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Effects of Ouabain on Cerebral Metabolism and
Transport Mechanisms in vitro
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This work is part of a study of the effects of
metabolic inhibitors and neurotropic agents on the
formation of amino acids from glucose in the
isolated rat-brain cortex, some results of which have
been reported (Gonda & Quastel, 1961). We have
examined the action of ouabain, a drug well known
for its inhibitory effects on electrolyte transport at
the cell membrane (Schatzmann, 1953; Kahn &
Acheson, 1955; Glynn, 1957; Caldwell & Keynes,
1959). This substance has remarkable effects on the
transformation of glucose into amino acids in
isolated rat-brain slices and on amino acid and
creatine transport into brain ¢n vitro. This paper
describes results that have been obtained and their
possible interpretation.

MATERIALS AND METHODS

The method for the study of the conversion of radio-
active glucose into radioactive amino acids was based on
that described by Kini & Quastel (1959). The Warburg
manometric apparatus was used for incubation of brain-
cortex slices in oxygen at 37°. Brain-cortex slices, from
adult hooded rats of about 150 g., were placed in ice-cold
Krebs-Ringer phosphate medium of the following compo-

sition: NaCl, 128 mm; KCl, 5 mm; CaCl,, 3-6 mm; MgSO,,
1-3 mm; Na,HPO,, 10 mm (brought to pH 7-4 with N-HCI).
For study of the effects of high K* ion concentrations, the
KCl concentration in the medium was increased to 105 mwm,
the concentrations of the other ions remaining the same.
The slices were prepared with a Stadie-Riggs microtome,
care being taken that the slices were not more than 0-3 mm.
thick, but not so thin that they tended to disintegrate
when shaken in a Warburg manometric apparatus. The
slices (average wet wt. 80-90 mg.) were weighed at once on
a torsion balance and suspended in the incubation medium
in chilled manometric vessels. The dry wt. of the slices
prepared under these conditions was approximately 169,
of the wet wt. The final volume of medium in each Warburg
manometric flask was 1 ml. and each flask contained 5 mm-
glucose uniformly labelled with 14C. Corrections were not
made for swelling of the tissue. This was variable and did not
exceed 109,.

After aerobic incubation for 1 br. at 37°, the flasks were
chilled in crushed ice, and the slices were removed, rinsed
with a small quantity of Krebs—Ringer phosphate medium,
suspended in 5 ml. of 809, (v/v) ethanol and homogenized
in a Potter—Elvehjem homogenizer. The homogenizer was
washed with small portions of 80 9, ethanol and the washings
were added to the original homogenate. The homogenate
was kept at 5° for 2 hr., then centrifuged; the ethanolic
extract was collected and the insoluble residue washed
twice with 1-5 ml. portions of 80 9, ethanol and finally with
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1 ml. of water. The pooled ethanolic extract was evapor-
ated to dryness at room temperature in a current of air and
the dried extract was dissolved in a small amount of 80 %,
ethanol and ‘spotted ’ with a micropipette on Whatman no. 1
filter paper for two-dimensional chromatography. The sol-
vents used for chromatography were: phase I, butan-2-ol-
909 (v/v) formic acid-water (70:11:17, by vol.); phase IT,
909% (w/v) phenol-water-aq. NH,; soln. (sp.gr. 0-88)
(960:110:3, by vol.). The incorporation of 14C into amino
acids from [4Cg]glucose was calculated as umg.atoms of
carbon from glucose incorporated into amino acids/100 mg.
of wet tissue (Gonda & Quastel, 1962). The radioactivity,
4, of the individual amino acids on the filter paper was
corrected by a factor due to the decrease in the counting
efficiency on the paper. This factor was determined by
measuring the radioactivity, R,, of a sample (100 ul.) of the
ethanolic tissue extract on an aluminium planchet and
also that, R,, of another sample (100 ul.) spotted on filter
paper. The result for each labelled amino acid on the filter
paper (measured as counts/min.) was multiplied by R,/R,
(which was about 3-4-3-6 and was determined after each
experiment).

The corrected value of counts/min. of amino acids,
A iorr.» Was transformed to pmg.atoms of carbon by multi-
plying by a factor, F, given by: [6 x amount of glucose
(um-moles) in the incubation medium]/[radioactivity of
glucose (counts/min.) in the incubation medium]. The
amount of glucose in each experiment was 5000 um-moles
(30 000 pmg.atoms) and the labelling was 200 000 counts/
min. Therefore F equals 0-15. Finally the term expressing
pmg.atoms of carbon was corrected for the weight of the
tissue and expressed/100 mg. wet wt. of tissue. The umg.-
atoms of carbon derived from the glucose incorporated into
amino acids in 100 mg. wet wt. of tissue are given, there-
fore, by: (A . x F x 100)/(wet wt. of tissue).

Amino acids in the incubation medium were also deter-
mined. For this purpose the sugars and salts were separated
from the amino acids by a method similar to that described
by Moore & Stein (1954). After removal of the slices, the
medium was passed through a column (0-8 cm. x 4 cm.) of
Dowex 50W (X4; 200400 mesh) resin. The column was
washed with water, and the adsorbed amino acids were
then eluted with 50 ml. of aq. N-NH; soln. and the eluate
was evaporated at room temperature in a rotating vacuum
evaporator. The residues were dissolved in a small amount
of 809, ethanol and chromatographed two-dimensionally
on Whatman no. 1 filter paper as described above. The
values for the amino acids obtained by the column chro-
matography were corrected for the loss of amino acids
during the procedure. For control purposes, labelled
amino acids were used. These were extracted from brain-
cortex slices after incubation with [14C4]glucose.

After two-dimensional chromatography the paper was
thoroughly dried and placed in contact with Kodak ‘No
Screen’ Medical X-ray film for 3 days. After the films had
been developed the radioactive spots were located on the
paper. The radioactivities of the spots on the paper were
quantitatively measured with a Tracerlab counter with a
mica window (diam. 28 mm., thickness 1-5-1-8 mg./cm.2).
The spots were divided into sizes to suit the diameter of the
counter window. Activities were corrected for background.

Incorporation of 32P into the total nucleotide fraction. The
incorporation of labelled phosphate into the total nucleo-
tides was also examined, the method used being based on
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the procedure described by Crane & Lipmann (1953). After
incubation for 1 hr. at 37°, the slices were removed from
the medium, rinsed with cold Krebs-Ringer phosphate
medium and were homogenized in the presence of 10 ml. of
109, (w/v) trichloroacetic acid in a Potter-Elvehjem
homogenizer. After removal of the proteins an aqueous
suspension of acid-washed Norit A was added (equivalent
to approx. 25 mg. dry wt.) to the supernatant. The charcoal
was sedimented by centrifuging, washed once with 10 ml.
of 59, (w/v) trichloroacetic acid and twice with 10 ml. of
water, and resuspended in a small volume of ethanol. The
ethanol suspension of the charcoal was transferred quanti-
tatively to planchets and dried under an infrared lamp.
The radioactivity of nucleotides adsorbed on the charcoal
was measured with a Tracerlab counter. Corrections for
self-absorption were not found to be necessary.

