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ABSTRACT

ON THE CONTROL OF BRAIN RESPIRATION BY

NA+,K+-ADENOSINE TRIPHOSPHATASE

BY

Richard H. Gubitz

Cellular metabolism in nervous tissue provides energy for the

transport of sodium and potassium across cell membrane. Conversely,

active transport of cations serves as a regulator of cellular energy

utilization and respiration. By monitoring the respiration of

. . . + + . .

tissue slices, effects of various drugs on Na ,K —ATPase act1V1ty

may be studied in intact cells. It has been posulated that the

pharmacologic actions of cardiac glycosides, phenothiazines and

monovalent cations such as lithium and rubidium involve the inhibi-

. . . + + . . .

tion or stimulation of Na ,K -ATPase act1v1ty. Most of the ev1dence

supporting this hypothesis has been obtained with isolated ATPase

preparations. The purpose of the present investigation was to formu-

late a method which accurately estimates the portion of tissue

. . . . + + . .
respiration assoc1ated w1th Na ,K -ATPase act1v1ty, and test the

hypothesis that cardiac glycosides, phenothiazine derivatives,

. . . . + + . . . . .

lithium and rubidium alter Na ,K -ATPase act1v1ty in intact brain

cells.

. + + .
The involvement of membrane Na ,K -ATPase in the oxygen consump-

tion of rat brain cortical slices was studied in vitro. Ouabain, a
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. . . . . + + +
speCific inhibitor of Na ,K -ATPase, markedly decreased both K -

. . . 2+

stimulated and non-stimulated brain slice respiration in Ca -free

Krebs Henseleit medium containing either glucose or pyruvate. The

+

magnitude of inhibition by 100 pM ouabain was greater than the K -

+

stimulated portion of respiration. In a Na -free medium, addition

+ . . . . .

of 100 mM K caused a depression of brain slice respiration while

addition of 100 mM choline, or 100 pM ouabain had no effect. The

+ . . 2+ . . .
replacement of Na by choline in Ca -free medium did not influence

+

stimulation of slice respiration by 2,4-dinitrophenol. In a Na —free

. + . . . + . . . .
high K medium, addition of Na caused a stimulation of brain slice

4.

respiration. The magnitude of Na stimulation was decreased in the

4.

presence of ouabain. The magnitude of Na -induced stimulation in

+ +

a high K medium was equal to that of the K -stimulation of slice

. . . 2+ . + .
respiration in Ca -free Krebs medium, plus the K ~depreSSion of

. . . + . 2+ .
respiration in a Na -free medium. In Ca —free Krebs medium,

ouabain at 100 uM partially inhibited the 2,4-dinitrophenol stimu-

. . . . + . . . .
lation of respiration. In this high Na medium, ouabain Signifi-

. + + . .
cantly altered intracellular Na and K concentrations in a dose and

I O O C 0 +

time-dependent manner. The resulting increase in intracellular Na

produced by ouabain was similar to that causing a significant inhibi-

tion of optimal respiration of brain cortical homogenates. This

suggests that ouabain might depress brain slice respiration by

D 0 o + I 0 O O

increaSing intracellular Na concentrations as well as by inhibiting

+ +

Na ,K -ATPase activity. A 40% portion of brain slice respiration

. + +

observed in the presence of Na and K has been suggested to be

associated with sodium—pump activity since it requires the simul-

+ + +

taneous presence of Na and K analogous to the requirement of Na
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+ . , + +

and K for ATP hydrolySiS in the Na ,K —ATPase system. The use of

ouabain, however, results in an overestimation of the portion of

respiration dependent on the sodium pump. The differences between

slice respiration in high sodium high potassium medium, and that

in sodium-free, high potassium medium has been shown to be a better

estimate of sodium pump related respiration.

Among monovalent cations, only the combinations of those which

. + + . . . . . . .

stimulate Na ,K -ATPase actiVity in Vitro, stimulated brain slice

respiration. Although lithium inhibited and rubidium stimulated

brain slice respiration, these effects were observed only with

concentrations markedly higher than those which would be achieved

during lithium or rubidium treatment of patients.

Chlorpromazine markedly inhibited the portion of brain cortical

. . . . . + + . . .
slice respiration aSSOCiated with Na ,K ~ATPase actiVity, but failed

to affect that not related to the enzyme activity. Two Chlorpromazine

metabolites, 7—hydroxychlorpromazine and 7,8~dihydroxychlorpromazine,

. . . . + + .

had no Significant effects on either Na ,K -stimulated or non—

stimulated brain slice respiration in vitro. Chlorpromazine had no

. . . . + + . . .
Significant effect on either Na ,K —stimulated slice respiration or

+ + . . . .
Na ,K ~ATPase actiVity following a large dose of 30 mg/kg i.p. or

chronic treatment of rats for 12 to 22 days with a daily dose of

30 mg/kg.

Intraperitoneal injection of digitoxin (0-30 mg/kg) in rats

. . . + + . . . . .
caused inhibition of both Na ,K -Stimulated brain slice respiration

. + + . . . . .

and brain homogenate Na ,K -ATPase actiVity. No Significant effects

2+ , , + + , . , i

on Mg -ATPase actiVity or non-Na ,K —stimulated brain Slice respira-

tion was observed. Intraperitoneal administration of digitoxin at
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+ +

high doses inhibits brain Na ,K -ATPase activity in the rat, but

pharmacological doses of Chlorpromazine, lithium, or rubidium do not

+ + . . . . .
appear to affect Na ,K -ATPase actiVity in intact brain cells.
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INTRODUCTION

A. Introduction
 

Cellular metabolism in nervous tissue provides energy for the

transport of sodium and potassium against the electrochemical gradient

existing across the cell membrane. Conversely, active transport of

cations serves as a regulator of cellular energy utilization and

respiration. Cardiac glycosides, phenothiazines and monovalent

cations can alter rates of metabolism and respiration presumably via

, _ + +

effects on the transport adenOSine triphosphatase (Na ,K -ATPase)

enzyme. The purpose of the present studies was to determine if the

pharmacologic actions of these agents involve the alteration of

+ +
-

Na ,K -ATPase. A method was developed to accurately estimate the

portion of cellular respiration associated with membrane transport,

and then the effects of cardiac glycosides, phenothiazines and mono-

valent cations on that portion of cellular respiration associated

. + + . . . . . . .
with Na ,K ~activated adenOSine triphosphatase actiVity in brain

were studied.

B. Review of Oxidative Phosphorylation and

Factors Controlling Respiration

 

 

It is known from the work of many investigators (Engelhardt,

1930, 1932; Runnstrom et a1., 1934; Kalckar, 1937, 1939, 1944;

Belitzer and Tsibakowa, 1939; Colowick, Welch and Cori, 1940;

Colowick, Kalckar and Cori, 1941; Ochoa, 1941, 1943, 1947) that the

1



2

free energy of oxidative processes can be used for the synthesis of

high energy organic phosphates. The most important high energy

phosphate compound formed by these oxidative processes is adenosine

triphosphate (ATP) (Krebs et al., 1953). It is also widely known

that the rate of mitochondrial respiration is primarily controlled

by the concentration of phosphate acceptors, particularly adenosine

diphosphate (ADP) produced by the hydrolysis of adenosine triphosphate

(ATP) (Lardy and Wellman, 1952; Chance and Williams, 1955; Brody,

1955). Lardy and Wellman (1952, 1953) emphasized the role of micro-

Somal ATPase aS a phosphate acceptor—generating mechanism, and based

on previous data by Kielley and Kielley (1951) suggested that if all

ATPase activity was depressed and the system were tightly coupled,

no respiration could occur unless phosphate acceptors were added

(Lardy and Wellman, 1952). Thus, ATPase activity plays a major role

in regulating energy generation, and hence cell respiration.

C. Brain Slice Respiration and the

Role of Na+,K+-ATPase

 

 

The mechanism by which Na+,K+-ATPase regulates brain respiration

involves the generation of ADP (McIlwain and Gore, 1951; Gore and

McIlwain, 1952; Minakami et al., 1963). Upon electrical stimulation

of respiration brain Slice inorganic phosphate increases, while

creatine phosphate decreases (McIlwain and Gore, 1951; Gore and

McIlwain, 1952; Heald, 1956). The increase in slice respiration is

secondary to the breakdown of high energy organic phosphates (McIlwain

and Gore, 1951). The resulting increase in phosphate acceptor is

thought to be the factor stimulating slice respiration. Addition of

potassium to brain slices stimulates respiration, increases ADP and



decreases cellular ATP (Minakami et al., 1963). Whittam (1961), in

experiments with homogenates, and Whittam and Blond (1964), in

experiments with mitochondria and homogenates, demonstrated that a

ouabain-sensitive extramitochondrial Na+,K+-ATPase served as a pace—

maker for brain tissue respiration. Whittam and his colleagues

(Whittam, 1962a; Whittam and Blond, 1964) estimated that the respira-

tion associated with active transport and Na+,K+-ATPase activity in

brain slices is about 40% of the respiration seen in calcium-free

Krebs Henseleit medium. The method used by Whittam to estimate this

portion of brain Slice respiration, however, involved inhibition of

so-called "non-stimulated" Slice respiration by the Na+,K+-ATPase

inhibitor ouabain. The method used by Whittam has obvious problems,

since ouabain inhibition has been Shown previously in Krebs Henseleit

medium to increase with time (Wollenberger, 1947). In this disser-

tation, therefore, a new method using the difference between slice

respiration in high sodium, high potassium medium, and that in a

sodium-free, high potassium medium as a measure of Na+,K+—ATPase

associated respiration, is proposed.

The rationale for this new method is based on the known sodium

and potassium requirements for microsomal Na+,K+-ATPase activity

(Skou, 1957; Hess and Pope, 1957; Skou, 1960; Deul and McIlwain,

1961). Both sodium (Gore and McIlwain, 1952) and potassium (Cummins

and McIlwain, 1961) are necessary for electrical stimulation of brain

Slice respiration. This phenomenon is characteristic only in systems

with intact cell membranes, and does not occur in homogenates (Whittam,-

1962a; Quastel, 1965). In electrically depolarized guinea pig cortical

slices, increases in sodium concentration in the medium are associated
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with increases in intracellular sodium (Bachelard et al., 1962).

These are also associated with increases in slice respiration. In

high sodium medium, increasing extracellular potassium concentration

along with depolarizing brain slice membranes (McIlwain, 1951a; Li

and McIlwain, 1957; Hillman and McIlwain, 1961) has been demonstrated

to increase inorganic phosphate and decrease phosphocreatine (McIlwain,

1952). It has been hypothesized that the stimulation of respiration

associated with potaSSium addition is the result of increasing intra-

cellular sodium concentration, stimulation of sodium for potassium

exchange, and stimulation of the generation of phosphate acceptor

(Whittam, 1961, 1962a; Whittam and Blond, 1964). Thus there is

reason to believe that a method using the difference between Slice

respiration in high sodium, high potassium medium, and that in a

sodium-free, high potassium medium provides an accurate measure of

+ . . . .

the Na ,K -ATPase regulated respiration in brain.

+ +

D. Monovalent Cations and Na ,K -ATPase
 

Monovalent cations, particularly sodium and potassium, are

important activators of enzymes in many living systems. The dif-

ferent ways in which cellular enzymes interact with these cations

has been an important topic of scientific investigation for over a

century (Grandeau, 1864). Nowhere have the subtle differences between

sodium and potassium enzyme interactions been more extensively studied

than with the membrane transport system Na+,K+-ATPase (Skou, 1957,

1960, 1965). Most of the significant work with this enzyme system

to date has been limited to 1) studies of phosphorylation (Post at

+ + , ,

al., 1965) and the Na ,K -ATPase reaction cycle (Lindenmayer et al.,
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1970), 2) studies on sodium and potassium transport (Glynn, 1957;

Whittam and Wheeler, 1970), or 3) studies of the effects of drugs

on Na+,K+-ATPase activity (Schwartz et al., 1975). The Na+,K+-ATPase

system has many other important functions in living systems. The

preferential concentrating of potassium rather than sodium within the

cell, the control of a large portion of the ATP utilized in the cell,

the generation of electrochemical gradients across cell membrane,

and indirectly the excitability of certain cell membranes are all

consequences of the function of this enzyme (Post et al., 1969).

All of these effects, however, depend upon the selective interaction

of this enzyme system with monovalent cations.

Since lithium or rubidium can alter the interaction of sodium

and potassium with this important enzyme system, it is of pharmaco—

logical interest to study the effect of lithium, rubidium and other

monovalent cations on Na+,K+-ATPase activity. In the presence of

magnesium, ATPase activity is stimulated by sodium but not by potas-

sium. In the presence of sodium and magnesium, ATPase activity is

further stimulated by potassium. Potassium can be substituted for

by rubidium, cesium and, to a lesser extent, lithium, but sodium

cannot be substituted for by other monovalent cations (Skou, 1960).

In a later paper, Skou (1962) demonstrated that the abilities

of monovalent cations to stimulate microsomal ATPase enzyme are

similar in brain and kidney preparations from either rat, guinea pig

or rabbit. He further Showed that g—strophantin inhibits the activity

of the ATPase enzyme in the presence of sodium, potassium and mag-

nesium, but it has no effect on the activity with magnesium alone.
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Baker and Connelly (1966) have shown that the sodium pump in

crab nerve which is activated by potassium ions can be activated by

a variety of other cations. Rang and Ritchie (1968) have extended

this observation to rabbit desheathed vaguS nerve. They have Shown

that thallium and rubidium are about as effective in stimulating

respiration as potassium, while lithium and cesium are about half

as effective. Akera and Brody (1971) have Shown that the ability of

the monovalent cations lithium, potassium, rubidium, cesium, and

ammonium to inhibit the dissociation of ouabain from its ATPase

complex can be roughly correlated with the reported ability of these

cations to stimulate the ATPase activity in the presence of sodium

and magnesium. Rubidium, cesium, and potassium were about equipotent

inhibitors of dissociation of the ouabain-enzyme complex; thallous

ion was less effective, while sodium and lithium were relatively

ineffective.

In experiments studying partial reactions of Na+,K+-ATPase,

Post et a1. (1972) have shown that rubidium or lithium can replace

potassium. They have shown that in a steady state, with concentra-

tions of lithium and rubidium that produce equal accelerations of

dephosphorylation, the level of dephosphoenzyme was higher in the

presence of rubidium ion than in the presence of lithium ion. They

interpret these higher levels of dephosphoenzyme to the fact that

rephosphorylation is relatively inhibited in the presence of rubidium.

According to the theory of Post et a1. (1972), rubidium ions bind to

ATPase similarly to potassium; it Splits off a phosphate group from

the enzyme, and then remains bound to the dephosphoenzyme as a

. . + .

relatively stable complex. This Rb —ATPase complex reSists
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rephosphorylation. This complex has been isolated kinetically by

addition of a high concentration of sodium ion with oligomycin.

Tobin et a1. (1974) have demonstrated that lithium, although a

relatively poor substitute for potassium in the Na+,K+—ATPase reac-

tion, can consistently activate the Na+,K+-ATPase in the presence of

sodium and potassium. Rubidium, a more effective substitute for

potassium than lithium, has been Shown to be inhibitory in the

presence of sodium and potassium. Lithium stimulates ATPase turn-

over by triggering dephosphorylation, and then rapidly dissociating

from the dephosphoenzyme. In the opposite way, rubidium stabilizes

the dephosphoenzyme, delays rephosphorylation of the ATPase enzyme,

and inhibits its turnover.

The Na+,K+—ATPase enzyme system Sharply discriminates between

sodium, potassium, lithium, and rubidium (Hegyvary and Post, 1971).

This transport enzyme system constitutes, then, one of the more

probable points of biochemical interaction for monovalent cations

(Ritchie and Strauss, 1957; Tobin et al., 1974). Since lithium and

rubidium ions respectively stimulate and inhibit Na+,K+-ATPase

relative to its activity in the presence of sodium and potassium,

it has been suggested that they may hyperpolarize or depolarize nerve

cell membranes, respectively (Tobin et al., 1974). Clinically lithium

is useful as an anti-manic agent (Gershon, 1970), while rubidium is

currently being investigated for its anti-depressant actions in man

(Fieve et al., 1973). It has been suggested that the actions of

lithium and rubidium on the turnover of Na+,K+-ATPase may be their

primary mechanism of pharmacological action (Tobin et al., 1974).

+ + . . . . .

Na ,K -ATPase, however, is exposed to asymmetric ionic enVironments
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in vivo and data obtained with isolated enzyme systems, where such

an environment is not reproducible, may not be extrapolated into in

Vivo situations. Thus, if lithium or rubidium's action involves

+ +

Na ,K ~ATPase is not established.

E. Chlorpromazine
 

Chlorpromazine (10(3-dimethylaminopropyl)~2-chlorphenothiazine

hydrochloride) was originally developed in the early 19505 in France

as a drug useful for the management of anxiety, agitation and manic

states in psychoneurotic and in psychotic patients (Courvoisier et

al., 1953; Delay et al., 1952; Lehmann and Hanrahan, 1954). Winkelman

(1954) concluded that Chlorpromazine:

can reduce severe anxiety, diminish phobias and obsessions,

reverse or modify a paranoid psychosis, quiet manic and

extremely agitated patients and change the hostile, agi-

tated, senile patient into a quiet, easily managed patient.

More recently, Chlorpromazine at extremely high doses has been widely

used for the treatment of schizophrenia (see Goodman and Gilman, 1975).

