 -+ 17 187 -+ 23 124 _+ 16 685 -+ 139 10 

" n = number  of  500-sec raster  probes obtained from each region. The tubules  were pre-incubated at 37~ for 20 min as descr ibed in the 
text. Values are mean  -+ SEM. 

0.000 VES = ~ 5.120 
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Fig. 2. Representa t ive  energy dispersive X-ray spectra  from 
freeze-dried cryosect ions  of  kidney proximal tubule cells. (a) 
Cytoplasm;  (b} mitochondria,  All ana lyses  were performed for 
500 sec at - 120~ in the raster mode at magnifications of  15,000 
to 2(~),000, with specimen tilt, 30~ beam current ,  - I  nanoamp;  
and accelerating voltage, 80 kV, in a scanning t ransmiss ion elec- 
tron microscope (JEM 100CX-II T E M S C AN)  equipped with a 
30-mm= Si(Li) energy dispersive X-ray detector  and microcom- 
puter  sys tem (Tracor Northern  5500). Standards were prepared 
according to the methods  of Shuman,  Somlyo and colleagues 1251 
and quanti tat ion performed using the Hall con t inuum normaliza- 
tion method  [7] with the peak centroid shift correction of  Kita- 
zawa et al. [13] 

cells are in agreement with values published by 
Beck et al. [3] and Sauberman et al. [22, 23], using 
similar methodology. These findings also concur 
with qualitative and semi-quantitative values pub- 

lished much earlier by Trump and colleagues [34] 
and Kriz and co-workers [15]. Assuming that the 
dry weight is 25 to 30% of the wet weight [24, 29], it 
is possible to calculate Na and K concentrations of 
about 35 to 40 and l l0 to 130 mM, respectively. 
These values are in close agreement to those ob- 
tained by other methods in rabbit proximal tubules 
[27]. 

As a test for the accuracy of the K deconvolu- 
tion method for calculation of Ca content, another 
series of experiments was performed in which oua- 
bain (10 4 M) was added to the tubule suspension for 
5 min at 37~ prior to cryofixation. Ouabain, a car- 
diac glycoside widely used in experimental and clin- 
ical applications, inhibits Na, K-ATPase at the cell 
membrane and thus alters the cytoplasmic ion 
(Na,K) content of target cells. In the proximal tu- 
bule, ouabain rapidly (tl/2 = 2 min) causes a de- 
crease in intracellular K [16, 26], but does not 
change ultrastructure, intracellular total or free Ca 
for up to 30 rain [17, 19]. This maneuver is akin to 
rubidium substitution used in smooth muscle cells 
to obtain an improvement in calcium measurements 
[14]. After 5 min of ouabain, cytoplasmic Na in- 
creased to 471 -+ 12 mmol/kg dry wt, cytoplasmic K 
decreased to 26 +_ 2 mmol/kg dry wt, while mito- 
chondrial Ca content remained unchanged at 3.8 + 
1.0 mmol/kg dry wt (n = 11 for these experiments). 

C A L C I U M  D I S T R I B U T I O N  A M O N G  C E L L S  

A subpopulation of cells can be identified in the 
control tubule suspension: injured or "nonviable" 
cells, which are defined by dense inclusions in their 
mitochondria and a K/Na concentration ratio of 
about 1 : 1 (Table 1B). The average Ca content of 
the mitochondria in "nonviable" cells was obtained 
by taking X-ray spectra from small rasters which 
included only the dense inclusions and their con- 
comitant mitochondrial matrix space. The average 
value for mitochondrial calcium content in these 
cells is 685 + 139 mmol/kg dry wt. Assuming 30% 
of the cell volume to be mitochondrial [10, 21], the 
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Ca values obtained in Table I indicate that the 
viable cells have an average Ca content of 3.8 
mmol/kg dry wt which, using the conversion factor 
of 0.7 mg protein/rag dry wt [2], corresponds to 5.4 
nmol/mg protein. This value is only 20 to 30% of the 
total Ca usually measured in the suspension by 
atomic absorption spectrophotometry [17, 19]. A 
simple calculation (Table 2) shows that the presence 
of inclusions in 4 to 5% of the "nonviable" cells 
would account for the remaining 70 to 80% of the 
total Ca content measured over the whole cell popu- 
lation. These microprobe data suggest that hetero- 
geneity of calcium content exists not only among 
intracellular compartments of the same cell but also 
among cells within the same suspension. 

