
STUDIES OF MITOCHONDRIAL CALCIUM
MOVEMENTS USING THE FLUORESCENT

CHELATE PROBE, CHLOROTETRACYCLINE

Item Type text; Dissertation-Reproduction (electronic)

Authors Luthra, Rajyalakshmi, 1949-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 09:18:14

Link to Item http://hdl.handle.net/10150/289689

http://hdl.handle.net/10150/289689


INFORMATION TO USERS 

this material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete. 

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 

University Microfilms International 
300 North Zeeb Road 
Ann Arbor, Michigan 40106 USA 

St. John's Road, Tyler's Green 
High Wycombe, Bucks, England HP10 8HR 



78-3588 

LUTHRA, Rajyalakshmi, 1949-
STUDIES OF MITOCHONDRIAL CALCIUM MOVEMENTS 
USING THE FLUORESCENT CHELATE PROBE, 
CHLOROTETRACYCLINE. 

The University of Arizona, Ph.D., 1977 
Chemistry, biological 

University Microfilms International, Ann Arbor, Michigan 48106 



STUDIES OF MITOCHONDRIAL CALCIUM MOVEMENTS 

USING THE FLUORESCENT CHELATE PROBE, CHLOROTETRACYCLINE 

by 

Rajyalakshmi Luthra 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON BIOCHEMISTRY (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 7 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Rajyalakshmi Luthra 

entitled Studies of Mitochondrial Calcium Movements Using the 

Fluorescent Chelate Probe, Chlorotetracycline 

be accepted as fulfilling the dissertation requirement for the 

degree of Doctor of Philosophy 

•JU/JU 
edtor 

Dissertation Director 

• " Darce 

JO /7 /?? 
Date 

As members of the Final Examination Committee, we certify 

that we have read this dissertation and agree that it may be 

presented for final defense. 

J • 
<-mX 

(OAi / T *  

(tfi'rfiT' 
/0//7J77 

Final approval and acceptance of this dissertation is contingent 
on the candidate's adequate performance and defense thereof at the 
final oral examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNED 



ACKNOWLEDGMENTS 

I wish to express my deep sense of gratitude to Dr. M. S. Olson 

for guiding me through this project with helpful discussions and positive 

criticism and for his understanding of my emotional oscillations during 

the course of this study. I also wish to thank the members of my commit

tee, Dr. W. J. Grimes and Dr. M. A. Cusanovich for their critical evalua

tion of this work and for their encouragement during the various phases 

of my graduate study. 

I also wish to thank Padma, Wally, Steve, Bob, Susan and Brad 

for their valuable suggestions and Mike and Cindy for their excellent 

technical assistance. 
i  

I particularly wish to thank Leena and Kang for putting in so many 

late hours while typing the first draft of the dissertation. 

I am very grateful to my husband, Madan, without whose ever

lasting patience and encouragement this work would have been incomplete. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES ix 

ABSTRACT x 

CHAPTER 

1 INTRODUCTION 1 

Calcium Transport in Mitochondria 3 
Limited Loading and Matrix Loading A 
Respiration Independent High Affinity 
Binding Sites 6 

Calcium Carrier(s) .... 7 
The Role of Mitochondrial Calcium Transport 
in Metabolic Regulation 9 

Techniques Employed for Measuring Mitochondrial 
Divalent Cation Transport 13 

Rationale 18 

2 METHODS AND MATERIALS 20 

Energized Uptake of Calcium by Mitochondria 21 
Prelabeling of Mitochondria with ̂ Calcium 22 
Chlorotetracycline-associated Fluorescence 23 
The Uptake or Binding of Chlorotetracycline 
by Mitochondria 23 

Measurement of Endogenous Levels of Calcium 
and Magnesium 24 

Measurement of Respiration . 25 
Measurement of Swelling of Mitochondria 26 

3 RESULTS 27 

Studies of Mitochondrial Calcium Movements 
Using Chlorotetracycline 27 

Effect of Ruthenium Red on Uptake and Release 
of Calcium by Mitochondria 42 

The Interaction of Chlorotetracycline with 
Calcium Uptake by Mitochondria under Limited 
Loading Conditions 50 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

The Uptake and Retention of Chlorotetracycline 
by Mitochondria 67 

The Effect of Calcium on Uptake of Chloro-
tetracycline by Mitochondrial ............ 70 

The Inhibition of Chlorotetracycline Mediated 
Release of Calcium from Mitochondria by 
Magnesium 72 

The Effect of Chlorotetracycline and Calcium on 
Mitochondrial Respiration . • . • 80 

The Effect of Chlorotetracycline and Calcium on 
Mitochondrial Swelling 86 

The Inhibition by Magnesium of Mitochondrial 
Swelling Induced by Calcium and Chloro
tetracycline 90 

4 DISCUSSION 95 

The Inhibition of Calcium Uptake and Release by. 
Rat Liver Mitochondria by Ruthenium Red 104 

The Effect of Chlorotetracycline on the Energy 
Dependent Uptake of Calcium by Mitochondria 109 

The Uptake and Retention of Chlorotetracycline 
by Mitochondria 113 

Inhibition by Magnesium of Chlorotetracycline-
mediated Release of Calcium from Mitochondria .... 115 

The Effect of Chlorotetracycline and Calcium 
on Energy Utilization by Mitochondria 117 

The Effect of Chlorotetracycline and Calcium 
on Mitochondrial Swelling 118 

Can Chlorotetracycline Be Employed as a Monitor 
of Calcium Association with Mitochondrial 
Membranes? . 119 

APPENDIX A: STRUCTURE OF CHLOROTETRACYCLINE . 122 

LIST OF REFERENCES 124 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Chlorotetracycline-associated fluorescence changes 
during energized calcium uptake by rat liver 
mitochondria 28 

2. The effect of the permeant anion, phosphate, on the 
chlorotetracycline-associated fluorescence and 
calcium accumulation by energized rat liver 

mitochondria 30 

3. Effect of potassium phosphate addition on chloro
tetracycline fluorescence and ̂ calcium uptake 
by rat liver mitochondria following a 
deenergization-energization cycle 31 

4. Effect of various agents on the chlorotetracycline 
fluorescence and "calcium content of rat liver 
mitochondria . 32 

5. Effect of various agents on the chlorotetracycline 
fluorescence and ̂ calcium content of rat liver 
mitochondria following a deenergization-
energization cycle 33 

6. The effect of potassium phosphate and EGTA on the 
ĉalcium content of "prelabeled" rat liver 
mitochondria following a deenergization-
energization cycle 34 

7. The effect of ruthenium red on the release and re-
accumulation of 4i>calcium 0f prelabeled mitochondria ... 44 

45 
8. The inhibition by ruthenium red of calcium release 

from prelabeled mitochondria mediated by FCCP and 
antimycin A 45 

45 
9. The effect of ruthenium red on calcium content of 

prelabeled mitochondria 46 

45 
10. The effect of ruthenium red on calcium content or 

preloaded mitochondria 49 

11. The effect of increasing concentration of calcium 
chloride on chlorotetracycline-associated fluorescence . . 52 

vi 



vii 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

12. The effect of increasing concentrations of chloro-
tetracycline on chlorotetracycline-associated 
fluorescence ............ 53 

45 
13. The effect of chlorotetracycline on calcium uptake 

by energized rat liver mitochondria 55 

14. The effect of increasing level of chlorotetracycline 
on the uptake of calcium by energized rat liver 
mitochondria 58 

15. The effect of varying levels of calcium and chloro
tetracycline on the "cyclic" nature of ̂ calcium 

uptake by mitochondria 60 

45 
16. The effect of chlorotetracycline on calcium 

content of mitochondria preloaded with "calcium ..... 62 

17. The effect of preincubation of mitochondria with 
varying levels of chlorotetracycline on the 
uptake of ̂ calcium by energized mitochondria 64 

45 
18. The effect of EGTA and chlorotetracycline on calcium 

content of mitochondria preloaded with ĉalcium 65 
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ABSTRACT 

The association of calcium with rat liver mitochondrial membranes 

under various metabolic conditions was monitored using the fluorescent 

chelate probe, chlorotetracycline. It was observed that endogenous cal

cium was lost rapidly from mitochondria upon treatment with uncoupler, 

antimycin A, and A23187. Potassium phosphate and EGTA had no effect on 

45 
the endogenous calcium as measured by either the calcium content of 

"prelabeled" mitochondria or the fluorescence of the probe. Reenergiza-

tion of antimycin A-treated mitochondria resulted in a partial uptake of 

45 
the released calcium but caused a nearly complete return of chlorotetra-

cycline fluorescence to the original level. Addition of phosphate did 

not change the fluorescence level but resulted in an almost complete 

45 accumulation of the calcium previously released. Hence, it is con

cluded that treatment of mitochondria with antimycin A resulted in a 

release of calcium from both the membrane and matrix compartments. Fol-

45 
lowing the energized uptake of calcium which has been released upon' 

antimycin A treatment, p-trifluoromethoxyphenyl hydrazone of carbonyl 

45 
cyanide, A23187 and EGTA all caused a nearly complete loss of the cal

cium from mitochondria and an extensive decrease in the fluorescence 

level. As the original calcium was not accessible to EGTA it is con

cluded that the apparent location and/or the properties of endogenous 

calcium in the rat liver mitochondrial system were altered significantly 

by manipulation of the energetic state of mitochondria. 

x 



xi 

Utilizing "prelabeled" mitochondria, it was demonstrated that 

ruthenium red, an inhibitor of energy-linked calcium uptake by mito

chondria, can also inhibit the release and reaccumulation of endogenous 

calcium suggesting that the mechanism(s) of efflux and influx of endo

genous calcium may share similar properties. Further, evidence is pre

sented indicating that ruthenium red does not itself promote release of 

calcium from mitochondria which have been preloaded with calcium and, in 

addition, ruthenium red prevents the release of accumulated calcium 

which is mediated by the addition of permeant anion, phosphate. 

The use of chlorotetracycline as a monitor of calcium movements 

in rat liver mitochondria under limited loading conditions indicated that 

the increase in chlorotetracycline-associated fluorescence is a reason

able monitor of calcium association with mitochondrial membranes. How

ever, at elevated concentrations of calcium, a transient fluorescence 

response was observed upon addition of calcium to the energized mito

chondria. This transient or cyclic behavior of chlorotetracycline-

associated fluorescence response was minimized by increasing the chloro

tetracycline concentration, mitochondrial concentration or including 

45 
magnesium in the incubation. Measurement of calcium content of mito

chondria under these incubation conditions indicated that the cyclic be

havior of fluorescence was due to the release of accumulated calcium 

from the mitochondria in the presence of chlorotetracycline. Also, it 

was demonstrated that chlorotetracycline addition to mitochondria which 

45 
had been previously loaded with calcium resulted in a rapid efflux 

45 
of the accumulated calcium. Further, due to cyclic movements of cal

cium i.e., chlorotetracycline mediated efflux and energy-dependent influx 



xii 

of the released calcium, the metabolic properties of mitochondria were 

altered. Because of these obvious effects of chlorotetracycline on the 

ability of the mitochondria to accumulate and retain calcium, it was 

concluded that caution must be exercised in utilizing this probe to 

monitor metal cation fluxes in complex membrane systems. 



CHAPTER 1 

INTRODUCTION 

There can be little question that calcium has emerged as a major 

component of internal signaling systems which plays a central role in 

the regulation of cellular activity. The primary function of calcium as 

an internal signal is to regulate the responses of various cells to a 

vide variety of external stimuli. A classic example of such regulation 

is the well defined excitation contraction coupling system in skeletal 

muscle (1). During this process, calcium released from sarcoplasmic 

reticulum following the rapid depolarization of cell membrane during 

the passage of the action potential, triggers the contraction of the 

muscle by facilitating the formation of crosslinkages between myosin and 

actin. Following contraction, relaxation of the muscle is achieved by 

removal of the released calcium by sarcoplasmic reticulum. Evidence in

dicates that calcium also has a central role in stimulus-secretion 

coupling during the release of granules from a number of different 

cells (2,3). Recent studies (4) indicate that during stimulus-division 

coupling, calcium may act as the primary intracellular mitogenic signal. 

The dual control of mechanical and metabolic events by calcium 

in smooth muscle further emphasizes the crucial role played by intracel

lular calcium in regulation of cellular activity. In many smooth muscles, 

contractility and metabolism are tightly coupled. Energy is derived 

through glycogen degradation, a process in which phosphorylase is the 

1 
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rate limiting enzyme. It has been shown that in both arterial (5) and 

uterine smooth muscle (6), during contraction calcium regulates the con

version of inactive phosphorylase b to active form phosphorylase a. 

Thus, when intracellular calcium concentration is elevated to induce 

contraction, there is a simultaneous activation of energy metabolism 

to provide the required ATP concentration. 

The above mentioned studies merely accentuate the fact that 

calcium occupies a central role in a number of cellular processes. 

Hence, understanding of the various mechanisms by which the intracel

lular concentrations of calcium are regulated would be of considerable 

interest. In most cells the free extracellular calcium concentration 

-3 -5 
(10 M) is much higher than the free intracellular concentration (10 

to 10 ̂ M). Thus there is a large chemical concentration gradient in 

addition to the electrical gradient (majority of cells are electro

negative) which favor the entry of calcium into the cell. However, in 

spite of this electrochemical gradient, the influx of calcium into most 

cells is relatively low especially in the resting state. Thus, it ap

pears that the main control of the regulation of intracellular calcium 

concentration is at the plasma membrane level. Experimental evidence to 

date suggests that there are at least two mechanisms by which the perme

ability of plasma membrane can be altered. In the first mechanism, the 

external stimulant, i.e., hormone or neurotransmitter, interacts with a 

receptor on the membrane with little or no change in membrane potential, 

e.g., action of ACTH on adrenal cortax (7,8). In the second mechanism, 

the action of the stimulant is coupled with changes in membrane potential 

which is usually depolarized to include an increase in the permeability of 
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the membrane for calcium, e.g., exitation-contraction coupling in cardiac 

muscle (9). 

Another important mechanism of regulation of intracellular cal

cium concentration apart from plasma membrane permeability is the re

lease and re-uptake of calcium by intracellular reservoirs such as 

sarcoplasmic reticulum and mitochondria. The classic example is the 

release of calcium from the sarcoplasmic reticulum during stimulus-

contraction coupling (1). A number of excellent review articles are 

written on this subject, especially on the process of calcium transport 

in sarcoplasmic reticulum and its role in the regulation of intracel

lular calcium during a wide variety of cellular processes (10,11). 

Hence, in the following section, discussion will be limited to transport 

of calcium in mitochondria and its possible role in the regulation of 

intracellular calcium concentration. 

Calcium Transport in Mitochondria 

That mitochondria can accumulate calcium from the medium result

ing in stimulation of respiration (12,13) and uncoupling of oxidative 

phosphorylation (14) was observed in the 1950's. However, as high con

centrations of calcium which cause damage to the mitochondria were used, 

the reaction of calcium with tightly coupled mitochondria could not be 

monitored. Later De Luca and Engstrom (15) and Vasington and Murphy 

(16) independently demonstrated that isolated mitochondria accumulate 

large amounts of calcium from the medium in an energy-dependent manner 

and that the energy can be supplied by either respiration or ATP hydroly

sis. Since then, extensive work has been carried out to characterize 
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this process which is described in great detail in review articles 

written by Lehninger, Carafoli and Rossi (17), Lehninger (18), and Mela 

(19). Hence, the following discussion will be limited to the more 

recent findings in the field of calcium transport and to those topics 

which are pertinent to the present study. 

Limited Loading and Matrix Loading 

In the absence of a permeant anion, mitochondria can accumulate 

calcium up to 100-150 nmoles/mg protein and this process is commonly re

ferred as "limited loading" (20). However, if a permeant anion such as 

phosphate is included in the incubations, the accumulation of calcium by 

mitochondria reaches even up to 3 ymoles/mg protein (21). Electron 

microscopic and light scattering studies revealed that in the presence 

of phosphate, calcium forms an insoluble tri-calcium phosphate salt, 

Câ PÔ )2» in the matrix compartment of the mitochondria (22, 23, 24). 

Evidence supporting this observation also has come from studies of 

Chappell, Cohn and Greville (25) who employed NMR techniques to study 

the transport of manganese (an analogue of calcium for the purpose of 

their study) in mitochondria. Thus, at present there is fairly good 

agreement in the literature that in the presence of a permeant anion, 

calcium accumulates in the matrix compartment of the mitochondria. 

Hence, this process is generally referred as "matrix loading" (26). Re

cently Lehninger (27) made an important observation that during the 

matrix loading process only certain anions such as bicarbonate, acetate, 

phosphate and hydroxybutyrate which enter the mitochondrial matrix 
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compartment as protonated species can accompany the energy dependent 

calcium accumulation. 

One question which has not been resolved is whether the calcium 

which is taken up by mitochondria tinder limited loading conditions is 

free in the matrix space or bound to the specific sites on the inner 

side of the inner mitochondrial membrane. Studies of Gear et al. (28) 

showing that treatment with luberol or sonication resulted in no loss 

of calcium under limited loading conditions suggest that calcium mainly 

binds to the mitochondrial membranes in the absence of permeant anion. 

Experiments of Chappell et al. (25) and Gunter and Puskin (29) in which 

manganese has been used as a paramagnetic analogue for calcium, also 

indicate that in the absence of a permeant anion, the cation is not 

free in the matrix but is bound to the membrane. Schuster and Olson 

(30, 31) employing chlorotetracycline as a probe for monitoring the 

association of divalent options with beef heart mitochondrial membranes 

also came to similar condlusion, i.e., calcium and magnesium bind to the 

mitochondrial membranes in the absence of a permeant anion. In contrast 

to these observations, Rotteriberg and Scarpa (32) measuring the calcium 

concentration gradients in the presence of uncouplers and ionophores and 

comparing these gradients with rubidium concentration gradients concluded 

that a great part of the accumulated calcium by mitochondria is free in 

solution rather than bound even in the absence phosphate. Thus at 

present the question whether the calcium is bound to membranes or free 

in the matrix under limited loading conditions remains to be solved. 
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Respiration Independent High 
Affinity Binding Sites 

In a series of papers pbulished from Lehninger's laboratory (33, 

34), evidence has been presented that mitochondria isolated from various 

tissues show two classes of binding sites for calcium, i.e., high af

finity (Km _< 10 pM, 1-10 nmoles/mg protein) and low affinity (Km _< 100 pM, 

40-60 nmoles/mg mitochondrial protein). Further it has been shown that 

respiratory inhibitors have no effect on binding of calcium to high 

affinity sites. Based on these results, the authors suggested that 

respiration-independent high affinity sites may represent the specific 

binding of calcium to a carrier. "Serious doubts on the validity of 

this interpretation were raised by Southard and Green (35) and Akerman, 

Saris and Jarvisalo (36). These two groups have independently presented 

evidence indicating that respiration independent high affinity calcium 

binding sites observed by Lehninger and his associates are the results 

of energy-linked uptake of calcium due to residual electron transfer in 

the presence of low levels of inhibitors. In a recent communication, 

also Reed and Bygrave (37) have shown that the energy-independent high 

affinity binding sites are in fact a measure of carrier-mediated active 

calcium transport in respiration inhibited mitochondria. They have sug

gested that these energy-independent high affinity sites may provide 

accurate measurement of energy reserve of respiration inhibited mito

chondria. Thus the aforementioned studies indicate that caution has to 

be exercised while referring to high affinity sites as energy independent 

binding sites. 
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Calcium Carrier(s) 

Due to the increased evidence indicating the involvement of a 

specific carrier in the energy linked transport of calcium across the 

mitochondrial membranes, attempts have been made by various groups to 

isolate the component(s) of calcium transport from the mitochondrial 

membranes. The first report of a mitochondrial fraction with a high 

affinity for calcium came from the studies of Evtodienko, Peshkova and 

Schipakin (38), who have partially purified a protein from liver mito

chondria which showed a high affinity for calcium (Km, 1 pM) and which 

was able to split ATP in a reaction which was stimulated by calcium. 