Influx of creatine and formation of creatine phosphate in
rat-brain-cortex slices. The influx of creatine and its incorp-
oration into creatine phosphate were examined as follows.
After incubation of rat-brain-cortex slices with glucose and
[1-%C]creatine, for 1 hr. at 37°, 5 ml. of ice-cold 129, (w/v)
trichloroacetic acid (containing unlabelled mm-creatine
phosphate) was added to the vessel containing the slices.
The vessels were then immersed in acetone-solid carbon
dioxide mixture. After 5 min. the contents of the vessels
were thawed and homogenized in a Potter-Elvehjem
homogenizer. The protein was sedimented by centrifuging
and re-extracted in the homogenizer with a further 4 ml. of
59, trichloroacetic acid. The two supernatants were then
combined, sufficient 5N-NaOH was added to bring the pH
to about 9-2 and 2 ml. of M-BaCl, was added. The mixture
was kept for 30 min. in an ice bath to ensure the precipita-
tion of the barium salts of inorganic and organic phosphates
and was then centrifuged. The precipitate was discarded
and 4 vol. of ice-cold ethanol (previously adjusted to
pH 9-2) was added to the supernatant which was then
kept overnight at —10°. The water-soluble 809, ethanol-
insoluble barium salt was then sedimented by centrifuging
and the supernatant discarded. The barium salts were
washed twice with 5 ml. of 809, ethanol (previously ad-
justed to pH 9-2), kept at —10° for 30 min. and then
centrifuged. The suspension was plated on tared aluminium
planchets, dried under an infrared lamp, weighed and
counted with a Tracerlab counter with a mica window
(diam. 28 mm., thickness 1-5-1-8 mg./cm.?). Radioactivi-
ties were corrected for background and self-absorption.

The creatine phosphate in some experiments was identi-
fied by paper chromatography. The water-soluble 809,
ethanol-insoluble barium salt was dissolved in a minimum
volume of N-HCI at 0°. Any insoluble material was sedi-
mented by centrifuging and sufficient N-NaOH was added
to the clear solution to bring the pH to about neutral
(phenolphthalein was added as indicator). The solvent
used for chromatography was 909, phenol-water-aq. NH;
soln. (sp.gr. 0-88) (960:110:3, by vol.). After paper chro-
matography the paper was thoroughly dried and placed in
contact with Kodak Medical ‘No Screen’ X-ray film for
3 days. After the films had been developed the radioactive
spots were located on the paper. The R; of the water-
soluble 809, ethanol-insoluble compound was about 0-15,
and that of the control creatine was about 0-8. Hydrolysis
of the 809, ethanol-insoluble barium salt in N-HCl for
7 min. resulted after paper chromatography in the dis-
appearance of the spots with R, 0-15 and appearance of
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radioactive spots with Ry 0-8, identical with that of the
control creatine.

Preparation of glutamine synthetase. A procedure similar
to that of Elliott (1951) was used. Acetone-dried grey
matter of rat-brain-cortex slices was extracted with 10 vol.
of water for 10 min. with very gentle stirring. The extract
was centrifuged, and the supernatant was filtered through
cotton wool, cooled to 4° and mixed with 0-2 vol. of 0-1M-
sodium acetate buffer, pH 4-2. The precipitate was col-
lected by centrifuging, washed twice by suspension in cold
water and centrifuging, and finally redissolved in water
(half the original volume of extract) by adjusting the pH
to 6-8 with a little NaOH. The enzyme preparation was
incubated aerobically in the presence of uniformly labelled
glutamate, ATP and NH,CI for 1 hr. at 37°. The composi-
tion of the incubation medium was: L-[C;]glutamate,
10 mm; Na,HPO, (brought to pH 7-4 with N-HCl), 2 mm;
ATP, 10 mm; MgSO,, 10 mm; NH,CI, 5 mm; total vol.
1 ml. The enzymic reaction was stopped by adding 4 vol. of
969, (v/v) ethanol. The proteins were sedimented by
centrifuging and the labelled glutamine was separated from
the glutamic acid by two-dimensional paper chromato-
graphy and detected by radioautography.

Measurements of uptake of L-[1*C;lglutamate and [1-14C]-
creatine by rat-brain-cortex slices. After aerobic incubation
for 1 hr. at 37° in an appropriate medium the slices were
removed, weighed and rinsed in a Krebs-Ringer phosphate
medium and homogenized in 10 ml. of 809, ethanol. The
homogenate was centrifuged, and a portion of the super-
natant was plated and counted. Details of the procedure
are given by Vardanis & Quastel (1961).

Reagents. [14Cg]Glucose and L-[*C;lglutamate were
purchased from Merck and Co., Montreal. Ouabain was
supplied by Nutritional Biochemicals Corp. Dowex 50W
(X 4) resin was obtained from Dow Chemical Co., Montreal.
All other chemicals were of reagent grade and were used
without further purification.

RESULTS

Ouabain and rat-brain-cortex respiration. Ouabain
at low concentrations (e.g. 10uM) has no effect
within experimental error on the rate of oxygen
uptake of rat-brain-cortex slices incubated at 37°
in glucose/Krebs-Ringer phosphate medium. When
the concentration of ouabain is increased in-
hibitory effects are observed. These are small when
the incubation is carried out in a medium contain-
ing 5 m-equiv. of K* ion/l. but relatively large in
the presence of 105 m-equiv. of K* ion/l. Table 1
shows that the stimulation of respiration due to
added (100 m-equiv./l.) K* ions is almost com-
pletely suppressed by mM-ouabain. Closer ex-
amination of these results shows that ouabain, at
the concentrations tested, inhibits the total respir-
ation to a roughly similar extent in the presence of
either 5 or 105 m-equiv. of K* ion/l. For example,
with 0-1 mM-ouabain, the percentage inhibitions
are 17 and 26 respectively. Thus ouabain inhibits
brain-cortex respiration ¢n vitro, the inhibition in-
creasing with its concentration presumably by its
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well-known suppression of the transport mech-
anisms responsible for K* ion uptake and Na*+ ion
extrusion. On the other hand, the addition of K+
ions stimulates brain-cortex respiration, presum-
ably through its intermediate effect on cation dis-
placements at the cell membrane. Thus ouabain
and K* ions may be considered to exert antagon-
istic effects on brain-cell respiration.

Effects of ouabain on the incorporation of 32P into
the nucleotide pyrophosphate fraction in rat-brain-
cortex slices. Although it is known (Kunz & Sulser,
1957; Furchgott & de Gubareff, 1958; Lee,
Schwartz & Burstein, 1960; Cotton & Moran, 1961)
that ouabain, at the low concentrations affecting
cation transport, does not affect cell ATP concen-
trations, experiments were carried out to observe
whether 10 uM-ouabain would affect the labelling
of nucleotide pyrophosphate in rat-brain-cortex
slices. Results are shown (Table 2) in which the
effects of incubation with 2,4-dinitrophenol are also
given as a contrast with those obtained with
ouabain. Ouabain (10 uM) does not affect, within
the experimental range of variation, the labelling of
‘7 min. hydrolysable’ nucleotide pyrophosphate in
the presence of either 5 or 105 m-equiv. of K* ion/l.
The marked suppressing effect of dinitrophenol
(Terner, Eggleston & Krebs, 1950) and the lesser
effect of increased K' ion concentration on the
nucleotide pyrophosphate labelling are also shown
in Table 2. The latter result might be expected
from the decreased concentration of brain creatine
phosphate caused by increased extracellular K* ion
concentrations (Gore & McIlwain, 1952; McIlwain,

Table 1. Effects of ouabain at various concentrations
on rat-brain-cortex respiration in glucose/Krebs—
Ringer phosphate medium after incubation for 1 hr.
at 37°

Rat-brain-cortex slices from adult hooded rats of about
150 g. were placed in ice-cold Krebs-Ringer phosphate
medium of the following composition: NaCl, 128 mm;
CaCl,, 3-6 mm; MgSO,, 1-3 mm; Na,HPO,, 10 mm (brought
to pH 7-4 with N-HCl). KCl and ouabain were added to the
main vessel at the start of the experiment. The average wet
wt. of slices was 80-90 mg. The final volume of medium in
each Warburg manometric flask was 1 ml., and each flask
contained 5 mM-glucose. The temperature of incubation
was 37°. Incubations were carried out in oxygen for 1 hr.
The results are means+s.p. of six independent determi-
nations.