Several investigators studying the mechanism of action of chlor—

promazine initially observed that Chlorpromazine inhibited carbohydrate

metabolism in the central nervous system (Decourt, 1953; Laboritt,

1954). Norman and Hiestand (1955) reported that Chlorpromazine

increased blood sugar levels in mice and hamsters, while Lindaur

(1956) reported a mild hyperglycemic effect in rabbits. Chlorproma-

zine was observed to intensify epinephrine—induced hyperglycemia and

reduce insulin-induced hypoglycemia (Pravotorova and Smirnova, 1958).

These authors also found that Chlorpromazine Significantly reduced

the increase in in vivo oxygen consumption caused by injection of

thyroxin in rats.
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In Vitro, Chlorpromazine has been Shown to inhibit the activity

of various enzymes, including cholinesterase and acid phosphatase

(Cruz, 1955), hyaluronidase (Mashkovskii et al., 1955), hexokinase

(Bernsohn et al., 1956), and at high concentrations, mitochondrial

ATPase (Abood, 1955; Century and Horwitt, 1956). Courvoisier et al.

(1953) have reported that Chlorpromazine diminishes the oxygen uptake

of brain tissue in vitro. Several investigators have shown that

Chlorpromazine at certain concentrations will inhibit phosphorylation

without affecting oxygen consumption, while at higher concentrations

it inhibits respiration as well (Abood, 1955; Bernsohn et al., 1956;

Century and Horwitt, 1956). Abood (1955) was the first to report

inhibition of phosphorylation and decrease in P:O ratios in rat

brain mitochondria by Chlorpromazine in concentrations of SO uM.

Brain mitochondrial respiration was inhibited by Chlorpromazine only

in higher concentrations of 0.2 mM (Abood, 1955). Chlorpromazine

at high concentrations of 0.5 to 1 mM was subsequently Shown to inhibit

brain homogenate respiration (Bernsohn et al., 1956). Chlorpromazine

at a high concentration of 1 mM produced Significant inhibition of

cytochrome oxidase, hexokinase and Mg2+-ATPase. Chlorpromazine in

a concentration of 0.1 mM or less had no Significant effect on the

activity of any of these enzymes.

In vivo administration of 10 mg of Chlorpromazine per kg had no

Significant effect on oxidative phosphorylation when measured subse-

quently in rat brain homogenates (Century and Horwitt, 1956). It

also had no effect on non-stimulated brain slice respiration thirty

minutes following treatment (Grenell et al., 1955). A partial explana-

tion for this may be that although Chlorpromazine is readily adsorbed
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to brain tissue, it is also readily desorbed (Kwant and Seeman,

1971). Alternatively, Chlorpromazine may act by some other mechanism

such as effects on phospholipids (Magee et al., 1956) or membrane

stabilization (Seeman and Bialy, 1963). Kaul et al. (1965) have

demonstrated that Chlorpromazine Significantly lowers brain ATP

levels in vivo at 3 hours following injection, but Significantly

raises brain ATP levels at 6 hours following injection. Therefore,

the mechanism of action of Chlorpromazine may indirectly involve

energy-dependent processes or Na+,K+-ATPase. Since in vitro inhibi-

tion of Na+,K+-ATPase by Chlorpromazine and Chlorpromazine-free

radical has been reported (Akera and Brody, 1968, 1969), it was

decided to investigate if brain Na+,K+-ATPase is inhibited by

Chlorpromazine in intact cells, particularly after repeated in vivo

administration.

Clinically the anti-psychotic actions of Chlorpromazine develop

Slowly and dissipate slowly. Little or no direct relationship has

been demonstrated to exist between anti-psychotic effects and plasma

levels of the drug. This suggests that perhaps metabolites of the

drug are active in vivo. In humans (Posner et al., 1963) as well

as in various animal species (Forrest et al., 1968; Fishman and

Goldenberg, 1963), Chlorpromazine is metabolized to 7-hydroxy—,

8-hydroxy- and 7,8-dihydroxychlorpromazine. Goldenberg and Fishman

(1964a, 1965) have shown that the 7-hydroxychlorpromazine is one of

the principal metabolites in schizophrenic patients receiving chlor-

promazine, while Manian et a1. (1971) have demonstrated similar

findings in the rat. Since some of these metabolites have been Shown
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. . . + + . .
to be potent inhibitors of Na ,K -ATPase, their action was also

studied (Akera et al., 1974; Brody et al., 1974).

F. Digitoxin

The importance of the central nervous system (CNS) as a site of

digitalis action has been recognized since the work of William

Withering (1785). Many of the toxicities associated with digitalis

including blurred or abnormal vision (Smith, 1938; Hueper, 1945),

vertigo (Weiss, 1932), headache (Luten, 1936), disorientation,

delerium and coma (Willus, 1937) are known to be of central origin

(Levitt et al., 1970). Emesis as a toxic Side effect of digitalis

has been shown to be of central origin (Hatcher and Eggleston, 1912;

Borison and Wang, 1951). Hatcher and Eggleston (1912) first demon—

strated that digitalis could induce emeSiS in eviscerated animals,

while Borison and Wang (1951) demonstrated that ablation of the

chemoreceptor trigger zone abolishes digitalis-induced vomiting.

Batterman and Gutner (1948) reported that digitalis produces addi—

tional neurological Side effects including diplopia, amblyopia,

scotomata, aphasia and epileptiform convulsions in man. Digitalis

has been Shown to depress the respiratory center in the CNS (Traube,

1851; Gross, 1914) as well as alter the response to stimulation of

Sites within the peripheral nervous system (Konzett and Rothlin,

1952), Temperature control and skeletal muscle tension have been

Shown to be affected by digitalis in the rat (Lendle and Oldenberg,

1950). Perhaps the most important potential neurological toxicities

associated with digitalis, however, involve effects on cardiac rhythm.



12

The degree of neural involvement in digitalis—induced arrhythmias

is still controversial. Erlij and Mendez (1964) have Shown that

sympathectomy increases the dose of digitoxin required to produce

fatal arrhythmias. Similarly Boyajy and Nash (1966) have demonstrated

that cats with sectioned Spinal cords are resistant to the arrhythmo-

genic actions of ouabain. Levitt and Roberts (1966) have Shown that

drugs which normally counter digitalis-induced arrythmiaS fail to do

so when the heart is deprived of sympathetic influences, while Gillis

(1969) reports that ouabain produces changes in spontaneous activity

in sympathetic nerves and suggests that this can be correlated with

the development of cardiac arrhythmias. Subsequently, ouabain was

reported by Gillis et a1. (1972) to enhance traffic in vagus, sympa-

thetic and phrenic nerves; and this enhancement was Shown to be

associated with the development of ventricular arrhythmias and

respiratory hyperactivity. A number of investigators, however, have

questioned these results and have reported that surgical or pharma-

cological interruption of the neural influences on the heart does

not alter the induction of cardiac arrhythmias by digitalis (Morrow

et al., 1963; Koch-Weser, 1971). These workers subscribe to the

hypothesis that all digitalis-induced rhythm changes in the heart

are the result of direct effects of digitalis on myocardial tissue.

At the present time it has not been definitively proven to what

degree or by what mechanism cardiac glycosides affect cardiac rhythm.

The specific inhibition of Na+,K+-ATPase by cardiac glycosides

administered in vivo has been studied in various tissues by a number

of investigators (Hook, 1969; Akera et al., 1969, 1970; Besch et al.,

1970; Allen et al., 1970, 1971, 1975; Goldman et al., 1973). Akera
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et a1. (1969, 1970) were the first to demonstrate inhibition of

Na+,K+-ATPase in vivo in heart. They, however, reported that at the

concentrations of ouabain studied, dog brain Na+,K+-ATPase was not

inhibited. Not all Species have been demonstrated to Show inhibition

of Na+,K+- ATPase in vivo. In experiments by Schwartz et a1. (1974),

Na+,K+-ATPase from cat heart was shown to be inhibited relative to

controls at the time of peak inotropic response, but rabbit heart

Na+,K+-ATPase was not shown to be inhibited. Cat brain Na+,Kf-ATPase

was shown to be unaffected by cardiac glycosides at doses of approxi-

mately 180 ug/kg (Weaver, 1975). The data of Schwartz et a1. (1974)

might be explained, based on in vitro data, in terms of a more rapid

dissociation of cardiac glycosides from the rabbit heart enzymes.

The negative results of Weaver (1975) may be due to a Similar

phenomenon, or may be due to an insufficiently high concentration of

cardiac glycoside reaching the brain. This problem of access to the

brain did not occur in experiments by Venturini and Palladini (1973),

who reported significant inhibition of brain Na+,Kf-ATPase activity

in guinea pigs following direct intracranial injections of ouabain.

In these experiments, ouabain produced a 52% inhibition of Na+,K+-ATPase

activity one hour after injection, and a 40% inhibition of Na+,K+-ATPase

activity 3 hours following intracranial injection (Venturini and

Palladini, 1973). In these experiments brain MgZ+-ATPase activity

was unchanged. Therefore, under certain conditions, brain Na+,Kf-ATPase

activity has been reported to be inhibited by cardiac glycosides, and

in other experiments no significant inhibition has been reported. It

is not known, however, if administration of digitalis would cause an

. . . . . + + . .
inhibition of rat brain Na ,K —ATPase. Since it has been reported
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that administration of digitalis in rats evokes signs of central

excitation (Hatcher and Eggleston, 1919; Gold at al., 1947), and

since it is possible to administer high doses of digitoxin in this

species due to low sensitivity of rat heart to digitalis, whereas

brain Na+,K+-ATPase is relatively sensitive, the effects of high

doses of digitoxin in Vivo on rat brain Na+,K+-ATPase activity and

sodium plus potaSSium—stimulated brain Slice respiration were

studied.



METHODS

A. Materials

Ouabain octahydrate (Strophanthin-G), digitoxin, yeast hexo-

kinase, B-diphosphopyridine nucleotide (B-NAD), glucose, pyruvic

acid, Tris-adenosine diphosphate (Tris-ADP), and Tris-adenosine

triphosphate (Tris-ATP) were purchased from Sigma Chemical Company

(St. Louis, Mo.). Chlorpromazine HCl was kindly supplied by Smith,

Klein and French Laboratories (Philadelphia, Pa.). Chlorpromazine

metabolites were the generous gift of Dr. A. A. Manian (NIMH, Rock-

ville, Md.). 2,4-Dinitrophenol was purchased from the Olin-Matheson

Chemical Company (Rutherford, N.J.). Inulin (Carboxylic acid-14C-

labeled) with specific radioactivity of 1.8 uCi/mg (approximately

9.5 mCi/mMole) was purchased from Amersham-Searle Corporation

(Arlington Heights, 111.). Nicotinamide, U.S.P., was obtained from

Merck and Company (Rahway, N.J.). Choline chloride was obtained

from Eastman Organic Chemicals (Rochester, N.Y.). Rubidium chloride,

cesium chloride, and thallous nitrate (ultrapure grade) were purchased

from Ventron Alfa Products (Beverly, Mass.). Sodium chloride, potas-

sium chloride, magnesium sulfate, lithium chloride and all other

reagents were of analytical reagent grade and were obtained from

Mallinckrodt Chemical Works (St. Louis, Mo.).

15
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B. Differential Respirometry Technique
 

Oxygen consumption was measured in microliters using the Bar-

croft technique (Stauffer, 1972) with a Gilson Differential Respirometer,

maintaining a constant temperature by using a water bath, and Shaking

rapidly (100 oscillations/minute) to insure rapid exchange of oxygen

between the fluid and gas phase. In order to assay the oxygen uptake

a modification of the "direct method" of Warburg (1926) was employed,

continuously absorbing the CO2 with alkali during the determination.

This was performed by placing 0.2 ml of 10% (w/v) KOH absorbed on

filter paper in the center well of a 12.6 ml Warburg vessel. A 100%

oxygen atmosphere was used in all experiments. By application of the

universal gas law, PV = noR-T, where P is pressure, V is volume, T

is absolute temperature, n is the number of moles of gas, and R is

a constant, respiration data were converted from microliters to

micromoles of oxygen.

C. Brain Cortical Slice Technique
 

Male Sprague-Dawley rats usually weighing 200-300 g were obtained

from Spartan Research Animals, Inc. (Haslett, Michigan). Rats were

decapitated and their brains rapidly excised. The meninges were

removed using a tissue moistened with medium, and brain cortical

slices were cut freehand using a moistened Slice and razor blade.

All work was done on an ice-cooled aluminum block, and all Slices

when made were kept in an ice—cooled humidified chamber. Slices

were immediately weighed and incubated for 20 minutes in a 100%

oxygen atmosphere at 37°C for temperature and gas phase equilibration.
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D. Studies on the "PotaSSium-Effect" and

Ouabain's Effect on Brain Slice

Respiration

 

 

Rat brain cortical Slices were incubated in a 1.8 m1 incubation

medium containing 128 mM NaCl, 3 mM KCl, 1.23 mM MgSO 15 mM Na-4,

phosphate buffer (pH 7.40) and 24 mM glucose substrate. Oxygen

uptake was measured manometrically at 37°C by the method described

above. Control (basal) rates of brain slice respiration were measured

for a 30-minute period. In the first series of experiments, 0.2 m1

of either 1M KCl or 1M choline chloride in appropriate media was

added to vessels which contained 1.8 ml of the above media with 0,

1, 10 or 100 uM ouabain (final potassium or choline concentration

was 100 mM). Respiration was then assayed and expressed as uMoles

of oxygen consumed/g tissue (wet weight)/ha1f hour. In certain

Studies, 10 mM pyruvate was used instead of glucose as the substrate.

In other studies, 128 mM choline chloride and 15 mM Tris-phosphate

buffer were substituted for NaCl and Na-phosphate buffer, respectively,

to yield a sodium-free incubation medium. After a 30-minute incuba—

tion, 0.2 m1 of choline chloride (1M), ouabain (1 mM), KCl (1M) or

2,4—dinitrophenol (0.5 mM) were added to Slices in 1.8 ml of Na-free

medium, to yield final choline or potassium concentrations of 100 mM,

a ouabain concentration of 100 uM or a 2,4—dinitrophenol concentration

of 50 pH. Respiration was assayed for an additional 30-minute period,

and was expressed as a percent of respiration, setting the respiration

observed during the pre-addition half hour period at 100%.

In further sodium-free medium studies, respiration of rat brain

cortical Slices was measured in a 1.8 ml medium containing 103 mM

KCl, 1.23 mM MgSO 15 mM Tris-phosphate buffer (pH 7.4), 24 mM
4’
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glucose and either 0, 10 or 100 uM ouabain. Following a 30-minute

incubation, 0.2 m1 of either 1.28M NaCl or choline chloride (final

concentration 128 mM) were added to high KCl media, and respiration

was measured every 10 minutes for a half hour. In another experi-

ment, slice respiration was measured in a sodium-free medium contain—

ing 100 mM KCl. Following a 30-minute initial incubation, sidearm

additions were made yielding sodium concentrations of 0, 10, 20, 50

and 100 mM with choline chloride used as an osmotic substitute so that

in all vessels cation concentration following addition was increased

by 100 mM. In the final experiment in this series, 0.2 m1 of 0.5 mM

2,4-dinitrophenol was added to vessels incubated in 1.8 m1 of modi-

fied calcium—free Krebs Henseleit medium with or without 100 uM

ouabain (final 2,4-dinitrophenol concentration was 50 uM). Post-

addition half hour rates of Slice respiration were again expressed

as percent of pre-addition respiration.

E. Studies on Ouabain and Potassium

Effects on Intracellular Cations

 

 

In the experiments studying changes in intracellular sodium and

potassium concentrations, brain cortical slices were prepared and

incubated in calcium-free Krebs solution with 0, 10 or 100 uM ouabain.

Tracer amounts (1 uCi) of inulin (carboxylic acid-l4C-1abe1ed) in 0.2

ml of incubation media were added to each vessel 15 minutes before

the removal of tissue slices. Tissues were removed after 15, 25 and

35 minutes of 37°C incubation. They were blotted well, weighed, and

then homogenized in 2 ml of double distilled water. Protein for each

homogenate was assayed by the method of Lowry et a1. (1951). Samples

were diluted to 1 mg protein/ml concentration, and digested overnight



19

with equal volumes of nitric acid. Sodium and potassium content

was then estimated using an Instrument Laboratory-Model 143 flame

photometer according to the method of Pappius and Elliot (1956b).

To estimate the amount of inulin trapped in the Slices, 1 m1 of

each tissue homogenate was added to 0.2 m1 of 50% (w/v) trichloro-

acetic acid (TCA), mixed well and centrifuged. One milliliter of

the acid supernatant from each sample was then counted for 14C

radioactivity using a Beckman Model LS-lOO liquid scintillation

counter, with a 15 m1 PCS cocktail (Amersham/Searle Corp.) as the

liquid scintillation solution. One hundred microliters of each

incubation medium was counted for 14C. The densities of tissue

Slices were estimated by their sedimentation in various concentra-

tions of sucrose; and from densities and tissue weights, total

tissue Slice volumes were calculated. From the l4C-inulin data,

extracellular volume in slices was calculated and this was subtracted

from total slice volume to give intracellular volume. Knowing extra-

cellular sodium and potassium concentrations, total extracellular

and intracellular volumes, and total sodium and potassium concentra-

tions, it was possible to calculate the intracellular brain Slice

sodium and potassium concentrations in milliequivalentS/liter using

the following formula:

(Vtotal)(ctotal) = (Vi)(Ci) + (VO)(C0)

+

V = total volume C. = intracellular Na or

total i + ,

K concentration

Vi = intracellular volume +

CO = extracellular Na or

Vo = extracellular volume K+ concentration

C total Na+ r K+= 0

total

concentration
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In a Similar experiment studying changes in intracellular sodium

in high potassium media, rat brain cortical slices were incubated

for 20 minutes at 37°C. The media consisted of either calcium-free

Krebs Henseleit medium with 24 mM glucose plus 100 mM potassium

chloride, or a similar but calcium- and sodium-free medium, in which

choline chloride and Tris-phosphate replaced sodium chloride and

sodium phosphate, respectively. Tracer amounts (1 uCi) of inulin-

(carboxylic acid-14C labeled) were added 15 minutes before the removal

of each Slice, and intracellular sodium and potassium concentrations

were estimated as described above.