As a further illustration of the validity of the 
comparison of probe measurements to bulk content 
measurements, we have also taken rasters which 
are large enough to include within their borders in- 
tracellular contents of one or more cells but exclude 
extracellular material. These regions were chosen 
at random and some contained mitochondrial inclu- 
sions. There was a high variability in Ca ion content 
ranging from <1 (not measurable) to about 70 
mmol/kg dry wt; however, the average value is 23 
_+ 7 mmol/kg dry wt which is within the range en- 
countered by the bulk measurement. 

Discussion 

KIDNEY CELL M1TOCHONDRIAL CALCIUM IS L o w  

The present results using EPXMA allow the recon- 
ciliation of conflicting values obtained by other 
techniques for kidney cell mitochondrial calcium 
content. We find that in viable cells of the kidney 
proximal tubules, the mitochondrial calcium con- 
tent is low, about 3 mmoi/kg dry wt. These data 
are consistent with results obtained by EPXMA in 
smooth and striated muscle [5, 29], liver [28], and 
retinal rods [32] showing that mitochondrial calcium 
is about 1 to 3 mmol/kg dry wt. Our results in renal 
epithelial cells, as well as those in other nonmuscle 
and muscle cell types, support the notion that mito- 
chondrial Ca may regulate dehydrogenase activity 
[6, 8, 9], while lending less credence to the sugges- 
tion that mitochondria regulate cytosolic free Ca [4, 
20]. 

CALCIUM DISTRIBUTION IS HETEROGENEOUS 

We have also demonstrated the occurrence of both 
"viable" and "nonviable" cells in the tubule prepa- 
rations, which can be distinguished on the basis of 
morphological (presence or absence of mitochon- 
drial inclusions) and content (K/Na, 4:1 vs. 1:1) 
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Table 2. Average calcium content of the total cell population 
calculated with a variable percentage of nonviable cells? 

% Nonviable cells Average Ca content of 
total cell population 

(mmol/kg dry wt) (nmol/mg protein) 

1 5.9 8.4 
2 7.9 11.3 
3 10.0 14.3 
4 12.0 17.2 
5 14.1 20.1 
6 16.2 23.1 
7 18.2 26.0 
8 20.3 29.0 
9 22.4 31.9 

10 24.4 34.9 

"The average calcium content of each viable (3.8 mmol Ca/kg dry 
wt) or nonviable (210 mmol Ca/kg dry wt) cell was calculated 
using the values for mitochondrial and cytoplasmic calcium from 
Table 1 and assuming mitochondria to be 30% of cell volume [10, 
21]. If mitochondria are assumed to be 25% of cell volume, the 
final values for the average calcium content of the total cell popu- 
lation range from 5.6 to 21.7 mmol/kg dry wt (8 to 31 nmol/mg 
protein) for 1 to 10% of nonviable cells. All these calculations 
assume that the Ca content in the nucleus is the same as in the 
cytoplasm, as obtained in preliminary measurements (data not 
shown). 

criteria. The occurrence of an abnormal, heavily 
Ca-loaded population has been previously observed 
with EPXMA measurements in isolated mitochon- 
dria [31], in cell cultures [11], and in freshly dis- 
sected muscle fibers [29]. In the current experi- 
ments, the population of cells which are nonviable 
may: I) reflect the natural proportion of cells in the 
kidney in s i tu which are in some phase of degrada- 
tion or turnover, and/or 2) may represent cells dam- 
aged during one or more steps of preparation of the 
tubule suspension. The first possibility is supported 
by the large variability encountered in the bulk Ca 
content (4.5 to 18 nmol/mg protein) of the kidney 
cortex in vivo [17]. However, additional damage 
may also occur during tubule isolation. The pres- 
ence of such a sharp heterogeneity in Ca content 
emphasizes the need for caution in interpreting the 
results from other techniques such as Ca flux stud- 
ies or measurement of bulk samples of cell suspen- 
sions or isolated organelles, which only yield an 
average value for the total cell population. 

