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COMPARTMENTATION OF GLUTAMIC ACID
METABOLISM IN BRAIN SLICES*
S. BERL,t W. J. NICKLASt and D. D. CLARKE
Departtnent of Neurology, College of Physicians and Surgeons, Columbia
University, Department of Chemistry, Fordham University, New York
(Received 10 March 1967)

Abstract-(1) Compartmentation of glutamate metabolism in brain cortex previously
observed only in vivo, has now been demonstrated in vitro. This was shown by using
[U-14C]aspartate and [U-14C]glutamate as tracer substrates.
(2) Preparation and maintenance of the slices at 0° resulted in reversible inhibition of
glutamine synthesis. Preincubation at 37° for 10 min or preparation of the slices at room
temperature partially overcame this inhibition.
(3) Transfer to fresh medium after preincubation had an added stimulatory effect on
glutamine synthesis.
(4) Incubation in high K+ medium (27 mM) altered the relative specific activity of
glutamine.
(5) The data are in keeping with the postulate of the existence of at least two different
pools of citric acid cycle intermediates in the cerebral cortex.

THE STUDY of glutamate metabolism in brain in vivo with isotopic labelling has
repeatedly demonstrated that in short period experiments the free glutamine isolated
from the tissue was of higher specific activity (counts/min/,umole) than the free
glutamic acid. This was true in studies with 14C-labelled glutamic and aspartic
acids (BERL, LAJTHA and W AELSCH, 1961; BERL 1965), with 14C-labelled sodium
bicarbonate (BERL, TAKAGAKI, CLARKE and WAELSCH, 1962a; WAELSCH, BERL,
ROSSI, CLARKE and PURPURA, 1964), and with [15N]ammonium acetate (BERL
et al., 1962b). These observations were interpreted as evidence for the compartmentation of glutamic acid metabolism in brain, i.e. glutamate exists in brain in at
least two distinct pools and one of these pools of glutamate is particularly disposed
toward the formation of glutamine.
In contrast to the above in vivo experiments, in earlier in vitro experiments with
brain tissue slices we were not able to demonstrate this phenomenon. More recently
the problem was re-investigated and indeed results analogous to those reported for
the living animal were obtained. It was found that to demonstrate compartmentation
in tissue slices it was best to prepare and maintain the slices at room temperature
instead of at 0° and to transfer the slices to fresh medium following preincubation
for ten min at 37°. These investigations are described in this paper. A preliminary
report of some of these findings has been given (CLARKE and BERL, 1966).
*This work was supported in part by Public Health Service Grants No. NB·04064-05 from the
National Institute for Neurological Diseases and Blindness and GM-12882 from the National
Institute for General Medical Sciences, National Institute of Health and by a grant from the United
Cerebral Palsy Research and Educational Foundation.
t Supported by Public Health Service Research Career Program Award 5-K3-NB-5117-05,
National Institute for Neurological Diseases and Blindness.
:NASA Predoctoral Trainee grant No. Ns-G[T]-121.
Abbreviation used: RSA, relative specific activity.
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METHODS
Guinea pig brain cortex, sliced according to the procedure of MciLwAIN and RoDNIGHf (1962a),
was used in these studies. The arumals were decapitated, the brains were rapidly ren1oved, one
hemisphere was placed in medium at room temperature (~25°) and the other hemisphere was placed
in medium in an ice bath. The media used were oxygenated Krebs- Ringer phosphate or KrebsRinger bicarbonate containing 1% glucose. The slices were kept in media at room temperature or