F. Studies on the Effects of Sodium and

Potassium on State 3 Brain Homogenate

Respiration

 

 

 

In experiments designed to study the effects of Na+ and K+ on

ADP-stimulated respiration of brain cortical homogenate, a variation

of the technique outlined by Potter (1972) was used. Using a Potter—

Elvehjem homogenizer and Teflon pestle driven at 800 rpm, 20%

homogenates of rat brain cortical slices in 0.32M sucrose were pre—

pared. All solutions and homogenates were kept on ice until incuba-

tion was begun. A sucrose homogenate (0.25 ml) was added to the

incubation medium (1.75 ml) containing final concentrations of 2 mM

Tris-ATP, 3 mM MgCl 10 mM KH PO buffer (adjusted to pH 7.2 with

2' 2 4

KOH), 10 mM glucose, 0.05 mM K —EDTA, 0.2 mM B-NAD, 40 mM nicotinamide

2

and 40 pg of hexokinase enzyme (activity 18.5 units/mg protein;

obtained from Sigma Chemical Company, St. Louis, Mo.).

In one series of experiments, sodium and potassium were added

in concentrations ranging from O to 100 mM with background potassium
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concentrations of 25 mM and background sodium concentrations near 0

mM. In these experiments, as the sodium concentration was increased,

the potassium concentration was decreased. In another series of

experiments, sodium and potassium concentrations were varied inde-

pendently from 0 to 120 mM using choline chloride as an osmotic

substitute to maintain the added cation concentration at 120 mM.

The time from decapitation of the rat until the start of the incuba—

tion was approximately 17 minutes, while the total time before taking

the first data point was approximately 30 minutes. The incubation

was performed at 30°C with Shaking speed of lOO/minute in a 100%

oxygen atmosphere. Homogenate respiration was measured manometri—

cally for four 15—minute periods. Protein concentration was assayed

in each homogenate using the Biuret method as described by Gornall

et a1. (1949).

G. Studies on the Effects of Monovalent Cations

on Brain Slice Respiration

 

 

In the experiments studying the effects of various concentra-

tions of monovalent cations on respiration, rat brain cortical slices

were prepared and respiration was measured as previously descri-ed.

Slices were incubated for 30 minutes at 37°C in 1.8 m1 of a medium

containing 128 mM NaCl, 1.23 mM MgSO 15 mM Tris-phosphate buffer4:

(pH 7.4) and 24 mM glucose. Either potassium, rubidium or cesium

was then added to yield 2 m1 final volume, and final concentrations

of 0 to 100 mM. Slice respiration was then assayed for four half-

hour periods, and expressed as a percent of respiration observed

during the pre-addition half-hour period.
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In two series of experiments studying the effects of ouabain

on rubidium and cesium stimulation of slice respiration, rat brain

cortical slices were prepared and the respiration was assayed as

described above. Slices were incubated for 30 minutes at 37°C in

1.8 ml of a medium containing 128 mM NaCl, 3 mM KCl, 1.23 mM MgSO4,

15 mM Tris-phosphate (pH 7.4), and 24 mM glucose, plus either 0, 1,

10 or 100 uM ouabain. To these media, 0.2 m1 of either 1M rubidium

chloride or choline chloride, or in the second series of experiments

1M cesium chloride or choline chloride was added to yield final

rubidium, cesium or choline concentrations of 100 mM. Slice respi—

ration was measured for four post-addition half-hour periods.

The initial experiment studying the effects of lithium on brain

slice respiration involved a medium containing 150 mM NaCl, 1.5 mM

KCl, 1.23 mM MgSO 15 mM Tris-phosphate (pH 7.4) and 24 mM glucose.4.

Brain cortical Slice respiration was assayed during an initial half-

hour incubation at 37°C, followed by addition of lithium chloride in

final concentrations of 0 to 30 mM. Slice respiration was measured

for four post-addition half-hour periods, and expressed as uMoles

of oxygen/g tissue (wet weight)/half hour.

In the experiment studying the effects of lithium on sodium

stimulation of brain Slice respiration, the medium contained 100 mM

KCl, 1.23 mM MgSO 15 mM Tris-phosphate (pH 7.4), and 24 mM glucose4,

with or without 20 mM lithium chloride. Respiration was measured

during a half-hour period at 37°C, then sodium chloride was added

yielding final concentrations of O to 100 mM. Respiration was measured

for four succeeding half-hour periods and expressed as a percent of

initial pre-addition half-hour respiration.
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The techniques used in experiments studying the effects of

lithium, rubidium and cesium on rat brain homogenate respiration

were Similar to those used in studies on the effect of sodium and

potassium on optimal brain homogenate respiration. In each experi-

ment lithium, rubidium or cesium were varied from 0 to 100 mM using

choline chloride as an osmotic substitute to maintain added cation

concentration at 100 mM. Background potassium concentration was

approximately 25 mM; background sodium concentration was zero.

Homogenate respiration was assayed at 30°C for four lS-minute

periods and expressed as microliters or micromoles of oxygen

consumed/mg protein/15 minutes.

In the experiments studying the effects of thallous ion on

brain slice respiration, incubation media containing 128 mM NaCl,

1.23 mM MgSO 15 mM Tris-phosphate (pH 7.4) and 24 mM glucose with4,

or without 100 mM KCl were used. Following a 20-minute preincubation,

brain Slice respiration was assayed for four half-hour periods at 37°C.

Thallous ion concentrations ranged from 0 to 3 mM in high sodium,

high potassium medium and from O to 10 mM in the potaSSium—free

medium. Respiration rates were expressed in micromoles of oxygen

consumed/g tissue (wet weight)/ha1f hour.

In the final experiment studying the effects of monovalent

cations on respiration in the presence of high concentrations of

potassium, rat brain cortical slices were incubated at 37°C in 1.8 m1

of a medium containing 100 mM KCl, 1.23 mM MgSO 15 mM Tris-phosphate
4!

(pH 7.4) and 24 mM glucose. Either sodium, lithium, rubidium, cesium

or choline chloride was then added to yield final concentrations of

100 mM. Slice respiration was measured for four half-hour periods,
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and expressed in micromoles of oxygen consumed/g tissue (wet weight)/

half hour.

H. Studies on the Effect of Chlorpromazine

in vivo and in vitro on Brain Slice

Respiration and ATPase Activity

 

 

 

In the experiments studying the effects of Chlorpromazine or

Chlorpromazine metabolites on rat brain slice respiration in vitro,

brain slices were prepared and respiration was assayed as described

above. Slices were incubated for an initial half-hour period at

37°C in a medium containing 128 mM NaCl, 103 mM KCl, 1.23 mM MgSO4,

15 mM Na-phosphate buffer (pH 7.4) and 24 mM glucose (high sodium,

high potassium medium), or in a similar but sodium-free medium in

which 128 mM choline chloride and 15 mM Tris-phosphate buffer were

substituted for sodium chloride and sodium-phosphate, respectively.

Chlorpromazine or its metabolites, 7-hydroxychlorpromazine and

7,8-dihydroxychlorpromazine, were then added in final concentrations

of 0, l, 10 or 100 uM, and slice respiration was assayed for an

additional 2, 3, or 4 half—hour periods. Respiration was expressed

as micromoles of oxygen/g tissue (wet weight)/half hour. The dif-

ferences between slice respiration in high sodium, high potassium

medium, and in low sodium, high potassium (sodium-free, choline

containing) medium, were calculated as a measure of the sodium,

potassium-stimulated respiration.

In the in vivo experiments studying the acute effects of

Chlorpromazine on Slice respiration and brain ATPase activity, male

Sprague-Dawley rats (250-350 g) were injected intraperitoneally

with Chlorpromazine hydrochloride in saline in a dose of 30 mg/kg.
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Control rats received equal volumes of 0.9% saline per kg of body

weight. Rats were sacrificed 30 minutes after the injection, and

cortical slices and whole brain homogenates were prepared. Slice

respiration was measured during a two-hour incubation period at

37°C in 2 ml of either high sodium, high potassium medium or sodium—

free, high potassium medium. Slice respiration was expressed in

micromoles of oxygen/g tissue (wet weight)/half hour. Differences

between rates of respiration in high sodium, high potassium medium

and sodium-free, high potassium medium were calculated as the sodium,

potaSSium-stimulated portion of brain slice respiration. In the

ATPase activity assays, 5% whole brain homogenates were prepared at

0°C from control and Chlorpromazine-treated rats as described

previously using a solution containing 250 mM sucrose, 5 mM histidine

buffer (pH 7.0), and 1 mM buffered EDTA. Na+,K+—ATPase and Mgz+—

ATPase activities of the homogenates were assayed immediately from

the amount of inorganic phosphate liberated from ATP during a 10-

minute incubation at 37°C. Na+,K+—ATPase activity is the difference

in ATPase activities assayed in the presence of 100 mM NaCl, 15 mM

KCl, 5 mM MgCl 5 mM Tris-ATP and 50 mM Tris-HCl buffer (pH 7.4)2'

(total ATPase activity) and that assayed in the presence of 5 mM

+

MgCl 5 mM Tris-ATP and 50 mM Tris-HCl buffer (pH 7.4) (Mg2 —ATPase2:

activity). Protein was estimated using bovine serum albumin as

standard by the method of Lowry et a1. (1951).

In the series of experiments in which chronic effects of

Chlorpromazine were studied, male Sprague—Dawley rats (body weight

between 150 and 175 g) were injected intraperitoneally with chlor-

promazine hydrochloride in a daily dose of 30 mg/kg. Control rats
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received equivalent volumes of saline per kg of body weight. Control

and Chlorpromazine-treated rats were sacrificed 30 minutes after

injection on days 12, 13, 21 and 22 of the chronic treatment. Brain

slice respiration was assayed and the differences between rates of

respiration in high sodium, high potassium medium and those in sodium-

free, high potaSSium medium were calculated to estimate the sodium,

. . . . . . + +

potaSSium-stimulated portion of slice respiration. Na ,K -ATPase

2+ . . . .

and Mg -ATPase actiVities of rat brain homogenates from control

and chronically Chlorpromazine-treated rats were assayed as described

in the acute Chlorpromazine study.

I. Studies on the Effects of Digitoxin

in vivo on Brain Slice Respiration

and ATPase Activity

 

 

 

In the experiments in which in vivo effects of digitoxin were

studied, male Sprague-Dawley rats weighing 200-250 g were injected

intraperitoneally with various doses of digitoxin dissolved in 100%

ethyl alcohol. Control rats received equal volumes of ethyl alcohol.

Rats were sacrificed 30 minutes after injection, and cortical slices

and whole brain homogenates were prepared. In the brain slice respira-

tion study, cortical slices were incubated at 37°C in 2 m1 of either

medium containing 128 mM NaCl, 103 mM KCl, 1.23 mM MgSO 15 mM Na—4.

phosphate buffer (pH 7.4) and 24 mM glucose, or similar medium in

which 128 mM choline chloride and 15 mM Tris—phosphate buffer replaced

NaCl and Na-phosphate buffer, respectively, to yield a sodium-free

incubation medium. Respiration rates in both high sodium, high

potassium and sodium—free, high potassium media were assayed and

expressed in terms of micromoles of oxygen/g tissue (wet weight)/
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half hour. Differences between respiration rates in these two

media were calculated. These sodium, potaSSium—stimulated respira-

tion rates of brain Slices obtained from digitoxin—treated rats were

expressed as percent of control Slice respiration observed with

matched control animals. In the ATPase activity experiments, 5%

whole brain homogenates were prepared as described in the chlor-

promazine experiments. Homogenization was performed at 0°C in a

medium containing 250 mM sucrose, 5 mM histidine buffer (pH 7.0),

and 1 mM buffered EDTA. Na+,K+-ATPase and Mg2+-ATPase activities

of the homogenates were estimated immediately from the amount of

inorganic phosphate liberated from ATP during a 10—minute incubation

at 37°C. Na+,K+-ATPase activity is the difference in ATPase activi-

ties assayed in the presence of 100 mM NaCl, 15 mM KCl, 5 mM MgC12,

5 mM Tris-ATP and 50 mM Tris—HCl buffer (pH 7.4) (total ATPase

activity), and that assayed in the presence of 5 mM MgCl 5 mM Tris-2:

ATP and 50 mM Tris-HCl buffer (pH 7.4) (Mg2+-ATPase activity).

Protein was estimated using bovine serum albumin as standard by the

method of Lowry et a1. (1951). Percent inhibition of Na+,Kf-ATPase

activity in digitoxin-treated rats was calculated relative to the

Na+,K+-ATPase activity in matched control rats assayed concurrently.

. . . . . . . 2+
Similar calculations were made for percent inhibition of Mg -ATPase

activity.

J. Statistics

Statistical analyses, unless otherwise stated, were by random

design, or randomized complete block analysis of variance (Sokal and

Rohlf, 1969). The Student-Newman—Keuls (SNK) test was used to
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determine Significant differences between means. The accepted level

of significance in all experiments was p<.05 (Rohlf and Sokal, 1969).



RESULTS

A. The Effects of Potassium and Ouabain

on Brain Slice Respiration

 

 

In vitro brain slice studies have Shown that potassium stimu-

lates (Ashford and Dixon, 1935), and ouabain inhibits (Whittam,

1962a), tissue respiration. It has been proposed that inhibition

by ouabain can be used to estimate that portion of Slice respiration

related to the Na+,K+-ATPase activity (Whittam and Blond, 1964).

Therefore, the relationship between the "potassium effect", ouabain

inhibition and Na+,K+-ATPase related respiration was investigated.

The first experiment of this series examined the effects of

various concentrations of ouabain on potassium stimulated and “non—

stimulated" brain Slice respiration in a calcium-free medium using

glucose substrate (Figure 1). Control brain slice respiration during

the pre-addition half hour was 53.7 uMoles of oxygen/g tissue (wet

weight). The addition of 100 mM potassium chloride stimulated brain

cortical slice respiration in the absence of ouabain approximately

30%. Addition of up to 100 uM ouabain to the incubation mixtures

caused a decrease in "non-stimulated" oxygen consumption. Although

the decrease to 49.9 uMoles of oxygen/g tissue (wet weight)/ha1f hour

with 100 uM ouabain during the first half-hour period was not Sta—

tistically significant, the magnitude of ouabain inhibition increased

with time. Thus the inhibition of non-stimulated brain slice oxygen

29
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Figure 1. Effects of potassium and ouabain on brain cortical

slice respiration in modified calcium-free Krebs Henseleit medium

with glucose substrate.

Respiration of rat brain cortical slices was assayed in a medium

containing 128 mM sodium chloride, 15 mM sodium phosphate buffer

(pH 7.4), 3 mM potassium chloride, 1.23 mM magnesium sulfate and

24 mM glucose at 37°C. Following a half-hour control incubation,

0.2 m1 of 1M potassium chloride or choline chloride in respective

media was added to vessels containing 1.8 m1 of medium with 0, 1,

10 or 100 uM ouabain (final potassium or choline concentration

was approximately 100 mM). Respiration was measured for one

half hour, and expressed as uMoles of oxygen consumed/g tissue

(wet weight)/ha1f hour. Data shown by the total bars represent

mean slice respiration in 4 experiments with potassium. Data

shown by the shaded bars represent slice respiration in paired

experiments with choline, while the open portions represent the

differences between respiration with 100 mM potassium and 100 mM

choline. Vertical lines indicate S.E.M. Statistical analysis

was by randomized complete block analysis of variance using the

Student-Newman-Keuls (SNK) test to determine Significant differ-

ences between means. Respiration with 100 mM choline was sig-

nificantly inhibited by 100 uM ouabain. *Denotes Significant

potassium stimulation (p<0.05).
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consumption by 100 pM ouabain was significant by the first half hour

after the addition of choline chloride, i.e., at about one hour

following the addition of brain Slices to incubation mixtures con—

taining ouabain. The inhibition by l and 10 uM ouabain of basal

respiration was not statistically Significant. In the presence of

10 and 100 uM ouabain, there was a significant inhibition of brain

slice respiration in the presence of 100 mM potassium chloride. In

the presence of 0 and 1 uM ouabain, stimulation of brain slice

respiration by 100 mM potassium was significant. Although ouabain

inhibited both potassium-stimulated and non—stimulated slice respira—

tion, the inhibition by ouabain was greater for the potassium stimu—

lated portion of the respiration. It Should be noted, however, that

ouabain in high concentrations can inhibit both potassium stimu-

lated brain Slice respiration, and also basal brain slice respiration

significantly (Figure 1).