Q,

[K+] (m-equiv./L) ... "5 105

Concn. of ouabain (mm)
0 88404 12-940-5
0-01 8-84+04 12-04-0-4
01 7-3+0-3 9-6+0-3
1 6-3+0-3 6:7+0-3
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1952; Heald, 1954 ; Rossiter, 1957) and the opera-
tion of creatine phosphokinase.

Ouabain and glucose—amino acid interrelations.
Table 3 shows the effects of 10 um- and pm-ouabain
on the amounts of radioactive amino acids found in
rat-brain-cortex slices after incubation with radio-
active glucose (5 mm) for 1hr. at 37° in Krebs-
Ringer phosphate medium containing either 5 or
105 m-equiv. of K* ion/l. Amounts found in the
absence of Ca?* ions are also noted. The addition of
more K* ions increases the yields of labelled glut-
amine, y-aminobutyrate and glutamate, in con-
firmation of the results of Kini & Quastel (1959).

The increased yields of labelled glutamine and
glutamate found in the presence of high concen-
trations of Ktions (or in the absence of Ca?+ ions) are
attributed to a more rapid rate of turnover of the
citric acid cycle in the brain mitochondria, so that
more a-oxoglutarate is converted by transamina-

Table 2. Effects of ouabain and 2,4-dinitrophenol on
the incorporation of 32P into the total nucleotide fraction
(adenosine triphosphate and adenosine diphosphate)
in rat-brain-cortex slices in vitro after incubation for
1 hr. at 37°

Conditions were as in Table 1 except that labelled phos-
phate (10° counts/min.) was added to each vessel. The
radioactivities of the total nucleotides were determined as
described in the Materials and Methods section. The
results are means 4-s.D. of five independent determinations.

Labelling of total nucleotide
fraction (ATP and ADP)
(counts/min./100 mg.
wet wt. of tissue/hr.)

[K*] (m-equiv./l) ... 5 105
Addition
Nil 3100.£90 2700450
2,4-Dinitrophenol 1395+ 40 675+ 40
(50 )
Ouabain (10 un) 3150 4120 2740465
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tion into glutamate. Increased availability of ATP
in the mitochondria causes an increased yield of
glutamine.

The most noteworthy effect of the addition of
ouabain is its suppression of the formation of
labelled glutamine in the brain tissue, the effect
being greater in the presence of 105 than in that of
5 m-equiv. of K* ion/l. A large suppressing effect
also occurs with alanine, though this seems to be
less dependent on the concentration of K* ions.
There is no depressing effect on the yield of labelled
glutamate and relatively little on that of aspartate
or of y-aminobutyrate. The absence of Ca?+ ions
(in the presence of 5 m-equiv. of K* ion/l.), like the
addition of K* ions, increases the inhibitory effect
of ouabain on the formation of labelled glutamine.

An examination was made of the effects of
ouabain at different concentrations not only on the
radioactive amino acid content of the rat-brain-
cortex slices at the end of the incubation period but
on that in the incubating medium. Normally there
is a small leakage of amino acids from rat-brain-
cortex slices incubated aerobically in a glucose
medium, the amounts being greatest (relative to
those in the tissue) with alanine and least with
glutamate (Table 4). The presence of uM-ouabain
increases the leakage of amino acids from the
tissue, the greatest amounts (relative to those-
remaining in the tissue) occurring with glutamine
and alanine. With 10 uM-ouabain no radioactive
glutamine is to be found either in the medium or in
the tissue, but increased quantities of labelled
alanine, y-aminobutyrate, aspartate and glutamate
are found in the medium. The tissue content of
glutamate is slightly increased, and that of y-
aminobutyrate is slightly diminished.

Hence the presence of ouabain, even at a concen-
tration of 1uM, exercises a considerable influence
on the efflux of amino acids from the brain tissue
into the surrounding medium, an influence that
cannot be ascribed to any appreciable changes in

Table 3. Rates of formation of radioactive amino acids from radioactive glucose by rat-brain-cortex slices
in the presence of ouabain and [“Cglglucose

Rat-brain-cortex slices were incubated in Krebs—-Ringer phosphate medium (composition indicated in Table 1)
for 1 hr. in oxygen at 37° in the presence of [4Cq]glucose (5 mm; 200 000 counts/min.). The final volume was
1-0 ml. The results are given as means4s.p. of six independent determinations.

Amount of amino acid
(incorporated umg.atoms of carbon derived from glucose/hr./100 mg. wet wt. of tissue)
A

Concen. of ouabain (umM) 0 0 1 1 0 10 10 10
Concn. of KCI (mm) 5 105 5 105 5 5 5 105
Conen. of CaCl, (mm) 36 36 36 36 0 0 36 36
Amino acid
Glutamate 865452 965460 920+61 1030+70 1120460 810435 887442 1101+60
Glutamine 19248 341417 9545 60+5 250417 35+5 5045 Nil
y-Aminobutyrate 217410 325425 220411 280+15 170 +7 100+5 225+10 260412
Aspartate 261412 264 +15 270+ 10 282+12 290418 210411 155 4£7 163+12
Alanine 15247 162410 9847 10548 80+5 60+5 80+8 92417
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respiratory rates. Moreover, the biosynthesis of
glutamine from glucose is abolished by 10 pum-
ouabain in the presence of a high K* ion concentra-
tion. Such a concentration of K* ions shows almost
its normal stimulating effect on brain respiration in
the presence of the ouabain (Table 1).

Effects of ouabain on amino acid formation in rat-
brain-cortex slices from [YCglglucose in the presence
of L-glutamate. The ouabain suppression of glut-
amine biosynthesis from glucose is greatly dim-
inished by the addition of L-glutamate to the
glucose/Krebs—Ringer phosphate medium in which
the rat-brain-cortex slices are incubated. The
findings (Tables 5 and 7) show that addition of L-
glutamate to the [4Cglglucose medium markedly
reduces the labelling of glutamine. This is probably
due to isotopic dilution of labelled glutamate,
derived from [4Cg]glucose, by unlabelled glutamate
transferred from the medium.

The addition of 10uM-ouabain to the glucose
medium abolishes glutamine formation and reduces
the alanine content of the tissue (see also Table 4).
Addition of 10 uM-ouabain, however, to the glucose—
glutamate medium diminishes but little the radio-
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active glutamine concentration found without
ouabain and has no appreciable effect on the radio-
active alanine concentration. Decreased labelling of
aspartate, by addition of unlabelled glutamate, is
doubtless partly due to isotopic dilution [as
glutamate is converted into aspartate (see Tables 7
and 8)].