in an ice bath until they were blotted free of excess fluid on a petri dish (MciLwAIN and RoDNIGHT,
1962a), weighed, placed in 2·5 ml of medium, and incubated at 37°. In a few early experiments it
was demonstrated that maintaining tissue at 37° during preparation did not give different results
from those observed at room temperature. Consequently, room temperature rather than 37° was
used during the slicing and weighing of the tissue. Approximately 100 n1g of tissue slices (weighed
to the nearest 0·1 mg) and 0·5 J-lC of [U-14C]aspartic acid or [U-14C]glutamic acid were incubated in
each tube (100 x 11 mm I.D.). The tubes were shaken intermittently during the incubation period.
The radio isotopes were obtained from New England Nuclear Corp. and contained 100 pc/ml
(> 200 f-lC/J-lmole).
The procedure usually followed for the transferred slices was to incubate them at 37° for 9 min,
centrifuge in a clinical centrifuge for 1 min, pour off the medium and add fresh medium (2·5 ml)
and radioactive tracer, incubate for 9 min, centrifuge again (1 min) and finally pour off the medium,
and drain for a few seconds on paper wipes. For the untransferred slices the first incubation was
omitted; the labelled metabolite was added at once to the slices in medium warmed to 37°.
Following drainage of the incubation medium, 1 ml of ice cold 5 % trichloracetic acid (TCA)
was added and the slices were homogenized in the incubation tube with a teflon pestle and transferred to a plastic centrifuge tube. The incubation tube and pestle were washed with two additional
0·5 ml vol. of TCA for a combined total of 2·0 mi. The homogenate was centrifuged in a refrigerated
centrifuge (Serval) at 17,000 rev/min. The supernatant was neutralized (pH meter) and made up to
a volume of 3·3 mi. As previously described (BERL eta/., 1961; 1962a) 3 ml portions were chromato ..
graphed on AG !-acetate resin (20 x 0·7 em). The neutral amino acid fraction from the column
containing the glutamine and y-aminobutyric acid was adjusted to 2 N with concentrated HCI and
placed in a boiling water bath for 2 hr for hydrolysis of the glutamine to glutanuc acid. The solution
was evaporated to dryness in a flash evaporator at 60°. The residue was dissolved in 2·3 ml of H 20
and a 2 mi portion was again chromatographed on AG !-acetate resin (20 x 0·7 em column).
The y-aminobutyric acid was obtained from the column in the 0·05 N acetic acid 1-6 ml fraction and
purified on AG 50 resin columns as previously described (BERL et al., 1961). The glutamic acid
liberated from the glutamine was eluted with 0·1 N-acetic acid and was mainly in the 7-12 ml fraction.
The amino acids were determined by the ninhydrin method in the Technicon Autoanalyzer by the
sample plate technique.
The radioactivity in the TCA extracts and in the amino acids was counted in a Packard TriCarb Scintillation spectrometer. The counting fluid was a dioxane solution of naphthalene (10 %)
PPO (0·4 %) and dimethyl POPOP (0·03 %); 10 ml was used for each 1 ml of glutamic acid or aspartic
acid solution and 15 ml for each 1 mi of y-aminobutyric acid solution.
In several experiments the proportion of KCl added to the solution was increased fivefold
(replacing a corresponding number of milliequivalents of NaCI) to study the effect of elevated levels
of K + (27 mM) on the metabolism of amino acids. In other experiments the incubation time both with
and without transfer to fresh medium was increased to 20, and 30, min. An A TP-rcgenerating system
was also used in several experiments to ascertain its effect on the metabolism of amino acids in brain
slices. The system consisted of 0·05 mg of phosphoenol pyruvate tricyclohexyl ammonium salt and
0·05 mg of pyruvate kinase each in 0·05 ml of medium added to each tube.
RESULTS