Since ouabain's effects on brain slice respiration may be the

result of the inhibition of sugar transport by this agent which may

decrease the respiration by decreasing the amount of available sub—

strate (glucose) for respiration, similar experiments were repeated

with a similar medium containing pyruvate as substrate instead of

glucose. The control pre-addition respiration was 60.5 uMoles of

oxygen/g tissue (wet weight)/ha1f hour (Figure 2). In a medium con-

taining pyruvate as substrate, the addition of 100 mM potassium

chloride again Significantly stimulated brain Slice respiration. The

rate of respiration during the first half—hour period following

potassium addition was increased by 26% relative to choline controls

in the presence of 1i) mM pyruvate. Ouabain at a concentration of
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Figure 2. Effects of potassium and ouabain on brain cortical

slice respiration in modified calcium-free Krebs Henseleit medium

with pyruvate substrate.

Incubation conditions were identical to those for Slices described

in Figure 1, except that 10 mM pyruvate replaced glucose as sub-

strate. Data shown by the total bars represent the means of 4

experiments with 100 mM potassium. Data Shown by the shaded bars

represent mean Slice respiration in paired experiments with 100

mM choline, while the open portions represent the difference

,between slice respiration with potassium and choline. Vertical

lines indicate S.E.M. Statistical analysis was as described in

Figure 1. Respiration with 100 mM choline was significantly

inhibited by 100 uM ouabain. *Denotes significant potassium

stimulation (p<.05).
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100 pM Significantly inhibited slice respiration following choline

addition in medium with pyruvate substrate, while 1 and 10 uM ouabain

did not. When pyruvate was the substrate, there was no Significant

stimulation of brain Slice respiration by 100 mM potassium in the

presence of 10 and 100 uM ouabain. Therefore, it may be concluded

that ouabain in high concentrations can inhibit both basal and potas-

sium Stimulated brain slice respiration in a medium with pyruvate

substrate.

In order to substantiate the contention that the ouabain-induced

decrease in brain slice respiration results from ouabain inhibition

of Na+,K+-ATPase activity, studies on oxygen consumption in sodium-

free medium were undertaken (Figure 3). In this medium, choline

chloride replaced sodium chloride and Tris-phosphate buffer replaced

sodium-phosphate buffer. The mean control level of slice respiration

during the first half-hour period in sodium-free (choline) medium

with glucose as substrate was 44.7 uMoles of oxygen/g tissue (wet

weight)/half hour (Figure 3). This was Significantly lower by

Student's t-test (p<.05) than the 53.7 uMoleS of oxygen/g tissue

(wet weight)/half hour observed in high sodium medium with glucose

as substrate (Figure 1). Following the addition of 100 mM choline

chloride, brain Slice respiration was 94.8% of pre-addition control

respiration (Figure 3). In the ouabain containing medium, respira-

tion following the addition of choline chloride was 93.4% of pre—

addition respiration. Whereas addition of 100 mM potassium to high

sodium medium caused a Significant stimulation of brain Slice respira-

tion (Figures 1 and 2), the addition of potassium to a sodium-free

medium caused a depression of Slice respiration (Figure 3). The fact
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Figure 3. Effects of ouabain, potassium, and 2,4-dinitrophenol

on brain Slice respiration in sodium-free (choline) medium.

Respiration of rat brain cortical Slices was measured in medium

containing 128 mM choline chloride, 15 mM Tris-phosphate buffer

(pH 7.4), 3 mM potassium chloride, 1.23 mM magnesium sulfate and

24 mM glucose at 37°C. Preincubation conditions were the same

as described in Figure 1. Following half-hour control incubation,

either 0.2 m1 of choline medium (C), lM potassium chloride (KCl)

(final concentration was approximately 100 mM), 0.5 mM 2,4-dinitro-

phenol (DNP) (final concentrations 50 uM) or 1 mM ouabain (Q)

(final concentration, 100 uM) was added. Slice respiration was

measured for one half hour, and expressed as a percent of pre-

addition respiration. Data represent the means of 10 experiments.

Vertical lines indicate S.E.M. Statistical analysis was by

completely random design analysis of variance using the Student-

Newman-Keuls (SNK) test to determine significant differences

between means. *Denotes significantly different from control

(p<.05).
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that there was no stimulation of brain slice respiration upon addi-

tion of 100 mM potassium to sodium-free medium suggests that there is

a specific sodium requirement for the potassium effect. Addition of

2,4-dinitrophenol to brain slices in sodium-free medium resulted in

a Significant stimulation of respiration, similar to the stimulation

by 2,4—dinitrophenol in calcium-free Krebs medium (see Figure 7),

indicating that brain Slices are capable of respiring at the same

rate in sodium containing and sodium-free media, once respiratory

control is removed (Figure 3).

Since potassium failed to stimulate brain slice respiration in

sodium-free media, an attempt was made to demonstrate the requirement

for the Simultaneous presence of sodium and potassium for the stimu-

lation of Slice respiration. To do this, a medium in which sodium

had been replaced with 103 mM potassium was used. The average pre-

addition brain slice respiration in this medium with glucose as

substrate was 41.6 uMoleS of oxygen/g tissue (wet weight)/ha1f hour.

This was Significantly lower by Student's t-test (p<.05) than pre—

addition respiration in high sodium medium experiments shown in

Figure 1. Addition of 128 mM sodium chloride in high potassium

medium produced a significant stimulation of respiration when compared

to brain slice respiration following the addition of choline chloride

in the absence of ouabain (Figure 4). In high potassium medium, the

stimulation by sodium was markedly inhibited in the presence of 10

and 100 uM ouabain. Thus, ouabain inhibited respiration associated

with potassium addition to high sodium medium (Figure l) and also

slice respiration associated with sodium addition to a high potassium

medium (Figure 4). Ouabain also inhibited brain Slice respiration in
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Figure 4. Effects of ouabain on sodium-stimulated brain

cortical slice respiration in high potassium medium.

Respiration of rat brain cortical slices was measured in medium

containing 103 mM potassium chloride, 15 mM Tris—phosphate

buffer (pH 7.4), 1.23 mM magnesium sulfate, 24 mM glucose, and

either 0, 10 or 100 uM ouabain. Preincubation conditions were

as described in Figure 1. Either 0.2 m1 of 1.28M sodium (Na)

or choline (C) chloride (final concentrations were 128 mM) were

added after the half-hour control incubation. Respiration was

measured every 10 minutes for a period of one half hour. Per-

centages of pre-addition respiration were calculated with data

representing the means of 10 experiments. Vertical lines

indicate S.E.M. Statistical analysis was performed aS described

in Figure 3. *Denotes Significant sodium stimulation (p<.05).
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a lflrflr sodium, low potassium medium, but failed to affect the

respiration in a sodium-free, high potassium medium.

The timecourse of sodium effect in high potassium medium in

the presence and absence of ouabain is Shown in Figure 5, in which

respiration data from these same slices during each of three con-

secutive ten-minute periods following sidearm addition of sodium or

choline are plotted. In the absence of ouabain, slice respiration

during each ten-minute period following sodium addition was signifi-

cantly higher than slice respiration after choline addition. In

medium containing 10 and 100 uM ouabain, Slice respiration was some-

what higher following the addition of sodium than following the

addition of choline during the first and second ten-minute periods.

With both ouabain concentrations, Slice respiration decreased with

time. The decrease in the presence of 100 uM ouabain was the most

rapid. By the third ten—minute period following the addition of

sodium, slice respiration in the presence of 10 and 100 uM ouabain

approached slice respiration rates observed in the choline control.

Thus, the sodium-induced stimulation was transient and dissipated

rapidly in the presence of high concentrations of ouabain. This

would indicate that the action of ouabain to inhibit sodium-stimulated

respiration develops relatively Slowly following the addition of

sodium to sodium-free, high potassium incubation media.

In the next experiment, the concentration dependency of sodium

stimulation of brain slice respiration in a medium containing 100 mM

potassium, 1.23 mM magnesium, 15 mM Tris-phosphate buffer (pH 7.4)

and 24 mM glucose was studied. The average rate of respiration during

the first half-hour period in sodium-free, high potassium medium
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Figure 5. Time course of ouabain's effect on sodium-

stimulated brain cortical slice respiration in high potassium

medium.

Data are from the same slices as described in Figure 4, and Show

respiration plotted on the abscissa with time plotted on the

ordinate. Preincubation conditions were as described in Figure

1. Brain Slice respiration was measured in a medium containing

103 mM potassium chloride, 15 mM Tris-phosphate buffer (pH 7.4),

1.23 mM magnesium sulfate and 24 mM glucose for three 10 minute

periods following the addition of 128 mM sodium chloride

w, or 128 mM choline chloride H. In certain vessels

10 11M ouabainO——-o, or 100 Md ouabain o-n-v-O were present

prior to 128 mM sodium chloride addition. Data represent the

means of 10 experiments. Vertical lines indicate S.E.M. Statis-

tical analysis was performed as described in Figure 3. *Denotes

significant sodium stimulation relative to choline control.
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with glucose as a substrate was 40.5 Moles of oxygen/g tissue (wet

weight)/ha1f hour (Figure 6). Addition of 10 to 100 mM sodium stimu-

lated Slice respiration 21% to 71%, respectively. Slice respiration

with 50 mM or 100 mM sodium was significantly higher than that observed

with 10 mM or 20 mM sodium. This concentration dependent stimulation

of slice respiration by sodium in 100 mM potassium medium decreased

with time, but it continued to be significant relative to choline

controls for at least two hours following the addition of sodium.

The magnitude of stimulation by 100 mM sodium from approximately 40

pMoles of oxygen/g tissue (wet weight)/half hour to approximately

68 pMoleS of oxygen/g tissue (wet weight)/half hour was greater than

that of the potassium-induced stimulation of respiration in high

sodium media (Figure 1). The magnitude of the sodium-induced stimu-

lation was equal to that of the potassium stimulation in high sodium

medium (Figure 1), plus the potassium-induced depression of respira-

tion in sodium—free medium (Figure 3). The respiratory rate in

medium containing 100 mM potassium of 52 uMoles of oxygen/g tissue

(wet weight)/half hour following the addition of 20 mM sodium plus

80 mM choline (Figure 6) was approximately equivalent to the rate of

slice respiration observed initially in high sodium medium with

glucose as a substrate. Thus, in medium containing 100 mM potassium,

the rate of brain Slice respiration with sodium is dependent on the

sodium concentration.

Since ouabain inhibited brain slice respiration Significantly

below the level of non-stimulated respiration, the action of this

agent may not be limited to the reduced ADP generation resulting from

+ + . . . .

Na ,K -ATPase inhibition. Thus, the Simultaneous effects of
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Figure 6. Sodium stimulation of brain Slice respiration in

sodium-free, high potassium medium.

Respiration of rat brain cortical slices was measured in medium

containing 100 mM potassium chloride, 15 mM Tris-phosphate buffer

(pH 7.4), 1.23 mM magnesium sulfate, and 24 mM glucose. Preincu—

bation was as described in Figure 1. Following half-hour control

incubation, sidearm additions were made yielding final concentra—

tions of sodium of O, 10, 20, 50 and 100 mM with choline used so

that in all vessels osmolarity following addition was increased

equally. Data represent the means of 4 experiments. Vertical

lines indicate S.E.M. Statistical analysis was as described in

Figure 1. *Denotes significantly different from time-matched

0 mM Na+ control.
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2,4-dinitrophenol and ouabain on brain slice respiration were studied

to determine the action of ouabain under the condition in which

availability of ADP is not the rate limiting factor for respiration.

In a sodium-free medium with glucose as the substrate, 50 uM 2,4-

dinitrophenol stimulated brain slice respiration (Figure 3). The

level of 2,4-dinitrophenol-stimulated respiration in sodium-free

medium was similar to that produced by 50 uM 2,4-dinitrophenol in

calcium-free Krebs medium which contained sodium (Figure 7). Pre—

addition control respiration in this experiment was 58.5 uMoles of

oxygen/g tissue (wet weight)/half hour, while pre-addition respiration

with 100 uM ouabain was 50.7 uMoleS of oxygen/g tissue (wet weight)/

half hour. Addition of 50 uM 2,4-dinitrophenol produced a significant

stimulation of respiration to 71.7 uMoles of oxygen/g tissue (wet

weight)/ha1f hour in the absence of ouabain. In the presence of

ouabain, brain slice respiration was significantly smaller than that

observed in the absence of ouabain. The rate of respiration observed

with 2,4-dinitrophenol in the presence of ouabain was Significantly

lower than that observed with 2,4-dinitrophenol in the absence of

ouabain. Thus, ouabain can inhibit both basal brain Slice respiration

and brain Slice respiration in the presence of 2,4-dinitrophenol

(Figure 7).

Preliminary experiments have indicated that the concentration of

50 HM 2,4-dinitrophenol was near optimal for the stimulation of brain

Slice respiration under the present conditions. If ouabain's actions

involve exclusively an inhibition of ATP hydrolysis inhibiting

+ + . . . .
the Na ,K ~ATPase actiVity, it would be expected that the respira-

tion in the presence of 2,4-dinitrophenol would be equal with or
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Figure 7. Effects of 0.1 mM ouabain on 2,4—dinitrophenol

stimulation of brain respiration in medium with glucose.

Respiration in rat brain cortex Slices were measured in calcium—

free Krebs Henseleit medium with glucose as described in Figure

1. Following a half-hour control incubation, 0.2 m1 of control

medium or 0.5 mM 2,4—dinitrophenol (DNP) (final concentration 50

pH) was added to 1.8 ml of medium. Similarly with slices in

100 uM ouabain (Q), either ouabain containing medium or dinitro-

phenol (final concentration 50 uM) was added. Respiration was

measured for a period of a half hour and expressed as a percent

of pre-addition control. Data represent the mean of 10 to 15

experiments. Vertical lines indicate S.E.M. *Denotes signifi-

cant difference from the value in column C (p<.05 by Student's

t-test). **Denotes significant difference from value in column

DNP (p<.05 by Student's t-test).
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without ouabain. The lower respiration rate observed in the presence

of 50 uM 2,4-dinitrophenol in a medium containing 100 uM ouabain

appears to indicate that some other factor(s) is(are) responsible

for ouabain inhibition of respiration besides reduced ADP availability.

B. Effects of Potassium and Ouabain on Intracellular

Sodium and Potassium Concentrations and the

Effects of Sodium and Potassium on Brain

Homogenate Respiration

 

 

 

 

Since ouabain is a relatively Specific inhibitor of Na+,K+-ATPase,

and does not affect mitochondrial respiration directly, a part of

ouabain‘s effect may be brought about secondarily by an increased

brain Slice sodium and/or decreased brain slice potassium concentra—

tion. Thus, experiments were conducted to determine whether the rate

and magnitude of these ouabain-induced changes were sufficient in

modified calcium-free Krebs Henseleit medium to explain a part of the

ouabain-induced inhibition of brain slice respiration. In non—

incubated slices, the concentration of sodium was 50.3 qu/lOO mg

protein, and that of potassium was 93.3 qu/lOO mg protein. Incuba-

tion of Slices in calcium-free Krebs medium with glucose as substrate

at 37°C for 15 to 35 minutes increased intracellular sodium concen-

trations to approximately 100 qu/ml, and decreased intracellular

potassium concentrations to approximately 55 qu/ml, respectively

(Figure 8). These and other data were corrected for Slice extra-

cellular volume which averaged 13.6%. The presence of ouabain in

the incubation media caused further increases in intracellular sodium

concentration. There were also significant decreases in intracellular

potassium concentrations in the presence of 10 and 100 uM ouabain.

The ouabain-induced increases in intracellular sodium concentration
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Figure 8. Effects of ouabain on intracellular sodium and

potassium concentration in rat brain cortical Slices.

Rat brain cortical slides were prepared and incubated in calcium-

free Krebs Henseleit medium with O D.———£3, 10 Q——-£>, or 100

.--\Prm4 ouabain at 37°C. Tissue slices were removed after

15, 25, and 35 minute incubation periods, blotted well and

weighed. Using flame photometry, sodium and potassium concentra-

tions were measured in acid supernatants prepared from brain

cortex Slice homogenates. From l4C-inulin data, extracellular

volume was calculated, and from this, brain Slice sodium and

potassium concentrations were calculated in microequivalents per

milliliter intracellular space. Data represent the mean of 4

experiments. Vertical lines indicate S.E.M. Statistical analysis

was as described in Figure 1. *Denotes significantly different

from control.
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and decreases in intracellular potassium concentration were both

dose and time dependent. These changes in intracellular sodium and

potassium concentrations are consistent with the inhibition of

Na+,K+-ATPase enzyme by ouabain.

Based on the data from brain slice respiration and cation con-

centration experiments, it was postulated that either increases in

intracellular sodium or decreases in intracellular potassium might

be playing a role in ouabain inhibition of brain Slice respiration.

The effects of either increased intracellular sodium or decreased

intracellular potassium on tissue respiration were therefore Studied

using optimally respiring brain cortical homogenates (Figures 9 and

10). Glucose, ADP, NAD, nicotinic acid and hexokinase enzyme were

added to the incubation medium to yield maximal respiration, free

from respiratory control, and sodium and potassium concentrations

were varied. Decreases in potassium concentration from 125 mM to

45 or 25 mM with simultaneous increases in sodium concentration from

0 to 80 or 100 mM caused a significant depression of brain homogenate

respiration (Figure 9). '

When sodium and potassium concentrations were varied independently

with choline chloride used as an osmotic substitute, decreases in

potassium concentration from 145 to 25 mM had no significant effect

on brain homogenate respiration, whereas increases in sodium concen—

tration from O to 60, 80, 100 and 120 mM produced dose-dependent

inhibition of the homogenate respiration (Figure 10). The magnitude

of increase in intracellular sodium concentration observed previously

in ouabain-inhibited brain Slices was similar to that producing the

30% inhibition of optimal brain homogenate respiration during the

lS-minute incubation period shown in Figures 9 and 10. Thus,
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Figure 9. Effects of sodium and potassium on ADP stimulated

brain.