These results would be consistent with the con-
clusion that the retention of brain-cell K* ions by
a mixture of glucose and glutamate (Terner et al.
1950; Krebs, Eggleston & Terner, 1951 ; Pappius &
Elliott, 1956) diminishes the loss of K* ions in-
duced by ouabain (Gardos, 1960; Yoshida, Nukada
& Fujisawa, 1961), and that the amino acid changes
induced by ouabain are a consequence of its sup-
pression of membrane cation transfer. It is
necessary, however, to explain how such a suppres-
sion by 10uM-ouabain can cause abolition of
glutamine biosynthesis in rat-brain-cortex slices.

Effects of ammonium chloride on amino acid for-
mation in rat-brain-cortex slices from [14Cqlglucose in
the presence of ouabain. Experiments were carried
out to observe the effects of NH," ions on ouabain
inhibition of glutamine formation from [1C,]-

Table 4. Effects of ouabain on radioactive-amino acid formation from radioactive glucose by rat-brain-cortex
slices in the presence of 105 m-equiv. of K son/l.

Rat-brain-cortex slices were incubated in Krebs-Ringer phosphate medium (see Table 1) for 1 hr. in oxygen at
37° in the presence of [4Cg]glucose (5 mM), and ouabain was added where indicated. After 1 hr. the slices were
removed from the incubation medium and the labelling of amino acids was determined in the tissue and medium
ag described in the Materials and Methods section. Results are means+s.p. of four independent determinations.

Amount of amino acid (incorporated pmg.atoms of carbon derived from glucose/hr.)

Conen. of ouabain (M) ... 0 01 1 10
Amino acid ‘ Tissue Mediun; ! Tissue Medjum‘ rTis»sue Mediun; ’ Tissue Mediun;
(100 mg.) (1 ml) (100 mg.) (1 ml) (100 mg.) (1 ml.) (100 mg.) (1 ml.)
Glutamate 965+ 62 35115 960+ 57 38+12 1030+72 163+12 1101462 234 +23
Glutamine 341417 40423 350415 40418 6045 105417 0 0
y-Aminobutyrate 325425 1549 320421 1546 280415 90418 260+12 11749
Aspartate 264 +15 15411 270+13 2249 282412 4046 163 +12 80+9
Alanine 162+12 38+15 170+15 50411 10548 86+9 9247 110412

Table 5. Effects of ouabain on amino acid formation in rat-brain-cortex slices from [“Cglglucose
in the presence and absence of L-glutamate

Experimental conditions were as in Table 1. Each vessel contained [14C4]glucose (5 mm; 200 000 counts/min.);
ouabain (when present) was 10 uM, and L-glutamate (when present) was 10 mm; KCl was 105 mm. Incubation was
carried out in oxygen for 1 hr. at 37°. Values are means+s.p. of six independent determinations.

Amount of amino acid (incorporated pmg.atoms of carbon
derived from glucose/hr./100 mg. wet wt. of tissue)
—A

Additions None L-Glutamate Ouabain L-Glutamate
+
ouabain
Amino acid
Glutamate 965460 905+ 67 1101460 709470
Glutamine 341 +17 11048 0 TT+7
y-Aminobutyrate 325425 270412 260+12 220+ 10
Aspartate 264+15 220413 163 +12 110+10
Alanine 1621410 175415 9247 198+ 14
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glucose in the presence of rat-brain-cortex slices.
Results are shown in Table 6.

The effect of the presence of 10 mM-ammonium
chloride on the content of labelled amino acids
derived from [1Cglglucose in a Krebs—Ringer
phosphate medium containing 5 mM-potassium
chloride is to increase greatly the tissue concentra-
tion of labelled glutamine, in confirmation of
findings (Weil-Malherbe, 1936; Tower, 1958) that
brain glutamine concentrations are increased in the
presence of added NH," ions. The concentration of
labelled glutamate is but little affected.

The ouabain suppression of labelled-glutamine
formation is greatly diminished by the addition of
10 mM-ammonium chloride. This is also seen when
the incubation is carried out in Krebs—Ringer
phosphate medium containing 105 mM-potassium
chloride, where the suppression of glutamine bio-
synthesis by 10 uM-ouabain is greatly reduced by
the addition of 10 mM-ammonium chloride.

The increased rate of formation of labelled glut-
amine by the addition of 10 mM-ammonium chloride
in a medium containing a low concentration (5 m-
equiv./l.) of K* ions is probably partly, if not
wholly, explained by the fact that increased respir-
ation occurs on the addition of NH,* ions (Annau,
1934; Weil-Malherbe, 1938). The increased mito-
chondrial respiration secures, through an increased
rate of mitochondrial ATP formation, a higher rate
of glutamine biosynthesis. The phenomenon is, in
fact, similar to that occurring when respiring brain-
cortex slices in a glucose medium are exposed to a
high K+ ion concentration. It is presumably for
this reason that addition of NH," ions has much
less effect in enhancing glutamine formation in
brain cortex in a medium with a high K* jon con-
centration than in one containing a low K% ion
concentration.

The results with ouabain would be explained if
ouabain suppresses transport of NH," ions from the
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cytoplasm into the brain mitochondria or micro-
somes which are principal sites of glutamine
synthesis (Waelsch, 1958). If this is so, it is to be
expected that addition of NH,* ions would over-
come the suppression.

The fact that the inhibition of glutamine bio-
synthesis by ouabain is greater in the presence of
105 than in that of 5 m-equiv. of K* ion/l. could be
explained if the carrier sites required for the trans-
port of NH," ions at the mitochondrial membrane
are also capable of taking up K* ions, so that fewer
NH," ions are transferred when the cell Kt ion
concentration is high (as with a high external K*
ion concentration) than when it is diminished (as
with a low external K ion concentration).

Lack of effect of ouabain on glutamine synthetase.
Although 10 pM-ouabain cannot directly inhibit (to
any appreciable extent) the activity of glutamine
synthetase (Tables 5 and 6), experiments were
carried out with the isolated enzyme system. The
results show that 10 um-ouabain has no inhibitory
effect on glutamine synthetase under the given
experimental conditions. After incubation of
10 mM-L-[14C;]glutamate for 1hr. at 37° under
aerobic conditions in the presence of ATP, am-
monium chloride, Mg?+ ions and a preparation
of glutamine synthetase from brain-cortex slices
(see Materials and Methods section), the amount of
glutamine formed, expressed as umg.atoms of
carbon derived from glutamate, was 1980 + 105;
in the presence of 10 uM-ouabain the value was
2010 + 112, the results being means +s.D. of four
experiments.

Radioactive-amino acid formation from radioactive
glutamate and glucose in the presence of rat-brain-
cortex slices. Table 7 shows the pattern of amino
acids formed from L-['4C;]glutamate, [**Cglglucose
and mixtures of labelled glutamate and glu-
cose. The results are similar to those described by
Takagaki, Hirano & Nagata (1959). The labelled

Table 6. Effects of ammonium chloride on amino acid formation in rat-brain-cortex slices from [1*Cglglucose
in the presence and absence of ouabain

Composition of the incubation medium was as indicated in Table 1. Each vessel contained [1¢Cq]glucose (5 mM;
200 000 counts/min.). Ouabain (when present) was 10 um; NH,Cl (when present) was 10 muM. Incubations were
carried out in oxygen for 1 hr. at 37°. The results are means+s.D. of four independent determinations.