Later Lehninger and his associates (39, 40) demonstrated that a heat 

labile and non-dialyzable protein isolated from liver mitochondria con

tained two classes of binding sites, i.e., high and low affinity sites. 

Interestingly, the binding of calcium to high affinity sites has been 

shown to be inhibited by lanthanum at the same low concentrations which 

prevent energy linked uptake of calcium by intact mitochondria. Whether 

these two proteins play any role in the active transport of calcium in 

intact mitochondria is not yet established. 

The inhibition of energy linked calcium transport by ruthenium 

red (41), a compound commonly used as a mucopolysaccharide stain prompted 

various groups to study the involvement of carbohydrate containing frac

tion̂ ) of mitochondria in the calcium transport process. Such studies 

resulted in the isolation of at least four different carbhoydrate con

taining mitochondrial fractions which showed an enhanced affinity for 

calcium (42, 43, 44). Of these, the glycoprotein isolated by Sottocasa 

and his associates (43) has been shown to be present in the mitochondrial 
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membrane and/or in the intermembrane space but not in the matrix com

partment of the mitochondria. Further, it has two classes of binding 

sites which are sensitive to both lanthanum and ruthenium red. One 

interesting observation is that Prestipino et al. (45) in an attempt to 

reconstitute calcium transport in artificial bilayer systems demonstrated 

that addition of this glycoprotein to lecithin black films results in an 

increase in electrical conductance. However, under these incubation 

conditions, calcium-dependent Nernst potentials could not be measured, 

an observation which is incompatible with the idea that this glycopro

tein mediates transport of calcium across the membranes. Based on these 

observations and also results obtained using this glycoprotein with 

calcium loaded liposomes, Carafoli (46) suggested that this glycoprotein 

may not be a transmembrane carrier but may be a superficial calcium re

ceptor which may function in conjunction with a transmembrane carrier. 

But preliminary studies recently reported by Sandri, Panfili and Sottocasa 

(47) have, on the other hand, indicates that this glycoprotein can move 

from one mitochondrial compartment to another as a function of calcium 

and magnesium concentrations in the incubation medium. Obviously more 

detailed studies must be performed for determining the role of this 

glycoprotein in energy linked translocation of calcium across the mito

chondrial membranes. 

The presence of the ionophorous antibiotic, A23187 of microbial 

origin which facilitates the movement of divalent cations, calcium and 

magnesium across the biological membranes (48) led Blondin (49) and 

Green et al. (50) to investigate the possible existence of an endoenous 

divalent cation ionophore in mitochondria. Such studies led to the 
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isolation of a number of small molecular weight species from mitochondria 

which showed ionophoretic properties. Similar to the aforementioned 

proteins, the role of these endogenous ionophores in divalent cation 

transport is still not clear. 

The Role of Mitochondrial Calcium 
Transport in Metabolic Regulation 

Three main aspects of mitochondrial calcium transport which are 

important from the standpoint of its role in metabolic regulation are 

(a) the affinity of mitochondria for calcium, (b) the initial rate of 

calcium uptake, and (c) the total capacity of mitochondria for calcium 

accumulation. Knowing that mitochondria can accumulate impressive 

amounts of calcium in the presence as well as in the absence of phos

phate (see "Limited Loading and Matrix Loading"), and considering that a 

gram of normal tissue may contain 80-100 mg of mitochondrial protein, it 

could be calculated that the total capacity of mitochondria for calcium 

storage would range between approximately 8-15 ymoles and 200-300 pmoles/ 

gm of tissue in the absence and in the presence of phosphate, respectively. 

As in the in vivo situation, mitochondria are constantly exposed to mM 

concentrations of phosphate, the latter figure, i.e., 200-300 ymoles of 

calcium/gm of tissue, is most probably the closest approximation of the 

physiological capacity of the mitochondrion. If this calculation is 

accurate, mitochondria may in fact act as important buffering system for 

cellular calcium especially in those cells which do not possess other 

important calcium transporting organells such as sarcoplasmic reticulum, 

e.g., epithilial cells. 



10 

Currently, a great deal of contradiction and confusion prevails 

in the literature regarding the initial velocity and the affinity of 

mitochondria for calcium transport. Most of the confusion can be at

tributed to the different techniques used for the estimation of calcium 

transport and to the interpretations of the results obtained. Realis

tically, in most studies the determination of accurate free calcium con

centrations has been hindered by the presence of various compounds such 

as dicarboxylate anions (respiratory substrates), phosphate, indicator 

dyes, etc., which have resulted in high Km values ranging from 50 to 

150 pM total calcium (51, 52, 53). However, if accurately known free 

calcium concentrations were established by calcium-EGTA or calcium-

nitrilotriacetic acid buffers, low Km values ranging from 1 to 4 yM have 

been obtained (54, 55). The inhibitory effect of magnesium on energy-

linked transport of calcium in heart mitochondria (56) appears to be 

the main reason for obtaining high Km values (50-150 yM) for calcium 

transport by Vinogradov and Scarpa (51) and Scarpa and Graziotti (52) 

who included 1-5 mM magnesium in the incubations to minimize the bind

ing of calcium to low affinity sites. Recently Scarpa (57) comparing 

the apparent Km values for calcium transport by mitochondria (50 viM 

calcium) and sarcoplasmic reticulum (2.5 uM calcium) isolated from 

guinea pig hearts, suggested that the mitochondrial calcium transport 

may not be adequate enough to regulate the beat to beat calcium cycle of 

heart. There are at least two arguments for and against such an assump

tion. Again, mangesium was included in the incubations which could have 

led to the apparent differences in Km values between mitochondria and 

sarcoplasmic reticulum. On the other hand, due to the presence of 
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large cytosolic content of magnesium in cardiac cells, the Km values ob

tained in the presence of magnesium may indeed represent the values of 

mitochondrial calcium transport voider physiological conditions. If that 

is the case, mitochondrial calcium transport may not be effective enough 

to sequester calcium from cytoplasm to Induce relaxation following con

traction in mammalian heart. However, in smooth muscle, the kinetics 

of calcium uptake by mitochondria appear to be compatible with the re

moval of calcium from the myoplasm, which precedes relaxation, suggest

ing that mitochondria may play a significant role in controlling the 

myoplasmic calcium concentrations in smooth muscle (58). 

The last but not the least important aspect of calcium transport 

by mitochondria is the question: What is the nature of the driving 

force which promotes calcium accumulation against concentration gradient? 

Several models have been described in literature to describe the coupling 

between energy-transducing metabolic reactions of mitochondria and energy-

utilizing reactions leading to calcium accumulation against concentra

tion gradient. Two of the models which have generated much interest and 

controversy are the chemical intermediate hypothesis (59, 60) and the 

chemiosmotic hypothesis (61). An excellent review on these and other 

hypotheses has been written by Greville (62) and the relationship with 

ion transport has been discussed in detail by Chance and Montal (63) and 

by Lehninger (64). 

According to the chemical intermediate hypothesis, the primary 

event is the formation of high energy intermediate, which drives the 

calcium pump. Hence, calcium transport would be coupled with electron 

flow and the direction of the ion movements depends on the direction of 
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electron flow through the respiratory chain. According to this model, 

IT1" movement is secondary to calcium translocation. 

On the other hand, according to the chemiosmotic hypothesis and 

its various modifications, calcium moves passively in response to the 

other ion gradients and/or a membrane potential, established through 

active proton extrusion and other passive ion movements. The passive 

models can be subdivided into (a) the movement of calcium alone in its 

fully charged form (electrogenic uniport), (b) the exchange of calcium 

for a IT1" or H+ ion (electrogenic antiport), and (c) the exchange of 

calcium for two monovalent cations (neutral antiport). 

Currently, the contention that calcium moves passively down an 

electrochemical gradient is gaining much experimental evidence. Selwyn, 

Dawson and Dunnett (65) studying the uptake of calcium by non-energized 

mitochondria in the presence of various anions, presented evidence indi

cating that calcium moves in the mitochondria by either calcium uniport 

or by calcium/potassium antiport. The relevance of this finding to 

energized conditions is strengthened by the fact that small amounts of 

3+ 
Fr , a specific inhibitor of active calcium transport in mitochondria 

also blocked calcium uptake in respiration inhibited mitochondria. How

ever, as active accumulation of calcium is not accompanied by efflux of 

K+ (66), passive uniport appears more likely mechanism for calcium trans

port than K* antiport. 

Further evidence for electrogenic uniport has also been provided 

by Rotteriberg and Scarpa (32) and Rottenberg (67) who measured steady-

state calcium and potassium gradients in respiring valinomycin-treated 

mitochondria. However, the authors while estimating the calcium 
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concentration gradients made an assumption that most of the calcium is 

free in the mitochondria rather than bound. The validity of such assump

tion is highly questionable. In order to estimate more accurately the 

free calcium concentrations, Puskin et al. (68) utilized an EPR tech

nique to estimate the steady state concentration gradients of manganese 

(a paramagnetic analogue of calcium) in valinomycin treated mitochondria. 

In this study, first by comparing the steady state gradients of man

ganese with those of potassium and rubidium and then secondly studying 

the effects of ruthenium red and lanthanum chloride on the steady-state 

distribution of divalent cations, Puskin et al. suggested that there are 

at least two mechanisms which are involved in calcium transport of mito

chondria: (a) a passive uniport which transports calcium inward along a 

electrochemical gradient, and (b) another system which transports cations 

outward against the activity gradient. However, the validity of making 

assumptions concerning calcium transport based on manganese gradients 

remains to be determined. 

Techniques Employed for Measuring Mitochondrial 
Divalent Cation Transport 

The experimental evidence to date pertaining to divalent cation 

transport has been obtained by utilizing a number of techniques which 

are described below. Direct measurement of uptake of calcium or mag

nesium by mitochondria involves the usage of rapid separation techniques, 

i.e., filtration or high speed centrifugation, followed by analysis of 

separated fraction(s) for calcium or magnesium by atomic absorption 

4 5  
spectrophotometer or for calcium using scintillation counting tech

niques. Most of the information regarding the divalent cation transport 
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in mitochondria has been achieved by using these techniques. However, 

the lengthy time required for the separation of mitochondria from the 

medium renders these techniques unsuitable for rapid kinetic.studies of 

calcium and magnesium uptake by mitochondria. 

Sensitive calcium specific electrodes have also been employed to 

monitor changes in the concentration of cations in solutions containing 

various membrane preparations as the divalent cation is alternately taken 

up or released. Recently Madeira (69) reported that utilizing this 

technique, changes in calcium concentration of the medium in the order 

of 1-10 nmoles could be monitored even in the presence of relatively 

high background calcium. The use of such cation sensitive electrodes 

is, however, limited by their slow response time. 

Some of the fairly recent techniques utilize compounds whose 

absorption or fluorescence characteristics change depending upon whether 

or not the compound is complexed with calcium or magnesium. Exanples of 

such compounds are murexide (70) , erichrome blue (71) , and aequorin (72). 

The techniques employing these compounds have the advantage of fast 

response time and high sensitivity. Due to the high rate constants for 

the formation of metal-indicator complex and the lack of penetration or 

binding of the indicator to the biological system under investigation, 

currently murexide and erichrome blue are being used in many laboratories 

for the study of calcium and magnesium transport in mitochondria. 

In addition to the methods mentioned above, measurement of con

sequences of calcium uptake, such as proton extrusion (73, 74), calcium 

stimulated respiration (73) or changes in the oxidation-reduction state 
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of various respiratory chain components (53) have been used as indirect 

indicators of calcium accumulation in mitochondrial systems. 

The techniques mentioned above, however, preclude studies which 

necessitate a distinction between the binding of the divalent cation to 

the membrane and its translocation into the matrix compartment of the 

mitochondria. To circumvent this problem, Chappell et al. (25) used EPR 

and pulsed NMR techniques to study the process of manganese uptake by 

rat liver mitochondria. Their observations indicated that manganese was 

accumulated by the mitochondria in the absence of phosphate at a site in

accessible to water suggesting that it probably represents a very hydro

phobic area of the membrane. If the manganese uptake measurements were 

performed in the presence of phosphate, the divalent metal was found to 

mitochondria in a form which indicated that manganese was out of the 

solution possibly as Mn̂ (PÔ )̂  and the access of the manganese to water 

was limited to even greater extent. Based on these and also calcium 

transport studies, Chance (75) postulated that mitochondrial divalent 

cation transport involves some events which are primarily cation binding 

to the membrane and some which involve actual translocation. 

Unfortunately, the method of Chappell et al. (25) cannot be 

utilized to study the transport of either calcium or magnesium by mito

chondria as the dimagnetic nature of these cations prevents monitoring 

their movements with EPR. In an attempt to solve this problem, Caswell 

and Hutchison (76, 77) and Caswell (78) have attempted to use fluorescent 

probe, chlorotetracycline which is sensitive to the presence of divalent 

cations and the polarity of the medium. It has been known for many years 

that tetracycline antibiotics were associated with divalent metal cations 
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and that these antibiotics tend to localize in membranous parts of the 

tissue (79, 80). It has been demonstrated that the antibacterial 

activity of tetracyclines is related to the stability of various 

tetracycline-metal complexes (81). In view of these observations and 

also knowing that tetracyclines when administered into laboratory animals 

accumulated selectively in sarcoplasmic reticulum and mitochondria (80) 

which are also known for accumulating large amounts of divalent cations, 

investigations were undertaken to study tetracyclines as potential 

probes for membrane associated divalent cations. 

Caswell and Hutchison (76, 77) first demonstrated that chloro-

tetracycline forms a complex with divalent, dimagnetic cations in ap

proximately a 1:1 ratio and that the fluorescence quantum yield of the 

complex increases markedly in apolar as compared to aqueous environments. 

Hence, chlorotetracycline was employed by Caswell to monitor the divalent 

metal cation association with mitochondrial membranes (78). Based upon 

the slight spectral differences between the calcium- and magnesium-

chlorotetracycline complexes in methanolic solution, Caswell suggested 

that the chelate probe primarily binds to calcium in coupled mitochondria 

and to magnesium in uncoupled mitochondria. However, under these in

cubation conditions direct measurement of actual divalent cation content 

of the mitochondria was not performed. Based on chlorotetracycline-

associated fluorescence changes in the presence of manganese, a para

magnetic species, and acetate ions, it was postulated that chlorotetra

cycline primarily monitors the divalent metal cations associated with the 

inner surface of the inner mitochondrial membrane. However, studies done 
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with paramagnetic ions especially in the presence of the permeant ace

tate ions could be subjected to numerous interpretations. 

In a more direct approach, Schuster and Olson (30) correlated 

the chlorotetracydine-associated fluorescence with actual movement of 

divalent metal cations in beef heart submitochondrial particles. In 

this study evidence was presented demonstrating a positive correlation 

between chlorotetracycline-associated fluorescence, the amount of probe 

bound to the membrane, and the actual magnesium content of the sub-

mitochondrial particles. Further, it was demonstrated that the changes 

in chlorotetracycline fluorescence were independent of energy-dependent 

changes in the conformation of mitochondrial membranes. In a similar 

study but using intact beef heart mitochondria, it was shown that chloro-

tetraycline in fact can be used as an accurate monitor of membrane-

associated divalent cations (31). 

Binet and Volfin (82) and Pfeiffer et al. (83), independently 

studying the effects of A23187 on the divalent cation of rat liver 

mitochondria observed that the chlorotetracycline-associated fluores

cence corresponds mainly to the mitochondrial calcium content. At this 

point it is significant to note that Pfeiffer et al. (83) reported a 

linear relationship between actual calcium content of mitochondria and 

chlorotetracycline-associated fluorescence at low calcium concentrations, 

e.g., up to 25 nmoles calcium/mg protein, suggesting that this probe may 

be used as a quantitative indicator of intrami tochondrial calcium in rat 

liver mitochondria. 

In a recent communication, Shaffer and Olson (84) presented data 

which indicated the chelate probe, chlorotetracycline, may behave as an 
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ionophore at high concentrations in rat brain synaptosomes. No such ob

servation has been reported thus far in mitochondrial systems. 

Hence, from the above discussion, one can appreciate both the 

importance and complexity of performing critical experiments on the 

movement, localization and the nature of various pools of calcium in 

mitochondria. 

Rationale 

Though, mitochondrial calcium transport is a well studied pro

cess, the relationship between the binding of calcium to the mitochon

drial membrane and its actual translocation into the matrix compartment 

has not been rigorously defined. In order to define this relationship, 

recently two fluorescent probes have been employed. Of these probes, 

chlorotetracycline has been suggested as a monitor of the association 

of calcium with membranes due to increase in the fluorescence of this 

compound upon binding to divalent cations in lipophilic environments. 

The objective of the present study was to investigate further 

the utility of chlorotetracycline as a probe for monitoring the associa

tion of calcium with rat liver mitochondria under various metabolic 

conditions. In order to achieve this aim, two basic lines of investi

gations were undertaken. In the first phase, experiments were designed 

to determine whether or not the chlorotetracycline-associated fluores

cence could be correlated with the movements of calcium in mitochondria. 

Hence, directional changes in chlorotetracycline-associated fluorescence 

were correlated with the actual mitochondrial content of calcium. In 

the second phase, the interaction of the chelate probe with the 



mitochondrial clacium transport process, especially under limited load

ing conditions was investigated. Since these studies indicated that 

chlorotetraycline interferes with calcium metabolism, the combined ef

fects of chlorotetracycline and calcium on the structural and metabolic 

properties of mitochondria were also investigated. 



CHAPTER 2 

METHODS AND MATERIALS 

Rat liver mitochondria were isolated from Sprague-Dawley rats of 

either sex utilizing a slightly modified procedure of Shneider and Hoge-

boom (85). The livers were homogenized in a medium containing 75 mM 

sucrose, 225 mM mannitol and 0.1 mM EGTA. The composition of the wash 

and the final resuspension media was similar to the above except that 

EGTA was omitted. Mitochondrial experiments were usually conducted 

within 2 hours after their isolation. During this period, mitochondria, 

at a protein concentration of 15-25 mg/ml resuspending.medium were stored 

at 4°C without aeration. Mitochondrial protein was estimated using a 

biuret procedure (86), in which crystalline bovine serum albumin was 

employed as the protein standard. Prior to the addition of biuret 

reagent, mitochondria were routinely solubulized in 0.05 ml of 1% 

(w/v) deoxycholate. 

The mitochondrial incubations were performed in glass reaction 

chamber with constant stirring at 25°C. The standard reaction buffer 

contained 310 mM sucrose and 20 mM Tris-chloride, pH 7.0. The mito

chondrial protein concentration was usually maintained in the range of 

0.8-2.5 mg/ml incubation medium. The reactions described in the various 

45 
figures were initiated by addition of either mitochondria or calcium 

to the incubation medium which contained various additions as indicated 

in the individual figure legends. 

20 
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Energized Uptake of Calcium by Mitochondria 

The uptake of exogenous calcium by rat liver mitochondria was 

investigated using radioactive calcium chloride. The mitochondria were 

45 
incubated in the sucrose-Tris-chlorlde buffer containing calcium 

chloride of a known specific radioactivity. Normally, succinate was 

used to energize the mitochondria during the time course of incubations. 