Rat brain cortical Slices were homogenized in .32M sucrose at 0°C.

Homogenates were then incubated at 30°C in medium containing final

concentrations of 2 mM Tris-ADP, 3 mM magnesium chloride, 10 mM

potassium phosphate buffer (adjusted to pH 7.2 with potassium

hydroxide), 10 mM glucose, 0.05 mM EDTA, 0.2 mM NAD, 40 mM nico-

tinamide, and 40 pg hexokinase enzyme. Background potassium was

approximately 25 mM. Within this system sodium and potassium

concentrations of from 0 to 100 mM were added. Oxygen consumption

was measured manometrically. Data represent the means of from 8

to 10 experiments. Vertical lines indicate S.E.M. Statistical

analysis was performed as described in Figure 3. *Denotes Sig-

nificantly different from respiration with 0 mM sodium.
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Figure 10. Effects of sodium and potassium on ADP-

stimulated brain cortex homogenate respiration.

Rat brain cortical slices were homogenized in .32 mM sucrose at

0°C. Homogenate was then incubated at 30°C in medium containing

final concentrations of 2 mM Tris-ADP, 3 mM magnesium chloride,

10 mM potassium phosphate buffer (adjusted to pH 7.2 with potas-

sium hydroxide), 10 mM glucose, 0.05 mM K-EDTA, 0.2 mM NAD, 40

mM nicotinamide, and 40 ug hexokinase enzyme (activity 18.5 units

per milligram). Background potassium was about 25 mM. Within

this system, sodium (Of—e) and potassium (O-——o)

cation concentrations were varied by addition of from 0 to 120 mM,

using choline chloride and an osmotic substitute to maintain

added cation concentration at 120 mM. Oxygen consumption was

measured manometrically. Data represent the means of 5 experi—

ments. Vertical lines indicate S.E.M. Statistical analysis was

as described in Figure 3. *Denotes significantly different from

respiration with 0 mM sodium.
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ouabain-induced inhibition of brain slice respiration may be due to

both an indirect effect of ouabain to increase intracellular sodium,

as well as the direct inhibition of ADP production associated with

the inhibition of Na+,K+-ATPase activity. Thus, the use of cardiac

glycosides, such as ouabain, would overestimate the portion of

respiration associated with Na+,K+-ATPase activity, although such

a method was employed by other investigators (Whittam, 1962a;

Whittam and Blond, 1964).

In the following experiment the effect of 100 mM potassium on

intracellular sodium and potassium concentrations was examined in

slices in high sodium and sodium-free media (Figure 11) to elucidate

ionic events which occur at the time of the potassium effect. Fol-

lowing the incubation at 37°C for 20 minutes in the presence of 100

mM potassium, intracellular sodium and potassium concentrations of

brain Slices in calcium-free Krebs Henseleit medium were 109 and 142

qu/ml of intracellular volume, respectively. Thus, the intracellular

sodium concentration (109 qu/ml) in calcium—free Krebs medium with

100 mM potassium was not different from the intracellular sodium

concentration of 102 qu/ml observed earlier in control slices incu-

bated in similar medium with low potassium (Figure 8). In a medium

in which choline replaced sodium, addition of 100 mM potassium pro-

duced a Significant decrease in intracellular sodium concentration

of brain slices to approximately 4.7 qu/ml intracellular volume

(Figure 11). Intracellular potassium in these slices was 133.2

qu/ml intracellular volume. Thus, there was no significant dif-

ference between intracellular potassium concentrations of brain

slices in the high sodium or in sodium-free media. In both cases,
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Figure 11. Effects of incubation in sodium-free (choline)

medium with 100 mM potassium on brain slice intracellular cation

concentrations.

Rat brain cortical slices were incubated for 20 minutes at 37°C

in either Ca2+—free Krebs Henseleit medium with 100 mM KCl or

sodium-free medium in which choline chloride replaced NaCl and

Tris-phosphate replaced Na-phosphate buffer. Using flame pho-

tometry, cation concentrations were measured in homogenate digests

of brain Slices. From l4C-inulin data extracellular volume was

calculated, and from this brain Slice cation concentrations were

calculated in microequivalents per milliliter intracellular space.

Data from slices in high sodium medium represent the means of

6 experiments, while data from slices in sodium-free medium repre—

sent the means of 4 experiments. Vertical lines indicate S.E.M.

Statistical analysis was as described in Figure 3. *Denotes

significantly different from sodium medium.
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intracellular potassium concentrations were markedly higher than the

potassium concentrations in the extracellular medium, which con-

tained 109 mM potassium.

Since the rates of slice respiration in sodium-free medium were

significantly lower than those in modified calcium-free Krebs

Henseleit medium, it would seem that the respiration observed in

calcium-free Krebs medium is already "stimulated" to some extent.

Thus, the potassium stimulated portion of respiration in calcium-

. . . + + .
free Krebs solution is not a good estimate of Na ,K -ATPase-assoc1ated

respiration. In order to estimate the portion of slice respiration

. . + + . . . .
aSSOCiated with Na ,K -ATPase actiVity, it is necessary to estimate

the level of completely "non-stimulated" Slice respiration. Since

respiration inhibiting and pump stimulating intracellular sodium

concentrations were minimal in slices in sodium-free medium in the

presence of 100 mM potassium, respiration rates observed under this

condition would accurately represent the non—stimulated slice respira—

tion. Thus, the difference between slice respiration in a high sodium,

high potassium medium, and that in a sodium-free (choline containing),

. . . + + .

high potaSSium medium appears to represent the Na ,K -Stimu1ated

portion of respiration.

C. Effects of Monovalent Cations on Rat Brain

Slice and Homogenate Respiration

 

 

As described in section "D" of the introduction, it has been

postulated by several investigators (Willis and Fang, 1970; Tobin et

al., 1974) that the pharmacological actions of a number of monovalent

. . . . . . . . . + +

cations might involve the inhibition or stimulation of Na ,K -ATPase

enzyme. This is based on observations that monovalent cations such
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as rubidium, cesium and lithium are capable of inhibiting or stimu-

lating under certain circumstances isolated Na+,K+-ATPase in vitro.

It is not known, however, if these cations affect Na+,K+—ATPase

activity in intact brain cells. Results from experiments in sections

"A" and "B" suggest that a sodium plus potassium-stimulated portion

of brain slice respiration may be used to estimate Na+,K+-ATPase

activity in intact cells. Thus, the effects of rubidium, cesium,

lithium and the monovalent thallous ion were studied on rat brain

slice and homogenate respiration.

Addition of potassium, rubidium or cesium produced a concentra—

tion dependent stimulation of rat brain cortical slice respiration

in a modified calcium-free Krebs medium (Figure 12). Control respi—

ration before the addition of cations was 57.8 pMOleS of oxygen/g

tissue (wet weight)/half hour. In control vessels, the respiration

rate following the addition of choline was about the same as before

the addition of choline. Pharmacological and toxicological concen-

trations of rubidium and cesium (i.e., below 20 mM) had no signifi-

cant effect on brain Slice respiration. Addition of higher concen-

trations of 50, 75 and 100 mM potassium, rubidium or cesium caused

Significant stimulation of brain slice respiration. Addition of 20,

50 and 75 mM cesium produced somewhat larger increases in respiration

than addition of comparable concentrations of potassium or rubidium.

At 100 mM concentrations, stimulation with potassium was somewhat

higher than with rubidium or cesium. Thus, although potassium,

rubidium, and cesium were capable of producing stimulations of brain

slice respiration, such effects were observed only with extremely

high concentrations.
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Figure 12. Effects of potassium, rubidium, and cesium on

brain slice respiration in high-sodium medium.

Rat brain cortical slice respiration was measured for a control

half hour in medium containing 128 mM NaCl, 1.23 mM MgSO4, 15 mM

Tris-phosphate buffer (pH 7.4), and 24 mM glucose at 37°C. Either

potassium, rubidium, or cesium was then added to yield final con—

centrations of from O to 100 mM. Choline chloride of appropriate

concentrations was also added so that in each vessel osmolarity

following addition was the same. Slice respiration was then

measured, and expressed as a percent of respiration observed

during the pre-addition control period. Each curve represents

the means of 6 experiments. Statistical analysis was as described

in Figure 1. *Denotes Significantly different from choline

chloride.
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Studies on the inhibition of rubidium and cesium stimulation by

ouabain were next conducted to determine if the rubidium and cesium

stimulation of brain slice respiration was associated with a stimula-

tion of Na+,K+-ATPase. Ouabain at concentrations of 10 and 100 uM

significantly inhibited brain slice respiration in the presence of

100 mM rubidium in modified calcium-free Krebs Henseleit solution

(Figure 13). The effects of 1 uM ouabain on brain slice respiration

were not statistically Significant. Sodium plus rubidium stimulation

of respiration in the presence of 100 uM ouabain was 46.1% of sodium

plus rubidium stimulation in the absence of ouabain during the first

half hour following rubidium or choline addition. This was similar

to the effect of ouabain observed earlier on sodium plus potassium

stimulation, where the sodium plus potassium-stimulated portion of

respiration in the presence of 100 uM ouabain during the first half

hour following potassium or choline addition was 51.3% of control

(Figure 1).

Similarly, ouabain at concentrations of 10 and 100 uM signifi—

cantly inhibited brain slice respiration in the presence of 100 mM

cesium in modified calcium-free Krebs Henseleit solution (Figure 14).

With time, 1 uM ouabain produced progressively greater inhibi-

tion of cesium-stimulated slice respiration (Figure 15). During the

first half hour, sodium plus cesium stimulation was decreased to

94.5% of matched controls. During the second half hour following

cesium addition, sodium plus cesium stimulation was decreased by 1

HM ouabain to 64% of matched controls, and during the third half

hour to 33.5% of controls. During the fourth half hour it was further
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Figure 13. Effects of rubidium and ouabain on brain slice

respiration.

Rat brain cortical slices were incubated for a half hour in a

medium containing 128 mM NaCl, 3 mM KCl, 1.23 mM MgSO4, 15 mM

Tris-phosphate buffer, and 24 mM glucose, plus either 0, l, 10,

or 100 uM ouabain at 37°C. Rubidium chloride or choline chloride

was then added to yield final concentrations of 100 mM. Slice

respiration during the first half hour following additions is

shown. Data shown in the total bars represent means of 4

experiments with 100 mM rubidium. Data shown by the shaded

bars represent the means of the same 4 experiments with 100 mM

choline, and the differenc erepresents the sodium, rubidium-

stimulated portion of respiration. Vertical lines indicate

S.E.M. Statistical analysis was as described in Figure 1.

*Denotes significant rubidium stimulation.



a
n
d
.
.
.

=
n
o

w
e
a
l
-
d
a
d
:

e
r
a
.
.
.
0
”
a
.
.
.
£
1
,
3
1
2
.
3
5

1
.
.
V

a
m..

.
w

m
m

m
.
m

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

_
_
_
_
_
_
_

  

 

 
 

 
 

 

 

 

 
  

 

 
 
  

 

 
 
  

 
 



68

Figure 14. Effects of cesium and ouabain on brain slice

respiration.

Rat brain cortical slices were incubated as described in Figure

13. Cesium chloride or choline chloride were added after a half—

hour incubation to yield final concentrations of 100 mM. Slice

respiration during the first half hour following addition is Shown.

Data Shown in the total bars represent the means respiration of

4 experiments with 100 mM cesium. Data shown by the shaded bars

represent mean respiration in the same 4 experiments with 100 mM

choline, and the difference represents the sodium, plus cesium-

stimulated portion of respiration. Vertical lines indicate S.E.M.

Statistical analysis was as described in Figure l. *Denotes sig-

nificant cesium stimulation.
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Figure 15. Time course of ouabain effects on cesium-

stimulated brain slice respiration.

Data are from the same slices as described in Figure 14 and

show respiration plotted on the abscissa against the time

plotted on the ordinate. Preincubation conditions were as

described in Figure 13. Brain slice respiration was measured

for 4 half-hour periods following addition of 100 mM cesium

chloride Q—————¢D or 100 mM choline chloride u——-—.§>. In

certain vessels, slice respiration was measured in the presence

of 1 uM ouabain following the addition of 100 mM cesium

chloride O——-O or 100 mM choline chloride 0-——-o . Data

represent the means of 4 experiments. Vertical lines indicate

S.E.M. Statistical analysis was performed as described in

Figure l. *Denotes significantly different from corresponding

choline control.
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decreased to 15% of controls. It thus appears that the effect of

ouabain develops slowly at low ouabain concentrations.

While the preceding monovalent cation experiments examined the

effects of chiefly high concentrations of rubidium and cesium on

slice respiration, the following lithium experiments attempted to

study the effects of lithium in somewhat lower, more nearly pharmaco-

logical concentrations. Lithium in concentrations from 0 to 30 mM

was found to have no significant effect on brain cortical slice

respiration in a medium containing 150 mM sodium and 1.5 mM potassium,

during four half-hour periods following lithium chloride addition

(Figure 16). During the first half hour 3 mM lithium produced a small

10.7% stimulation of slice respiration relative to first half-hour

controls. During the fourth half hour 30 mM lithium produced a

larger 20.8% inhibition of slice respiration relative to fourth

half-hour controls. These effects of lithium, however, were not

significant (p<.05) using a Student's t-test. In a high sodium, low

potassium medium, therefore, lithium in therapeutic (1 mM) and even

in toxic (3-10 mM) concentrations had no significant effect on brain

slice respiration. It should be noted that lithium in a concentra-

tion of 30 mM did not substitute for potassium to produce a stimula-

tion of slice respiration in high sodium, low potassium medium.

The effects of 20 mM lithium on sodium stimulation of brain

cortical slice respiration in sodium-free, high potassium medium were

studied next. The slice respiration prior to the addition of sodium

in the absence of lithium was 40.4 uMoles of oxygen/g tissue (wet

weight)/half hour, while the respiration in the presence of 20 mM

lithium was 42.5 uMoles of oxygen/g tissue (wet weight)/half hour
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Figure 16. Effects of lithium on brain slice respiration in

150 mM sodium, 1.5 mM potassium medium.

Rat brain cortical slice respiration was measured for a control

half hour in medium containing 150 mM NaCl, 1.5 mM KCl, 1.23 mM

MgSO4, 15 mM Tris—phosphate buffer (pH 7.4), and 24 mM glucose

at 37°C. Lithium chloride in final concentrations from O to 30

mM was then added. Data represent the means of 3 experiments.

Vertical lines indicate S.E.M. (A) First half-hour respiration;

(B) second half-hour respiration; (c) third half—hour respiration;

(D) fourth half-hour respiration.
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(Figure 17). During the first half-hour period following sodium or

choline addition, respiration in choline added controls in the

absence of lithium was 40.3 pMoles of oxygen/g tissue (wet weight)/

half hour, while respiration in choline controls in the presence of

20 mM lithium was 38.6 “Moles of oxygen/g tissue (wet weight)/half

hour. Since these non-sodium-stimulated rates of respiration in the

presence or absence of lithium were not significantly different by

Student's t-test (p<.05), it appears that lithium does not substitute

for sodium to stimulate brain slice respiration in high potassium

medium. The presence of 20 mM lithium appeared to decrease sodium

stimulation. However, at the concentrations of lithium and sodium

studied, it was not possible to analyze if lithium produced a change

in the slope, decreased the maximum rate of respiration, or if it

shifted the sodium stimulation curve in parallel to the right. It

was thus impossible to determine if the lithium effect was competitive

or non-competitive with respect to sodium.

In a brain homogenate, lithium in concentrations of 20 to 100

mM significantly inhibited optimal respiration (Figure 18). Lithium

in concentrations of 10 mM or less, however, produced no significant

effects on optimal brain homogenate respiration. In similar studies

on the effects of rubidium (Figure 19) and cesium (Figure 20) no sig—

nificant effects were observed with concentrations of either rubidium

or cesium up to 100 mM.

Additional studies were performed with thallous ion, which has

been shown to be a potent substitute for potassium in the Na+,K+—ATPase

reaction, and a potent inhibitor of Na+,K+-ATPase in the presence of

sodium and potassium (Skulskii et al., 1973, 1975). Because of its
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Figure 17. Effects of lithium on sodium—stimulation of brain

slice respiration.

Rat brain cortical slice respiration was measured for a control

half hour in medium containing 100 mM KCl, 1.23 mM M9804, 15 mM

Tris-phosphate buffer (pH 7.4) and 24 mM glucose with or without

20 mM lithium chloride. Sodium chloride was then added yielding

final concentrations of from 0 to 100 mM. Respiration was measured

of slices in media with or without lithium, and expressed as a

percent of pre-addition respiration. Data represent the means of

4 experiments. Vertical lines indicate S.E.M.
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Figure 18. Effects of lithium on rat brain homogenate respi-

ration.

Rat brain cortical slices were homogenized in .32M sucrose at

0°C. Homogenates were then incubated at 30°C in medium containing

final concentrations of 2 mM Tris-ADP, 3 mM magnesium chloride,

10 mM potassium phosphate buffer (adjusted to pH 7.2 with potassium

hydroxide), 10 mM glucose, 0.05 mM EDTA, 0.2 mM NAD, 40 mM nico-

tinamide, and 40 pg hexokinase enzyme. Lithium chloride was varied

from 0 to 100 mM using choline chloride as an osmotic substitute

to maintain added cation concentration at 100 mM. Background

potassium was approximately 25 mM; sodium concentration was zero.