Amount of amino acid
(incorporated umg.atoms of carbon derived from glucose/hr./100 mg. wet wt. of tissue)
A

Concn. of KCI (my) ... ... 5 105 K
Additions " Nome  Ouabain  NH,C1  Ousbain ~ None  Ouabain  NH,Cl  Ouabain
+ +
NH,CI NH,Cl
Amino acid
Glutamate 865452 887442 830451 730440 965460 1101+60 924470 730430
Glutamine 19218 5045  340+17 280112  341£17 0 395420 15547
y-Aminobutyrate 217+10  225+10 17048  190+10 325425  260+12 366415  205+10
Aspartate 261+12 15547 278115 18247  264+15  163+12 256413 23015
Alanine 15257 808  190+10  60+6  162+10  92+7 180410 14547
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amino acids derived from labelled glutamate are
aspartate, glutamine, and y-aminobutyrate. No
labelled alanine is observed (within the experi-
mental error). This result would be expected if the
labelled glutamate is converted into a-oxoglutarate
and thence into oxaloacetate, which is then trans-
aminated to give labelled aspartate. Presumably
the labelled pyruvate, derived from oxaloacetate,
is converted into acetyl-CoA before any appreciable
transamination to give alanine can take place.

The addition of unlabelled glucose to L-[14C;]-
glutamate greatly increases the labelling of
glutamine, y-aminobutyrate and aspartate. This is
attributed to the marked increase of uptake of
glutamate into the brain cells in the presence of
glucose.

Effects of ouabain on radioactive amino acids
derived from radioactive glutamate in rat-brain-
cortex slices. Experiments were carried out to
observe whether 10 uM-ouabain affects the rates of
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formation of amino acids from L-[14C;]glutamate in
rat-brain-cortex slices respiring in glucose/Krebs—
Ringer phosphate medium containing 5 m-equiv.
of K* ion/l. Results are shown in Table 8.

In the presence of ouabain and mwm-L-[14C,]-
glutamate the yield of labelled glutamine is almost
completely suppressed, with no diminution of the
yields of labelled aspartate and y-aminobutyrate.
Such a result is consistent with the inhibitory
effect on glutamine biosynthesis from glucose by
ouabain at low concentrations (10 um) (Table 4).
When the concentration of labelled glutamate in
the medium is increased, the percentage (but not
the absolute) inhibition by ouabain is diminished.
As the external glutamate concentration is in-
creased, more labelled glutamine is formed, the
amount being proportional to the amount of
glutamate. This is probably due to the fact that the
glutamate concentration in the cell is not sufficient
to saturate the synthesizing enzyme and that the

Table 7. Metabolism of rat-brain-cortex slices in the presence of glucose, L-glutamate, or a mixture of glucose
and L-glutamate

Composition of the incubation medium was as indicated in Table 1 except that [14C;]glucose and L-[1Cs]-
glutamate were added where indicated. The final vol. was 1 ml. and incubation was carried out in oxygen for
1 hr. at 37°. KCl was5mM. The results are means+s.D. of five independent determinations.

Amount of CO, or amino acid (incorporated umg.atoms of carbon
derived from glutamate or glucose/100 mg. wet wt. of tissue)
N

r

N

y-Amino-
Additions Qo, 1CO, Glutamate Glutamine butyrate Alanine Aspartate
[14C¢]Glucose (5 mM; 200 000 counts/ 88104 25831175 850+48 197410 222411 16047 25849
min./vessel)
L-[1C;]Glutamate (10 mm; 90 000 94404 3519+133 59504350 1670+105 520425 0 41004290
counts/min./vessel)
[14C,]Glucose (5 mm; 200 000 counts/ 10-3+0-3 21194105 575+45 90+10 190415 155413 232418
min./vessel) + L-glutamate (10 mm;
unlabelled)
L-[1C];Glutamate (10 mm; 90 000 10-3+0-4 3400+155 130004500 3878491  870+20 0 4300+ 75

counts/min./vessel) + glucose (5 mm;
unlabelled)

Table 8. Rates of formation of radioactive amino acids from radioactive glutamate by rat-brain-cortex
slices in the presence of ouabain

Conditions were as in Table 1. Glucose (5 mM) was present throughout; L-[1*C;]glutamate (90 000 counts/
min.) was added to each vessel at the concentrations indicated. The final vol. was 1 ml. and incubation was
carried out in oxygen for 1 hr. at 37°. KCl was 5mm. The results are means+s.n. of four independent deter-

minations.

Amount of amino acid (incorporated umg.atoms of carbon
derived from glutamate/hr./100 mg. wet wt. of tissue)
A

o Without ouabain With ouabain (10 1)
AL A
Conen. of L-[14C;]glutamate K
added (m) 1 5 10 1 5 10
Amino acid
Glutamate 15124107 8100+170 13000+ 50 1890110 70004120 93004130
Glutamine 423+ 23 2000460 3878 +91 30+10 620415 1000+ 30
y-Aminobutyrate 11447 530420 870420 15748 600+10 850415
Aspartate 667 1+28 2850+ 50 4300+75 739435 2250+ 50 3550+ 75
Alanine 0 0 0 0 0 0
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Table 9. Effects of ammonium chloride on amino acid formation in rat-brain-cortex slices from
L-[1C;]glutamate in the presence and absence of ouabain

Conditions were as in Table 1. Each vessel contained glucose (5 mm), L-[14C;]glutamate (90 000 counts/min.);
ouabain (when present) was 10 um, and NH,Cl (when present) was 10 muM. Incubation was carried out at 37° for
1 hr. in oxygen. KCl was 5mm. The final vol. was 1 ml. The results are means+s.D. of four independent deter-

Amount of amino acid (incorporated umg.atoms of carbon
derived from glutamate/hr./100 mg. wet wt. of tissue)

minations.

Additions " None

Amino acid
Glutamate 15124107
Glutamine 423 4+23
y-Aminobutyrate 11447
Aspartate 626128
Alanine 0

NH,Cl Ousbain  NH,Cl +ouabain
153092 18904112 1368458
428120 30110 16716
125110 15718 87111
645117 739135 560127
0 0 0

amount of condensation with ammonia increases
with the amount of glutamate available.

The addition of 10 m-equiv. of NH,* ion/l. to a
glucose—mMm-L-[1C;]glutamate medium greatly re-
duces the ouabain inhibition of glutamine forma-
tion from glutamate, but has little effect on the
glutamine formation in absence of ouabain (Table
9). In the presence of added glutamate, or with the
increased intracellillar glutamate formation from
glucose such as occurs in presence of a high K* jon
concentration, the concentration of NH,' ions
formed in the cell is sufficient to ensure optimum
glutamine biosynthesis, for added NH,* ions have
but little enhancing effect on labelled glutamine
formation under these conditions (Tables 6 and 9).
In the presence of ouabain, NH,* ions have a rate-
limiting effect on glutamine biosynthesis in rat-
brain-cortex slices, possibly owing to a diminished
mitochondrial concentration of NH," ion, either
because of loss of NH,* ions from the brain mito-
chondria or because of suppression of NH," ion
transport into the mitochondria.