However, in experiments where mitochondria were treated with antimycin A, 

succinate was replaced by ascorbate-N,N,N',N' tetramethyl-p-phenylene-

diamine (TMPD). In these studies ascorbate was included in the reaction 

medium from the beginning of the incubation period and reaction was 

started by the addition of TMPD. At various time points during the time 

course of incubation, samples (0.5 to 1.2 ml) were withdrawn from the 

reaction chamber using ah automatic pipettor, and were placed immediately 

in Eppendorf centrifuge tubes (1.4 ml capacity) and were centrifuged in 

an Eppendorf centrifuge (model 3200) for one minute at top speed (ap

proximately 8000 x g). Following centrifugation, the supernatant was 

aspirated immediately and the mitochondrial pellet was resuspended in 

0.5 ml 1% (w/v) sodium dodecyl sulfate, and this suspension was allowed 

to stand at room temperature for 2 to 3 hours. Then, the solubilized 

mitochondria were transferred to scintillation vials containing 10 ml 

45 of Aquasol (New England Nuclear) and the calcium was counted using 

standard liquid scintillation procedures. The uptake of calcium by 

mitochondria, in most experiments was claculated as nmoles/mg mito

chondrial protein from the specific radioactivity of the added calcium. 

45 
In certain experiments (Figures 2 and 3), the uptake of calcium by 

mitochondria was reported as CPM/mg mitochondrial protein. In these 
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45 
studies, the concentration of calcium and the amount of calcium chloride 

added to the incubation medium were maintained at 250 yM and 0.3 yCi/ml, 

respectively. The extramitochondrial space in the mitochondrial pellets 

was corrected for using data obtained from parallel incubations con-

14 taining C-labeled sucrose. 

Prelabeling of Mitochondria 
45 

with Calcium 

45 
Mitochondria prelabeled with essentially carrier free calcium 

were used in certain studies where it was necessary to follow the move

ments of endogenous mitochondrial calcium. The experimental rationale 

45 
was that if the endogenous calcium pool(s) could be labeled with cal

cium during isolation procedure, then the alteration in endogenous mito

chondrial calcium pool(s) under various metabolic conditions could be 

studied using a correlation of chlorotetracycline-associated fluores-

45 cence and the movement of calcium from the mitochondria. The pre-

labeling of mitochondria was achieved by adding ̂ calcium (1 yCi/ml 

of washing medium, the concentration of labeled calcium added was ap

proximately 60 nM) to the mitochondria during the first wash step of 

their preparation. The subsequent two wash steps and the final resus-

pension of the mitochondria were performed with the mannitol-sucrose 

45 solution without added calcium. Sampling experiments with these 

labeled mitochondria were conducted in an identical fashion as those in 

45 
which calcium uptake was measured. 



23 

Chlorotetracycline-associated Fluorescence 

The association of calcium with the mitochondrial membranes was 

monitored using the fluorescent chelate probe chlorotetracycline. Under 

the incubation conditions noted in the figure legends, changes in chloro

tetracycline associated fluorescence were measured in a Perkin-Elmer 

MPF-2A (or MPF-44A) spectrofluorimeter using an excitation wavelength 

of 410 nm and an emission wavelength of 560 nm according to the procedure 

of Caswell (78). 

The Uptake or Binding of 
Chlorotetracycline by Mitochondria 

Mitochondria were incubated with varying amounts of chlorotetra

cycline (0-50 iJg/ml incubation medium) under identical incubation condi

tions as those described for the calcium uptake measurements. At var

ious time points during these incubations, duplicate samples (1.0 ml 

each) were withdrawn from the reaction chamber and the mitochondria 

were sedimented as described above for the calcium uptake measurements. 

Following centrifugation and aspiration of the supernatent solutions, 

the mitochondrial pellets were resuspended in cold distilled water (0.5 

ml), frozen and were stored overnight. The resuspended pellets were 

thawed and 0.5 ml of 2% (w/v) sodium dodecyl sulfate was added. Chloro

tetracycline standards containing similar amounts of mitochondrial pro

tein as the samples, were given identical treatment as above. Chloro

tetracycline content in the standards and the samples was estimated by 

measuring the absorbance at 375 nm immediately after the addition of 

detergent. From the chlorotetracycline standards, the content of chloro

tetracycline present in each sample was estimated. The average of the 
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duplicate samples was taken as the representative value and the uptake 

of chlorotetracycline was expressed as yg chlorotetracycline/mg protein. 

In the experiments where chlorotetracycline uptake was measured 

in the presence of magnesium a slightly different procedure was employed. 

It was observed that addition of magnesium caused an increase in the 

absorbance of chlorotetracycline in the sodium dodecyl sulfate solution. 

Hence, 5.0 mM magnesium at which concentration the increase in" chloro

tetracycline absorbance due to the presence of magnesium reached maximum, 

was added to all of the sodium dodecyl sulfate solubulized mitochondrial 

pellets prior to the assay for chlorotetracycline. 

Measurement of Endogenous Levels 
of Calcium and Magnesium 

The alterations in the levels of mitochondrial calcium and mag-

nisium under various incubation conditions were measured as follows. 

Mitochondria were incubated under the reaction conditions noted in the 

figure legends. And at the desired time point during the time course of 

mitochondrial incubation, samples in triplicate (1.5 ml each) were with

drawn from reaction chamber and were centrifuged at 15,000 rpm for 1 

minute at 0°C. Following the centrifugation, the supernatant was as

pirated and the pellets were quickly resuspended in 1.5 ml ice cold 

buffer containing 310 mM sucrose and 20 mM Tris-chloride, pH 7.0. The 

resuspended mitochondria were immediately recentrifuged at the same 

speed for 1 minute at 0°C. Following this step, the supernatant was 

aspirated and the washed mitochondrial pellet was extracted with 0.5 ml 

of 10% trichloroacetic acid. The precipitated mitochondrial protein 

was sedimented by centrifugation at 15,000 rpm for 10 minutes. Following 
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this step, for calcium measurements, the supernatants from duplicate 

samples were pooled and diluted with lanthanum chloride to the desired 

volume (the concentration of lanthanum chloride being 5% in the final 

dilution). The supernatant from the third sample was diluted with dis

tilled water and directly used for the analysis of magnesium. Both 

magnesium and calcium were assayed using a Beckman atomic absorption 

spectrophotometer. Proper standards containing trichloroacetic acid 

(also lanthanum chloride in case of calcium) were used to quantitate 

the calcium and magnesium in the mitochondrial extracts. 

Measurement of Respiration 

Oxygen consumption by mitochondria was measured using Clark-type 

oxygen electrode (Yellow Springs model 5331) in a temperature jacketed 

glass and teflon chamber. In experiments where the effect of chloro-

tetracycline and/or calcium on the rate of oxygen consumption by mito

chondria was studied, the mitochondrial incubations were performed in a 

medium containing 310 mM sucrose and 20 mM Tris-chloride at a constant 

temperature of 25°C. The mitochondrial protein concentration was varied 

from 2-3 mg/ml incubation medium. Throughout the respiratory measure

ments succinate was used as energy source and wherever indicated 0.4-1.0 

pg/mg protein of rotenone was included. The respiratory control ratio 

of mitochondria was measured according to the procedure of Chance and 

Williams (87). In these studies the incubation medium contained 100 mM 

KC1, 2 mM MgCl2> 10 mM Phosphate, 20 mM Tris-chloride and 50 mM sucrose. 
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Measurement of Swelling 
of Mitochondria 

Changes in the mitochondrial volume under various incubation con

ditions were monitored by changes in light scattering at 90°C by setting 

the excitation and emission wavelengths of spectrofluorimeter at 510 nm. 

The incubation conditions were identical to those described for CTD as

sociated fluorescence measurements. 

Chlorotetracycline was purchased from Nutritional Biochemical 

Corporation. Aqueous solution of this probe was prepared fresh each day. 

The antibiotic, A23187, was the generous gift of the Eli Lilly Labor

atories. p-Trifluoromethoxyphenylhydrazone of carbonyl cyanide (FCCP) 

was the generous gift of Dr. P. G. Heytler of the E. I. DuPont de Ne

mours Co. Calcium was purchased from New England Nuclear (11.6 mCi/mg). 

An aqueous solution of ruthenium red (Ventron Corp.) was used without 

further purification. All other chemicals and reagents were of the 

highest quality available and were purchased from common commercial 

suppliers. 



CHAPTER 3 

RESULTS 

Studies of Mitochondrial Calcium 
Movements Using Chlorotetracycline 

In order to investigate the movement and/or interaction of both 

exogenous and endogenous calcium in isolated rat liver mitochondria the 

fluorescent chelate probe, chlorotetracycline, was utilized. The pre

vious studies of Caswell and Hutchison (76), Caswell (78), and Schuster 

and Olson (30, 31) have suggested that the fluorescence changes of chloro

tetracycline may be employed as a qualitative indicator of divalent 

metal cation association with various membrane systems. The vast liter

ature pertaining to the energized uptake of calcium by rat liver mito

chondria renders this system appropriate for use in the present study. 

As a starting point for the study of the interactions between 

chlorotetracycline, calcium and rat liver mitochondria, the experiments 

described in Figure 1 were performed. Figure 1, Panel A demonstrates that 

the addition of chlorotetracycline (CTC) to isolated rat liver mito

chondria incubated in a sucrose-Tris-chloride buffer resulted in an in

crease in the fluorescence of the suspension measured at the wavelength 

pair 410 nm 560 nm. This increase in chlorotetracycline-associated 

fluorescence was likely due to an interaction between the chelate probe 

and endogenous divalent metal cations associated with the mitochondrial 

membranes. The addition of succinate as an energy source caused little 

alteration in the fluorescence trace. Upon the addition of exogenous 

27 
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Chlorotetracycline 
Fluorescence 

4IOnm—•SSOnm 

Antimycin A FCCP 

CoCl. CaCI; CoCl. 

Succinate Succinate Succinate 

CaCI. CaCI. 

Fluorescence 
Decrease 

FCCP Antimycin A 

CTC CTC CTC 

1 Minute 

Figure 1. Chlorotetracycline-associated fluorescence changes during 
energized calcium uptake by rat liver mitochondria. 

Rat liver mitochondria (1.0 mg protein/ml) were incubated at room 
temperature in a buffer containing sucrose, 310 tnM and Tris-chloride, 
20 mM (pH 7.0). Chlorotetracycline (CTC), 12.5 pg/mg protein, succinate, 
2.5 mM, calcium chloride (CaCl2), 250 uM, (FCCP), 0.25 pM, and antimycin 
A, 2.5 pg/mg protein, were added to the mitochondrial suspension as 
indicated. 
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calcium (250 yM) in the absence of a permanent anion, an extensive in

crease in chlorotetracycline-associated fluorescence was observed. That 

this calcium induced change in fluorescence was enery-linked is indi

cated in panels B and C of Figure 1. The addition of the uncoupler, 

p-trifluoromethoxyphenyl hydrozone of carbonyl cyanide (FCCP), to the 

chlorotetracycline-treated mitochondria prior to calcium addition led 

to a rapid decrease in the baseline fluorescence and upon subsequent 

addition of calcium no further change in fluorescence was observed. If 

uncoupler was added after calcium was allowed to react with the mito

chondria, an extensive fluorescence decrease was observed. Addition of 

the respiratory inhibitor, antimycin A, in a similar type of experiment 

yielded nearly identical results. This experiment is consistent with 

the observations of Caswell (78) and indicates that chlorotetracycline 

may be utilized to monitor both the endogenous divalent metal cations 

associated with the mitochondrial membrane as well as the interaction of 

exogenous calcium with the energized mitochondrial membrane. One inter

esting difference between the data of Caswell and that shown in Figure 1 

is the fact that Caswell's experiments were performed in the presence of 

a rather high concentration of the permeant anion, acetate (25 mM). The 

effects of permeant anion addition to the mitochondrial system in the 

present study will be stressed in Figures 2 through 6. 

A correlation of changes in chlorotetracycline-associated fluo-

45 
rescence and the uptake of calcium by the mitochondria in the presence 

and absence of phosphate is shown in the experiment described in Figure 

45 
2. The addition of calcium chloride to the succinate-energized mito

chondria resulted in an expected increase in the fluorescence trace 
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Figure 2. The effect of the permeant anion, phosphate, on the chloro-
tetracycline-associated fluorescence and ̂ calcium accumula
tion by energized rat liver mitochondria. 

Reaction conditions were identical to those described in the legend for 
Figure 1, except that potassium phosphate, 1 mM, was added at the points 
indicated in the figure. The calcium chloride concentration in this 
experiment was 250 pM. 
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Figure 3» Effect of potassium phosphate addition on chlorotetracycline 
fluorescence and ̂ 5ca2.cium uptake by rat liver mitochondria 
following a deenergization-energization cycle. 

Incubation conditions were identical to those described in the legend to 
Figure 1. The mitochondria were pretreated with antimycin A, 2.5 pg/mg 
protein, prior to energization with TMPD, 100 yM. Ascorbate (2.5 mM) 
was present in the incubation prior to addition of mitochondria. The 
concentration of 45calcium chloride and potassium phosphate were 250 uM 
and 1 mM respectively. 
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Figure 4. Effect of various agents on the chlorotetracycline fluorescence 
and ̂ calcium content of rat liver mitochondria. 

Mitochondria were prelabeled with 45calcium during preparation as de
scribed in the Methods, and were incubated under the conditions described 
in the legend to Figure 1, except that no oxidizable substrate was added 
during the experiment. A23187, 2 pg/mg protein, FCCP, 0.25 uM, Anti
mycin A, 2.5 yg/mg protein, EGTA, 1 mM, potassium phosphate, 1 mM, 
and calcium chloride, 250 viM, were added at the points indicated. 
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Figure 5. Effect of various agents on the chlorotetracycline 
fluorescence and ̂ calcium content of rat liver mito
chondria following a deenergization-energization cycle. 

Rat liver mitochondria were prelabeled using the procedure described 
in the Methods and were incubated under the conditions described in the 
legends to Figures 1 and 3. Potassium phosphate, EGTA, FCCP, A23187, 
and calcium chloride were added to the incubation at the points indi
cated at the concentrations defined in the legend to Figure 4. 
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45 
Figure 6. The effect of potassium phosphate and EGTA on the calcium 

content of "prelabeled" rat liver mitochondria following a 
deenergization-energization cycle. 

45 
Rat liver mitochondria were prelabeled with calcium using the pro
cedure described in the Methods and the incubations were performed as 
described in the legends to Figures 1 and 3. Potassium phosphate (1 mM) 
and EGTA (1 mM) were added at the points indicated. The symbol used in 
the figure following the addition of phosphate to the mitochondria is 
an open circle and the symbol used following EGTA addition is an open 
square. 
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45 
(Panel A) and a rapid uptake of calcium reaching a constant level ap

proximately 2 minutes following addition of the radioactive metal cation 

(Panel B). After the fluorescence trace had attained its maximum level, 

inclusion of the permeant anion, phosphate resulted in an extensive de

crease in chlorotetracycline fluorescence but led to an increase in the 

45 
amount of calcium retained by the mitochondria. In results not pre

sented, addition of other permeant anions including acetate affected the 

fluorescence trace in nearly an identical fashion as phosphate. If phos-

45 phate was included in the incubation medium prior to calcium addition, 

instead of causing a fluorescence increase, calcium addition resulted in 

a rather extensive decrease in the fluorescence of the probe. Under 

45 
these latter conditions (e.g., addition of phosphate prior to calcium) 

45 the calcium retained by the mitochondria was greater in the initial 

sample but rapidly decreased within a minute after calcium addition. It 

is apparent that there was correspondence between the directional change 

45 
in the fluorescence trace and the amount of calcium retained by the 

mitochondria. This situation was not observed in the experiment to which 

45 calcium was added before phosphate addition. 

The experiment described in Figure 3 provides further evidence 

relative to the relationship between the chlorotetracycline-associated 

45 
fluorescence trace and the uptake of calcium by the mitochondria. In 

this experiment the mitochondria were pre-treated with the respiratory 

chain inhibitor, antimycin A (see panel A, Figure 3). Following an 

initial decrease in chlorotetracycline fluorescence lasting approximately 

45 
2 minutes calcium chloride was added either in the presence or absence 

of the permeant anion, phosphate. Energy was then resupplied to the 
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system by the addition of N,N,N',N' tetramethyl-p-phenylenediamine 

(TMPD); ascorbate was present in the reaction medium from the beginning 

in the incubation period. Similar to the experiment described in Figure 

2, in the absence of phosphate there was a rapid and extensive fluores

cence increase upon energization of the mitochondria (Panel A), con-

45 
comitant with an increase in the calcium taken up by the mitochondria. 

Inclusion of phosphate in the incubation following the attainment of the 

maximum fluorescence resulted in a rapid decrease in fluorescence but 

45 
lead to a much greater uptake of calcium. Addition of phosphate prior 

45 
to calcium resulted in a diminished fluorescence increase upon energiza

tion with N,N,N',N' tetramethyl-p-phenylenediamine and, again, a more 

45 45 
rapid and extensive uptake of calcium. The maximum level of calcium 

attained in the mitochondria was nearly equivalent to the amount of 

45 45 
calcium retained by the mitochondria in the experiment in which cal

cium addition preceded the phosphate addition. There exists an inter-

45 
esting difference between the mitochondrial calcium uptake experiments 

shown in Figures 2 and 3. In Figure 2, the mitochondria pre-treated 

45 
with phosphate showed an initial increase in calcium uptake followed 

45 by a nearly complete loss of calcium within 2 minutes. The fluores-

45 cent probe apparently did not see the initial uptake of calcium and 

merely indicated an extensive discharge of metal cation from the mito

chondria. This observation is contrasted in the experiment shown in 

Figure 3 in which the antimycin A-treated mitochondria to which phos

phate was added exhibited a return to the original base fluorescence 

45 
level upon calcium addition and subsequent re-energization. In this 

45 
case an extensive uptake of the calcium occurred and this level of 
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45 45 
calcium was maintained for at least 2.5 minutes following calcium 

45 
addition. The calcium uptake experiments were performed both in the 

presence and absence of chlorotetracycline with nearly identical results. 

These experimental results are consistent with studies of Schus

ter and Olson (31). In these studies chlorotetracycline-associated flu

orescence was utilized to follow energized "membrane loading" of divalent 

metal cations in the absence of permeant anions and the subsequent trans

port of metal cation toward the matrix space (i.e., increased uptake, 

but decreased fluorescence of the probe) upon addition of anion. 

The increase in the fluorescence of the mitochondrial suspension 

upon the addition of chlorotetracycline in the absence of exogenous di

valent metal cation was interpreted as an interaction between the fluo

rescent probe and endogenous, membrane-associated divalent metal. Ex

periments were performed to define the nature of this basal fluorescence 

and the results are shown in Figures 4, 5, and 6. For these experiments 

rat liver mitochondria were pre-labeled with essentially carrier-free 

45 calcium using the procedure described in the methods. The rationale 

for attempting this procedure was to develop a method for labeling with 

ĉalcium the endogenous pool(s) of calcium without significantly al

tering the total amount of calcium in the isolated mitochondria. Fol

lowing the initial interaction between chlorotetracycline and the mito

chondria, it was found that addition of the uncoupler, p-trifluoro-

methoxyphenyl hydrazone of carbonyl cyanide, or the respiratory chain 

inhibitor, antimycin A caused a significant decrease in fluorescence 

45 (Figure 4, Panel A) and nearly a complete loss of calcium from the 

mitochondria (Figure 4, Panel B). Similarly, the divalent ionophorous 
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antibiotic, A23187, resulted in an even more rapid fluorescence decrease 

45 
and loss of calcium from the mitochondria. Addition of the permeant 

anion, phosphate, and the polar chelator, EGTA, had no measurable effect 

45 
on either the fluorescence level or on the calcium content of the 

mitochondria. Inclusion of unlabeled calcium chloride (250 yM) to these 

unenergized mitochondria resulted in a slight increase in the chloro-

45 
tetracycline fluorescence level and a rapid initial decrease in cal

cium content followed by a slower re-accumulation of a portion of the 

45 
calcium lost by the mitochondria. This effect of unlabeled calcium 

addition is likely due to a rapid initial exchange of the endogenous 

45 calcium with the exogenous calcium followed by an uptake or reassocia-

45 
tion of the calcium with the mitochondria. 