Data represent the means of 5 experiments. Vertical lines indicate

S.E.M. *Significantly different from control.
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Figure 19. Effects of rubidium on rat brain homogenate respi—

ration.

Rat brain cortical slices were homogenized in .32M sucrose at

0°C. Homogenates were then incubated at 30°C in medium containing

final concentrations of 2 mM Tris-ADP, 3 mM magnesium chloride,

10 mM potassium phosphate buffer (adjusted to pH 7.2 with potassium

hydroxide), 10 mM glucose, 0.05 mM EDTA, 0.2 mM NAD, 40 mM nico-

tinamide, and 40 pg hexokinase enzyme. Rubidium chloride was

varied from 0 to 100 mM using choline chloride as an osmotic sub-

stitute. Background potassium was approximately 25 mM; sodium was

zero. Data represent the means of 5 experiments. Vertical lines

indicate S.E.M.



81

  

 

"
$

«in

 

\/\.
4

b

JL

4

Fq

ra

Fq  

 
 

8
7

6

E
E
9
2
3
2
.
.
E
E
O

.
3

.

5
:
8
3
3
:

3
.
5
0
0
6
0
:

75202.0

nbflmu)

Figure 19



82

Figure 20. Effects of cesium on rat brain homogenate respi-

ration.

Rat brain cortical slices were homogenized in .32M sucrose at

0°C. Homogenates were then incubated at 30°C in medium containing

final concentrations of 2 mM Tris—ADP, 3 mM magnesium chloride,

10 mM potassium phosphate buffer (adjusted to pH 7.2 with potassium

hydroxide), 10 mM glucose, 0.05 mM EDTA, 0.2 mM NAD, 40 mM nico—

tinamide, and 40 pg hexokinase enzyme. Cesium chloride was varied

from 0 to 100 mM using choline chloride as an osmotic substitute.

Background potassium was approximately 25 mM; sodium was zero.

Data represent the means of 5 experiments. Vertical lines indicate

S.E.M.
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relatively high solubility relative to other thallous compounds,

thallous nitrate was used. Thallous nitrate in a concentration of

3 mM produced significant inhibition of brain slice respiration in

the presence of high concentrations of sodium and potassium (Figure

21). This inhibition of respiration by 3 mM thallous ion was sig-

nificant during each of the four half-hour incubation periods tested.

At lower concentrations of 0.1 to 1 mM, thallous nitrate had no sig-

nificant effect on brain slice respiration with high sodium plus

potassium during any of the four half-hour periods.

Since thallous ion is capable of substituting for potassium

in the Na+,K+-ATPase reaction, the effects of thallous ions were

studied in a potassium-free medium, where presumably Na+,K+-ATPase-

associated brain slice respiration is minimal. In a potassium-free

medium, however, thallous ion in concentrations of 0.3 to 10 mM

produced significant inhibition of brain cortical slice respiration

(Figure 22). Only during the first half hour did 0.3 and 1 mM thallous

ion produce a slight stimulation of brain slice respiration. This

stimulation, however, was statistically not significant. At higher

concentrations of thallous ion no stimulation was observed. There-

fore, thallous nitrate inhibits brain slice respiration in high

sodium, potassium-free medium in both a dose and time-dependent

manner. Although stimulation of slice respiration was observed

during the first half hour with 0.3 and 1 mM thallous ion, such a

stimulation was probably masked at higher concentrations by the

inhibitory effects of thallous ions on brain respiration.

In previous experiments, it has been demonstrated that rubidium

and cesium could substitute for potassium in stimulating respiration
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Figure 21. Effects of thallium on sodium, potassium-stimulated

brain slice respiration.

Rat brain cortical slice respiration was measured in medium con-

taining 128 mM NaCl, 1.23 mM MgSOq, 15 mM Tris-phosphate buffer

(pH 7.4), 100 mM KCl, and 24 mM glucose plus thallous ion con-

centrations ranging from 0 to 3 mM at 37°C. Data represent the

means of 8 experiments. Vertical lines indicate S.E.M. *Denotes

significantly different from control.
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Figure 22. Effects of thallium on brain slice respiration in

a potassium-free medium.

Rat brain slice respiration was measured in medium containing 128

mM NaCl, 1.23 mM M9804, 15 mM Tris—phosphate buffer, and 24 mM

glucose plus thallous ion concentrations ranging from 0 to 10 mM

at 37°C. The background concentration of potassium was zero

millimolar. Data represent the means of 4 experiments. *Denotes

significantly different from control.
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(Figures 12-15), while lithium could not (Figures 16-17). In the

final series of monovalent cation experiments, whether these ions

could substitute for sodium was studied. Figure 23 shows the effects

of addition of 100 mM choline, sodium, rubidium, cesium or lithium on

brain slice respiration in a sodium-free medium containing 100 mM

potassium, 1.23 mM magnesium, 15 mM Tris-phosphate buffer (pH 7.4)

and 24 mM glucose. Sodium in a concentration of 100 mM again pro-

duced a significant stimulation of brain cortical slice respiration

relative to choline controls. Slice respiration was 152% and 173%

of control respiration during the first and the fourth half hour

following sodium addition, respectively. Lithium, rubidium, and

cesium in concentrations of 100 mM failed to significantly stimulate

brain slice respiration in a sodium-free medium containing 100 mM

potassium. Respiration decreased somewhat in all systems with time.

During the fourth post-addition half hour 100 mM lithium produced

a significant depression of brain slice respiration relative to time

matched choline controls. Since this significant depression was in

a sodium-free medium, this effect of lithium would seem to be a

direct effect of lithium on respiration, rather than a competition

with sodium for activation of the Na+,K+-ATPase. From these data

it may be concluded that only addition of sodium to high potassium

media, and not addition of choline, lithium, rubidium, or cesium,

yields a stimulation of brain cortical slice respiration.
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Figure 23. Comparative effects of sodium, lithium, rubidium,

cesium, and choline on rat brain slice respiration in a 100 mM

potassium medium.

Rat brain cortical slice respiration was measured in a medium

containing 100 mM KCl, 1.23 mM M9504, 15 mM Tris-phosphate buffer

(pH 7.4), and 24 mM glucose, plus each of the monovalent cations

as shown at 37°C. Data represent the means of 8 experiments.

Vertical lines indicate S.E.M. *Denotes significantly different

from choline control.
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D. Effects of Chlorpromazine and Chlorpromazine

Metabolites on Rat Brain Slice Respiration

in vitro and the Effects of Chlorpromazine

Administration in Vivo on Respiration and

ATPase Activity Assayed in vitro

Free radicals of Chlorpromazine and various other substituted

phenothiazines have been shown to be potent inhibitors of brain micro-

somal Na+,K+—ATPase in vitro (Akera and Brody, 1968, 1969; Gubitz

et al., 1973). Chlorpromazine and certain of its metabolites have

also been shown to affect oxygen consumption and oxidative phosphoryla—

tion in Vivo (Dawkins et al., 1959a, 1959b; L¢vtrup, 1963; Skinner

and Spector, 1968; Tjoie et al., 1972). Chlorpromazine has been

demonstrated to inhibit oxygen consumption in intact cells such as

polymorphonuclear leukocytes and lymphocytes (McCurrach et al., 1970).

The actions of Chlorpromazine and several of its metabolites therefore

were first studied on Na+,K+-stimulated and non-stimulated brain

slice respiration in vitro.

Chlorpromazine in concentrations of 10 and 100 uM significantly

inhibited brain slice respiration in a high sodium, high potassium

medium, but had no significant effect on slice respiration in a

sodium-free, high potassium medium in which sodium was substituted

for by choline (Figure 24). The difference between respiration in

high sodium, high potassium and sodium-free, high potassium media,

that is, the sodium, potassium-stimulated portion of slice respira-

tion, was significantly decreased by 10 and 100 uM Chlorpromazine.

The inhibition by these concentrations of Chlorpromazine of this

portion of respiration increased with time (Figure 24). Thus,

Chlorpromazine inhibition of brain slice respiration in vitro was
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both dose and time dependent, and was specific for the sodium,

potassium-stimulated portion of respiration.

Two hydroxylated metabolites of Chlorpromazine, 7-hydroxychlor—

promazine and 7,8-dihydroxychlorpromazine, however, had no significant

effects on brain slice respiration in either high sodium, high

potassium or sodium-free, high potassium media at concentration of

these agents up to 100 uM (Figures 25 and 26).

In order to study the effect of Chlorpromazine administered in

vivo, rats were injected with 30 mg of Chlorpromazine hydrochloride

per kg body weight for l to 22 days. Rats were sacrificed 30 minutes

after the last injection, and brain cortical slice respiration and

homogenate Na+,K+-ATPase activity were assayed in vitro. A single

administration of Chlorpromazine at a dose of 30 mg/kg had no signifi-

cant effect on rat brain slice respiration (Figure 27). There were

no significant differences in respiration of brain slices between

control and acute Chlorpromazine-treated rats either when slices

were incubated in a high sodium, high potassium medium, or in a

sodium-free, high potassium medium. Thus, acute Chlorpromazine

treatment in vivo failed to affect the sodium, potassium—stimulated

portion of brain slice respiration assayed in vitro.

Chronic administration of Chlorpromazine hydrochloride at a

dose of 30 mg/kg/day for 12 to 22 days had no effect on brain slice

respiration (Table 1). There was no significant difference in

respiration of brain slices between control and chronic Chlorpromazine-

treated rats, when slices were incubated in either a high sodium,

high potassium medium, or in a sodium-free, high potassium medium.
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Figure 25. 7-Hydroxychlorpromazine effects on brain slice

respiration in vitro.

Rat brain cortical slices were incubated at 37°C as described in

Figure 24. Total bars represent respiration in high sodium, high

potassium medium; shaded bars represent respiration in sodium—free,

high-potassium medium, while the open bars represent the sodium,

potassium-stimulated portion of respiration. Data represent the

mean respiration of 4 experiments. Vertical lines indicate S.E.M.
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Figure 26. 7,8-Dihydroxychlorpromazine effects on brain slice

respiration in vitro.

Rat brain cortical slices were incubated at 37°C as described in

Figure 24. Total bars represent respiration in high sodium,

high potassium medium; shaded bars represent respiration in

sodium-free, high-potassium medium, while the open bars represent

the sodium, potassium—stimulated portion of respiration. Data

represent the mean respiration of 4 experiments. Vertical lines

indicate S.E.M.
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Figure 27. Effects of Chlorpromazine administered in vivo on

brain cortical slice respiration.

Male 250-350 g Sprague-Dawley rats were injected intraperitoneally

with Chlorpromazine in a dose of 30 mg/kg. Control rats received

equal volumes of 0.9% saline per kilogram of body weight. Rats

were sacrificed 30 minutes after injection and brain cortical

slices from these rats were incubated in 2 ml of either high

sodium, high potassium medium, or sodium-free, high potassium

medium at 37°C. Slice respiration was measured, and the differ-

ences between rates of respiration in high sodium, high potassium

medium and that in sodium—free, high potassium medium were calcu-

lated as the sodium, potassium-stimulated portion of respiration.

Data represent the means of 5 experiments. Vertical lines indi-

cate S.E.M. The total bars represent respiration in sodium,

potassium medium. The shaded bars represent respiration in

sodium—free, high potassium medium, and the open portions of

the bars represent the sodium, potassium-stimulated portion of

slice respiration. Statistical analysis was as described in

Figure l.
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Table 1. Chronic effects of Chlorpromazine in vivo on brain cortical

slice respiration

Male Sprague—Dawley rats with an initial weight of between 150 and

175 g were intraperitoneally injected with a daily dose of 30 mg of

Chlorpromazine per kg of body weight. Control rats received equiva-

lent volumes of 0.9% saline per kg of body weight, daily. Control

and Chlorpromazine treated rats were sacrificed 30 minutes after

injection on days 12, 13, 21, and 22 of the chronic treatment. Slice

respiration was measured, and the difference between rates of respi-

ration in high sodium, potassium medium and sodium-free, high

potassium medium was calculated as the sodium, potassium-stimulated

portion of respiration.

 

  

 

CPZ-treated

Control (30 mg/kg/day)i

+ + + + + +

Day Na ,K Ch,K Diff. Na ,K Ch,K Diff.

12 75.0* 41.5 33.5 85.4 40.0 45.4

13 84.8 48.2 36.6 78.6 40.8 37.8

21 76.8 39.5 37.3 86.2 51.6 34.6

22 74.1 45.3 28.8 84.6 49.8 34.8

Mean 77.68 43.63 34.05 83.70 45.55 38.15

:S.E.M. :?.44 :1.94 11.93 i?.01 13.00 :2.53

 

*

umol 02/9 wet weight/half hour.

Thus, there was also no significant effect of Chlorpromazine treatment

on the sodium, potassium-stimulated portion of respiration.

+ + . . . .
Na ,K -ATPase actiVity of rat brain homogenates obtained from

animals treated with a single dose of Chlorpromazine hydrochloride

. . + + . . .
(30 mg/kg i.p.) was 108% of control, while Na ,K -ATPase act1v1ty 1n

homogenates from animals chronically treated with 30 mg of chlor-

promazine per kg body weight per day was 102% of control (Figure 28).
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Figure 28. Acute and chronic effects of Chlorpromazine

administered in vivo on rat brain Na+,K+—ATPase activity assayed

in vitro.

Na+,K+-ATPase activity of brain homogenate from rats treated

acutely and chronically with Chlorpromazine (CPZ) is shown on

the ordinate. Acute and chronic animals were sacrificed 30

minutes after Chlorpromazine (30 mg/kg) treatment. Chronically

treated animals received 30 mg/kg for 12 to 22 days. Data for

acutely treated rats represent the mean of five experiments.

Data for chronically treated rats represent the means of four

experiments. Vertical lines indicate S.E.M.
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Thus, neither acute nor chronic in vivo administration of Chlorpromazine

. . . . + +

in a dose of 30 mg/kg had a Significant effect on the Na ,K -ATPase

activity of rat brain homogenates.

E. Effects of Digitoxin Administration on Rat

Brain Respiration and ATPase Activity

 

 

Cardiac glycosides, such as ouabain, digoxin and digitoxin, have

been shown to inhibit both brain Na+,K+-ATPase and brain slice respi-

ration in vitro (Whittam and Blond, 1964; Swanson and McIlwain, 1965;

Ruscak and Whittam, 1967). Ouabain and digoxin administration in

Vivo have been demonstrated to inhibit Na+,K+-ATPase activity in dog

heart and kidney (Akera et al., 1969, 1970; Hook, 1969; Besch et al.,

1970; Allen et al., 1970, 1971; Goldman et al., 1973). In the follow—

ing experiments the effect of digitoxin administration in vivo was

studied on sodium, plus potassium-stimulated respiration and brain

Na+,K+-ATPase activity. The rat was chosen because of the relatively

high sensitivity of rat brain Na+,K+-ATPase and extremely low sensi—

tivity of rat cardiac Na+,K+-ATPase to cardiac glycoside inhibition

(Repke et al., 1965), which makes it possible to administer relatively

large doses of cardiac glycosides to affect brain Na+,K+—ATPase

without causing the death of the animal due to cardiac toxicity.

The rat was also chosen because of the relatively slow dissociation

of cardiac glycosides from its brain Na+,K+-ATPase (Tobin and Brody,

1972). In these studies, digitoxin was used instead of ouabain,

because digitoxin being one of the more lipid—soluble of the cardiac

glycosides penetrates more readily across lipid cell membrane and

into the brain (Repke, 1958; Kuschinsky et al., 1968; Greenberger

and Caldwell, 1972). Ouabain being highly water soluble and
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relatively poorly lipid soluble would be more poorly absorbed and

have greater difficulty entering the brain (Greenberger and Caldwell,

1972).

Following intraperitoneal administration of digitoxin in rats,

sodium, potassium—stimulated respiration of brain slices obtained

from these animals was significantly inhibited (Figure 29). Slices

from saline-treated control rats had a mean respiration rate of 75.1

uMole of oxygen/g tissue (wet weight)/half hour in a high sodium,

high potassium medium, and a mean respiration rate of 45.6 uMoles

of oxygen/g tissue (wet weight)/half hour in a sodium-free, high

potassium medium. Respiration of slices in high sodium, high potas-

sium medium from rats treated with 7.5 to 30 mg of digitoxin per kg

body weight was significantly lower than that of brain slices from

control rats. There was no significant difference in respiration

in sodium-free, high potassium medium of brain slices from control

and digitoxin-treated rats. Maximum inhibition of sodium, potassium-

stimulated brain slice respiration to approximately 45% of control

respiration during the first half hour incubation in vitro occurred

following treatment with 15 and 30 mg of digitoxin per kg, although

the respiration of slices in a high sodium, high potassium medium

from rats treated with 1 to 4 mg of digitoxin per kg body weight was

not significantly different from that in slices from alcohol-treated

control rats. Thus, the effect of digitoxin was dose-dependent and

was specific for the sodium, potassium-stimulated portion of

respiration.

Intraperitoneal injection of digitoxin significantly decreased

+ + . . . . .

Na ,K -ATPase activity of rat brain homogenates. The inhibition was
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Figure 29. Inhibition of sodium plus potassium-stimulated

respiration by digitoxin treatment in vivo.