We thank Ms. Brenda Craig and Mr. Larry Hawkey for expert 
technical assistance, Mr. Scott Davilla for implementation of the 
computer system and programming, and Ms. Ellen Eatmon for 
typing this.manuscript. We gratefully acknowledge Dr's. An- 
drew and Avril Somlyo, Henry Shuman, and Meredith Bond for 
their help with various aspects of the EPXMA technology, espe- 
cially the K-Ca deconvolution program. The work was supported 
by grants from the National Institutes of Health (AM-26816, HL- 
28280) and the National Science Foundation (PCM-8115951) and 
published in abstract form in the Proceedings of the 1985 Elec- 



196 A. LeFurgey et al.: Electron Probe Analysis of Renal Tubules 

tron Microscopy Society of America meeting (pp. 464-465) and 
in the Biophysical Journal (Vol. 49, p. 159a, 1986). 

References 

1. Arnold, P.E., Lumlertgul, D., Burke, T.J., Schrier, R.W. 
1985. In vitro versus in vivo mitochondrial calcium loading 
in ischemic acute renal failure. Am. J. Physiol. 248:F845- 
F850 

2. Balaban, R.S., Soltoff, S., Storey, J.M., Mandel, L.J. 1980. 
Improved renal cortical tubule suspension. Spectrophoto- 
metric study of 02 delivery. Am. J. Physiol. 238:F50-F59 

3. Beck, F., Bauer, R., Bauer, U., Mason, J., DOrge, A., Rick, 
R., Thurau, K. 1980. Electron microprobe analysis of intra- 
cellular elements in the rat kidney. Kidney Int. 17:756-763 

4. Becker, G.L., Fiskum, G., Lehninger, A.L. 1980. Regula- 
tion of free Ca z+ by liver mitochondria and endoplasmic re- 
ticulum. J. Biol. Chem. 255:9009-9012 

5. Bond, M., Shuman, H., Somlyo, A.P., Somlyo, A.V. 
1984. Total cytoplasmic calcium in relaxed and maximally 
contracted rabbit portal vein smooth muscle. J. Physiol. 
(London) 357:185-201 

6. Denton, R.M., McCormack, J.G. 1980. On the role of the 
calcium transport cycle in heart and other mamalian mito- 
chondria. FEBS Lett. 119:1-8 

7. Hall, T. 1979. Biological x-ray microanalysis. J. Microsc. 
(Oxford) 117:145-163 

8. Hansford, R.G. 1985. Relation between mitochondrial cal- 
cium transport and control of energy metabolism. Rev. Phsy- 
iol. Biochem. Pharmacol. 102:1-72 

9. Hansford, R.G., Castro, F. 1982. Intramitochondrial and ex- 
tramitochondrial free calcium ion concentrations of suspen- 
sions of heart mitochondria with very low, plausibly physio- 
logical, contents of total calcium. J. Bioenerg. Biomemhr. 
14:361-376 

10. Harris, S.I., Balaban, R.S., Barrett, L., Mandel, L.J. 1981. 
Mitochondrial respiratory capacity and Na+-K+-dependent 
adenosine triphosphate-mediated ion transport in the intact 
renal cell. J. Biol. Chem. 256:10319-10328 

11. James-Kracke, M.R., Sloane, B.F., Shuman, H., Karp, R., 
Somlyo, A.P. 1980. Electron probe analysis of cultured vas- 
cular smooth muscle. J. Cell. Physiol. 103:313-322 

12. Joseph, S.K., Coil, K.E., Cooper, R.H., Marks, J.S., Wil- 
liamson, J.R. 1983. Mechanisms underlying calcium homeo- 
stasis in isolated hepatocytes. J. Biol. Chem. 258:731-741 

13. Kitazawa, T., Shuman, H., Somlyo, A.P. 1983. Quantitative 
electron probe analysis: Problems and solutions. Ultrami- 
croscopy 11:251-262 

14. Kowarski, D., Shuman, H., Somlyo, A.P., Somlyo, A.V. 
1985. Calcium release by noradrenaline from central sarco- 
plasmic reticulum in rabbit main pulmonary artery smooth 
muscle. J. Physiol. (London) 366:153-175 

15. Kriz, W., Hohling, H.J., Schnermann, J., Rosensteil, A.P. 
yon 1971. Microprobe measurements of electrolytes in kid- 
ney sections: First results. Verh. Anat. Ges. 65:217-225 

16. Mandel, L.J. 1982. Metabolic correlates of active transport 
in renal tubules. In: Functional Regulation at the Cellular 
and Molecular Levels. R.A. Corradino, editor, pp. 231-244. 
Elsevier/North-Holland, New York 