The reenergization of antimycin A-treated mitochondria with 

N,N,N*,N' tetramethyl-p-phenylenediamine resulted in a nearly complete 

restoration of the basal fluorescence level of the suspension (Figure 

45 
5, Panel A). If the calcium content of the mitochondria in this type 

of experiment was followed using the pre-labeling technique only about 

45 50% of the calcium released from the mitochondria upon antimycin A 

treatment was reaccumulated upon energization with N,N,N',N' tetramethyl-

p-phenylenediamine . 

In the experiment described in Figure 4, A23187, p-trifluoro-

methoxyphenyl hydrazone of carbonyl cyanide (FCCP) and antimycin A 

caused qualitatively similar effects on both the chlorotetracycline 

45 
fluorescence trace and the calcium content while phosphate and EGTA 

were without any noticeable effect. In contrast after antimycin A 

treatment and subsequent reenergization, A23187, p-trifluoromethoxyphenyl 
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hydrozone of carbonyl cyanide, and EGTA each caused both a decrease in 

the fluorescence trace and nearly a complete release of the reaccumulated 

45 calcium. Phosphate, added at this point in the incubation caused no 

change in the fluorescence trace but resulted in nearly a complete re-

45 
storation to the mitochondria of the calcium which had been released 

previously to the incubation medium. Unlabeled calcium chloride addi

tion caused a further increase in the fluorescence trace but resulted 

45 
in apparent complete loss of calcium from the mitochondria. 

45 
The effect of EGTA on the calcium content of liver mitochondria 

in the presence and absence of phosphate is illustrated more completely 

in the experiment described in Figure 6. The mitochondria were pre-

45 
labeled with calcium as described in the methods, were treated with 

antimycin A to deplete the endogenous calcium and were reenergized in 

the presence or absence of phosphate. As seen in Figure 5, N,N,N',N' 

tetramethyl-p-phenylenediamine addition in the absence of phosphate re-

45 
suited in an uptake of the previously released calcium to between 

45 
50-60% of the basal level. Following this calcium uptake the addi-

45 
tion of EGTA led to virtually a complete release of the calcium con

tent; alternatively, addition of phosphate alone at the same point 

45 
caused an increased uptake of calcium as seen in Figure 5. EGTA addi-

45 
tion following phosphate caused a partial loss of calcium, the level 

45 
of calcium retained by the mitochondria was slightly below that ob

served prior to the addition of phosphate. If phosphate was added to 

the incubation prior to N,N,N',N' tetramethyl-p-phenylenediamine-mediated 

energization, the uptake phase was more rapid and extensive. Subsequent 

45 
addition of EGTA resulted in a loss of calcium and the amount of 
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45 
calcium remaining in the mitochondria under these conditions equaled 

45 
the calcium content of the mitochondrial incubation to which phosphate 

45 
and EGTA were added after the uptake of calcium. Thus, it appears 

that the location and/or the properties of the endogenous ̂ calcium in 

the experiments described in Figures 4, 5, and 6 were considerably al

tered by energetic manipulations of the mitochondrial system, and by 

the presence of permeant anions. 

Lehninger et al. (88) have attempted to label the endogenous 

mitochondrial calcium in in vivo conditions by injecting radioactive 

calcium and have demonstrated that there are at least three pools of 

endogenous calcium, (a) one which can be rapidly equilibrated with in-

45 jected calcium, and can be released by uncouplers, (b) a second pool 

45 which can be equilibrated with injected calcium but cannot be released 

by uncouplers, and (c) a third fraction which does not equilibrate with 

45 
injected calcium. Hence, it is possible that the prelabeling tech

nique utilized in the present study res tilted in labeling of only certain 

/ 

endogenous pools of mitochondrial calcium. To investigate this possi-

45 
bility, the loss of calcium from prelabeled mitochondria mediated by 

antimycin A, p-trifluoromethoxyphenyl hydrazone of carbonyl cyanide 

(FCCP), and A23187 was compared with the loss of total endogenous cal

cium induced by the above mentioned compounds and the results are sum

marized in Table 1. It can be seen that addition of antimycin A, p-

trifluoromethoxyphenyl hydrazone of carbonyl cyanide (FCCP) and A23187 

resulted in 35.4%, 33.2%, and 47.6% loss of endogenous calcium, respec

tively. Under identical incubation conditions, addition of each of the 

above mentioned compounds resulted in approximately 90% loss of the 



Table 1. The effect of various compounds on the calcium content and on the total endogenous 
calcium content of prelabeled mitochondria. 

Incubation Time 
(Minutes) 

Additions 

Mitochondrial 
Radioactivity 
(45Ca CPM/mg 

Protein) 

Percent Loss 
of total 

Radioactivity 

Mitochondrial 
Calcium 

(n moles/mg 
Protein) 

Percent Loss 
of total 
Calcium 

0 None 81,422 — 18.9 — 

4 None 80,467 1.2 18.7 1.1 

4 Antimycin A 7,922 90.2 12.2 35.4 

4 FCCP 7,771 90.4 12.5 33.2 

4 A23187 15,740 80.7 9.9 47.6 

a. Mitochondria (1.33 mg protein/ml) were incubated in sucrose-Tris-chloride buffer as de
scribed in the legend for Figure 1. Antimycin A, 4 pg/mg protein, FCCP, 2.5 pM, and 
A23187, 2 Aig/mg were added to the incubations following the withdrawal of sample at 0 
minutes. calcium and total calcium were measured as described in Methods and Materials. 
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45 
total calcium content of the mitochondria. Thus, these results demon-

45 
strate that the addition of essentially carrier free calcium during 

isolation procedure of mitochondria did not result in labeling of all 

the pools of endogenous calcium. Further 10% of the exchangeable endo

genous pool of calcium appeared inaccessible to various treatments. 

Effect of Ruthenium Red on Uptake and 
Release of Calcium by Mitochondria 

The mucopolysaccharide stain, ruthenium red, was shown by Moore 

(89) to inhibit energy-dependent calcium transport without altering 

respiration or energy transfer in isolated mitochondria. The studies of 

Vasington et al. (90) confirmed these observations and further demon

strated that high concentrations of ruthenium red inhibit respiration. 

Currently there seems to be general agreement regarding the inhibitory 

effect of ruthenium red on mitochondrial calcium uptake but some degree 

of disagreement over the effect(s) of ruthenium red on the efflux of 

calcium from mitochondria. Rossi, Vasington and Carafoli (91) demon

strated that ruthenium red does not promote the release of calcium from 

mitochondria when added after the calcium uptake is complete. Other 

laboratories have presented evidence indicating that ruthenium red in

deed causes the release of calcium from mitochondria preloaded with 

calcium (92, 93). Also it has been reported that ruthenium.red has no 

effect on uncoupler induced discharge of calcium from preloaded mito

chondria (90, 93). Thus the previous studies of the effects of ruthenium 

red on mitochondrial calcium metabolism suggest that influx but not 

efflux of calcium is sensitive to this compound. 
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The experiments demonstrated in Figures 7 through 9 were per

formed to ascertain whether ruthenium red inhibits the release and the 

reaccumulation of endogenous calcium by mitochondria during alterations 

in the energetic state of mitochondria. Again, as in the early experi

ments, mitochondria labeled with high specific radioactivity calcium 

were utilized to follow the movements of endogenous calcium. 

The data shown in Figure 7 demonstrate the effect of addition of 

ruthenium red at various stages during deenergization-energization 

cycle on the movements of endogenous calcium. As observed earlier 

(Figures 4 through 6) addition of the respiratory chain inhibitor 

45 
antimycin A to calcium labeled mitochondria (at addition point A) 

45 
resulted in nearly a complete loss of calcium from the mitochondria. 

Reenergization of the antimycin A treated mitochondria with N,N,N,,N' 

tetramethyl phenylenediamine (TMPD) (at addition point B) resulted in a 

45 
partial reaccumulation of the released calcium. Following reenergiza

tion with TMPD the addition of inorganic phosphate (at addition point C) 

45 
resulted in the uptake of the remainder of calcium, originally released 

by the mitochondria upon antimycin A addition. If ruthenium red was 

added to the incubation just prior to the addition of antimycin A (addi

tion at point A) there occurred nearly a complete prevention of the loss 

of ̂ calcium. 

Similarly, when ruthenium red was added to antimycin A-treated 

mitochondria prior to the addition of TMPD (addition at point B) the 

45 
energy-dependent reaccumulation of the calcium which was released by 

antimycin A treatment was completely prevented. These results clearly 

indicate that both the release and reaccumulation of endogenous 
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Figure 7. The effect of ruthenium red on the release and reaccumula-
tion of ̂ calcium of prelabeled mitochondria. 

Mitochondria (1.38 mg protein/ml) were incubated under similar condi
tions as those described in the legends for Figures 1 and 5. Antimycin 
A, 1.82 wg/mg protein, TMPD, 100 yM, and potassium phosphate, 1.25 mM 
were added at addition points A, B, and C respectively. The presence 
of ruthenium red, 12.5 uM was indicated by closed circles. Ascorbate, 
1.0 mM was present from the beginning of reaction. 
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Figure 8. The inhibition by ruthenium red of calcium release from 

prelabeled mitochondria mediated by FCCP and antimycin A. 

The incubation conditions were same as described in the legends for 
Figures 1 and 4 except that the mitochondrial concentration was 1.13 mg 
protein/ml and ascorbate was omitted from the incubation. Antimycin A, 
2.23 vg/mg protein (open circle). FCCP, 0.25 pM (closed square) and 
ruthenium red, 12.5 viM (closed triangle) were added at the point indi
cated. The open squares and open triangles represent the calcium 
content of mitochondria in the presence of FCC? plus ruthenium red and 
antimycin A plus ruthenium red, respectively. The control is repre
sented by closed circles. 
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Figure 9. The effect of ruthenium red on calcium content of pre-

labeled mitochondria. 

The incubation conditions were same as described in the legends for 
Figures 1 and 7. Mitochondria (1.4 mg protein/ml) were incubated with 
25 jiM (closed circle) and 50 uM (open circle) of ruthenium red. 
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mitochondrial calcium caused by manipulation of the energetic state of 

the mitochondria were inhibited by ruthenium red. 

Another point of interest is the ability of ruthenium red to in

hibit the phosphate mediated enhancement of ̂ calcium accumulation by ' 

the mitochondria. In the earlier experiments (Figures 2 through 6), a 

correlation of the fluorescence of chlorotetracycline with the move

ments of endogenous and exogenous calcium in the presence of phosphate 

indicated that this permeant anion facilitates the movements of calcium 

from the membranes into the matrix compartment. In view of this observa

tion and the results shown in Figure 7 it appears that ruthenium red is 

capable of inhibiting the anion dependent translocatin of calcium from 

the membrane into the matrix compartment. 

That ruthenium red can inhibit not only antimycin A-mediated re

lease of endogenous calcium but also can inhibit the uncoupler mediated 

release of endogenous calcium is shown in Figure 8. As was the case in 

the experiments described in Figures 4 and 5, the addition of uncoupler, 

p-trifluoromethoxyphenylhydrazone of carbonyl cyanide (FCCP) resulted in 

45 
a rapid release of calcium from the mitochondria. If ruthenium red 

was included prior to the addition of FCCP, a nearly complete inhibition 

45 
of the release of calcium mediated by uncoupler was observed. Again 

as in the previous experiment (Figure 7), addition of ruthenium red pre-

45 
vented the release of calcium from mitochondria mediated by antimycin 

A. Interestingly, addition of ruthenium red alone caused a slight de-

45 
crease in the calcium content of the mitochondria. This may account 

for the incomplete inhibition by ruthenium red of calcium release 

mediated by either FCCP or antimycin A, seen in Figures 7 and 8. This 
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45 
slight decrease in calcium upon addition of ruthenium red may imply 

that ruthenium red itself may replace some of the calcium binding sites 

on the membrane. To further investigate this possibility, the experi

ment shown in Figure 9 was performed. Additions of increasing concen

trations of ruthenium red (25 yM, 50 uM) resulted in progressive release 

45 
of calcium from mitochondria. This observation indicates that at much 

higher concentrations of ruthenium red than are necessary to inhibit the 

energy linked uptake of calcium, this inhibitor promotes the release of 

endogenous calcium. 

At this point, experiment was performed to illustrate the ef-

45 
fects of ruthenium red on the calcium content of mitochondria which 

45 
have been preloaded with calcium under limited loading conditions, 

and the results of such an experiment are shown in Figure 10. If rat 

45 
liver mitochondria were allowed to accumulate calcium in the presence 

of an oxidizable substrate but in the absence of a highly permeant anion 

such as phosphate or acetate, approximately 30 xunoles of ̂ calcium/mg 

protein were taken up in the first minute following the initiation of 

the reaction (see Figure 10). Inclusion of ruthenium red in the incuba

tion medium prior to the addition of mitochondria prevented the uptake 

45 
of calcium completely. Following the attainment of a steady state, 

i.e., after about 3 minutes, the addition of phosphate (at point A) re-

45 
suited in a rapid release of the accumulated calcium. Addition of 

ruthenium red prior to phosphate addition (at point A) largely prevented 

45 
this loss of calcium mediated by phosphate (phosphate added at point 

B). As was the case with endogenous calcium (Figure 8) the addition of 
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Figure 10. The effect of ruthenium red on 
loaded mitochondria. 

45 
calcium content or pre-

45 
Mitochondria (1.43 mg protein/ml) were incubated with calcium (50 yM) 
under the conditions described in the legend for Figure 1. Succinate, 
2.5 mM was present from the beginning of reaction. At addition point A, 
either potassium phosphate, 0.5 mM (B-fl ), or ruthenium red 
12.5 yM (0-0), was added. At addition point B, potassium phosphate 
(0.5 mM) (•-••) was added to the incubations. The open circles repre
sent the uptake of calcium in the presence of ruthenium red. 



ruthenium red alone (at point A) resulted in only a slight decrease in 

45 
calcium content of preloaded mitochondria. 

It is known that addition of phosphate to mitochondria in the 

absence of magnesium and adenine nucleotide which have been allowed to 

accumulate calcium results in mitochondrial swelling and the release of 

accumulated calcium from the mitochondria (24, 25). Further, it has 

been indicated in various studies that calcium uptake by mitochondria 

in the absence of phosphate is primarily a membrane-loading without 

actual translocation of the calcium into the mitochondrial matrix (25, 

26, 27, 28, 29, 30, 31). Bearing these observations in mind, the in

hibitory effect of ruthenium red on the phosphate-mediated release of 

calcium might be interpreted as a prevention of either the release of 

ĉalcium from the membrane and/or an inhibition of phosphate transport. 

However, Vasington et al. (90) monitoring large amplitude swelling of 

mitochondria in ammonium phosphate as an indicator of phosphate trans

port, demonstrated that ruthenium red addition caused on effect on phos

phate transport. Hence, it is suggested that in the present experiment 

45 
ruthenium red probably inhibited the release of calcium from the mem

brane rather than the transport of phosphate. 

The Interaction of Chlorotetracvcline with 
Calcium Uptake by Mitochondria under 

Limited Loading Conditions 

The aim of this portion of the study was to pursue and to extend 

the utility of using chlorotetracycline as a monitor of the interaction 

between divalent metal cations and rat liver mitochondrial membranes 
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under "limited loading" conditions, i.e., energized mitochondrial cal

cium accumulation in the absence of a permeant anion. 

As a starting point, the effect of increasing exogenous calcium 

concentration on chlorotetracydine-associated fluorescence was measured 

and the results are depicted in Figure 11. The changes in chlorotetra-

cycline associated fluorescence were monitored at the wavelength pair 

410 nM -»• 560 nM. As seen earlier, upon incubation of rat liver mito

chondria with chlorotetracycline in the presence of an oxidizable sub

strate, i.e., succinate, an increase in chlorotetracycline-associated 

fluorescence was observed and likely is due to an interaction of the 

fluorescent chelate probe with endogenous divalent metal cations asso

ciated with the membrane (see Figures 4 through 6). Addition of in

creasing concentrations of calcium chloride (up to 0.05 mM) at a constant 

concentration of chlorotetracycline (10 yg/ml) resulted in an accelera

tion of the rate of increase in the fluorescence of the probe and an in

crease in the maximum fluorescence level attained. Further increasing 

the calcium concentration (̂  0.1 mM) led to a cyclic behavior of the 

fluorescence trace, e.g., following the rapid initial increase in 

fluorescence a transient phase followed in which the fluorescence level 

eventually returned to nearly the basal level observed in the absence of 

exogenous calcium chloride. 

The experiment shown in Figure 12 was performed in order to fur

ther characterize the cyclic behavior of the fluorescence trace noted in 

Figure 11. The calcium concentration was kept constant at 0.1 mM while 

the amount of chlorotetracycline was varied from 2.3 to 18.4 yg chloro-

tetracycline/mg protein. The cyclic behavior of the fluorescence trace 
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Chlorotetracycline Fluorescence 
410 nm 560 nm 

2 Minutes 

H h 

Calcium 
( mM ; 

Fluorescence 
Decrease 0.025 

Chlorotetracycl ine ,  

9.2 UQ / mg Protein 

Figure 11. The effect of increasing concentration of calcium chloride 
on chlorotetracycline-associated fluorescence. 

Mitochondria (0.96 mg protein/ml) were incubated under similar condi
tions as those described in the legend for Figure 1. The level of chloro
tetracycline was kept constant at 9.2 yg/mg protein while the concen
tration of calcium was varied from 0 to 0.5 mM as indicated in the 
figure. 
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Figure 12. The effect of increasing concentrations of chlorotetracycline 
on chlorotetracycline-associated fluorescence. 

Mitochondria were incubated as described in the legends for Figures 1 and 
11 except that calcium concentration was maintained constant at 0.1 mM 
and the amount of chlorotetracycline in the incubations was varied from 
2.3 to 18.4 yg/mg protein as indicated. 
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observed at 0.1 mM calcium chloride and 9.2 yg chlorotetracycline/mg 

protein (Figures 11 and 12) was abolished by altering the amount of 

chlorotetracycline used in the incubation. At lower levels of chloro-

tetracycline (2.3 or 4.6 yg/mg protein) the maximum fluorescence ob

served was lower compared to that obtained with 9.2 yg/mg protein. How

ever, in the incubations containing these lower levels of chlorotetra

cycline following the initial increase, the fluorescence level remained 

constant at the maximum level attained until the termination of the in

cubation period. At the higher levels of chlorotetracycline (̂ 9.6 jig/ 

mg protein) the maximum fluorescence level observed was either equal to 

or slightly greater than that observed with 9.6 pg chlorotetracycline/mg 

protein and showed only a slight decrease in the fluorescence level fol

lowing the initial increase. 

From these two experiments it seemed clear that the ratio of 

chlorotetracycline to calcium in the mitochondrial incubation greatly 

influenced the nature of the fluorescence data obtained in this type of 

experiment. The experiment depicted in Figure 13 was performed to as

certain whether the interaction of calcium and chlorotetracycline with 

the mitochondrial membrane as predicted by the fluorescence traces could 

45 
be reflected in the uptake and/or retention of calcium by the energized 

45 
mitochondria. The accumulation of .calcium by mitochondria at increas

ing concentrations of calcium (i.e., 0.06, 0.13, 0.25, 0.5 and 1.0 mM) 

was measured at 0, 4.6 and 22.9 Pg chlorotetracycline/mg protein. In 

the absence of chlorotetracycline (Panel A) increasing concentrations of 

calcium resulted in a relatively constant increase in the rate and extent 

of calcium accumulated by mitochondria with saturation occurring at 
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Figure 13. The effect of chlorotetracycline on ̂ ""calcium uptake by 
energized rat liver mitochondria. 