The method of preparation of brain slices affects greatly the specific activity
(counts/min/,umole) of the glutamine relative to that of glutamic acid obtained from
[U-HC]aspartic acid as the labelled precursor (Table 1). Slices prepared on a cold
stage and maintained at 0° prior to incubation for 10 min at 37° showed relative
specific activities (RSA) of glutamine (glutamic acid= 1) of less than 1. In tissue
slices prepared and maintained at room temperature prior to incubation for 10 min
at 37° the RSA of glutamine was close to or greater than 1 and always greater, in the
same experiment, than the value obtained with the cold-treated slices. If the slices,
whether maintained at 0° or at room temperature, were preincubated for 10 min at
37° and then transferred to fresh medium and labelled aspartic acid was added , after
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TABLE !.-RELATIVE SPECIFIC ACTIVITY OF GLUTAMINE FROM [U-UC]ASPARTIC
ACID AND (U-14C]GLUTAMIC ACID IN BRAIN CORTEX SUCES FROM GUINEA PIG

[

14

C]Amino acid

Aspartic acid

Incubation time
Relative Specific Activityt
14
Cold
Room temperature
with C
(min)
untransferred transferred untransferred transferred
10

0·40

± 0·23

(N = 8)

Aspartic acid

10

0·94
(N

Aspartic acid

20

1·49

± 0·20*

± 0·12*

= 2)
0·82 ± 0·36

30

(N = 2)

± 1·19

(N = 9)

1·25
(N

2·4

= 2)

(N

Aspartic acid

2·80

± 0·33

= 9)
± 0·32*

3·41

± 0·88

(N = 10)

(N = 2)

2·37

± 0·29

(N = 3)

1·83

± 0·88

(N = 3)

± 0·30* 2·29 ± 0·47
(N = 2)
(N = 5)
1·56 ± 0·29 2·01 ± 0·40
1·16

(N=2)
0·92 ± 0·17
(N = 4)

(N = 5)

Glutamic acid

20

± 0·34
(N = 7)
1·70 ± 0·34

Glutamic acid

30

2·14

Glutamic acid

10

0·65

± 0·19

(N = 4)

± 0·51
(N = 6)

1·67

1·70

(N
(N

= 4)
± 0·85
= 4)

Theresultsaregiven ±s.o. with the value of glutamic acid taken as 1. N =number of experiments.
The tissue and slices were kept in an ice bath or at room temperature until incubated at 37°. The
medium used was Krebs-Ringer phosphate or Krebs-Ringer bicarbonate (three experiments)
containing 1% glucose. Approximately 100 mg of slices and 2·5 ml of medium containing 0·5 p,c
of radioactive tracer (>200 p,cjp,mole) were used. The transferred slices were preincubated at 37°
for 10 min and transferred to fresh medium before addition of isotope.
* Preincubated for 10 min but not transferred to fresh medium before addition of isotope.
t Relative specific activity based on counts/min/p,mole of amino acid.

an incubation period of 10 min with radioactive substrate the RSA of the glutamine
isolated from the slices was always greater than 1 and always greater than the values
observed in the slices which had not been preincubated in the same experiment.
Transfer to fresh medium after preincubation for 10 min at 37° always enhanced the
RSA of the glutamine. Preincubation for 10 min at 37° without transfer to fresh
medium also resulted in an enhanced glutamine RSA but usually not as great as
transfer to fresh medium, particularly if the slices had been maintained in an ice
bath. Similar results were obtained in Krebs-Ringer bicarbonate and Krebs-Ringer
phosphate media.
Longer periods of incubation (20-30 min) for the cold, untransferred slices did
increase the RSA of glutamine to values greater than 1 particularly if they were
preincubated for 10 min. However, for transferred slices the value after 30 min of
incubation was usually lower than after 20 min of incubation (Table 1); increasing
the incubation time thus did not usually result in an increase in the RSA for glutamine.
The results obtained with [U-14C]glutamic acid as the radioactive tracer (Table 1)
show similar trends to those observed with labelled aspartic acid. Preincubation
at 37° for 10 min and transfer to fresh medium before addition of tracer resulted in
tissue glutamine with an RSA greater than 1. The effect of temperature on the preparation and maintenance of the slices was not as evident in these experiments. Increasing
the time of incubation to 20, and 30, min for transferred slices prepared at room