Effects of ouabain on glutamate influx into rat-
brain-cortex slices. The presence of 10 um-ouabain
retards considerably the influx of glutamate into
rat-brain-cortex slices incubated aerobically in a
glucose—Krebs—Ringer phosphate medium in the
presence of relatively high concentrations of either
glutamate (5 mm) or of K* ions (105 m-equiv./L.).
This result could have been expected from the fact
that 10puM-ouabain accelerates the leakage of
glutamate, as well as that of other amino acids,
from brain-cortex slices (Table 4).

Table 10 shows that 10 um-ouabain has little or
no effect on the influx of L-glutamate (mM) in the
absence of K* ions or in presence of 5 m-equiv. of
Kt ion/l. in the incubating medium. In the presence
of 105 m-equiv. of K* ion/l., the diminution of the
influx of glutamate (mm) into the rat-brain-cortex
slices amounts to over 50 9,. Increased concentra-
tion of extracellular K+ ions itself reduces the
amino acid uptake, a phenomenon which occurs
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in isolated brain with L-glutamate (Vardanis &
Quastel, 1961), p-glutamate (Takagaki et al. 1959),
and tyrosine (Guroff, King & Udenfriend, 1961).
When the glutamate concentration in the medium
containing 5 m-equiv. of K* ion/l. is increased to
5 or 10 mM, the influx of the amino acid into the
tissue is correspondingly increased. At the same
time, the presence of 10uM-ouabain causes an
inhibition of influx which increases with increase
of concentration of the amino acid (Table 10).

The results of Table 10 give the total radio-
activity of ethanol-soluble material of the brain-
cortex slices after incubation in the glucose—L-
[*4C;]glutamate media. The values are largely
measures of the total radioactive amino acids,
formed from glutamate, present in the tissue. The
largest inhibitory effect on glutamate influx by
ouabain occurs in presence of mm-glutamate and
105 m-equiv. of K* ion/l.

This phenomenon may be accounted for as
follows. Amino acid transport into brain-cortex
slices is energy-dependent (Stern, Eggleston, Hems
& XKrebs, 1949; Elliott & van Gelder, 1958;
Tsukada, Nagata & Hirano, 1960; Schanberg &
Giarman, 1960). Abadom & Scholefield (1961)
reported that the rates of transport of some amino
acids in the presence of glucose are proportional to
the ATP concentrations in the brain. Also the
concentration of brain ATP is decreased by the
presence of a high concentration of K* ions in the
incubation medium (Rossiter, 1957), so that a
diminution of the rate of amino acid transport by
a high K7 ion concentration in the medium may be
expected. The diminution in the rate of transport of
glutamate (mwm) in a glucose medium by increase of
the extracellular K* ion concentration from 5 to
105 m-equiv./l. is only about 79, (Table 9), but
amounts to 509, with 20 mM-glutamate under
similar experimental conditions (Vardanis &
Quastel, 1961).

The increased inhibition of influx by high K* ion
concentrations, obtained with the higher concen-
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tration of glutamate, may result from a further
decrease of the concentration of brain ATP, as
glutamate may itself decrease the ATP concentra-
tion (Acs, Balazs & Straub, 1952, 1953) by opera-
tion of creatine phosphokinase (Narayanaswami,
1952) after its large depression of brain creatine
phosphate concentrations (Rossiter, 1957; Wood-
man & McIlwain, 1961); but it would be simpler to
understand this phenomenon if the carrier re-
sponsible for the transport of glutamate has also an
affinity for K* ions. If this were true, then with
high concentrations of K* ions there would be
fewer carrier sites available for the amino acid than
with lower concentrations of K* ions. Whereas the
diminished number of carrier sites would allow a
normal, or almost normal, rate of transport with a
small concentration of glutamate, it would be in-
sufficient to allow the normal rate of transport with
an increased concentration of glutamate; thus the
percentage diminution of amino acid influx by
high extracellular K* ion concentrations would be
greater with a high concentration of glutamate than
with a low concentration.

The same hypothesis makes it possible to under-
stand the larger inhibition by 10 uM-ouabain of the
transport of glutamate at high concentrations than
that of glutamate at low concentrations. Combi-
nation of glutamate-carrier sites with ouabain
would diminish the influx of glutamate, so that the
rate of transport of a large quantity of glutamate
would be more affected by ouabain than that of a
small quantity of glutamate. Moreover, a combi-
nation of ouabain and high K7 ion concentrations
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would clearly give the largest inhibitory effect of
glutamate transport. These phenomena are all
shown in Table 10.

Also, in the presence of 10 mM-ammonium
chloride, 10 pum-ouabain inhibits glutamate (mm)
transport more than in its absence (Table 10). The
possibility that this may be due largely to de-
creased cell ATP concentrations (known to be
brought about in brain by the addition of NH,*
ions) is unlikely, as the rate of transport of mm-
glutamate with 10 mM-ammonium chloride present
is approximately the same as that in its absence.
This phenomenon would be readily explained if
NH,"' ions are also taken up by the carrier or
carriers responsible for K* ion and glutamate trans-
port, the additional presence of ouabain leaving
fewer carrier sites available for the transport of the
amino acid. Such a view would be consistent with
the conclusion given above, that ouabain sup-
presses NH,* ion transport into brain mitochondria,
thus accounting for its suppression of glutamine
biosynthesis there.

The values of influx of glutamate (Table 10)
have not been corrected for the values of the
passive diffusion rates. Such corrections will not
affect the conclusions that have been made, as
subtraction of passive diffusion rates from the
observed values of influx only increases the per-
centage inhibitions of active transport of the
amino acid brought about by ouabain.

Effects of ouabain on creatine uptake by and
formation of creatine phosphate in the brain in vitro.
Experiments were carried out to observe whether

Table 10. Ejffects of 10 uM-ouabain on aerobic uptake at 37° of L-[14C;lglutamate by rat-brain-cortex slices
in the presence of various concentrations of K* and of NH,* tons

Rat-brain-cortex slices were incubated in Krebs-Ringer phosphate medium (see Table 1) for 1 hr. in oxygen at
37° in the presence of L-[14C;]glutamate and unlabelled glucose (5 mm). After incubation the slices were removed
from the medium and the radioactivities of the slices and the medium were determined as described in the
Materials and Methods section. The results are means+8.p. of four independent determinations.

Conen. of
Concn. of Conen. of  L-[¥#C;]-  Conen. of
NH,C1 KCl glutamate  ouabain
(mm) (mm) (m») (por)
0 0 1 0
0 0 1 10
0 5 1 0
0 5 1 10
0 5 5 0
0 5 5 10
0 5 10 0
0 5 10 10
0 105 1 0
0 105 1 10
10 5 1 0
10 5 1 10

Amount of uptake (incorporated umg.atoms
of carbon derived from glutamate/hr.)
A

‘ Tissue Medium
(100 mg.) (1 ml)
2843471 880421
2 882467 957430
2711 +105 845423
27604-96 860431

13 4004-265 9 650+125
10 780+189 13 100+-276
21 3004310 22 300+ 511
15 5004300 27 4004603
2 5204+ 58 1150434
1160434 2 360+59
2730481 850424
2 280-+64 1 540+ 37
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Table 11. Effects of 10 uM-ouabain on aerobic uptake at 37° of [1-14C]creatine by rat-brain-cortex slices

in the presence of different concentrations of potassium chloride

The composition of the incubation medium was as indicated in Table 1. Each vessel contained glucose
(5 mu) and [1-1C]ereatine (0-25 mm; 110 000 counts/min./vessel). Radioactivities of creatine and creatine phos-
phate in the slices and in the medium were determined as described in the Materials and Methods section. The
results are means+8.D. of six independent determinations.