Mitochondria (2.2 mg protein/ml) were incubated in sucrose-Tris-chloride 
buffer described in the legend for Figure 1 in the presence of varying 
amounts of chlorotetracycline and calcium as indicated. Succinate 
2.5 mM was present from the beginning of reaction. 
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about 100 nmoles/mg protein. This observation is consistent with the 

results of earlier studies (94). When this type of experiment was con

ducted in the presence of 4.6 yg chlorotetracycline/mg protein the re-

45 
suits shown in Panel B were obtained. At low calcium concentrations 

(0.06 and 0.13 rati) the presence of 4.6 yg chloro tetracycline made little 

45 
or no difference in the apparent rate or the total amount of calcium 

accumulated by mitochondria as compared to the control (i.e., in the 

45 
absence of chlorotetracycline). But at higher concentrations of cal

cium (_> 0.25 mM), there was an initial rapid increase followed by a de-

45 45 
crease in the calcium content of mitochondria. The net loss of cal

cium at 6.0 minutes of incubation was greater at higher concentrations 

45 
of calcium. When the level of chlorotetracycline was increased to 

45 
22.9 yg/mg protein the net uptake of calcium by the mitochondria was 

decreased considerably as compared to the control, at all concentrations 

of calcium except 0.06 mM (Panel C). Interestingly, the cyclic behavior 

45 45 
of the calcium content of mitochondria observed at calcium concentra

tions _> 0.25 mM with 4.6 yg chlorotetracycline/mg protein (Panel B), was 

seen only at 1.0 mM calcium with 22.9 yg chlorotetracycline/mg protein 

45 
(Panel C). These results indicate that at low concentrations of cal

cium, addition of low levels of chlorotetracycline does not influence 

45 
the energized uptake of calcium by mitochondria. However, at higher 

45 calcium concentrations, the same low levels of chlorotetracycline re-

45 
suited in an initial increase in the uptake of calcium followed by a 

45 
loss of accumulated calcium from the mitochondria. It is apparent 

that by increasing the concentration of chlorotetracycline the cyclic 

45 behavior of the calcium uptake and retention pattern was abolished, 
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45 
though the net uptake of calcium was decreased considerably as com

pared to the control. 

That the cyclic behavior of calcium uptake is a function of the 

concentration of calcium and chlorotetracycline in the incubations is 

further exemplified in Figure 14. The uptake of calcium at 0.06 mM, 

0.25 mM and 1.0 mM was measured at 0, 3.4, 6.8, 17.2 and 34.3 pg chloro-

tetracycline/mg protein. At low calcium concentration of calcium, i.e., 

0.06 mM (Panel A), increasing the chlorotetracycline level up to 34.3 pg/ 

mg protein showed no significant effect on the uptake of calcium by mito

chondria. If the concentration of calcium was increased to 0.25 mM 

(Panel B), the pattern of calcium uptake varied considerably depending 

on the amount of chlorotetracycline present in the incubation. Thus in 

the absence of chlorotetracycline, mitochondria accumulated approximately 

110 nmoles calcium/mg protein by the end of 2 minute incubation and main

tained constant at this level till the termination of the incubation. 

If 3.4 pg chlorotetracycline/mg protein was included, a slight decrease 

in the net accumulation of calcium was observed. When the amount of 

chlorotetracycline was increased to 6.8 pg/mg protein, a cyclic behavior 

of calcium uptake i.e., initial increase followed by release of accumu

lated calcium from mitochondria was observed. Further increase in 

chlorotetracycline level resulted in a progressive decrease in both the 

apparent rate and the net uptake of calcium with resultant decrease in 

cycling of calcium. When the calcium concentration was increased to 

1.0 mM (Panel C), mitochondria accumulated similar amounts of calcium 

as at 0.25 mM calcium i.e., approximately 110 nmoles/mg protein, in the 

absence of chlorotetracycline. However, at this calcium concentration, 
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Figure 14. The effect of increasing level of chlorotetracycline on the 
uptake of ̂ calcium by energized rat liver mitochondria. 

The incubation conditions were similar to those described for Figure 13. 
The various additions were made as indicated in the figure. The con
centration of mitochondria in the incubations was 1.46 mg protein/ml. 



addition of low amount of chlorotetracycllne (3.4 yg/mg protein) re-

45 
suited in cyclic behavior of calcium uptake which was not the case at 

0.25 mM calcium (see Panel B). Increasing the level of chlorotetra

cycllne to 6.8 yg/mg protein resulted in a similar cyclic pattern of 

45 
calcium uptake as seen at 0.25 mM. However, under these conditions 

45 
the loss of calcium from mitochondria was greater than that observed 

45 
at 0.25 mM though the total calcium accumulated in the corresponding 

controls (i.e., without chlorotetracycllne) was similar. Another point 

which can be noticed is that in the presence of 34.3 yg chlorotetra-

45 
cycline, the initial rate and the net accumulation of calcium was 

greater at 1.0 mM than at 0.25 mM calcium. From these results it is 

45 
clear that the cyclic pattern of calcium uptake resulting in the 

presence of chlorotetracycllne is a function of the concentration of 

calcium and the fluorescent probe in the incubations. 

The data shown in Figure 15 represent an attempt to express the 

relationship between chlorotetracycllne and calcium concentrations and 

45 
the degree or extent of this "cyclic" nature of the calcium uptake. 

The designation "percent of control" refers to the amount of ̂ calcium 

45 
uptake at 6.0 minutes of incubation, a point at which the calcium loss 

45 
from the mitochondria usually was maximal compared to the calcium ac

cumulation at 1.8 minutes of incubation, a point where usually the max-

45 
imum amount of calcium had been accumulated. Essentially, this ratio 

45 
represents a rough expression of the cyclic behavior of the calcium 

accumulation during the time course of the various incubations. The 

important facet of this experiment is that there appeared to be a range 

of chlorotetracycllne levels (e.g., 5 to 10 yg chlorotetracycline/mg 
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Figure 15. The effect of varying levels of calcium and chlorotetracycline 
on the "cyclic" nature of calcium uptake by mitochondria. 

The incubation conditions were identical to those described in the 
legend for Figure 13. The concentrations of calcium and chlorotetra
cycline were varied as indicated. 
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45 
protein) at which the cyclic behavior of the calcium accumulation was 

maximal especially at elevated calcium concentrations. 

To substantiate the observation that chlorotetracycline addi

tion could lead to a release from mitochondria of accumulated calcium, 

the experiments shown in Figure 16 were performed. The data shown in 

Panel A demonstrate the effect of increasing concentrations of chloro-

45 
tetracycline on calcium uptake. The individual incubations were ini

tiated by the addition of rat liver mitochondria to the standard buffer 

containing 0.13 mM calcium and various amounts of chlorotetracycline (0 

to 37.4 yg chlorotetracycline/mg protein). The addition of 3.7 yg chloro-

tetracycline/mg protein showed no effect on the accumulation of calcium 

by mitochondria compared to the control. Increasing the amount of the 

chelate probe to 7.5 yg chlorotetracycline/mg protein resulted in greater 

loss of calcium than with higher concentrations of chlorotetracycline. 

The data shown in Panel B demonstrate the effect of increasing 

45 
concentrations of chlorotetracycline on calcium content of mitochon-

45 
dria which have been preloaded with approximately 90 nmoles calcium/mg 

45 
protein. The mitochondria were incubated with calcium (0.13 mM) in 

the standard buffer containing succinate for 4 minutes at which point 

increasing amounts of chlorotetracycline were added. The amount of 

45 
calcium remaining in the mitochondria following the addition of chloro

tetracycline was measured as described in "Materials and Methods." 

45 
Chlorotetracycline addition resulted in an efflux of calcium from the 

mitochondria at all chlorotetracycline concentrations except 3.7 yg 

chlorotetracycline/mg protein. 
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45 Figure 16. The effect of chlorotetracycline on calcium content of 
mitochondria preloaded with ̂ calcium. 

The incubation conditions were similar to those described in the legend 
for Figure 13. Mitochondria (1.3 mg protein/ml medium) were incubated 
with 0.25 mM calcium for 4 minutes and at this point various amounts of 
chlorotetracycline were added as indicated (Panel B). In the control 
experiment (Panel A) similar amounts of chlorotetracycline were added 
from the beginning of the ̂ calcium uptake reaction. The amount of 
chlorotetracycline was varied from 0 to 37.4 yg/ml protein as indicated 
in the figure. 



The effect of preincubation of mitochondria with chlorotetra

cycline on the uptake of calcium by mitochondria is illustrated in 

Figure 17. Studies of the uptake of chlorotetracycline by mitochondria 

have indicated that maximum chlorotetracycline uptake is achieved within 

3 to 4 minutes of incubation of mitochondria with chlorotetracycline (see 

Figure 19). Hence, in the present experiment mitochondria were incubated 

with 0, 3.7, 7.5, 18.7 and 37.4 yg chlorotetracycline/mg protein for 4 

45 
minutes and at this point reaction was started by addition of calcium. 

In the control experiment, the preincubation step was omitted (see Fig

ure 16, Panel A). It can be seen that low level of chlorotetracycline 

45 
(3.7 vg/mg protein) did not alter significantly the uptake of calcium 

in the control while in preincubated mitochondria, the same amount of 

45 
chlorotetracycline resulted in cyclic behavior of calcium uptake. At' 

higher amounts of chlorotetracycline (except for 37.4 yg/mg protein) no 

45 
significant difference in the calcium uptake was observed between the 

control and the preincubated mitochondria. At 37.4 yg chlorotetracycline/ 

mg protein, preincubation significantly lowered both the initial rate 

and the net uptake of calcium by mitochondria as compared to the control. 

It is apparent from the experiment shown in Figure 16, Panel B, 

that chlorotetracycline induces release of calcium from mitochondria 

which have been preloaded with calcium. However, from such study it is 

not possible to distinguish whether the net loss of calcium from mito

chondria is due to inhibition of calcium uptake or due to increase in 

the efflux of calcium by chlorotetracycline. To distinguish these two 

processes the experiment depicted in Figure 18 was performed. The mito

chondria were incubated with ̂ calcium (0.25 mM) for 5 minutes and by 
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Figure 17. The effect of preincubation of mitochondria with varying 
levels of chlorotetracycline on the uptake of calcium 
by energized mitochondria. 

The experimental conditions were similar to those described in the 
legends for Figures 1 and 16 except that mitochondria were preincubated 
with increasing concentrations of chlorotetracycline for 4 minutes prior 
to the addition of calcium. 
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Figure 18. The effect of EGTA and chlorotetracycline on calcium con

tent of mitochondria preloaded with 5calcium. 

The incubation conditions were similar to those described for Figure 13. 
Mitochondria (1.25 mg protein/ml) were incubated with calcium. 0.25 mM 
for 5 minutes and at this point either EGTA, 5.0 mM, or chlorotetra
cycline, 7.0 yg/mg protein was included in the incubations. The uptake 
of calcium when EGTA was present from the beginning of the incubation 
is represented by open triangle. 
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Figure 19. The effect of succinate on the uptake of chlorotetracycline 
by mitochondria. 

Mitochondria (1.0 mg protein/ml) were incubated in medium containing 
sucrose-Tris-chloride as described in the legend for Figure 1. Chloro-
tetracycline, 11.3 pg/mg protein, was present in each incubation. 
Where indicated, 2.5 mM, succinate was included in the incubations. 
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this time, mitochondria accumulated approximately 110 nmoles ̂ calcium/ 

mg protein and maintained constantly at this level till the termination 

of the incubation. At this point i.e., at 5 minutes, either EGTA or 

chlorotetracycline or both were included in the incubation. Since EGTA 

chelates calcium but does not penetrate the inner membrane of mito

chondria (54), it should behave as an inhibitor of influx of calcium. 

As can be seen from the Figure 18, addition of EGTA at 5 minutes resulted 

in an initial rapid release followed by a slow release of calcium from 

mitochondria. As the experiment was conducted under limited loading 

45 
conditions (see page 3), the initial rapid release of calcium from 

the mitochondria upon the addition of EGTA seems very likely due to 

45 
chelation of calcium from external binding sites by EGTA. Hence the 

slow rate of efflux may represent the actual efflux rate of calcium at 

steady state. If the net release of calcium in the presence of chloro

tetracycline was due to the inhibiton of uptake of calcium, then one 

would expect the efflux rate with chlorotetracycline to be either 

similar or slower than that obtained with EGTA alone. But a comparison 

of the efflux rate of calcium with EGTA to that with either chloro

tetracycline alone or a combination of EGTA and chlorotetracycline 

clearly indicate that chlorotetracycline increased the rate of efflux 

of calcium. 

The Uptake and Retention of 
Chlorotetracycline by Mitochondria 

The preceding experiments were designed to illustrate the effect 

45 of chlorotetracycline on the uptake and retention of calcium by mito

chondria. Hence at this time, it seemed appropriate to study the effect 
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of calcium on the uptake and retention of chlorotetracycline by mito

chondria. Earlier studies (30, 31) indicated that chlorotetracycline 

binds to beef heart mitochondrial membranes only if there is a divalent 

metal ion either comigrating or already present in the membrane. Fur

ther, the fluorescence data shown in Figure 1 indicated that addition of 

chlorotetracycline to mitochondrial suspension resulted in a time depen

dent interaction of the probe with mitochondria. Hence, as a starting 

point, the uptake of chlorotetracycline by mitochondria at 11.3 pg/ml 

was measured as a function of time in the absence of any exogenously 

added divalent cations. In addition, the effect of the presence of an 

oxidizable substrate, succinate on the uptake of chlorotetracycline was 

monitored and the results obtained are shown in Figure 19. Mitochondria 

were incubated with chlorotetracycline and at various time points during 

the time course of incubation duplicate samples were withdrawn, centri-

fuged and the amount of chlorotetracycline bound to mitochondria was 

measured as described in "Methods and Materials." As predicted from 

the fluorescence trace shown in Figure 1, the incubation of mitochondria 

with chlorotetracycline resulted in a time dependent uptake of chloro

tetracycline by mitochondria. The maximal level of chlorotetracycline 

uptake was attained within 4 minutes following the initiation of the re

action. Further, addition of succinate resulted in no significant dif

ference in the uptake of chlorotetracycline by mitochondria as compared 

to the control i.e., no succinate. 

The experiment depicted in Figure 20 was performed to illustrate 

the affinity of mitochondria for chlorotetracycline in the absence of 

exogenous divalent cations. Mitochondria were incubated with increasing 
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Figure 20. The uptake of chlorotetracycline by mitochondria. 

The incubation conditions were similar to those described in the legends 
for Figure 19. Succinate, 2.5 mM and mitochondria, 0.86 mg protein/ml 
were present in the incubations. The chlorotetracycline concentration 
was varied from 1.25 to 51.2 yg/ml. 
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concentrations of chlorotetracycline (1.2 - 51.2 pg/ml incubation medium) 

and at 6 minutes following the initiation of reaction, samples were 

withdrawn and the amount of chlorotetracycline bound to mitochondria was 

measured as described in "Methods and Materials." A linear concentra

tion dependent uptake of chlorotetracycline by mitochondria was observed 

up to approximately 20 pg chlorotetracycline/ml incubation medium. At 

later concentrations of chlorotetracycline i.e., >_ 20 tig/ml incubation 

medium, the binding of the probe to mitochondria leveled off resulting 

in saturation at 40 pg chlorotetracycline/ml medium. The amount of 

chlorotetracycline bound to mitochondria at the saturating concentration 

of chlorotetracycline was approximately 23 pg/mg protein. 

The Effect of Calcium on Uptake of 
Chlorotetracycline by Mitochondrial 

The experiment shown in Figure 21 was performed to demonstrate 

the effect of calcium on the uptake and retention by the mitochondria 

of chelate probe, chlorotetracycline. As seen earlier (Figure 20), in

cubation of mitochondria with chlorotetracycline resulted in a time 

dependent uptake of chlorotetracycline by the mitochondria which was 

usually maximal within 3.0 minutes of the initiation of the incubation. 

A linear, concentration dependent uptake of chlorotetracycline was ob

served within the range of chlorotetracycline levels utilized in the 

experiment i.e., 4-24 pg/mg protein. At low levels of chlorotetracycline 

(4 and 8 pg/mg protein) addition of 0.25 mM calcium resulted in an ini

tial uptake of chlorotetracycline which was followed by a transient phase 

in which part of the accumulated chlorotetracycline was released from 

the mitochondria. At higher levels of chlorotetracycline (16 and 24 pg/mg 
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Figure 21. The effect of calcium on the uptake of chlorotetracycline 
by mitochondria. 

The mitochondrial incubations were performed as described in the legends 
for Figures 1 and 20. The amount of chlorotetracycline was varied from 
4-24 ug/mg protein as indicated in the figure. The final concentration 
of succinate and mitochondria in the incubations were 2.5 mM and 1.25 
mg/ml medium, respectively. 
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protein) addition of calcium resulted in no apparent loss of chloro-

tetracycllne from mitochondria. Further, the initial rate and the net 

uptake of chlorotetracycline by mitochondria at high chlorotetracydine 

concentrations were not altered significantly by the addition of calcium. 

The Inhibition of Chlorotetracycline 
Mediated Release of Calcium from 

Mitochondria by Magnesium 

Studies of Scarpa and Azzi (95) and Scarpa and Azzone (96) have 

demonstrated that magnesium is a potent inhibitor of the so-called low 

affinity, energy-independent binding of calcium to rat liver mitochon

dria. Though this cation is not actively accumulated by rat liver mito

chondria (24), Viano, Mela and Chance (97) observed an inhibition of the 

rate of calcium transport at saturating concentrations of calcium by 

magnesium. They have concluded that the inhibition probably occurred 

at the level of surface binding. Hence experiments were designed in 

which the cyclic pattern of calcium accumulation might be prevented by 

the addition of magnesium. Following the initial interaction of chloro

tetracycline with mitochondria the inclusion of magnesium in the incuba

tion medium resulted in no change in the basal fluorescence of chloro

tetracycline (Figure 22). As the magnesium chloride concentration of 

the incubation was increased, the cyclic pattern of chlorotetracycline 

fluorescence observed following the addition of 0.25 mM calcium chloride 

was diminished. The cyclic pattern of fluorescence was essentially 

eliminated at concentrations of magnesium above 5.0 mM. Also, it should 

be pointed out that the inclusion of magnesium in the incubation led to 

a diminished rate of increase in the chlorotetracycline-associated 
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Figure 22. The effect of various levels of magnesium on "cyclic" 
behavior of chlorotetracycline-associated fluorescence. 

The incubation were similar to those described in the legend for Figure 
1 except that 1.0 mg protein/ml buffer and 12.5 ug chlorotetracycline/mg 
protein were added. The calcium concentration in each incubation was 
0.25 mM and the concentration of magnesium was varied as indicated. 
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fluorescence, as compared to the relatively rapid rate of increase in 

fluorescence in the absence of magnesium. 

Evidence that magnesium effects the interaction or binding of 

45 
calcium to the mitochondrial membrane as predicted by the fluorescence 

trace (Figure 22) was obtained from the experiment shown in Figure 23. 

Increasing amounts of magnesium (0 to 10 mM) were included in the incu-

45 
bation medium prior to calcium addition, and the effect of magnesium 

45 on the uptake of calcium (0.25 mM) in the presence of chlorotetra-

cycline was monitored. In this experiment the reaction was initiated 

45 
by the addition of calcium. In the absence of magnesium a rapid 

45 initial increase in calcium followed by a release of the accumulated 

45 
calcium from the mitochondria was observed. As predicted by the 

45 
chlorotetracycline-associated fluorescence traces the rate of calcium 

uptake was diminished at each magnesium concentration as compared to 

the control which contained no added magnesium. However, as the mag

nesium concentration of the incubation mixture was increased a progres-

45 
sive reduction in the magnitude of the calcium lost by the mitochondria 

was observed. 