temperature did not significantly alter the RSA of glutamine from values obtained at
10 min.
Preincubation and transfer to fresh medium prior to addition of [U-14C]aspartic
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acid as the labelled precursor always resulted in a greater proportion of the radioactivity in the glutamine than in untransferred slices whether or not the slices were
prepared and maintained cold or at room temperature (Table 2). Glutamine from
untransferred, room temperature slices always contained more radioactivity than
glutamine from untransferred cold slices. The largest percentage of counts in
glutamine was always present in slices which had been prepared at room temperature
and then transferred. The percentage of counts in the glutamic acid was significantly
higher in the untransferred slices prepared in the cold than in the remainder of the
slices.
In general, similar results were obtained in percentage distribution of radioactivity
in the experiments in which [U-14C]glutamic acid was used as the tracer (Table 3).
Whether prepared in the cold or at room temperature, slices which were transferred to
fresh medium contained a greater percentage of the radioactivity in the glutamine
and a corresponding decrease in the percentage of radioactivity in the glutamic acid.
The percentage of counts in aspartic acid did not show significant differences in
response to the various treatments.
In several experiments the y-aminobutyric acid was also isolated and counted.
The radioactivity in the y-aminobutyric acid was always less then 1 per cent of the
total in the slice preparations when labelled aspartic acid was the tracer substrate
and less than 5 per cent with labelled glutamic acid as the tracer.
When [U-14C]aspartic acid was used as the labelled precursor, increasing the
concentration of K+ in the incubation medium from that ordinarily present (5·4 mM)
to 27 mM resulted in a marked decrease in the specific activity ofglutamine as compared
to that of glutamic acid in all except cold untransferred slices (Table 4; compare with
Table 1). Correspondingly, the percentage of radioactivity in the glutamine of
transferred slices was significantly lower than that observed in similar slices incubated
at a lower K +concentration (Table 2). The percentage of radioactivity in the glutamic
acid from slices incubated in medium of higher K + concentration was in general
greater than at the lower K+ levels. The high K+ concentration also eliminated the
differences in relative specific activities of glutamine between slices prepared in the
cold or at room temperature and greatly reduced the differences between untransferred
and transferred slices.
In contrast to the observations with [U-14C]aspartate, when [U-14C]glutamate
was the radioactive substrate the effect of the high K + medium was to increase the
RSA of glutamine in the untransferred slices (Table 4; compare with Table 1).
In addition, the incorporation of radioactivity into glutamine was greatly increased
in all slice preparations almost entirely at the expense of the radioactivity in glutamate
(Table 3). Furthermore, the differences in percentage distribution of radioactivity
(Table 3) between slices prepared in the cold and at room temperature became
statistically insignificant; this was similar to the results obtained with [U-14C]aspartate
in high K+ medium. However, the effect of transfer to fresh medium still remained
evident in both the RSA of glutamine and the percentage distribution of the radioactivity. This was not true with [U-14C]aspartate in high K+ medium.
The levels of the amino acids in the brain slices at the termination of the experiments
showed no significant differences between slices prepared in the cold and those
prepared at room temperature, nor between slices which were transferred to fresh
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TABLE 2 .-PERCENTAGE DISTRIBUTION OF RADIOACfiVITY IN BRAIN SLICES FROM [U-14C]ASPARTIC ACID