Amount of uptake

(incorporated pumg.atoms of carbon derived from creatine/hr.)
A

r

A}

Tissue Total
(100 mg. wet wt. of tissue) creatine

- A N uptake Medium

Creatine corrected for (1 ml.)

Additions Creatine phosphate diffusion creatine

K+ ions (5 m-equiv./l.) 661-2-8 184+1-2 59 14445
K+ ions (5 m-equiv./l.) + ouabain (10 uM) 27411 184-0-7 20 18544
K+ ions (5 m-equiv./l.) +2,4-dinitrophenol 364+0-7 1+05 12 198+ 6

(0-1 mm)

K+ ions (105 m-equiv./l.) 33+0-2 3403 11 19545
K+ ions (105 m-equiv./l.) + ouabain (10 um) 2940-1 3+0-5 7 196 +-4

10 um-ouabain affects the uptake of labelled
creatine or the formation of labelled creatine
phosphate when rat-brain-cortex slices are incu-
bated in a glucose—Krebs-Ringer phosphate
medium in the presence of [1-14C]creatine. Thomas
(1956) showed that creatine will accumulate in
brain against a concentration gradient during
aerobic incubation in the presence of glucose.

Table 11 shows that 10 uM-ouabain in glucose—
Krebs-Ringer phosphate medium greatly dim-
inishes the influx of creatine (0-25 mM) with no
effect (within experimental error) on the labelling
of creatine phosphate.

The presence of a high concentration (105 m-
equiv./l.) of K* ions in the incubation medium
brings about both a large fall in the uptake of
creatine and in the formation of labelled creatine
phosphate. Creatine phosphate concentrations in
brain fall on exposure of the tissue to high K* ion
concentrations (MecIlwain, 1952; Kratzing &
Narayanaswami, 1953; Heald, 1954; Rossiter,
1957), presumably as a consequence of the fall of
intracellular ATP concentrations and rise in ADP
concentrations. The diminished transport of
creatine may be attributed to the lowered ATP
concentration. The suppression due to the presence
of dinitrophenol is shown in Table 11. It is, how-
ever, possible that there is competition between
K ions and creatine for a carrier site in the brain-
cell membrane.

On the addition of 10 uM-ouabain to the medium
containing 105 m-equiv. of K* ion/l., there is no
change, within experimental error, in the labelling
of the creatine phosphate and only a small further
diminution of the influx of creatine. Examination
of the medium showed increased quantities of
labelled creatine but no labelled creatine phosphate
in the presence of ouabain.

The inhibitory effect of 10 uM-ouabain on the
creatine transport is not as large as that due to
105 m-equiv. of K* ion/l., as the total creatine
uptake must be measured by the sum of the
labelled creatine and creatine phosphate found in
the tissue. Though the latter is relatively high in
the presence of ouabain, it is low in presence of the
high concentration of K* ions. The value of total
creatine uptake [i.e. the sum of creatine and phos-
phocreatine derived from [1-14C]creatine (Table 11)]
should be corrected for the creatine that enters by
passive diffusion. The maximum value for this
process is 25 um-moles (or 25 umg.atoms of carbon
derived from the labelled creatine)/100 mg. wet wt.
of tissue. After correction of the values of creatine
uptake for this amount, the results of Table 11
show that the combination of 10 uM-ouabain and
105 m-equiv. of K* ion/l. almost completely
suppresses the active transport of creatine. The
facts are consistent with the conclusion that a
carrier exists in the brain-cell membrane for the
transport of creatine and that the activity of this
carrier depends on the concentration of cell ATP
and is suppressed by ouabain.

DISCUSSION

Since the cardiac glycosides inhibit cationic
fluxes without depressing respiration or glycolysis
(Schatzmann, 1953; Kunz & Sulser, 1957 ; Maizels,
Remington & Truscoe, 1958; Yoshida et al. 1961),
they must act by means other than those bringing
about energetic changes. However, Wollenberger
(1947) described an inhibitory effect (after an
initial stimulation) on guinea-pig-brain-cortex
respiration by low concentrations of ouabain.
Moreover, Whittam (1961) showed that &5 pum-
ouabain reduces the oxygen uptake of rabbit-brain-

26-2
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cortex slices incubated in a glucose medium which
was apparently devoid of Ca2?t ions and which
would therefore correspond to a stimulating
medium with a high K* ion concentration. Ouabain
at high concentrations (mM or 0-1 mm) inhibits rat-
brain-cortex respiration n vitro, particularly K*
ion-stimulated respiration, but at the low concen-
trations (10 uM or 1 pM) where it inhibits uptake of
glutamate or of creatine into the brain-cortex
slices it has little or no inhibitory effect on brain
respiration. Therefore reasons other than those
based on changes of cell energetics are needed to
explain the following effects of ouabain on brain-
cortex metabolism described above: (1) suppression
of Kt ion-stimulated brain respiration; (2) inhibi-
tion of formation of labelled glutamine from
labelled glucose or labelled glutamate and the
suppression of this inhibition by addition of NH,*
ions; (3) increased efflux of amino acids from brain
slices into the glucose—-Krebs—Ringer phosphate
medium in which the tissue is respiring; (4) dim-
inished influx of glutamate into brain slices from
the medium, the percentage diminution increasing
with increase of glutamate concentration; (5) dim-
inished influx of creatine from the medium; (6)
increased inhibition of influx of glutamate by
ouabain by addition of increased concentrations of
K* or NH," ions. In considering these phenomena,
the inhibitory effects of ouabain on adenosine
triphosphatase (Dunham & Glynn, 1961; Post &
Albright, 1961; Post, Merritt, Kinsolving &
Albright, 1960; Skou, 1957, 1960, 1961) and their
bearing on cation movements at the cell membrane
must be taken into account.

The following series of reactions, in which X,
X’ and X” represent membrane carriers, constitutes
a scheme which will account for the facts described
above:

X +ATP = X-ATP = X-P,+ ADP (1)
X + ouabain - X—ouabain (2)
X-P,+Kt - K*-X-P, - X+ P,+ K* (3)

X-P,+ NH,* > NH,*-X-P, > X +P,+ NH,* (4)

X’-P, +glutamate — glutamate—X'-P; - X’
+ P, + glutamate (5)

X"-P, + creatine - creatine—-X"—P, - X”
+ P, +creatine (6)

Reactions (1)-(3) can account for the inhibitory
effects of ouabain on both membrane adenosine
triphosphatase and K% ion transport and the
antagonism between ouabain and K* ions (Dun-
ham & Glynn, 1961) on adenosine triphosphatase.
Similarly, the antagonism between K* ions and
ouabain on brain-cortex-slice respiration receives
an explanation. Reaction (1) is presumably associ-
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ated with both Na* and Mg?*+ ions (Skou, 1961;
Jéarnefelt, 1961). Reactions (3)-(6) may be re-
garded as analogous to those postulated by Skou
(1961), except that the phosphorylated carrier is
held responsible for the transport of cations,
glutamate or creatine. The hypothesis that NH,*
ions behave similarly to K* ions is shown in
reaction (4) and is supported by the observations of
Post & Albright (1961) on the effects of these ions
on adenosine-triphosphatase activity.