The above experiment (Figure 23) indicates that magnesium at 

45 
concentrations ranging from 2.5 to 10.0 mM inhibits the initial calcium 

uptake by mitochondria as compared to the control i.e., chlorotetra-

cycline plus calcium, irrespective of its ability to prevent the cyclic 

45 
behavior of calcium uptake mediated by chlorotetracycline. Whether 

45 
or not magnesium shows such inhibition of calcium uptake in the absence 

of chlorotetracycline is illustrated in Figure 24. Mitochondria incubated 

with 0.25 mM calcium accumulated 100 nmoles ̂ calcium/mg protein. 
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Figure 23. The effect of various levels of magnesium on "cyclic" 
behavior of uptake. 

Mitochondria (1.3 mg/ml) were incubated as indicated in the legends 
for Figures 1 and 13 in the presence of 10.0 pg chlorotetracycline/mg 
protein. The calcium concentration was 0.25 mM and the magnesium 
concentration was varied from 0 to 10.0 mM as indicated. 
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45 Figure 24. The effect of magnesium on the uptake of calcium by mito
chondria in the absence of chlorotetracycline. 

Incubation conditions were similar to those described in the legend for 
Figure 23 except that chlorotetracycline was omitted from the incuba
tions. Calcium concentration in each incubation was 0.25 mM. Varying 
the concentration of magnesium from 1.0-5.0 mM resulted in similar 
effect on ̂ calcium uptake hence, the ̂ calcium uptake at 5.0 mM was 
shown in Figure. The mitochondrial concentration in the incubation 
was 0.82 mg protein/ml. 
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Addition of increasing concentrations of magnesium (1-5 mM) did not 

45 
significantly alter either the initial rate or the net uptake of cal

cium by mitochondria suggesting that the uptake of calcium is not in

hibited by magnesium in the absence of chlorotetracycline. 

The data shown in Figure 25 indicate that magnesium also in-

45 
hibited the chlorotetracycline-mediated efflux of calcium from mito-

45 
chondria which have been preloaded with calcium (0.25 mM) for 3 minutes 

prior to addition of chlorotetracycline. During the 3 minute loading 

period, the mitochondria accumulated approximately 120 nmoles ̂ calcium/ 

mg protein and the addition of 5.0 mM magnesium chloride following pre-

45 
loading did not affect the calcium content of mitochondria. The addi

tion of chlorotetracycline at this point in the absence of magnesium 

45 
resulted in a rapid efflux of calcium from the mitochondria. Inclusion 

of increasing concentrations of magnesium prior to the addition of chloro-

45 
tetracycline caused a progressive inhibition of the calcium efflux re

sulting from chlorotetracycline addition. Although high concentrations 

45 
of magnesium inhibited the chlorotetracycline-induced efflux of cal

cium from mitochondria, it should be noted that the net uptake of calcium 

under these conditions was slightly lower than that observed in the 

respective control (i.e., magnesium plus calcium in the absence of 

chlorotetracycline). 

The effect of magnesium addition (at a concentration which pre

vented the cycling of fluorescence, figure not shown here) on the uptake 

of chlorotetracycline by rat liver mitochondria during calcium loading 

is shown in Figure 26. In the absence of either metal cation (control) 

chlorotetracycline is taken up by the mitochondria and a constant level 
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Figure 25. The effect of magnesium on chlorotetracycline-mediated re
lease of calcium from mitochondria preloaded with calcium. 

Mitochondria (1.2 mg protein/ml) were incubated as described in the 
legends for Figures 1 and 16. At 3 minutes following the addition of 
calcium (0.25 mM) various additions were made as indicated. 
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Figure 26. The effect of high concentration of magnesium on chloro-
tetracycline uptake by mitochondria. 

Mitochondria (0.96 mg protein/ml) were incubated as described in the 
legends for Figures 1 and 19. > Chlorotetracycline, 10.25 ug/mg protein 
was present in each incubation. Calcium, 0.25 mM and magnesium, 50 mM 
were added as indicated. 
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was attained within 3 or 4 minutes. Addition of calcium (0.25 mM) re

sulted in an initial rapid increase in chlorotetracycline uptake followed 

by a partial release of the fluorescent probe similar to the experiment 

shown in Figure 21. Addition of magnesium either in the presence or ab

sence of calcium diminished the initial rate of chlorotetracycline up

take and also seemed to prevent the extensive loss of chlorotetracycline 

following the attainment of the maximal level. 

The above experiment demonstrated that high concentrations of 

magnesium (5.0 mM) which prevented the cyclic behavior of chlorotetra

cycline associated fluorescence also»diminished the initial rate of 

chlorotetracycline uptake. To investigate the effect of low concentra

tion of magnesium (1.0 mM) on the accumulation of chlorotetracycline by 

mitochondria, the experiment depicted in Figure 27 was performed. At 

this low magnesium concentrations, the initial uptake of chlorotetra

cycline was comparatively lower than that observed with control i.e., 

no magnesium. However, when calcium was included in the incubations 

i.e., calcium plus magnesium, the initial rate of chlorotetracycline 

was similar to that observed in the control. Thus, these data indicate 

that low concentrations of magnesium when present alone though inhibit 

the initial uptake of chlorotetracycline, do not show such inhibition 

when calcium is included. 

The Effect of Chlorotetracycline and 
Calcium on Mitochondrial Respiration 

Figure 28 demonstrates that rotenone a respiratory inhibitor 

which prevents the oxidation of NAD linked substrates, inhibited the 

cyclic behavior of chlorotetracycline-assoelated fluorescence observed 
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Figure 27. The effect of low concentrations of magnesium on the uptake 
of chlorotetracycline by mitochondria. 

The mitochondrial incubations were performed in identical fashion as 
described in the legend for Figure 26 except that magnesium, 1.0 mM 
and chlorotetracycline, 11.3 ug/mg protein were added to the incuba
tions. The concentration of mitochondria was 0.9 mg protein/ml incubation 
medium. 
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Figure 28. The effect of rotenone on the "cyclic" behavior of chloro-
tetracycline-associated fluorescence. 

The incubation conditions were similar to those described in the legend 
for Figure 1. Succinate, 2.5 mM, chlorotetracycline, 7.1 ug/mg protein 
were present in each incubation. Where indicated 1.4 yg rotenone/mg 
protein was included. The concentration of mitochondria in the incuba
tion was 1.4 mg protein/ml. 



at 7.1 tig chlorotetracycline/mg protein and 0.25 mM calcium. Rotenone 

is generally included in the mitochondrial incubations when succinate is 

used as the oxidizable substrate to prevent the accumulation of oxalo-

acetate which is a potent inhibitor of succinate dehydrogenase (SDH), 

(succinate  ̂malate  ̂oxaloacetate ). Hence, the inhibi

tion of cyclic behavior of fluorescence by rotenone implies that in the 

presence of chlorotetracycline and calcium, succinate oxidation is in

hibited by accumulated oxaloacetate resulting in the loss of calcium from 

mitochondria i.e., decrease in fluorescence. An investigation of the 

effect of chlorotetracycline and calcium on the rate of oxygen cansump-

tion by mitochondria utilizing succinate as the substrate indicated that 

at calcium concentration of 0.25 mM, addition of chlorotetracycline 

(j> 8.8 yg/mg protein), inhibited the succinate oxidation (Figure 29). 

It can be seen that in the absence of chlorotetracycline, addition of 

calcium to mitochondria, resulted in a transient burst of respiration 

followed by a return to the basal level i.e., to the rate of oxygen 

consumption observed when only succinate was present (Curve 1). This 

observation is consistent with the results obtained in earlier studies 

(98, 99). Inclusion of low amounts of chlorotetracycline (2.2 ug/mg 

protein) prior to the calcium addition resulted in similar rates of 

oxygen consumption as observed in the control (Curve 2). At 8.8 yg 

chlorotetracycline/mg protein, addition of calcium led to a rapid linear 

increase in oxygen consumption (34 ng atoms oxygen/min/mg protein) for 

approximately 3 minutes. After this period nonlinear rates of respira

tion were observed (Curve 3, Panel A) suggesting that succinate oxida

tion is being inhibited. Further increase in the level of 



84 

RLMc RLMc RLMc RLMc 

Co" 

Co" 

Minute 

H 1-

RLMc RLMc RLMc RLMc 

C <T 
Co" Co" 

24uM 0*yg«n 

Minute 

H i -

Figure 29. of chlorotetracycline and calcium on succinate 

Mitochondrial incubations were performed as described in legend for 
Figure 1. The mitochondrial concentration in the incubations was 2.25 
mg protein/ml. Succinate, 2.5 mM was present from the beginning of re
action. Where indicated 0.25 mM calcium was added. The chlorotetra-
cycline level in the incubations was varied as follows: 2.2 ug/me pro
tein (Curves 2 and 6); 8.8 ug/mg protein (Curves 3 and 7), and 17.7 ue/me 
protein (Curves 4 and 8). Chlorotetracycline was absent in the incuba
tions represented by Curves 1 and 5. The experiments shown in Panel B 
were performed in identical fashion as those in Panel A but in the 
presence of 0.44 yg rotenone/mg protein. 
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chlorotetracycline to 17.7 yg/mg protein led to significant inhibition 

of substrate oxidation (Curve 4). When similar experiments were con

ducted in the presence of rotenone, the results shown in Panel B were 

obtained. At low concentrations of chlorotetracycline (<̂ 2.2 yg/mg 

protein) inclusion of rotenone in the incubations did not alter the 

rates of oxygen consumption significantly from those observed in cor

responding experiments where rotenone was not included (Curve 1 and 2). 

At 8.8 yg of chlorotetracycline/mg protein, calcium addition led to 

initial increase in respiration which was comparable to that obtained in 

the control (36 ng atoms oxygen/min/mg protein; see Curves 4 and 7). 

Following 2 minutes after the addition of calcium, the oxygen consump

tion increased to 60 ng atoms oxygen/min/mg protein, and remained linear 

until the incubation became anerobic. Further increase in chlorotetra

cycline concentration resulted in slight inhibition of the respiration 

as compared to the incubations with 8.8 yg chlorotetracycline/mg protein 

(see Curves 7 and 8). However, it should be noted that the rate of 

respiration at this chlorotetracycline concentration was greater than 

that observed in the control. 

Thus the measurements of oxygen consumption by mitochondria 

utilizing succinate as the substrate indicate that when calcium is 

present in the incubations, addition of chlorotetracycline enhances 

oxidation of the substrate. And if rotenone is not included in the 

incubations, such enhancement in respiration results in the accumulation 

of oxaloacetate which in turn inhibits the oxidation of substrate. 

Since chlorotetracycline induces release of calcium from mitochondria 

(Figures 17 and 18), the enhancement in respiration appears to be due 
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to energy-dependent reaccumulation of released calcium by mitochondria. 

To investigate this possibility the experiment shown in Figure 30 was 

performed. If the enhancement of respiration was due to energy dependent 

reaccumulation of the released calcium, addition if inhibitors of cal

cium uptake such as lanthanum chloride should prevent the increase in 

oxygen consumption by mitochondria. That lanthanum chloride can prevent 

the increase in respiration mediated by chlorotetracycline is demon

strated in Figure 30. It can be seen that addition of calcium to mito

chondrial incubations containing chlorotetracycline (Curve 2) resulted 

in an enhanced respiration as observed in the previous experiment (Fig

ure 29). This increase in oxygen consumption was greatly inhibited by 

the addition of lanthanum chloride (Curve 3). Hence, the enhanced 

respiration in the presence of chlorotetracycline was likely due to 

cyclic movements of calcium seems a reasonable assumption. In similar 

studies but using A23187, an ionophorous antibiotic which facilitates 

the movement of divalent cations across the biological membranes, 

Pfieffer et al. (83) have demonstrated that enhanced oxygen utiliza

tion by rat liver mitochondria was due to energy-dependent reaccumula

tion of calcium released by A23187 by mitochondria. 

The Effect of Chlorotetracycline and 
Calcium on Mitochondrial Swelling 

The changes in the mitochondrial volume i.e., swelling or shrink

age upon incubation with chlorotetracycline and calcium were monitored by 

studying the alterations in light scattering of mitochondrial suspension. 

The results obtained from such studies are shown in Figure 31. The data 

shown in upper panel demonstrate the effect of increasing amounts of 
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Figure 30. The inhibition by lanthanum chloride of chlorotetracycline 
induced enhancement of respiration by mitochondria. 

Mitochondria were incubated under identical conditions as described in 
the legend for Figure 29. Chlorotetracycline, 8.8 yg/mg protein was 
present in the incubations represented by Curves 2 and 3. Rotenone, 
0.44 yg/mg protein was included in each incubation. Lanthanum chloride, 
10 nmoles/mg protein was included where indicated. The concentration 
of calcium was 0.25 mM. 
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Figure 31. The effect of chlorotetracycline and calcium on mito
chondrial swelling. 

The incubations were performed in similar fashion as described in the 
legend for Figure 1. Succinate, 2.5 mM and mitochondria, 1.4 mg pro
tein/ml medium were present in each incubation. Calcium, 0.25 mM was 
included as indicated. Chlorotetracycline level in the incubations was 
varied from 3.6 yg to 7.2 pg/mg protein. Swelling of mitochondria was 
measured as described in Methods and Materials. 
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chlorotetracycline at 0.25 mM calcium on chlorotetracycline-associated 

fluorescence of the mitochondrial suspension. As observed in the ear

lier experiments (Figure 12) at low levels of chlorotetracycline (36 yg/ 

mg protein), addition of calcium to energized mitochondria resulted in a 

rapid increase in fluorescence which reached maximum level within 2 

minutes following the addition of calcium. Further, the fluorescence 

remained at this level till the end of incubation period. At higher 

chlorotetracycline level (7.2 yg/mg protein), a cyclic behavior of 

fluorescence was observed. If scattering of light at 90° was measured 

under similar conditions the results shown in lower panel were obtained. 

Energization of mitochondria by the addition of the substrate, succinate, 

resulted in neither swelling nor contraction. Similarly inclusion of 

3.6 or 7.2 yg of chlorotetracycline/mg protein following succinate ad

dition resulted in no change in light scattering of the mitochondrial 

suspension. However, addition of 0.25 mM calcium after chlorotetra

cycline addition, resulted in a transient increase in light scattering 

(contraction) which was followed by a rapid, intense decrease (swelling). 

In the control experiments where chlorotetracycline was not included, 

addition of calcium led to very slight swelling of mitochondria. Thus, 

the light scattering studies indicate that mitochondrial swelling was 

induced even under conditions where chlorotetracycline-associated 

fluorescence showed no cyclic behavior. 

Since rotenone is not included in the above studies on mito

chondrial swelling, it might be suggested that the inhibition of respir

ation resulted in swelling of the mitochondria. If that was the case, 

the addition of rotenone should alleviate the swelling caused upon the 
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addition of chlorotetracycline and calcium to the mitochondria. However, 

the data shown in Figure 32 demonstrate that prevention of inhibition of 

succinate oxidation does not lead to prevention of swelling of mito

chondria. As observed earlier (Figure 31) addition of calcium to ener

gized mitochondria incubated with chlorotetracycline resulted in a rapid 

contraction followed by swelling of the mitochondria. Inclusion of 

rotenone in the incubation, however, did not prevent the swelling 

mediated by the interaction of chlorotetracycline and calcium with mito

chondria. It should be noted that under these incubation conditions, 

chlorotetracycline-associated fluorescence showed cyclic behavior which 

was inhibited by the addition of rotenone (see Figure 28). These 

studies thus imply that the swelling of mitochondria observed in the 

presence of calcium and chlorotetracycline was not due to inhibition of 

mitochondrial respiration. 

The Inhibition by Magnesium of 
Mitochondrial Swelling Induced by 
Calcium and Chlorotetracycline 

The data presented in Figure 33 demonstrate the inhibitory ef

fect of magnesium on the swelling of mitochondria and the cyclic be

havior of fluorescence induced by the interaction of chlorotetracycline 

and calcium with mitochondria. The upper Panel demonstrates the effect 

of magnesium on chlorotetracycline-associated fluorescence, while the 

lower Panel demonstrates the effect of magneisum on swelling of mito

chondria. At 7.2 yg chlorotetracycline/mg protein, addition of calcium 

resulted in a cyclic behavior of fluorescence which was inhibited by 

magnesium. Under similar conditions, but in the absence of magnesium, 
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Figure 32. The effect of rotenone on chlorotetracycline-mediated 
swelling of mitochondria. 

The experimental conditions were identical to those described in the 
legend for Figures 1 and 28. The changes in mitochondrial volume were 
measured as described in Methods and Materials. 
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Figure 33. The inhibition of chlorotetracycline-mediated "cyclic" 
behavior of fluorescence and swelling of mitochondria. 

The incubation conditions were identical to those described in the 
legends for Figures 1 and 31 except that the amount of chlorotetra-
cycline in the incubations was maintained at 7.12 pg/mg protein and 
magnesium, 5.0 mM was included where indicated. The concentration of 
calcium in the incubation was 0.25 mM. 
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addition of calcium resulted in swelling of mitochondria, as observed in 

the earlier experiment (Figure 32). Magnesium when included either prior 

to the addition of chlorotetracycline or following chlorotetracycline 

addition but prior to calcium addition resulted in significant inhibi

tion of mitochondrial swelling. Addition of magnesium in the absence of 

calcium only caused a slight decrease in light scattering. 

As the earlier experiments (Figures 28 and 29) indicated that the 

cyclic behavior of chlorotetracycline-associated fluorescence was possibly 

due to the inhibition of succinate oxidation, attempts were made to by

pass this step by substituting succinate with other substrates such as 

ascorbate. The oxidation of ascorbate can be achieved by the addition 

of N,N,N',N' tetramethyl-p-phenylenediamine (TMPD) which facilitates the 

transfer of electrons directly to cytochrome C of electron transport 

chain. The data shown in Figure 34 illustrate the effect of substituting 

succinate with ascorbate-TMPD on chlorotetracycline associated fluores

cence and on chlorotetracycline induced mitochondrial swelling. When 

succinate was used as the substrate, cyclic behavior of fluorescence 

was observed at 5.0 yg chlorotetracycline/mg protein and 0.25 mM cal

cium substitution of succinate with ascorbate and TMFD also resulted in 

transient increase followed by a decrease in fluorescence as observed 

with succinate. In the presence of ascorbate-TMFD, mitochondrial swell

ing was not completely inhibited, however, the degree of swelling was 

lower than that observed with succinate. This observation gives fur

ther support to the assumption that swelling of mitochondria is in

dependent of inhibition of respiration. 
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Figure 34. The effect of substituting energy source, succinate with 
ascorbate, TMPD on the "cyclic" behavior of fluorescence 
and mitochondrial swelling induced by chlorotetracyciine. 

Mitochondria were incubated in sucrose-Tris-chloride buffer as described 
in the legend for Figure 1. Chlorotetracyciine, 5 pg/mg protein, and 
calcium 0.25 mM were present in each incubation. Where indicated, suc
cinate, 2.5 mM was substituted with ascorbate, 2.5 mM, and TMPD, 0.01 mM. 
The final concentration of mitochondria in the incubations was 2 mg 
protein/ml incubation medium. 