Cold
untransferred

(%)

(%)

transferred

0

Room temperature
( %)
transferred

untransferred

~
( %)

2·51

± 1·11

100

2·63

± 0·86

± 3·0
± 3·7
1·7 ± 0·8

100

80·8
17·1

Aspartic acid
Glutamic acid
Glutamine

(N = 9)

--·

(N

=

2·81

81 ·4 ± 3·0
12·0 ± 2·2
6·3 ± 1·2
9)

± 0·87

(N

2·58 ± 1·22

100

=

82·3 ± 3·0
12·7 ± 2·4
4·7 ± 1·2
9)

0

100

77·7 ± 4·3
11·9 ± 3·3
10·1 ± 2·8
(N = 10)

~

0
....,

~
~

~.

(")

$:.:1

!3.

[U-14C]Aspartic acid
in27mMK+

Total countt

~

S'

[U-14C]Aspartic acid *
Total countt

~

0.

2·39

± 0·36

100
77·3

Aspartic acid
Glutamic acid
Glutamine

1~·2

(N

=

3·3
3)

2·86

± 0·54

± 2·8

±

±

1·1
2·5

*See Table 1 for incubation conditions. Values are given ± S.D.
t Total count = countfrnin/g of tissue wet weight x 1()6.

100

2·55

± 0·56

100

2·59

± 0·54

100

~

~

--B·

0

77·7

± 1·5

18·3±1·7
3·8 ± 2·2
(N = 4)

(N

=

77·4
19·0
3·5
4)

± 5·9

± 6·3
±

2·0

77·6 ± 1·9
17·1 ± 1·0
5·2 ± 2·3
(N = 4)
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~
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TABLE 3.-PERCENTAGB DISTRIBUTION OF RADIOACTIVITY IN BRAIN SLICES FROM

(U-14C]GLUTAMIC ACID

Cold

untransferred

( %)

transferred

(%)

100

1·69

± 0·49

100

untransferred

.

t;l.l

Room temperature
(%)
transferred

(%)

± 0·45

100

bj

..~

[U-14C]Glutamic acid*
Total countt

2·37

± 0·37

Glutamic acid

Glutamine
Aspartic acid
(N

[U-14C]Glutamic acid
in 271D.M K+

Total countt

=

73·5
20·1
5·4

81·5±3·1
10·5 ± 1·9
7·0 ± 3·0
5)

1·96

± 0·43

100

± 3·1
± 3·3

± 1·9

(N =7)

(N

=

76·5
17·5
5·1
5)

1·82

± 2·4
± 2·7

~
~

68·1 ± 4·6
26·0 ± 4·9
5·1 ± 2·2

± 1·9

(N = 8)

~[
t;

1·29

± 0·39

100

Glutamic acid
Glutamine
Aspartic acid
(N

=

1·53

67·7 ± 4·0
26·6 ± 4·4
5·2 ± 0·33
4)

* See Table 1 for incubation conditions.
t Total count = counts/min/g of tissue wet weight

x 106•

± 0·67

100

60·2
33·3
4·9
(N = 4)

1·36

± 2·2

± 2·4

±

1·4

± 0·31

100
65·3
30·1
4·2

(N =4)

± 3•0
± 3·3

± 0·6

1·67

± 0·27

•

100

59·8
36·5
3·4
(N = 4)

±
±

±

.t:;
1·9
2·3
0·8
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TABLE 4.-RELATIVE SPECIFIC
[U-14C]GLUTAMIC

(14C]Amino acid

Aspartic acid
Glutamic acid

ACTIVITY OF GLUTAMINE FROM [U-14C)ASPARTIC
ACID IN MEDIA OF IDGH K+ CONCENTRATION*
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OR

Incubation time
RSA
14
with C
Cold
Room temperature
(min)
untransferred transferred untransferred transferred
10
10

± 0·36
(N = 3)

0·62

1·08 ± 0·13
(N =4)

0·81

± 0·44

(N =4)

1·54

± 0·17

(N =4)

0·63

± 0·31

(N = 4)

1·20

± 0·13

(N = 4)

1·03 ± 0·28
(N =4)
1·57 ± 0·30
(N =4)

Values are given ±s.o. the value for glutamic acid being taken as 1.
*See Table 1 for experimental conditions, except medium contained 27 mM K+ and 98 mM Na+.

medium and those which were not. Incubation in media containing high K + levels
also did not change significantly the levels of amino acid as compared with slices
incubated in media containing the lower concentration of K +. These values in
#molesfg wet weight of tissue ± S.D. were: glutamic acid 6·32 ± 0·91, glutamine
1·60 ± 0·41, aspartic acid 1·30 ± 0·26, and y-aminobutyric acid 1·65 ± 0·41;
N = 68 except for GABA for which N = 46. The low tissue levels were probably
caused in part by fluid swelling of the slices (MciLWAIN and RODNIGHT, 1962c;_
BOURKE and TOWER, 1966).
The addition of the ATP-regenerating system to the medium resulted in a marked
reduction of the relative specific activity of the glutamine in slices prepared and
maintained cold as well as those prepared at room temperature (Table 5).
TABLE 5 .-THE EFFECT OF AN ATP-REGENERATING SYSTEM ON THE RELATIVE SPECIFIC
ACTIVITY OF GLUTAMINE FROM

Conditions*

[l4C]ASPARTIC ACID

Experiment 32
Experiment 33 ·
cold slices
room temperature
RSA of glutamine

No preincubation
No PEP-K
No preincubation
PEP-K added
10 min preincubation + transfer
NoPEP·K
10 min preincubation+ transfer
PEP-K added to transfer medium only
10 min preincubation + transfer
PEP-K added to preincubation medium only
10 min preincubation + transfer
PEP-K added to both preincubation
and transfer media

0·38

1·08

0·06

0·48

1·21

4·43

0·53

1·84

0·58

1·83

0·24

0·71

* See Table 1 for basic conditions. Glutamic acid is taken as being 1. PEP-K =
0·05 mg phosphoenol pyruvate tricyclohexyl ammonium salt+ 0·05 mg of
pyruvate kinase, each in 0·05 ml of medium.
DISCUSSION