Male Sprague-Dawley rats were injected intraperitoneally with

digitoxin or alcohol vehicle. Thirty minutes later they were

decapitated, and brain cortex slices prepared. Slices were

incubated in 2 ml of either calcium—free Krebs Henseleit medium

with 100 mM potassium, or in sodium-free, choline media with

100 mM potassium, at 37°C. Respiration rates were measured and

expressed in micromoles of oxygen per gram wet weight per half hour.

Differences between rates in sodium plus potassium medium versus

choline plus potassium medium were calculated. Sodium plus

potassium stimulated respiration rates in slices from digitoxin

treated rats were divided by sodium plus potassium stimulated

rates in matched controls, and the results were expressed as

percent control respiration. Data represent the means of 4

experiments. *Denotes significantly different from control.
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maximal at doses of 15 and 30 mg per kg (Figure 30). Control rat

. + + . . .

brain homogenate Na ,K -ATPase actiVity was approx1mate1y 7.72 uMoles

of inorganic phosphate/mg protein/hour. Maximal inhibition of brain

+ +
-

homogenate Na ,K -ATPase was to about 65% of control actiVity. There

. . . 2+ . . .

were no Significant effects observed on Mg -ATPase actiVity in

homogenates prepared from digitoxin-treated rats. Thus, inhibition

++ . .. ..

of rat brain Na ,K —ATPase actiVity by digitox1n administered in Vivo

. . + + .

was dose-dependent, and speCific for Na ,K -ATPase. This correlated

well with specific inhibition of sodium, potassium-stimulated respira-

tion of brain slices following administration of digitoxin.
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Figure 30. Inhibition of sodium plus potassium—stimulated

ATPase activity assayed in vitro by digitoxin treatment in vivo.

The ATPase activity in whole brain homogenates was estimated from

digitoxin-treated and alcohol-treated rats from the amount of

inorganic phosphate liberated from ATP during incubations at 37°C.

Magnesium-dependent ATPase activity assayed in the presence of

5 mM magnesium was subtracted from total ATPase activity assayed

in the presence of 100 mM sodium, 15 mM potassium, and 5 mM

magnesium, to calculate the sodium, potassium-activated ATPase

activity. For each experiment, percent inhibition of sodium,

potassium ATPase activity in digitoxin-treated rat homogenates

was calculated relative to the sodium, potassium-ATPase activity

in paired control rat brain homogenates. Data represent the

means of 4 experiments. *Denotes significantly different from

control.
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DISCUSSION

A. Potassium and Ouabain Effects on

Brain Slice Respiration

 

 

Ashford and Dixon (1935) have demonstrated that the addition of

100 mM potassium chloride stimulates respiration in rabbit brain

cortical slices. This phenomenon is now known as the "potassium

effect." Whittam (1961) proposed that Na+,K+-ATPase serves as a

pacemaker of respiration in brain, and Minakami et a1. (1963) sug-

gested that the mechanism of the so-called "potassium effect" is to

enhance respiration coupled to ADP phosphorylation, subsequent to

increases in active cation transport and ADP production by the membrane

ATPase enzyme. Since this work, a number of alternative proposals

have been made to explain the "potassium effect." These alternative

mechanisms for the "potassium effect" include: 1) potassium affecting

glucose transport into the cell (Rolleston and Newsholme, 1967),

2) potassium stimulating pyruvate kinase (Takagaki, 1968), 3) potassium

stimulating pyruvate dehydrogenase (Kini and Quastel, 1959; Clark

and Nicklas, 1970), 4) potassium stimulating enzymes in the Krebs

tricarboxylic acid cycle or oxidative phosphorylation (Hoskin, 1960;

Cremer, 1967; Klicpera and Hoffmann, 1975) and 5) potassium inducing

depolarization of cell membrane (Hillman and McIlwain, 1961).

When pyruvate is substituted for glucose, slice respiration is

enhanced, and if 100 mM potassium is added when pyruvate is the

112
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substrate, slice respiration is further stimulated (Figure 2). This

suggests that potassium must have other actions than simply to stimu—

late glucose uptake or glycolysis. It suggests that the "potassium

effect" is not primarily involved with stimulation of pyruvate kinase.

Stimulation of slice respiration by sodium in high potassium medium

where cells are already depolarized rules out the possibility that

potassium-induced depolarization is the mechanism of potassium stimu-

lation. The requirement of sodium for potassium stimulation (Figure

3), and the observation that ouabain inhibits potassium-stimulated

respiration in a similar manner as it inhibits isolated Na+,K+-ATPase,

support the hypothesis that potassium stimulation of slice respiration

is associated with potassium stimulation of Na+,K+-ATPase. The

observation that the rate of potassium-stimulated respiration never

exceeds the respiration rate observed in the presence of 2,4-dinitro—

phenol, i.e., where the control of respiration by ADP is relieved, is

consistent with this hypothesis. This hypothesis is further supported

by the observation that among combinations of monovalent cations,

only those which would stimulate microsomal Na+,K+-ATPase in vitro

are capable of stimulating brain slice respiration. These combina-

tions included sodium, plus either potassium, rubidium or cesium,

but not lithium.

The use of ouabain to estimate the portion of respiration associ-

ated with Na+,K+-ATPase activity (Whittam and Blond, 1964) appears to

result in an overestimation. Although ouabain has been shown in semi-

purified enzyme preparations to be a specific inhibitor of Na+,K+-

ATPase (see review by Skou, 1965), present data indicate that the

inhibition of slice respiration by ouabain is not solely dependent on
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its action to reduce the availability of ADP by inhibiting ATP

hydrolysis associated with cation transport. Evidence for this is

that 1) ouabain inhibits so-called "non-stimulated" as well as

potassium-stimulated slice respiration, and 2) ouabain is able to

inhibit respiration in the presence of 2,4-dinitrophenol (Figure 7).

In both the present study (Figure 7) and in previous studies by

Cremer (1967), rat brain slice respiration in the presence of ouabain

plus 2,4-dinitrophenol was significantly lower than with 2,4-dinitro-

phenol alone. If ouabain's mechanism of action is exclusively the

inhibition of Na+,K+-ATPase resulting in reduced generation of ADP,

2,4-dinitrophenol at concentrations of 50 uM, that completely uncouple

oxidative phosphorylation (Brody, 1955), would be expected to cause

similar stimulation in the presence or absence of ouabain.

Further evidence for a secondary effect of ouabain is that

inhibition by 100 uM ouabain of both potassium-stimulated and so—

called "non-stimulated" slice respiration is larger in a medium with

pyruvate substrate (Figure 2) than in comparable medium with glucose

(Figure 1). This suggests that ouabain might be acting more specifi—

cally on a system where pyruvate is being oxidized (Figure 2).

Neither this, nor the previous data, however, suggest a mechanism by

which ouabain might be exerting its secondary effects on respiration.

One of the potential indirect factors in ouabain's inhibition of

respiration with pyruvate substrate, and ouabain's inhibition in the

presence of 2,4-dinitropheno1, could be a change in intracellular

environment. High concentrations of ouabain increase intracellular

sodium concentration and decrease intracellular potassium concentra-

tion. The magnitude of increase in intracellular sodium is similar
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to that producing an approximate 30% inhibition of optimal brain

homogenate respiration. This is consistent with previous reports

that sodium ion significantly inhibits glycolysis and respiration of

brain and other tissue homogenates (Racker and Krimsky, 1945;

LePage, 1948; Utter, 1950). This is also consistent with the obser—

vation that respiration in the presence of ouabain plus 2,4-dinitro-

phenol was about 30% lower than that in the presence of 2,4-dinitro-

phenol alone (Figure 7).

Since total osmolarity in the present sodium versus potassium

study is different from that in the sodium versus choline study, it

is difficult from the present data to determine whether the sodium

inhibition is competitive or non-competitive with respect to potassium.

Although potassium has been shown to stimulate oxidation and phosphoryla-

tion in mitochondrial preparations (Pressman and Lardy, 1955; Whittam,

1964; Krall et al., 1964; Nicklas et al., 1971), the magnitude of

decrease in intracellular potassium concentrations produced by ouabain

is not such as to affect the rate of mitochondrial oxygen consumption.

Thus, the increase in intracellular sodium concentration occurring with

incubation of brain slices in the presence of ouabain appears to play

the primary role in ouabain's inhibition of brain slice respiration.

Swanson (1968) has suggested that ouabain inhibition of slice

respiration in calcium-free media is not a good indicator of the por-

tion of the cell's metabolism used for active transport. This is

based on his observation that ouabain significantly inhibits incor—

poration of 32P-labeled phosphate into creatine phosphate. The use

of ouabain overestimates the portion of slice respiration associated

+ +
-

with Na ,K -ATPase activity. Thus, the present results confirm and
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extend the observation that ouabain inhibition of potassium—stimulated

respiration in high sodium medium is unsuitable as a measure of the

proportion of oxygen consumption of brain cells directly associated

. + + . .

with Na ,K —ATPase actiVity.

B. Estimation of Brain Slice Respiration

Associated with Na+,K+-ATPase Activity

 

 

The purpose of the present experiments was to study the precise

portion of brain slice respiration associated with Na+,K+-ATPase

activity. The assumption was made that maximal brain slice respira—

tion associated with full activation of the Na+,K+-ATPase occurs

with potassium stimulation. This was based on two observations:

1) that potassium stimulation was similar in magnitude to that occur-

ring with 2,4—dinitrophenol, and 2) that potassium did not signifi—

cantly stimulate respiration above that occurring with 2,4—dinitro—

phenol. Klicpera and Hoffmann (1975) have shown in Krebs Ringer

medium that 2,4-dinitrophenol (25 uM) stimulated brain slice respira-

tion by approximately 38%. This was similar to the stimulation

achieved by addition of 100 mM potassium in calcium-free medium

(Figure l). Klicpera and Hoffmann (1975) demonstrated that no

further effect on respiration occurred upon addition of high potas-

sium to brain slices already respiring at a stimulated rate with 25

pM 2,4—dinitrophenol. With this concentration of 2,4-dinitrophenol,

respiration should be nearly completely uncoupled and should be

proceeding at the maximum velocity permitted by the enzymes of the

electron transport system (Klicpera and Hoffmann, 1975). Since

potassium-stimulated respiration was similar to that with 2,4—dinitro-

phenol, it may be that 100 mM potassium stimulates membrane
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+ + . . . . .

Na ,K -ATPase actiVity and ADP generation (Minakami et al., 1963) to

a point where other factors such as substrate phosphorylation or

electron transport processes, rather than the ADP concentration,

become rate limiting. If ADP generation far exceeds the rate of

"other" rate limiting systems, then it is not possible to estimate

ATPase activity from respiration. Such is probably not the case.

0 0.. ++ .00.. 0

With digitox1n treatment, Na ,K -ATPase inhibition is assoc1ated

with reduced respiration, indicating that under the present condi-

. . ++

tions, ADP generation can become rate limiting when Na ,K -ATPase

is inhibited.

Potassium stimulation alone, however, provides an underestima-

. + + . . . . . . .

tion of Na ,K -ATPase-assoc1ated respiration, Since respiration in

calcium-free medium is already partially "stimulated" (Figure 1

versus Figure 6). In order to determine the full component of

++ . .. .. .

Na ,K -ATPase-assoc1ated respiration, it is necessary to first

accurately estimate the level of completely "non-stimulated" slice

respiration. Even in sodium-free (choline) medium, cells still con-

tain small amounts of intracellular sodium (Whittam, 1962a) which,

together with extracellular potassium, presumably can stimulate

+ + . . . . . .
Na ,K -ATPase actiVity and hence respiration. Twenty-minute incuba—

tion at 37°C with 100 mM potassium added to slices in sodium-free

medium decreases intracellular sodium concentration to a minimal

level (Figure 11). Thus, in sodium-free medium with high potassium

concentrations, both coupled sodium, potassium pump activity, and

ADP-dependent pump related respiration would be expected to be

minimal. Hence, slice respiration in sodium-free, high choline and

high potassium medium would provide a more accurate baseline from
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which to measure a Na+,K+-ATPase-associated portion of brain slice

respiration.

In the presence of high sodium and high potassium, brain slice

respiration is approximately 30% above that in high sodium, low

potassium medium (Figure 31). With sodium-free, high potassium

medium, there is a depression of slice respiration to levels approxi-

mately 15 to 20% below those in high sodium, low potassium medium

(Figure 31). The sum of these two components, the sodium, potassium-

stimulated (in high sodium medium) and the potassium-inhibited com-

ponent of respiration (in sodium-free medium) yield approximately

40-50% of total brain slice respiration observed in a high sodium,

high potassium medium (Figure 31). From the slice respiration data

here and that of Minakami et a1. (1963) it is postulated that this

40-50% of brain slice respiration (Figure 31) observed in high sodium,

high potassium medium is associated with ATP hydrolysis resulting from

sodium and potassium activation of the membrane Na+,K+-ATPase. Thus,

the difference in respiration rates observed in high sodium, high

potassium media, and those in sodium-free, high potassium media,

appear to yield a more accurate measure of brain slice respiration

associated with stimulated active transport. The advantage of this

system is that there can be no effect of high intracellular sodium

inhibition of Slice respiration as produced using inhibition by

ouabain.

C. Effects of Monovalent Cations on

Brain Slice Respiration

 

 

The purpose of the present studies was to investigate whether

++ ,,

monovalent cations could alter respiration or Na ,K -ATPase actiVity
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Figure 31. Components of brain slice respiration associated

with Na+,K+-activated ATPase and non-Na+,K+-activated ATPase

activity (hypothetical).

Brain slice respiration independent of sodium-potassium ATPase

activity is shown by the shaded portion of the bar. The sodium-

potassium-dependent slice respiration is shown by the open

portion of the bar.
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in intact brain tissue in such a manner as to produce their pharmaco-

logic effects by this mechanism.

The dose-dependent stimulation of brain cortical slice respiration

by potassium, rubidium and cesium in a modified calcium—free Krebs

Henseleit medium is consistent with the known stimulation of brain

slice respiration by 100 mM concentrations of these cations in physio-

logical medium containing approximately 2 mM calcium (Dickens and

Greville, 1935). The observation that cesium is somewhat more potent

than rubidium or potassium in stimulating slice respiration in calcium—

free medium (Figure 12) is in agreement with previous data on cesium,

rubidium and potassium stimulation of slice respiration in 125 mM

sodium chloride medium with 1.5 mM calcium (Hertz and Schou, 1962).

The similarities between the rubidium and potassium stimulation curves,

the maximum level of slice respiration being about 140-150 uMoles of

oxygen/g tissue (wet weight)/hour, and the potassium stimulation being

somewhat greater than the cesium or rubidium stimulations at 100 mM

concentrations are also in agreement with the previous data of Hertz

and Schou (1962). Based on previous data that potassium depolarizes

nerve cell membrane (McIlwain, 1951a; Li and McIlwain, 1957), one

might speculate that cesium and rubidium have similar actions. Based

on the resemblance between the activation by potassium, rubidium and

cesium of Na+,K+-ATPase—associated slice respiration (Figure 12) and

the activation by these cations of microsomal Na+,K+- ATPase in the

experiments of Skou (1960), one might speculate that rubidium and

cesium are acting here to substitute for potassium in stimulating

brain slice respiration via a stimulating of membrane Na+,K+—ATPase

activity. The observation that ouabain, a specific inhibitor of
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microsomal Na+,K+-ATPase (Skou, 1957), inhibits rubidium and cesium

stimulation of respiration in a high sodium medium, supports the

hypothesis that the rubidium plus sodium, and cesium plus sodium,

stimulations of respiration are associated with stimulation of the

Na ,K+-ATPase enzyme in intact cells. Since the dose-dependency of

ouabain's inhibition is similar following stimulation by potassium,

rubidium or cesium, this further supports the hypothesis that the

same or similar mechanisms are involved in potassium, rubidium and

cesium's stimulation of slice respiration. The fact that with pro—

longed incubation 1 uM ouabain inhibits sodium plus cesium stimulated

brain slice respiration also supports the hypothesis that sodium and

cesium are acting to stimulate membrane ATPase activity in these

intact cells (Figure 15). The longer time needed to produce inhibi-

tion at this lower concentration of ouabain may be due to 1) slower

ouabain binding to membrane ATPase, 2) delay in altering ATP/ADP

levels controlling respiration, and/or 3) more gradual increases in

inhibitory intracellular sodium concentration.

An explanation for ouabain's lack of effect in a sodium—free

medium (Figure 4) could be that pump-associated respiration is

minimal in sodium-free medium as suggested by Whittam (1962a). An

alternative explanation could be that in the absence of extracellular

sodium, ouabain can only minimally bind to the membrane Na+,K+—ATPase

and therefore can exert only a minimal effect on any remaining active

transport associated respiration. Schwartz et a1. (1968) have

demonstrated that cardiac glycoside binding to microsomal Na+,K+-ATPase

is greatly enhanced by sodium in the presence of magnesium and ATP.

The role of sodium in ouabain inhibition of active transport in red
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cell ghosts has been demonstrated by Schatzmann (1965). The role of

sodium in ouabain binding to and inhibition of Na+,K+-ATPase in

other tissues, e.g., in brain slices, is less well understood. The

time course of ouabain's inhibition of Slice respiration after the

addition of sodium to high potassium medium (Figure 5) suggests that

sodium is necessary for specific binding of ouabain to brain slices.