17. Mandel, L.J., Murphy, E. 1984. Regulation of cytosolic free 
calcium levels in rabbit proximal kidney tubules. J. Biol. 
Chem. 259:11188-11196 

18. Murphy, E., Coll, K.E., Rich, T.L., Williamson, J.R. 1980. 
Hormonal effects of calcium homeostasis in isolated hepato- 
cytes. J. Biol. Chem. 255:6600-6608 

19. Murphy, E., Mandel, L.J. 1982. Cytosolic free calcium lev- 
els in rabbit proximal kidney tubules. Am. J. Physiol. 
2A2:C 124-C 128 

20. Nicholls, D.G. 1978. The regulation of extramitochondrial 
free calcium ion concentration by rat liver mitochondria. 
Biochem. J. 176:463-474 

21. Pfaller, W. 1982. Structure-function correlation on rat kid- 
ney. Adv. Anat. Embryol. Cell. Biol. 70:1-106 

22. Saubermann, A.J., Dobyan, D.C., Scheid, V.L., Bulger, 
R.L. 1986. Rat renal papilla: Comparison of two techniques 
for x-ray analysis. Kidney Int. 29:675-681 

23. Saubermann,-A.J., Scheid, V.L., Dobyan, D.C., Bulger, 
R.L. 1986. Simultaneous comparison of techniques for x-ray 
analysis of proximal tubule cells. Kidney Int. 29:682-688 

24. Schmidt-Nielsen, B. 1976. Intracellular concentrations of 
the salt gland of the herring gull Larus argentatus. Am. J. 
Physiol. 230:514-521 

25. Shuman, H., Somlyo, A.V., Somlyo, A.P. 1976. Quantita- 
tive electron probe microanalysis of biological thin sections: 
Methods and validity. Ultramicroscopy 1:317-339 

26. Soltoff, S.P., Mandel, L.J. 1984. Active ion transport in the 
renal proximal tubule. 1. Transport and metabolic studies. J. 
Gen. Physiol. 84:601-622 

27. Soltoff, S.P., Mandel, L.J. 1984. Active ion transport in the 
renal proximal tubule. 11. Ionic dependence of the Na pump. 
J. Gen. Physiol. 84:623-642 

28. Somlyo, A.P., Bond, M., Somlyo, A.V. 1985. Calcium con- 
tent of mitochondria and endoplasmic reticulum in liver fro- 
zen rapidly in vivo. Nature (London) 314:622-625 

29. Somlyo, A.P., Somlyo, A.V., Shuman, H. 1979. Electron 
probe analysis of vascular smooth muscle: Composition of 
mitochondria, nuclei and cytoplasm. J. Cell. Biol. 81:316- 
335 

30. Somlyo, A.P., Somlyo, A.V., Shuman, H., Scarpa, A., 
Endo, M., lnesi, G. 1981. Mitochondria do not accumulate 
significant Ca concentrations in normal cells. In: Calcium 
and Phosphate Transport across Biomembranes. F. Bronner 
and M. Peterlik, editors, pp. 87-93. Academic, New York 

31. Somlyo, A.P., Somlyo, A.V., Shuman, H., Sloane, B., 
Scarpa, A. 1978. Electron probe analysis of calcium com- 
partments in cryosections of smooth and striated muscle. 
Ann. N.Y.  Acad. Sci. 307:523-544 

32. Somlyo, A.P., Walz, B. 1985. Elemental distribution in 
Rana pipiens retinal rods: Quantitative electron probe analy- 
sis. J. Physiol. (London)358:183-195 

33. Sommer, J.R., Nassar, R., Walker, S. 1983. Side bridge ge- 
ometry after quick-freezing of stimulated and unstimulated 
frog skeletal muscle fibers. Proc. 41st Electron Microsc. 
Soc. Am. pp. 464-465 

34. Trump, B.F., Berezesky, I.K., Chang, S.H., Bulger, R.E. 
1976. Detection of ion shifts in proximal tubule cells of the 
rat kidney using x-ray microanalysis. Virchows Arch. B. 
22:111-120 

35. Weinberg, J.M., Humes, H.D. 1985. Calcium transport and 
inner mitochondrial membrane damage in renal cortical mi- 
tochondria. Am. J. Physiol. 248:F876-F889 

Received 7 April 1986; revised 19 August 1986 