CHAPTER 4 

DISCUSSION 

That the concentration of free cellular calcium plays a crucial 

role in many cellular processes is well established. But how the free 

intracellular calcium regulates many diverse cellular functions is a 

complex question which requires a great deal of experimental considera

tion. Increasing evidence indicates that intracellular calcium brings 

about cell's final metabolic responses to various external stimuli by 

acting as an alternative second messenger or as a third messenger trig

gered by cyclic AMP (100). Presently, attention is being focused on the 

elucidation of the mechanism(s) by which the free intracellular concen

trations of calcium are regulated in various tissues. The main control 

mechanisms by which cells regulate their free and bound calcium seems 

to revolve around the permeability of plasma membrane to calcium and on 

the ability of subcellular components such as endoplasmic reticulum and 

mitochondria to release and reaccumulate calcium ions. 

The ability of mitochondria isolated from various tissues to 

accumulate prodigeous amounts of calcium in an energy-dependent maimer 

has led to the postulation that mitochondria may act as intracellular 

calcium buffering system (18). This view was later supported by the 

investigations of Borle (101) who while studying the flux of calcium in 

isolated kidney cells, demonstrated that most effective control of 

cellular level of calcium was through mitochondrial function. Presently 
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the possibility of mitochondria having a physiologically important role 

in the relaxation of cardiac muscle and red skeletal muscle by revers-

ibly segregating and releasing calcium is under vigorous investigation 

(102). In this regard Vinogradov and Scarpa (51) who obtained high Km 

values (50 uM) for calcium transport in rat liver mitochondria have ques

tioned the ability of mitochondria to segregate calcium rapidly enough 

for a physiological role at very low concentrations of calcium (see 

Introduction). In contrast, Lehninger (18) who believes that binding 

of calcium to membranes may be the likely mode of rapid segregation in 

heart muscle, indicated that the studies of Vinogradov and Scarpa (51) 

which did not take account of the rapid membrane loading phenomena, may 

not be accurate enough to assess the physiological role of calcium 

transport by mitochondria. 

It is apparent from the above example that a distinction of 

binding of calcium to membranes and its translocation into matrix com

partment of mitochondria and an estimation of reliable values of the 

affinity and the velocity of mitochondrial calcium transport are impor

tant for understanding the physiological significance of this process. 

Hence, in the past few years various techniques have been developed to 

characterize the kinetics of the calcium transport in mitochondria. 

The uptake or binding of calcium to mitochondrial membranes has 

been measured directly using rather conventional rapid separation tech

niques (i.e., filtration or high speed centrifugation) followed by 

analyses of the separated fractions for calcium using atomic absorption 

spectrophotometry for unlabeled calcium or conventional scintillation 

45 counting techniques for calcium. Techniques have also been developed 
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for continuously monitoring calcium ion movements in membranous systems 

which employ compounds whose absorption or fluorescence characteristics 

differ depending upon whether or not the compound is complexed with cal

cium. Examples of this type of monitor are murexide (70), aequorin (73), 

and chlorotetracycline (76, 77, 78). Further, sensitive calcium specific 

electrodes have been employed to monitor changes in the concentration of 

calcium in solutions bathing various membrane preparations as calcium is 

alternately taken up or released by the membrane (69). Finally, measure

ment of the effects or consequences of calcium uptake such as proton 

extrusion (73, 74) calcium-stimulated respiration (73), or changes in 

the oxidation-reduction state of various respiratory chain components 

(53) have been used as indirect indicators of calcium accumulation in 

mitochondrial systems. It should be pointed out that each of the afore

mentioned procedures for monitoring calcium movements in isolated mito

chondria has certain inherent drawbacks which must be either accommodated 

in the interpretation of the resultant data or circumvented in order to 

insure the validity of the data obtained. 

The present study was initiated to ascertain whether the measure

ment of fluorescence changes in the chelate probe, chlorotetracycline, 

could be employed to define the properties of the calcium translocation 

system and the nature of the endogenous membrane-associated divalent 

metal cations in isolated rat liver mitochondria. In this regard cer

tain important considerations must be addressed. First, the specificity 

of chlorotetracycline for various divalent metal cations is of interest 

in the interpretation of the results using the probe in complex mem

branous systems. Based upon slight fluorescence spectral differences 
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between the calcium and magnesium complexes of chlorotetracycline in 

methanolic solution, Caswell (78) suggested that the probe could be used 

to distinguish between movements of the individual metal cations in iso

lated mitochondria. However, studies of Schuster and Olson (30, 31) in 

which calcium and magnesium uptake were monitored in beef heart mito

chondrial systems using chlorotetracycline indicated that the suggestion 

of Caswell was at best optimistic. In the present study a correlation 

of actual movements of a single divalent metal cation, calcium, with 

fluorescent changes of the probe were made as a way around this metal 

cation specificity issue. Also, to the advantage of the present study 

is the observation that rat liver mitochondria do not actively accumu

late magnesium under usual conditions of incubation (24). 

Another point of interest is the question whether chlorotetra-

cycline can be used to quantitate the movement of calcium in mitochon

drial systems. In this regard Pfeiffer et al. (83) reported that a 

linear relationship between actual calcium content of mitochondria and 

chlorotetracycline-associated fluorescence can be observed at low calcium 

concentrations e.g., up to 25 nmoles calcium/mg protein. Since con

siderably higher calcium levels were used in the present study, it was 

chosen not to use the probe qualitative per se. Only the directional 

changes in the fluorescence of the probe were correlated with movements 

of calcium on and off the mitochondrial membranes using conventional 

sampling and assay techniques under a variety of experimental conditions. 

That energized clacium uptake by a rat liver mitochondrial 

preparation could be monitored using the fluorescence of chlorotetra-

cycline was indicated in Figure 1. A maximum increase in the fluorescence 



99 

of chlorotetracycline upon the addition of calcium was observed in the 

presence of energy and absence of a permeant anion. Energy dependent 

uptake of calcium by mitochondria in the absence of permeant anions has 

previously been reported by Lehninger (18) and Gear et al. (28) and has 

been referred to as "membrane loading." With these studies in mind and 

knowing the reported properties of chlorotetracycline i.e., chlorotetra

cycline is a very lipophilic substance which may be taken up by various 

cellular membranes, and whose fluorescence properties change markedly 

when complexed with divalent metal cations, it is concluded that the 

chelate probe was likely monitoring the membrane-associated calcium in 

the present experiments. 

The effect of permeant anions on the fluorescence of chloro

tetracycline in this system was assessed (see Figure 2). When phosphate 

45 
was added after the mitochondria were "loaded" with calcium, the fluo

rescence trace decreased to nearly the baseline level while the uptake 

45 
of calcium actually increased. On the other hand, when the mitochon-

45 
dria were pretreated with phosphate prior to calcium addition, the 

fluorescence trace decreased far below the baseline level while the up-

45 
take of calcium showed a rapid spike followed by an extensive loss of 

45 calcium from the mitochondria. Hence, it is likely that permeant anion 

additon to chlorotetracycline-treated mitochondria either before or 

after addition of exogenous calcium led to a discharge of the calcium 

from the membrane toward the matrix side of the inner membrane. These 

observations were further illustrated in Figure 3. From this experiment 

it is apparent that there exists a pool of calcium which is associated 

with the mitochondrial membrane which can be visualized with the chelate 
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probe and which is dependent upon the presence or absence of permeant 

anions. 

The occurrence of a time-dependent interaction of chlorotetra-

cycline with the mitochondria implies that an endogenous divalent metal 

component is associated with the membrane. The experimental rationale 

was that if this proposed pool of divalent metal ions could be labeled 

with ̂ calcium during the isolation procedure, this "endogenous" calcium 

pool could be studied using a correlation of the chlorotetracycline 

45 
fluorescence and the movement of calcium from the mitochondria. Hence, 

45 
the effects of various additions on calcium content of preloaded mito

chondria were compared with directional changes in chlorotetracycline 

associated fluorescence. It was shown that the endogenous calcium was 

released from the membrane by the addition of uncoupler, a respiratory 

chain inhibitor and the divalent metal specific ionophore (Figure 4). 

In light of the previous experiments (Figures 2 and 3) it was inter

esting that permeant anions did not affect either the fluorescence trace 

45 
or the calcium content of the prelabeled mitochondria. This observa

tion suggests that endogenous calcium was dissimilar in its properties 

and/or its intramitochondrial location to the calcium which was taken 

up by the membrane during exogenous calcium uptake in the absence of 

phosphate. Polar chelators also apparently did not have access to the 

endogenous calcium. It is likely that endogenous magnesium may also be 

lost during treatment with uncouplers, respiratory chain inhibitors and 

A23187. The experiments of Binet and Volfin (82) have indicated a rela

tionship between the loss of calcium and magnesium from the mitochondria 

following treatment with A23187. 
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At this juncture a point which needs to be taken into considera

tion is whether or not the prelabeling technique resulted in labeling of 

various pools of endogenous calcium. The results shown in Table 1 

demonstrate that the addition of respiratory chain inhibitor (antimycin 

A), uncoupler (FCCP), and ionophore (A23187) resulted in only 35%, 33% 

and 47% loss of total calcium respectively while each of the above com-

45 
pounds resulted in the release of approximately 90% calcium from the 

prelabeled mitochondria. It is apparent from these results that some of 

the endogenous pool(s) of calcium were not labeled by the technique used 

in the present study. These studies also indicate that the pool of endo

genous calcium which was labeled was highly susceptible to treatments 

with respiratory inhibitor, uncoupler and divalent metal specific iono

phore. This pool of calcium seems to be similar to that observed by 

Lehninger et al. (88) who by injecting radioactive calcium into the rats 

demonstrated that there are at least three pools of endogenous mito

chondrial calcium of which one is rapidly equilibrated with external cal

cium and highly susceptible to treatments with uncouplers. Thus, though 

the technique utilized in the present study led to labeling of only cer

tain pool(s) of endogenous calcium, it still seems a useful method to 

follow the movement of the endogenous pools of calcium which equilibrate 

rapidly with external calcium under various incubation conditions. 

When the location of the "endogenous" calcium (the pool of cal

cium which was labeled) was manipulated by alternately deenergizing the 

mitochondria with antimycin A and reenergizing with N,N,N', N' 

tetramethyl-p-phenylenediamine, the properties of this calcium were 

45 
altered (Figures 5 and 6). The fact that only about 50% of the calcium 
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which was originally present in the mitochondria was reaccumulated upon 

energization while the fluorescence trace returned completely to the 

45 
original level, implied that the calcium which was reaccumulated was 

45 
that portion of the original calcium which was associated with the 

membrane, the remainder being derived from the matrix space. However, 

the possibility that a portion of the endogenous calcium was associated 

with the membrane but was inaccessible to chlorotetracycline cannot be 

excluded. An important difference in the properties of the original 

45 45 
component of endogenous calcium and the calcium which was reaccumu

lated was the accessibility of the latter to the polar chelator EGTA. 

45 
This observation may indicate that the reaccumulated calcium was 

oriented on the outer aspect of the inner mitochondrial membrane whereas 

45 the endogenous calcium was oriented on the inner aspect of the inner 

mitochondrial membrane. However, in both cases the calcium was acces

sible to the chelate probe, chlorotetracycline, and was maintained in 

its location in an energy dependent fashion. 

The fact that the permeant anion, phosphate, caused a further 

45 
accumulation of calcium with no apparent change in the fluorescence 

level indicates that the previous proposal that the N,N,N',N' tetra-

45 
me thy1-p-phenylene di amine-mediated reaccumulation of calcium repre

sented a pool of calcium associated primarily with the mitochondrial 

45 
membrane and that the remainder of the calcium lost upon deenergiza-

tion originated in the matrix was likely a reasonable suggestion. 

Thus the present experiments have indicated that the combined 

utilization of the fluorescent chelate probe, chlorotetracycline and 

conventional sampling and assay procedures can be employed to study the 
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nature of a pool of membrane-associated divalent metal cations in iso

lated rat liver mitochondria. Further, it is apparent that using these 

techniques a distinction can be made between divalent cations associated 

with the membrane and those merely translocated into the matrix. These 

present studies confirm the previous suggestion (30, 31) that the process 

of calcium translocation involves an energy dependent uptake of calcium 

by a lipophilic portion of the membrane followed by an anion dependent 

movement of calcium into the matrix. This suggestion is consistent with 

the data of Chappell et al. (25) who used EPR and pulsed NMR techniques 

to look at manganese translocation in rat liver mitochondria in the 

presence and absence of phosphate. Also, these findings using the 

chelate probe were consistent with the original proposal of Chance (75) 

regarding the various steps involved in the carrier-mediated process of 

calcium translocation. 

The present studies must raise various questions regarding the 

importance and utility of endogenous divalent metal cations. Recently 

it has been suggested by Schuster and Olson (31) that endogenous membrane-

associated divalent metal cations may serve as an important regulatory 

species which can be alternately released and resequestered by the mem

brane depending upon the energy state of the membrane. Further, it was 

proposed that various enzymes localized in the different subcompartments 

of the mitochondrion may be activated or inhibited by the energy and 

counter ion dependent uptake and egress of metal cations from the mem

brane. The enzyme monitored in this fashion was the pyruvate dehydrog

enase multienzyme comples whose covalent regulatory mechanism is 
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controlled, at least in part, by the relative intramitochondrial concen

trations of calcium and magnesium. 

Another interesting facet of the nature of the endogenous di

valent cations is their possible involvement in the structural integrity 

of the membrane. Binet and Volfin (82) have recently suggested that 

there exists a pool of magnesium which may be involved in the structural 

integrity and permeability properties of isolated rat liver mitochondria. 

Also in this regard Kun et al. (103) suggested that the loss of intra

mitochondrial magnesium may be symptomatic of the structural disintegra

tion of the mitochondrial membranes. Precedent for the involvement of 

divalent metal cations in the structural and functional integrity of 

other membranous systems may be taken from a variety of studies in the 

erythrocyte membrane (104, 105). 

The Inhibition of Calcium Uptake and Release 
by Rat Liver Mitochondria by Ruthenium Red 

Since the studies with prelabeled mitochondria indicated that 

manipulation of energy state of mitochondria significantly altered the 

apparent location and/or properties of the endogenous calcium, it seemed 

appropriate to inhibit these movements using known inhibitors of calcium 

uptake i.e., ruthenium red. Ruthenium red was shown by Moore (89) and 

various other groups (90, 91, 92) to inhibit energy-dependent calcium 

transport in mitochondria. It is now generally agreed that ruthenium 

red produces inhibitory effect on calcium uptake by mitochondria. At 

the present time whether or not ruthenium red can inhibit the efflux of 

calcium from mitochondria is a subject of some disagreement (90, 91, 92, 

93). 
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The data shown in Figure 7 demonstrate that addition of ruthenium 

red prior to deenergization of mitochondria i.e., addition of antimycin 

45 
A, resulted in the inhibition of antimycin A mediated release of cal

cium from prelabeled mitochondria. Similarly, ruthenium red also pre-

45 
vented the energy dependent reaccumulation of calciim which was re

leased by antimycin A. Thus, it is clear from these studies that both 

the release and reaccumulation of endogenous mitochondrial calcium 

caused by manipulation of the energetic state of the mitochondria are 

sensitive to ruthenium red. 

Interestingly ruthenium red also inhibited the phosphate-

45 
mediated enhancement of calcium accumulation by the mitochondria. 

The earlier studies (Figures 5 and 6) where the fluorescence of the 

divalent metal cation chelate-probe chlorotetracycline was correlated 

with the movements of endogenous calcium during changes in the energetic 

state of the mitochondrial membranes, indicated that treatment of mito

chondria with antimycin A resulted in a release of calcium from both 

the membrane and the matrix compartments. Reenergization of the mito

chondria in the presence of phosphate resulted in a reaccumulation of 

calcium primarily into the matrix compartment. In view of this observa

tion and the results shown in Figure 7, it seems apparent that ruthenium 

red is capable of inhibiting the anion-dependent translocation of cal

cium from the membrane into the matrix compartment. 

Recently Schwerzmann, Gazzotti and Carafoli (106) presented 

evidence indicating that ruthenium red could replace N,N,N',N' tetramethyl 

phenylenediamine (TMPD) in the transfer of electrons to cytochrome C 

during the oxidation of ascorbate. In view of this observation it could 
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be suggested that In the experiment presented In Figure 7, ruthenium red 

merely overcame the inhibition of electron transfer by antimycin A and 

that there occurred essentially no deenergization of the mitochondria 

membranes as a result of antimycin A addition. The result of such a 

45 
situation would be little or no loss of calcium from the mitochondria. 

However, addition of ruthenium red at point B in the Figure should have 

exactly mimiced the effect of TMPD; that this was not the case was 

clearly observed. Further, the omission of ascorbate from.the incubation 

45 
medium should have resulted in the release of calcium from the mito

chondria by antimycin A even in the presence of ruthenium red. That 

this was not the case is indicated in the data depicted in Figure 8. 

Even in the absence of ascorbate, ruthenium red markedly inhibited the 

45 release of calcium promoted by antimycin A. The addition of the 

uncoupler p-trifluoromethoxyphenyl-hydrozone of carbonyl cyanide (FCCP) 

45 
also resulted in a release of calcium and this uncoupler-mediated re

lease was also ruthenium red sensitive. Unless ruthenium red directly 

interfered with the interaction of FCCP or antimycin A with the mito

chondrial membranes, the nearly complete inhibition by ruthenium red 

of ̂ calcium release caused by these two compounds suggests that: (a) 

the mechanism(s) for release and reaccumulation of endogenous mito

chondrial calcium were the same or (b) the mechanism(s) for release and 

reaccumulation may be different but both were highly sensitive to in-

45 
hibition by ruthenium red. The slight decrease in the calcium content 

of the mitochondria upon addition of ruthenium red (see Figure 8) may 

45 
have been due to the replacement of calcium on the membrane binding 

sites by ruthenium red. It was observed in epxeriment shown in Figure 9 
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45 that 50% of the calcium was released from the prelabeled mitochondria 

upon the addition of very high concentrations of ruthenium red. 

At least two reports (90, 93) have indicated that uncoupler-

mediated release of calcium from mitochondria loaded with calcium is 

insensitive to ruthenium red. Based upon this observation it was sug

gested that separate mechanisms are operative in the uptake and release 

of calcium from mitochondria. The present data concerning the effect of 

ruthenium red on the release of endogenous calcium by uncoupler indicates 

that ruthenium red can indeed prevent the efflux of calcium from mito

chondria. Whether there is a significant difference between the release 

mechanism(s) for endogenous calcium and for exogenous calcium which has 

been accumulated by mitochondrial membranes remains to be investigated. 

That ruthenium red can also inhibit the efflux of calcium from 

mitochondria is further substantiated by the data shown in Figure 10. 

As expected from earlier studies (89, 91) ruthenium red when included in 

45 
incubations prior to the initiation of calcium uptake resulted in 

45 
nearly complete inhibition of accumulation of calcium by mitochondria. 

45 
If the inhibitor was included after the calcium uptake reached steady 

45 
state level only a slight decrease in the calcium content of mito

chondria was observed. This observation that ruthenium did not promote 

45 45 
the release of calcium from mitochondria which were loaded with cal

cium, while in agreement with the results of Rossi et al. (91), is in 

contradiction with the findings of Sordhal (92) and Puskin et al. (93). 

This contradiction could be attributed to differences in the incubation 

conditions; e.g., both Sordhal (92) and Puskin et al. (93) conducted 

their calcium loading of the mitochondria in the presence of a permeant 
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anion. However, Puskin et al. (93) mentioned that their ruthenium red-

induced release of calcium from preloaded mitochondria occurred even in 

the absence of a permeant anion. The experiments of Rossi et al. (91) 

and the present experiments (see Figure 10) were performed using mito

chondria loaded with calcium in the absence of a permeant anion. 