In experiments attempted at an earlier date evidence for compartmentation of
glutamate metabolism was not obtained with brain slices. It seemed that this phenomenon should be observable in tissue slices if it were an intracellular phenomenon,
as the in vivo experiments suggested. Since the slice technique would allow us to
study brain metabolism without the complications introduced by transformations
6
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occurring in the livers of intact animals we decided to re-examine the problem.
To avoid the possibility that glutamic acid of very high specific activity, added to the
medium, might adhere to the slices and obscure the result, 4 C]aspartic acid was
used initially as the tracer. In addition, the slices were separated from the medium
at the end of the incubation period and analysed separately, a precaution which was
not taken in the earlier studies.
The initial experiments of the series, viz. those in which the tissue was maintained
at 0° for the preparation of the slice, confirmed our former observations made with
[U-14C]glutamic acid, i.e., the specific activity of the glutamine was considerably
lower than that of glutamic acid. In the course of varying the experimental conditions
it was found that if the slices were preincubated for 10 min at 37° and transferred to
fresh medium to which labelled aspartic acid was added, after a further 10 min of
incubation the glutamine isolated from the slices had a higher specific activity than
the tissue glutamic acid.
Since there have been demonstrations recently of reversible inactivation by
cooling of a number of enzymes (PANEFSKY and WARNER, 1965; VALENTINE, WRIGLEY,
SCRUTTON, IRIAS and UTTER, 1966; GRUENER and Avr-DOR, 1966) it was possible
that the effect of preincubation might be, at least in part, to overcome cold inactivation of enzymes involved either in the Krebs cycle or the conversion of glutamate to
glutamine. The experiments were therefore repeated but keeping the tissue at room
temperature during the preparation of the slices. We were then indeed able to obtain
indications of compartmentation even without preincubation of the slices. However,
even for slices prepared at room temperature, preincubation at 37° followed by
transfer to fresh Ringer's solution invariably led to an enhanced relative specific activity
for glutamine. Although, as expected, longer periods of incubation of20, and 30, min
tended to reverse the cold inhibition, transfer to fresh medium always resulted in a
greater relative specific activity for glutamine (Table 1). Therefore, it appears that
at least two factors are operative in controlling glutamate metabolism in brain slices;
one factor is reversible cold inactivation of one or more regulatory systems, and the
other is inhibition by substances released or formed in the tissue slices during their
preparation and which can be removed by transfer to fresh medium.
These conclusions are supported by the percentage distribution of the radioactivity
in the amino acids {Table 2). When [U-14C]aspartate was the labelled donor, the
values for glutamine were greater in slices prepared at room temperature than in
slices prepared in the cold and in transferred slices as compared to untransferred
slices except in those experiments with high K + medium. The shift in distribution
of radioactivity toward glutamine upon transfer of cold slices is apparently at the
expense of the glutamic acid while in room temperature prepared slices it appears
to come mainly from aspartic acid.
The above discussion applies also to the results obtained when 4 C]glutamic acid
was used as the tracer metabolite. Here, however, the percentage increase in glutamine
radioactivity appears to be contributed mainly by glutamic acid in both cold and
room temperature prepared slices. The data therefore suggest that synthesis of
glutamine in brain is reversibly inhibited by cold and further that a substance which
inhibits glutamine synthesis accumulates in brain slices. These effects could be due
to direct inhibition of glutamine synthetase or indirectly to effects on the generation
or availability of ATP for use in glutamine synthesis. Decreased temperature is
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also known to affect the permeability to cations of kidney cortex slices (WHITIAM and
DAVIES, 1953), erythrocytes (MAIZELS, 1954; HAiuus, 1954), cat heart muscle (PAGE,
GOERKE and STORM, 1964) and retina (TERNER, EGGLESTON and KREBS, 1950)withloss
of K +into the medium and increased N a+ in the tissue. Also, during the preparation of
brain slices the tissue gains Na+ and loses K + (MciLWAIN and RoDNIGHT, 1962b;
TERNER et al., 1950), and on incubation with substrate and 0 2 at 37° the slices regain