After sodium addition, ouabain at 100 uM concentrations rapidly

blocks sodium-stimulated respiration, while ouabain at 10 uM concen—

trations blocks this respiration to a lesser degree and after greater

delay (Figure 5). This gradual inhibition of sodium, plus potassium

stimulation with time indicates that ouabain is probably not bound

before sodium addition. The delayed binding in this system is

probably similar to that observed previously in purified enzyme

systems by Allen et a1. (1970) and Akera (1971). Potentially another

reason contributing to ouabain's lack of inhibitory effect on brain

slice respiration in a sodium-free medium is that the increase in

intracellular sodium concentration that is secondary to ouabain's

inhibition of Na+,K+-ATPase in high sodium medium (Figure 8) cannot

occur in a sodium-free medium.

The result that only sodium addition stimulates slice respiration

in an initially sodium-free medium containing 100 mM potassium

(Figure 23) demonstrates the absolute requirement of sodium for stimu-

lation of brain slice respiration. It demonstrates that combinations

of potassium plus rubidium, potassium plus cesium, and potassium plus

lithium do not yield higher rates of respiration, and therefore pro-

bably do not have higher rates of Na+,Kf-ATPase activity than those

in potassium plus choline control. The combinations of monovalent
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cations that stimulate respiration include sodium, plus in decreasing

order either potassium, rubidium or cesium, but not lithium. This is

the same order as seen for monovalent cation stimulation of microsomal

ATPase activity in the presence of 100 mM sodium and 3 mM magnesium

(Skou, 1960). The present results with monovalent cations are con-

sistent with the hypothesis that intracellular sodium concentration

is the predominant factor controlling the magnitude of Na+,K+-ATPase-

associated respiration in slices from brain.

Previously, investigators have shown that brain or kidney slices

leached and incubated thereafter in a sodium-free medium containing

either 125 mM lithium (Hertz and Schou, 1962) or 140 mM lithium (Willis

and Fang, 1970) Show very high rates of respiration. This lithium

stimulation has been shown to be inhibited by ouabain (Willis and

Fang, 1970), as well as by the addition of sodium in concentrations of

50 to 125 mM (Hertz and Schou, 1962). Following an initial stimula-

tion, there has been Shown to occur a rapid and significant decline in

slice respiration with very high concentrations of lithium. In human

erythrocytes, lithium can substitute for sodium or potassium in stimu-

lating ouabain-sensitive Na+,K+—ATPase activity, but in this system

net transport of lithium is negligible (Willis and Fang, 1970). The

hypothesis has therefore been advanced that lithium stimulates Na+,K+-

ATPase activity by uncoupling the active transport of cations from

the hydrolysis of ATP. Early studies of lithium's effect on brain

Na+,K+-ATPase have Shown that lithium is the poorest activator of

this enzyme, having about one eighth the apparent affinity and one

quarter the efficacy of potassium ions (Skou, 1960). Lithium will

substitute for sodium, however, in stimulating the phosphorylation
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(Skou and Hilberg, 1969), as well as substitute for potassium in

stimulating the dephosphorylation of Na+,K+-ATPase (Tobin et al.,

1974). In the present studies, lithium either has no effect or

tends to decrease slice respiration in high sodium, low potassium

medium (Figure 16), or in high potassium medium with varying concen-

trations of sodium added (Figure 17). This may represent either a

lack of primary effect in an intact brain cell system, or reflect

simultaneous stimulation and inhibition, with inhibition predominating

with time. The mechanism of inhibitory effects remains to be eluci-

dated. If lithium has inhibitory effects on the Na+,Kf-ATPase and

the Na+,K+-ATPase-associated respiration, lithium would be expected

to inhibit respiration in the presence of sodium, but not in sodium-

free medium. In the present experiments (Figure 17) increasing

inhibition by 20 mM lithium with increasing concentrations of sodium

has been observed. At the concentration of lithium studied, however,

it is not possible to analyze whether lithium produced a change in

the slope or if it shifted the sodium stimulation curve in parallel

to the right. It is thus impossible to determine if the lithium

inhibition is competitive or non-competitive with respect to sodium.

The present results in general do not support the lithium uncoupling

hypothesis as proposed by Willis and Fang (1970), or the stimulatory

role of lithium as postulated by Tobin et a1. (1974). The therapeutic

plasma lithium concentration in man is in the range of 0.6 to 1.5 mEq/

liter, with toxic effects seen at blood levels of lithium above 1.5

mEq/liter (Gershon, 1970). Since concentrations of lithium from 0

to 30 mM had no significant effects on brain cortical slice respiration

in a high sodium, low potassium medium, lithium at reasonable
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therapeutic concentrations in an intact brain cell system, and pre-

sumably in the intact animal, probably has no significant effect on

brain Na+,K+-ATPase.

Univalent thallous ions resemble potassium in both their

chemical and biological effects. Mullins and Moore (1960) found

that similarly to potassium, thallous ions accumulate in muscle

fibers and depolarize membranes. Gehring and Hammond (1967) demon-

strated that thallous and potassium ions are handled similarly in

dog kidney, and that thallous ions in the presence of sodium can

activate rat erythrocyte Na+,K+-ATPase activity. Subsequently, Britten

and Blank (1968) have shown that thallous ion could replace potassium

in the activation of Na+,K+-ATPase from rabbit kidney. In these

experiments, thallous ion was shown to have an affinity approximately

10 times greater than potassium for the potassium activating site on

the ATPase (Britten and Blank, 1968; Inturrisi, 1969a, 1969b).

Maslova et a1. (1971) have shown that thallous ion inhibits sodium

transport across frog skin. Recently it has been demonstrated that

concentrations of 0.5 to 1 mM thallous ion can stimulate 22Na—efflux

from red cells into a potassium-free medium; however, concentrations

above 1.0 mM thallous ion inhibit this 22Na—efflux (Skulskii et al.,

1973).

In the present experiments, thallous ion inhibits brain slice

respiration in both a high potassium and potassium-free medium. An

exception to this occurs with 0.3 to 1.0 mM thallous ion, where brain

slice respiration is somewhat higher than control in potassium-free

medium during the first half hour of incubation. Thus, the effect of

thallous ion on slice respiration may be biphasic. At low
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concentrations, it stimulates respiration in potassium-free medium by

stimulating Na+,K+-ATPase. At high concentrations inhibition is pre-

dominant. The inhibition by thallous ion in potassium-free and high

potassium media is probably the result of direct damage to mitochondria.

This may be similar to that described in cultured nervous tissue by

Spencer et a1. (1972, 1973). Significant inhibition occurs with con-

centrations of from 0.3 to 10 mM thallous ion in potassium-free

medium, while significant inhibition of brain slice respiration

occurs only with 3 mM, and not with 0.1 to 1.0 mM, thallous ion in

high potassium medium. The decrease in slice respiration due to

thallous ion in the presence of 100 mM potassium is also slower and

less marked than that observed in potassium-free medium. From these

data it might be concluded that thallous ion is more potent in its

inhibition of slice respiration in the absence of potassium. There

may be several explanations for this: 1) high concentrations of

potassium ion compete with thallous ion for binding sites within the

cell, i.e., probably in mitochondria, thereby partially protecting

these intracellular structures from thallous ion, and 2) with high

potassium concentrations, the coupled transport of sodium out of the

cell continues, whereas in a potassium-free medium it does not; there-

fore, in potassium-free medium, intracellular sodium concentration

rises. This rise in intracellular sodium in conjunction with increased

thallous ion within the cell may cause a decrease in respiration.

Another possibility is that thallous ions and potassium ions compete

at the cell membrane. Whereas potassium stimulates the rapid dephos-

phorylation of Na+,Kf-ATPase, and then itself is released from the

enzyme, thallous ion, with a much higher affinity, is slower to be
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released (Inturrisi, 1969a, 1969b). Potassium stimulates a more

+ + , , ,

rapid turnover of the Na ,K -ATPase, yielding higher rates of

respiration.

In conclusion, monovalent cations can alter brain slice respira-

. .++

tion by presumably affecting Na ,K -ATPase actiVity in intact cells.

Such effects, however, are observed only with extremely high concen-

trations of these cations. Thallous ion is the only monovalent cation

which affects brain slice respiration at low concentrations. Thus,

it appears that pharmacologic effects of lithium and rubidium are not

. . + + . . . .

due to their action on Na ,K -ATPase actiVity. The only exception is

low concentrations of lithium which stimulate brain slice respiration

slightly under certain conditions. The statistical and biological

significance of such a stimulation should be investigated further.

D. Effects of Chlorpromazine and Its Metabolites

on Brain Respiration and Na+,K+-ATPase

 

 

Chlorpromazine at concentrations above 100 pM has been demon-

strated to inhibit oxygen consumption of brain slices and homogenates

from a variety of species in Krebs Ringers medium (Courvoisier et al.,

1953; Ganshirt and Brilmayer, 1954; Magee et al., 1956). These

experiments were performed under conditions in which Chlorpromazine

would be inhibiting either Mgz+-ATPase activity, or only the small

"resting" Na+,K+—ATPase activity observed in high sodium, low potassium

medium (Bernsohn et al., 1956; Magee et al., 1956). In the present

experiments, 10 to 100 uM Chlorpromazine markedly inhibited slice

respiration associated with Na+,Kf-ATPase activity, but not respira—

tion in sodium-free medium. It thus appears that the sodium, potassium-

stimulated portion of respiration is more sensitive to the inhibitory
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action of Chlorpromazine than the non—stimulated respiration. This

is consistent with the differential inhibitory effect of Chlorpromazine

free radicals on isolated Na+,K+-ATPase and Mg2+-ATPase (Akera and

Brody, 1968, 1969).

Chlorpromazine is known to undergo 7-hydroxylation in animals

(Fishman and Goldenberg, 1963). The 7,8-dihydroxychlorpromazine

metabolite has been found in biological samples taken from human

patients on Chlorpromazine therapy (Turano et al., 1973). The

7-hydroxychlorpromazine metabolite has been Shown to possess pharma—

cological activity similar to that of Chlorpromazine (Manian et al.,

1965; Tjioe et al., 1972), and both 7-hydroxy- and 7,8-dihydroxy-

Chlorpromazine have been shown to stimulate state 4 respiration in

concentrations of approximately 100 uM (Tjoie et al., 1972). Tjioe

et a1. (1972) have Shown that with 7-hydroxychlorpromazine state 3

mitochondrial respiration is slowed and the state 4-3 transition

becomes less Sharply defined. The 7,8—dihydroxychlorpromazine

metabolite initially stimulates state 4 respiration with glutamate

and succinate; however, with time 7,8-dihydroxychlorpromazine gradually

causes a decrease in state 4 mitochondrial respiration (Tjioe et al.,

1972). It has been suggested that this inhibition may be due to the

native 7,8-dihydroxychlorpromazine, its semiquinone free radical or

its corresponding orthoquinone (Tjioe et al., 1972). It has also

been proposed that sulfhydryl groups in mitochondria may be the sites

of interaction of these hydroxylated metabolites (Tjioe et al., 1972).

Additionally, hydroxylated metabolites of Chlorpromazine have been

shown to be potent inhibitors of Na+,K+—ATPase (Akera et al., 1974;

Brody et al., 1974).
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The lack of effect of 7-hydroxy- and 7,8-dihydroxychlorpromazine

on brain slice respiration in vitro may be due to 1) their inability

to penetrate cell membrane, being more polar and less lipid soluble

than the native drug (Forrest et al., 1968), or 2) their rapid chemical

or photooxidation to inactive sulfoxide metabolites during the course

of the experiment. Although the Na+,K+-ATPase is located on the cell

membrane, the Site which interacts with hydroxylated Chlorpromazine

or SH inhibitors may be located on the inner aspect of the cell

membrane.

Chlorpromazine injected in vivo at a dose of 30 mg/kg produces

no significant effects on rat brain slice respiration. Although

Grenell et a1. (1955) have found that Chlorpromazine at doses of

10 mg/kg and 50 mg/kg significantly increases ATP levels in the

brain, such an effect may be a result of sedation produced by chlor-

promazine rather than the result of an inhibition by Chlorpromazine

of the ability to break down ATP as initially proposed by these

investigators. Other central depressants such as barbiturates also

may increase brain ATP levels, although they have no direct effect

on Na+,K+-ATPase (LePage, 1946; Gerlach et al., 1958). The present

experiments studying Mg2+—ATPase and Na+,K+-ATPase activity in whole

brain homogenates from rats acutely or chronically treated with

Chlorpromazine show that Chlorpromazine at a dose of 30 mg/kg in

vivo has no significant effect on rat brain ATPase activity subse-

quently assayed in vitro (Figure 28). These data, however, might be

related to the reversibility or irreversibility of Chlorpromazine

binding to the ATPase enzyme. If Chlorpromazine free radical binding

+ +

to sulfhydryl groups on the Na ,K -ATPase were involved in the
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. . . . . + +

ChlorpromaZine inhibition of Na ,K -ATPase, as suggested by Akera and

Brody (1968, 1969), one would expect this inhibition to be irreversible.

. . . . + + . .
If ChlorpromaZine interaction With Na ,K —ATPase were reverSible, this

. . . . . . + +

might explain why an inhibition of Na ,K -ATPase could not be observed

subsequently in vitro. Alternatively, free radical formation from

Chlorpromazine occurs only at certain anatomical sites within the

brain, and therefore specific analysis of various areas of the brain

would be necessary in order to find such an effect (Brody et al.,

1974).

E. Effects of Digitoxin on Brain Respiration

and Na+,K+-ATPase Activity

 

 

The specific inhibition by digitoxin administered in vivo of

rat brain Na+,K+-ATPase and sodium plus potassium-stimulated brain

slice respiration is consistent with the hypothesis that cardiac

glycosides specifically affect Na+,K+-ATPase and not Mgz+-ATPase

activity in vitro and in vivo (Schwartz et al., 1975). It is similar

to Na+,K+-ATPase inhibition observed following in viva administration

of cardiac glycosides in several other tissues, including the kidney

(Palmer and Nechay, 1964; Hook, 1969) and heart (Akera et al., 1969,

1970; Besch et al., 1970; Allen et al., 1970, 1975; Goldman et al.,

1973).

The present data that digitoxin injected in vivo in rats inhibits

at high doses both sodium plus potassium-stimulated respiration of

brain Slices and the Na+,K+-ATPase activity of whole brain homogenates

when assayed in vitro suggest that the dissociation of the glycoside

from Na+,K+-ATPase enzyme is relatively slow in brain from this species.

Tobin and Brody (1972) have shown that the dissociation half-time of
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the ouabain-enzyme complex from both dog heart and rat brain is long

(i.e., about 45 minutes). Akera et a1. (1970) have observed inhibi-

tion of Na+,K+-ATPase activity in dog heart tissue following infusion

of ouabain, but have failed to observe significant inhibition of

brain Na+,K+-ATPase in the dog. Both canine brain and heart Na+,K+-

ATPase are sensitive to cardiac glycoside inhibition in vitro, and

both have been reported to have a relatively long half-life for ouabain

dissociation similar to that of rat brain enzyme (Tobin and Brody,

1972). Several other factors, however, might explain the inhibition

of enzyme from dog heart and rat brain, and lack of inhibition of

enzyme from dog brain. These include differences in the drug or

dosages used. The drug used in the dog studies of Akera et a1. (1970)

was ouabain, which penetrates less readily across lipid membranes

(Greenberger and Caldwell, 1972) and presumably less well across the

blood brain barrier than digitoxin (Friedman et al., 1952). Further,

in the studies by Akera et a1. (1970), the average dose of ouabain

used in the dogs was 27-66 ug/kg. This dose of ouabain resulted in

a non-Significant decrease in dog brain Na+,K+-ATPase activity of 16%

(Akera et al., 1970). In the present rat brain studies, much higher

doses of digitoxin in the range of 4 to 30 mg/kg were used. Adminis-

tration of these high doses was possible because the rat heart is

relatively insensitive to digitalis. In the present studies in rats,

high doses of digitoxin produced a significant 35% inhibition of brain

Na+,K+-ATPase activity (Figure 30). Thus, in relatively digitalis-

insensitive Species such as the rat (Repke et al., 1965), administra-

tion of the inotropic dose of digitalis may cause an inhibition of

+ + . . .

brain Na ,K —ATPase. Events which may be assoc1ated With central
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excitation were reported following the administration of digitalis in

rats (Gold at al., 1947). In the experiments of Gold et a1. (1947)

digitoxin and other more lipid soluble cardiac glycosides were more

effective in producing convulsions in the rat than was ouabain.

In highly digitalis-sensitive species, including man, it is not likely

that administration of the relatively low doses of digitalis used

clinically would cause significant inhibition of brain Na+,Kf-ATPase.

In vivo administration of digitoxin in rats resulted in inhibi-

tion of brain slice respiration at lower doses than were required for

significant effects on Na+,K+-ATPase activity. Maximal digitoxin

inhibition of sodium, potassium-stimulated respiration was to about

45% of control, while maximal digitoxin inhibition of Na+,Kf-ATPase

was to about 65% of control. This greater inhibition of slice respira—

tion in the presence of high concentrations of sodium and potassium

may involve both a decrease in ADP generation and an inhibitory effect

of intracellular sodium secondary to inhibition of the Na+,K+-ATPase.

The lack of effect of digitoxin on slice respiration in the absence of

sodium would be consistent with in vitro cardiac glycosides having no

effect on respiration in sodium-free media. The lack of effect of

digitoxin on MgZ+-ATPase activity in vivo would be consistent with the

lack of effect of cardiac glycosides on Mgz+-ATPase in vitro.

In summary, the specific inhibition following digitoxin administra-

tion in vivo of rat brain Na+,K+-ATPase and sodium plus potassium—

stimulated brain Slice respiration assayed in vitro occurs only at

extremely high doses of digitoxin, and may involve both changes in

intracellular cations and inhibition of ADP generation.
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