Another point of interest is the ability of ruthenium red to 

45 
prevent phosphate mediated release of calcium .from preloaded mito

chondria (see Figure 10). It is well documented that the addition of 

phosphate to mitochondria which were allowed to accumulate calcium in 

the absence of magnesium and adenine nucleotides results in mitochondrial 

swelling and the release of accumulated calcium. Additionally, the up

take of calcium by mitochondria in the absence of a highly permeant 

anion such as phosphate has been suggested by various groups (25, 28, 30, 

31) to be primarily binding of calcium to mitochondrial membrane i.e., 

membrane loading. In view of these observations, the inhibition of 

45 
phosphate mediated release of calcium from preloaded mitochondria ap-

45 
pears to be due to prevention of either the release of calcium from 

the membranes and/or an inhibition of phosphate transport. However, 

studies of Vasington et al. (90) in which large amplitude swelling of 

mitochondria in ammonium phosphate was monitored as an indicator of 

phosphate transport demonstrated that ruthenium red caused no effect on 

phosphate transport. In view of this observation, it can be suggested 

that in the present experiment and also in the experiment demonstrated 

in Figure 7, ruthenium red probably inhibited the release of calcium 

from the membrane rather than the transport of phosphate. 
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The Effect of Chlorotetracycline oil the Energy 
Dependent Uptake of Calcium by Mitochondria 

In the earlier studies (Figures 1 through 6) chlorotetracycline 

was utilized (as a probe for membrane associated calcium) mainly to 

study the nature and the properties of endogenous membrane-associated 

calcium under various incubation conditions. Based on the results ob

tained from such studies it was concluded that chlorotetracycline when 

used in combination with other conventional sampling and assay tech

niques could be useful monitor of the calcium associated with mito

chondrial membranes. The experiments designated 11 through 33 were 

initiated to further document the utility of this fluorescent probe as 

a monitor of the association of calcium with mitochondrial membranes 

under limited-loading conditions i.e., in the absence of permeant anions. 

It is evident from Figure 11 that in the presence of an energy 

source, succinate, and at a constant level of chlorotetracycline the 

addition of increasing concentrations of exogenous calcium up to 0.05 mM 

resulted in nearly linear increase in the initial enhancement and maxi

mum level of chlorotetracycline associated fluorescence of the mito

chondrial suspension. Knowing the reported properties of chlorotetra

cycline and also keeping in view that these incubations were performed 

under limited loading conditions also referred to as membrane-loading by 

Gear et al. (28) and it is concluded that the increased chlorotetracycline 

fluorescence in the presence of calcium was due to binding of calcium to 

the mitochondrial membranes. This suggests that the decrease in fluor

escence following the initial increase observed at higher calcium con

centrations (>_ 0.1 mM) may have been due to an alteration of the affinity 
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of the mitochondrial membranes for calcium which resulted in the release 

of the membrane-associated calcium either into the external medium or 

into the matrix compartment of the mitochondria. As no permeant anion 

except for succinate was included in the incubation medium, the possi

bility that the calcium was being translocated into the matrix compart

ment appeared unlikely. However, in view of the recent report of Rotten-

berg and Scarpa (32) in which they suggested that succinate can accompany 

calcium during its translocation to the matrix compartment, such a pos

sibility under our experimental conditions cannot be completely excluded. 

Alternately, it is also possible that at higher calcium concentrations, 

following the initial binding of calcium to chlorotetracycline acces

sible sites in the membrane, that the calcium migrated to chlorotetra

cycline inaccessible sites within the membrane. 

In order to further characterize the cyclic behavior of the 

fluorescence trace which was observed at high calcium concentrations in 

Figure 11, keeping the calcium concentration constant at 0.1 mM, the 

amount of chlorotetracycline was varied from 2.3 to 18.4 yg/mg protein 

(Figure 12). It is evident from this experiment that the cyclic be

havior observed at 0.1 mM calcium and 9.2 yg chlorotetracycline/mg pro

tein (Figures 11 and 12) can be abolished by increasing the concentra

tion of chlorotetracycline. Further, it was noticed that increasing the 

mitochondrial concentration while maintaining the concentrations of 

calcium and chlorotetracycline also resulted in an abolishment of the 

cyclic behavior of fluorescence (data not shown). 

Thus, it is apparent that the ratio of calcium to chlorotetra

cycline in the mitochondrial incubations is an important consideration 
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in determining the nature of the fluorescence data obtained during 

energized calcium uptake under limited loading conditions. 

Next it was deemed essential to ascertain whether the apparent 

interaction between calcium and chlorotetracycline in the membrane 

45 
actually interfered with the accumulation of calcium by the mito

chondria. The data shown in Figures 13 through 15 indicate that the 

presence of chlorotetracycline altered the characetristic properties of 

45 
calcium accumulation. 

The data shown in Figure 13 demonstrate that in the absence of 

chlorotetracycline, the addition of increasing concentrations of calcium 

resulted in a relatively constant increase in the rate and the extent of 

45 calcium accumulated by energized mitochondria with saturation occurring 

at about 100 nmoles calcium/mg protein. These results are consistent 

with those obtained in earlier studies (94). In the presence of 4.6 yg 

45 
chlorotetracycline/mg protein no apparent effect on the calcium uptake 

by mitochondria was observed at low calcium concentration. However, at 

high calcium concentration (_> 0.25 mM) , following the initial uptake, 

45 
the accumulated calcium was rapidly released into the medium. Fur-

45 
ther, such cyclic behavior of calcium accumulation gradually increased 

in its extent as calcium concentration was increased. Interestingly, 

when the amount of chlorotetracycline was increased to 22.9 pg/mg pro-

45 
tein, the cyclic behavior of calcium accumulation was completely 

45 45 
abolished at all concentrations of calcium except at 1.0 mM calcium. 

However, at this concentration of chlorotetracycline, both the initial 

45 
uptake and the net accumulation of calcium by mitochondria were 

significantly inhibited as compared to the control. 
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The data shown in Figures 14 and 15 again stress the importance 

of the concentration of calcium and chlorotetracycline in the mitochon-

45 
drial incubations in the apparent pattern of calcium accumulation at

tained by mitochondria. 

From these types of experiments it is concluded that (a) the 

cyclic behavior of chlorotetracycline associated fluorescence observed 

45 
at high calcium concentrations was due to the loss of calcium which 

had been initially accumulated by mitochondria, (b) there occurred a 

defined concentration range of chlorotetracycline and calcium in the 

mitochondrial incubation at which cyclic behavior of fluorescence and 

45 45 
calcium uptake was observed, and (c) the release of calcium was 

mediated by the chelate probe, chlorotetracycline. 

Additional evidence substantiating the conclusions stated above 

was obtained from, more direct experiments which indicate that chloro-

45 
tetracycline can influence the steady state distribution of calcium in 

45 
mitochondria which have been previously loaded with calcium (see Fig

ures 16 and 18). The data shown in Figure 16 (Panel B) clearly demon

strate that addition of various levels of chlorotetracycline resulted 

in a rapid release of the accumulated calcium and the rate of release 

was dependent upon the concentration of the probe. That the chlorotetra-

45 
cycline mediated release of calcium from preloaded mitochondria was 

due to increased efflux of the calcium from mitochondria than decreased 

influx of calcium was demonstrated in Figure 18. It can be seen that 

after the attainment of steady state level of calcium uptake, addition 

45 
of EGTA and chlorotetracycline resulted in faster rate of calcium re-

45 
lease as compared to the rate of release of calcium obtained with EGTA 
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alone. Since EGTA chelates calcium but does not penetrate the inner 

membrane of the mitochondria (54), it should behave as an inhibitor of 

calcium uptake. And if chlorotetracycline also produced inhibitory ef

fect on the uptake of calcium by mitochondria, similar rates of efflux 

45 
of calcium from mitochondria with EGTA and with EGTA plus chlorotetra-

45 
cycline should be obtained. However, faster rate of efflux of calcium 

with EGTA and chlorotetracycline together than with EGTA alone suggest 

45 
that chlorotetracycline mediates the release of calcium from mito

chondria by increasing the efflux rate of calcium. 

The Uptake and Retention of 
Chlorotetracycline by Mitochondria 

It is apparent from the above studies that chlorotetracycline 

exerts rather significant effects on the process of calcium accumula

tion. Whether or not calcium exerts any influence on the uptake of 

chlorotetracycline by the mitochondria is a question which is not yet 

resolved. In an attempt to answer this question, the following experi

ments were performed. 

As predicted from the fluorescence data shown in Figures 1 

through 5, incubation of mitochondria with chlorotetracycline resulted 

in a time dependent uptake of chlorotetracycline by mitochondria (Figure 

19). Further, it was noted that mitochondria can bind maximally about 

23 yg chlorotetracycline/mg protein in the absence of exogenous divalent 

cations (Figure 20). Earlier studies (30, 31) indicated that chloro

tetracycline migrated into beef heart mitochondria only when there was 

a divalent cation co-migrating or already present in the mitochondria. 

Keeping this observation in mind and also knowing that rat liver 
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mitochondria contain fairly large pools of endogenous divalent cations, 

it is concluded that the uptake of chlorotetracycline by mitochondria 

(Figures 19 and 20) was due to the binding of this chelate probe to 

endogenous divalent cations. 

The effect of including calcium in the medium on the uptake of 

chlorotetracycline by mitochondria is illustrated in Figure 21. At low 

concentrations of chlorotetracycline i.e., 4 and 8 yg/mg protein, inclu

sion of calcium (0.25 mM) resulted in a cyclic behavior of chlorotetra

cycline uptake by mitochondria indicating that the interaction of cal

cium and chlorotetracycline also results in the release of chlorotetra

cycline. At these concentrations of chlorotetracycline and calcium, 

chlorotetracycline-associated fluorescence also showed a cyclic be

havior (figure not shown). Since the earlier studies (Figures 13 through 

45 16) clearly indicated that the initial uptake of calcium followed by 

release of the accumulated calcium resulted in cyclic behavior of 

fluorescence, the transient uptake of chlorotetracycline by a release 

in the present experiment implies that the chelate probe co-migrates 

45 
with exogenous calcium. Thus, when the calcium was released the 

chlorotetracycline too was released from the mitochondrial membranes. 

The above mentioned suggestion is further supoorted by the pat

tern of chlorotetracycline uptake observed at high levels of chlorotetra

cycline. At 16 and 24 yg chlorotetracycline/mg protein, the addition of 

calcium did not result in the release of the chelate probe following 

initial accumulation of mitochondria. Similarly cyclic behavior of 

chlorotetracycline associated fluorescence was also not observed (re

sults not shown). From these studies it is concluded that there exists 
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a correlation between directional changes in the chlorotetracycline 

45 
associated fluorescence and the actual content of calcium and chloro

tetracycline in the mitochondria. 

Inhibition by Magnesium of Chlorotetracycline-
mediated Release of Calcium from Mitochondria 

Magnesium which was shown to inhibit the binding of calcium to 

low affinity sites on liver mitochondria (96, 97) was found to prevent 

the cyclic behavior of the fluorescence and also the transient nature 

45 
of calcium accumulation observed at elevated calcium levels (Figures 

22 and 23). Further, it was noted that magnesium exhibited this effect 

only when it was included in the incubations prior to the inhibition of 

the cyclic response (data not shown). It was also observed that magne-

45 slum inhibited the initial rate and the net uptake of calcium by mito

chondria irrespective of its ability to prevent the cyclic behavior of 

calcium uptake (probably due to the inhibition of binding of calcium at 

low affinity sites). However, the studies of the effect of magnesium on 

calcium uptake by mitochondria in the absence of chlorotetracycline 

indicate that magnesium did not show significant inhibition of calcium 

uptake by mitochondria under the present experimental conditions (Figure 

24). This observation implies that magnesium interferes with calcium 

uptake by mitochondria only in the presence of chlorotetracycline. 

Whether or not chlorotetracycline alters the binding properties of cal

cium to mitochondrial membranes such that magnesium can compete for 

those binding sites is a possibility which need: be given a serious 

experimental consideration. 
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45 
At this point it is not clear whether the inhibition of cal

cium uptake by magnesium was due to a decrease in the content of 

A 5 A5 
calcium in the mitochondria and/or inhibition of the efflux of cal

cium mediated by chlorotetracycline. 

The experiment depicted in Figure 25 in which various levels of 

magnesium were included in the incubation after mitochondria were al

lowed to accumulate about 120 nmoles of ̂ calcium/mg protein, but prior 

to the addition of chlorotetracycline clearly demonstrated that magnesium 

45 inhibits the cyclic behavior of calcium uptake by inhibiting the efflux 

45 of calcium mediated by chlorotetracycline. Now the question is cer

tainly what is the probable mechanism by which magnesium inhibits the 

efflux of calcium caused by chlorotetracycline treatment. It may be 

suggested that the magnesium effect may relate to its often proposed 

role in the stabilization of the structural integrity of membranes (104, 

105). Before accepting such a suggestion̂  however, it would be impera

tive to demonstrate that the effect of magnesium was not merely due to 

a chelation of free chlorotetracycline producing a situation where the 

chlorotetracycline concentration in the system is minimized. It should 

be pointed out the data shown in Figure 26 indicate that the effect of 

45 
magnesium on chlorotetracycline-mediated efflux of calcium is mainly 

due to decrease in free chlorotetracycline concentrations. Interestingly 

at low magnesium concentration (1.0 mM) , though the uptake of chloro

tetracycline was comparatively more inhibited than in the control, when 

calcium and magnesium both were present together the uptake of chloro

tetracycline by mitochondria was greater than with magnesium alone. 

However, at the magnesium concentrations comparable to those used in 
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45 
experiment shown in Figure 27, the uptake of calcium by mitochondria 

was greatly inhbiited in the presence of chlorotetracycline. Further, 

as shown in Figures 22 and 23, when magnesium was added after the mito

chondria were allowed to interact with chlorotetracycline, an inhibition 

45 
of the cyclic behavior of the calcium accumulation resulted. Hence, 

magnesium may indeed help to minimize the free chlorotetracycline con

centration in the incubation but it is also likely that this metal 

cation also protects and/or interacts with this sytem some other way. 

The Effect of Chlorotetracycline and Calcium 
on Energy Utilization by Mitochondria 

The prevention of cyclic behavior of chlorotetracycline asso

ciated fluorescence by rotenone indicated that the inhibition of succinate 

oxidation may have led to the release of accumulated calcium from mito

chondria. Hence, the effect of varying levels of chlorotetracycline in 

the presence of calcium on the utilization of the substrate, succinate 

was examined in the presence and absence of rotenone. It was noticed 

that low levels of chlorotetracycline (2.2 pg/mg protein) had little 

detectable effect on the rate of respiration of mitochondria. However, 

at high levels of chlorotetracycline (8.8 yg/mg protein) a nonlinear in

crease in respiration was observed in the absence of rotenone while 

faster linear rate of respiration was noticed in the presence of rotenone. 

This observation suggests that succinate oxidation is being inhibited in 

the absence of rotenone. At very high amounts of chlorotetracycline, 

(17.7 ug/mg protein) significant inhibition of succinate oxidation was 

observed. As chlorotetracycline induces release of calcium from mito

chondria, it is suggested that the enhancement in the utilization of 
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oxygen (i.e., utilization of the substrate) was due to energy dependent 

reaccumulation of the released calcium. That this is a very likely 

possibility is indicated by the data shown in Figure 30 which demon

strate that addition of lanthanum chloride, an inhibitor of energy 

linked calcium uptake by mitochondria, prevented the increase in 

respiration mediated by chlorotetracycline. 

The Effect of Chlorotetracycline and 
Calcium on Mitochondrial Swelling 

It was observed that chlorotetracycline and calcium independently 

did not cause any alterations in mitochondrial volume but when present 

together led to intensive swelling of mitochondria. This observation 

indicates that calcium is being accumulated in soluble form in the matrix 

compartment of mitochondria. However, energy-linked uptake of calcium 

in the absence of highly permeant anions, such as phosphate or acetate, 

has been indicated to be binding of calcium mainly to mitochondrial 

membranes (28). In view of these studies, the mitochondrial swelling 

observed in the presence of chlorotetracycline indicates that chloro

tetracycline can mediate translocation of calcium from the membranes to 

the matrix compartment of mitochondria even in the absence of permeant 

anions. Then the question, which anion component of the medium accom

panies calcium to the matrix compartment to cause the observed increase 

in mitochondrial volume arises. It is very likely that succinate, a 

weak permeant anion, included in the incubations to serve as an oxidizable 

substrate entered the matrix compartment to cause such swelling of mito

chondria. However, the possibility that the interaction of chloro

tetracycline and calcium with mitochondria may have altered the 
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permeability properties of the latter such that chloride ions which are 

generally impermeable can now enter the matrix compartment resulting in 

swelling of mitochondria cannot be ruled out. The inhibition of respira

tion of mitochondria observed in the presence of chlorotetracycline and 

calcium may also be suggested to be one of the reasons for the observed 

increase in mitochondrial volume. That this is an unlikely possibility 

can be inferred from the data shown in Figures 32 and 34 which demon

strate swelling of mitochondria was not inhibited by either rotenone 

(which relieved the inhibition of mitochondrial respiration observed in 

the presence of succinate) or by substituting succinate with other energy 

sources such as Ascorbate-TMPD. 

Can Chlorotetracycline Be Employed as a Monitor of 
Calcium Association with Mitochondrial Membranes? 

Since the demonstration by Caswell and Hutchison (76, 77) and 

Caswell (78) that chlorotetracycline may be employed as a probe for fol

lowing the association of divalent cations with mitochondrial membranes, 

various other groups have utilized this compound to study the interaction 

of metal cations with a variety of cellular membranes (107, 108, 109). 

In rat liver mitochondrial system, it has been indicated that chloro

tetracycline monitors the association of metal cations with the inner 

mitochondrial membrane (78, 82) and that the changes in chlorotetracycline-

associated fluorescence mainly corresponds to the alterations in the cal

cium levels within the mitochondria (82, 83). However, these studies 

have not explored the possible influence of the chelate probe on mito

chondrial calcium transport process and its subsequent effects on meta

bolic state of mitochondria. The present study was undertaken to 
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investigate such possibility. The results obtained from this study pro

vide evidence that chlorotetracycline, in fact, interferes with the cal

cium transport process by enhancing the efflux of calcium from mito

chondria under limited loading conditions. As a consequence, the meta

bolic state of mitochondria is also altered (i.e., due cyclic movements 

of calcium across the membranes). The extent of the efflux and hence 

the utility of the probe is shown to depend on the concentration of 

calcium and chlorotetracycline in mitochondria. 

It is clear from the present study that chlorotetracycline 

causes efflux of calcium from mitochondria but the mechanism by which 

the fluorescent probe mediates such a release of calcium remains to be 

investigated. During energy-linked uptake of calcium by mitochondria in 

the absence of permeant anions, such as phosphate or acetate, one 

hydrogen ion is released for each calcium ion accumulated (17). Such 

release of hydrogen ions leads to large pH gradient across the mito

chondrial membranes. It has been shown by various investigators that 

the pH gradient produced under such conditions can be released by the 

addition of permeant anions, phosphate or acetate, or by the release of 

accumulated calcium from the membranes by inhibitors or uncouplers of 

respiration or by ionophores (see review article by Mela, 19). 

Hence, under the present experimental conditions, it is possible that 

chlorotetracycline-calcium complex, exchanged with a hydrogen ion i.e., 

+ *4" 
CTC-Ca /H , thus resulting in neutralization of pH gradient with simul

taneous release of calcium from the mitochondria. However, no informa

tion regarding extramitochondrial concentration of hydrogen ion and cal

cium in the presence of chlorotetracycline is available to test the 
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above said hypothesis. Thus, whether the chlorotetracycline-mediated 

efflux of calcium from mitochondria occurs as a result of ionopheretic 

and/or uncoupling property of the chelate probe remains to be 

investigated. 
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