K+ and lose Na+. It is therefore plausible that slices which were prepared in the cold
and not preincubated were utilizing a portion of the ATP ordinarily required for
glutamine synthesis for pumping Na+ out and K+ in. Some support for this explanation is provided by our observation that incubation of brain slices with increased
levels of K + abolished the differences between slices prepared in the cold and at room
temperature. Other factors which can not be ruled out are effects of cold on the
transport of amino acids into the cell. It has been shown that Na+-K+ activated
ATPase is cold sensitive (SKOU, 1965; GRUENER and A VI-DoR, 1966). In the absence
of Na+ in the medium amino acid transport into brain slices is grossly inhibited
(TAKAGAKI, HIRANO and NAGATO, 1959; ABADOM and SCHOLEFIELD, 1962; LAmru
and LAJTHA, 1964). In addition CSAKY and HARA (1965) reported that the Na+
pump is essential also for pumping sugar in the small intestine. However, in the
present experiments in which tracer amounts of amino acids were added to the
medium the total number of counts in cold and room temperature prepared slices
were similar; an effect of cold on amino acid transport was not evident.
In addition to the effect of temperature there appeared to be a stimulatory effect
on glutamine synthesis produced by transfer of the slices to fresh media after a short
preincubation period. One explanation is that an inhibitory factor is removed by
transfer of the slices. One candidate for such an inhibitory role is ADP since, in
tissue slices, released ATPase would no doubt actively hydrolyse ATP to ADP. The
latter was shown to be strongly inhibitory to mammalian brain glutamine synthetase
(ELLIOTT, 1951 ). This led us to attempt the supplementation of the incubation medium
with an ATP..regenerating system. This resulted in a reduction of the RSA of the
glutamine instead of the anticipated rise. These results are difficult to explain.
One possibility may be that the conversion of AD P to ATP in the medium resulted
in a further withdrawal of ADP from the tissue and therefore a decrease in the level
of substrate from which ATP may be regenerated in the tissue. The final result would
be a net loss of ATP to the medium since the externally formed ATP does not enter
the cell.
Since increasing the concentration of K + increases the rate of oxygen and
glutamate utilization by brain slices (ASHFORD and DIXON, 193 5; GHOSH and
QUASTEL, 1954; PARMAR and QUASTEL, 1959) we decided to examine the effect of
incubation of brain slices in Krebs-Ringer medium modified to contain a fivefold
increase in K + concentration.
As pointed out above, one effect of this modification was to eliminate the differences
between slices prepared in the cold and those at room temperature.
When [U-14C]glutamate was the tracer substrate it was evident that glutamine
synthesis was stimulated in all cases. This is in agreement with KINI and QUASTEL
(1959; 1960) who, using [U-14C]glucose as the labelled substrate, found increased
glutamine formation when the K + in the medium was elevated or CaC1 2 omitted.
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With 4C]aspartate as the tracer substrate the general effect of this modification
was to decrease the RSA of the glutamine. The percentage distribution of the total
radioactivity indicated that the effect of the elevated K + was to channel a greater
amount of radioactivity from aspartic acid into glutamic acid at the expense of
glutamine. It appeared to cause a stimulation of the labelling of that pool of glutamic
acid which is probably the larger one and not preferably used for glutamine synthesis.
We interpret the data to indicate that the elevated K + level does not actually alter the
compartmentation, but rather through the effect on the turnover of the Krebs cycle
is stimulating the flow of label from aspartic acid in the direction of the large pool of
glutamic acid and thus competing with the flow of this metabolite in the direction
of the small pool of glutamic acid utilized for glutamine synthesis.
The fact that the elevated K + affected the distribution of radioactivity differently
when 4 C]glutamate or [l4 C]aspartate was used as the tracer substrate would indicate
that the added glutamate is metabolized via pathways which in large part are separate
from the main Krebs energy cycle through which the added [14C]aspartic acid flowed.
More than one pool of e<-oxoglutarate was indicated by the studies of C02 fixation
(WAELSCH et al., 1964). This was also theorized by GAITONDE (1965), and more
recently two separate Krebs cycles in brain tissue have been postulated (O'NEAL and
KOEPPE, 1966; VAN DEN BERG, MELA and WAELSCH, 1966).

r
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