The antagonistic action of NH,™ ions and of
glutamate on ouabain suppression of glutamine
biosynthesis can be understood by operation of
reactions (4) and (5). The effects, described above,
of the mutual effects of K*, NH," and glutamate
ions at different concentrations are explicable by
the affinities of these ions for the carrier sites.

However, although the addition of K%' ions
depresses the influx of glutamate, the reverse does
not oceur, i.e. the addition of glutamate increases
the influx of K% ions into the brain tissue. This
leads to the conclusion that the carrier site for
glutamate, though having an affinity for K* ions,
is not identical with that which is responsible for
K ion transport. For this reason it is necessary to
assume the existence of several carrier sites for
transport, which may, however, resemble each other
in their association with ATP and their combina-
tion with ouabain as described in reactions (1)—(6).

Little can be said, from the above results, about
the chemical nature of the postulated carrier sites.
However, tetraethyl-lead resembles ouabain in its
ability to suppress the influx of glutamate (and
glycine) into rat-brain-cortex slices, at concentra-
tions that do not affect brain-slice respiration nor,
apparently, the ATP concentration (Vardanis &
Quastel, 1961), and the evidence obtained with
phospholipase A indicates that phospholipid
groups are probably involved in the amino acid and
cation transport. It ispossible also that the partici-
pation of phosphatidic acids in cation transport,
suggested by Hokin & Hokin (1961), may represent
mechanisms additional to those of reactions (1)-
(6). If so, the inhibitory action of ouabain (re-
action 2) would result in ATP being diverted from
reaction (1) to its increased involvement in phos-
phatidic acid synthesis. There should, therefore,
result an increased rate of incorporation of labelled
phosphate into phosphatidic acid, as reported by
Yoshida et al. (1961).

SUMMARY

1. Ouabain inhibits rat-brain-cortex respiration
tn vitro at concentrations greater than 10 um, the
absolute inhibition being greater in glucose—Krebs—
Ringer phosphate medium containing a high
(105 m-equiv./l.) concentration of K* ions than in
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one containing 5 m-equiv. of K* ions/l. The per-
centage inhibitions exercised by ouabain are of the
same order in both media.

2. Ouabain at a concentration of 10 um does not
affect the labelling of nucleotide pyrophosphate in
rat-brain-cortex slices incubated in a glucose—
Krebs-Ringer medium containing labelled phos-
phate.

3. Ouabain at the low concentrations that have
little or no effect, within experimental error, on
rates of respiration of rat-brain-cortex slices brings
about the following phenomena: (@) inhibition of
formation of labelled glutamine from either labelled
glucose or labelled glutamate, this inhibition being
diminished by the addition of NH," ions or of
glutamate; (b) increased efflux of amino acids
(glutamine, glutamate, alanine, y-aminobutyrate
and aspartate) from the brain-cortex slices into the
glucose-Krebs-Ringer phosphate medium in which
the tissue is respiring; (¢) diminished influx of
glutamate into brain slices from the medium, the
percentage diminution increasing with increase of
glutamate concentration; (d) diminished influx of
creatine from the medium, though labelled-
creatine phosphate formation in the brain is un-
affected by ouabain; (e) increased inhibition of
influx of glutamate on addition of an increased
concentration of K and NH," ions.

4. It is suggested that ouabain affects the trans-
port of NH,* ions into mitochondria (or micro-
somes). Such an effect would account for its action
on glutamine synthesis in the brain slices. Ouabain
has no effect on glutamine synthetase isolated from
brain tissue.

5. It is postulated that ouabain combines with .

carrier sites for K* (or NH,") ions, for glutamate
and for creatine, such sites requiring ATP for their
activities. This hypothesis makes it possible to link
adenosine-triphosphatase activities with transport
phenomena.
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the Medical Research Council of Canada and the National
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The Role of the Pentose Phosphate Pathway in the Reduction
of Methaemoglobin in Human Erythrocytes

By J. H. STROMME* anp L. ELDJARN
Institute of Clinical Biochemistry, Rikshospitalet, University of Oslo, Oslo, Norway

(Recetved 11 January 1962)

The precise mechanism by which methaemo-
globin is reduced to haemoglobin in intact erythro-
cytes is still unknown, though several hypotheses
have been put forward. Reduced glutathione
(Morrison & Williams, 1938), ascorbic acid and a few
other naturally occurring compounds (Kiese, 1944)
spontaneously reduce methaemoglobin #n witro,
but the physiological role of these reductions is un-
certain. The normal process of methaemoglobin
reduction is associated with glucose metabolism
(Wendel, 1930; Kiese, 1944), and seems to depend
on the oxidation of either NADPH, or NADH,
(Gutmann, Jandorf & Bodansky, 1947).

There are a number of indications that a
NADPH,-dependent methaemoglobin reductase is
present in erythrocytes. Kiese (1944) partially
purified an enzyme from horse erythrocytes which
catalyses the reduction of methaemoglobin by
NADPH,, and to a lesser extent also by NADH,.
The addition of a cofactor, such as methylene
blue, greatly increased the reduction rate. On
further purification of the same enzyme from
human erythrocytes, it became inactive unless a
cofactor were added (Kiese, Schneider & Waller,
1957). Huennekens, Caffrey, Basford & Gabrio
(1957) isolated from human erythrocytes a similar
methaemoglobin reductase which also required a
cofactor such as methylene blue or, under certain
‘conditions, Fe®t ions (Huennekens, Caffrey &
Gabrio, 1958). It was suggested that a physio-
logical cofactor might have been lost during puri-
fication.

Indirect evidence for a NADH,-dependent
methaemoglobin reductase in human erythrocytes
was presented by Gibson (1948). Recently such an

* Research Fellow, Norwegian Cancer Society, Oslo,
Norway.

enzyme was partially purified; it was also found to
be lacking in patients with hereditary methaemo-
globinaemia (Scott & Griffith, 1959; Scott, 1960).
Some authors believe that the NADH,-dependent
reduction of methaemoglobin accounts for the
main part of the physiological reduction of this
pigment (Gibson, 1948; Waller & Léhr, 1961;
Jaffé, 1959). :

Thus earlier observations indicate that the re-
duction of methaemoglobin may be associated
both with the Embden—Meyerhof pathway (re-
generation of NADH,) and with the pentose phos-
phate pathway (regeneration of NADPH,). How-
ever, the relative significance of these systems in
the physiological reduction of methaemoglobin has
not as yet been established. The experiments pre-
sented in this paper show that in human erythro-
cytes the utilization of glucose by the pentose
phosphate pathway accounts for only a small part
of the total methaemoglobin reduction. The main
part, evidently, is reduced by the Embden—
Meyerhof pathway. The former mechanism involves
a direct reduction of methaemoglobin by reduced
glutathione. The oxidized glutathione is in turn
reduced by NADPH,.

MATERIALS AND METHODS

Uniformly labelled [1*Clglucose (specific activity 3-77 mo/
m-mole) was obtained from The Radiochemical Centre,
Amersham, Bucks. Before use, it was diluted approxi-
mately 65-fold with inactive glucose. Scintillators and M-
hyamine in methanol were purchased from Packard
Instrument Co. Inc., La Grange, Ill., U.S.A. Glucose 6-
phosphate was obtained from Sigma Chemical Co., St
Louis, Mo., U.S.A. GSH, GSSG and NADP were obtained
from Nutritional Biochemical Corp., Cleveland, Ohio,
US.A. )



