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INTRODUCTION 

It was demonstrated by MANN, TENNENBAUM AND QUASTEL 1 that ammonium ions 
bring about an inhibition of the aerobic synthesis of acetylcholine by  brain slices, the 
mechanism of this inhibitory action being at present unknown. KREBS 2 showed that 
actively respiring brain slices remove ammonium ions to form glutamine. It is now well 
known that both the synthesis of acetylcholine and of glutamine require adenosine- 
triphosphate3, 4. Since these two processes proceed simultaneously in respiring brain 
slices the possibility that the inhibitory action of ammonium ions on acetylcholine 
synthesis by brain slices may be, in part, due to a competition between the acetylation 
process and that of glutamine formation for the available adenosine triphosphate has 
been investigated. 

Results reported in this article show that substances which inhibit glutamine 
synthesis bring about a reduction of the inhibitory effect of ammonium ions on acetyl- 
choline synthesis by rat brain slices. 

METHODS AND MATERIALS 

The technique employed was essentially that  described by MANN et aL 1. The rats were killed 
by decapitation, the slices were cut from the brain cortex by means of Stadie Riggs Slicer. The 
synthesis was allowed to take place in Warburg manometric vessels in o.o28 M bicarbonate-Locke 
Medium in an atmosphere of 93 % 02 and 7% CO~ at 37 ° C. After incubation for 2 hours the slices 
were separated from the remaining fluid, which was assayed for free acetylcholine. The bound acetyl~ 
choline was determined directly in the slices after its conversion to the free form by placing in a 
boiling water bath for Io minutes at  pH 4. For this purpose the slices were placed in 3 ml of H~O 
and acidified with x ml o. 3 M NaH.,PO 4. The tube containing the mixture was heated for Io minutes 
in boiling water. The contents were then cooled, neutralised, and the assay carried out by utilising 
the contraction of eserinised leech muscle. In experiments in which acetylcholine synthesis was 
studied in presence of added adenosine triphosphate, this was removed prior to the assay, by the 
method of HAI~PUR AND QUASTEL 6. None of the compounds themselves affected the leech. The values 
of acetylcholine synthesised are expressed in/~g per gram of wet weight of tissue. 

RESULTS 

Effect o/ammonium ions on aerobic synthesis o/acelylcholine by rat brain slices 

Results illustrating the effects of 0.027 M NH~ + on the aerobic synthesis of acetvl- 
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choline by rat brain slices in presence of glucose are shown in Table I. I t  is seen from 
these results that  the presence of ammonium ions brings about a considerable drop in 
the amount of combined acetylcholine formed. The effects, however, on the production 
of free acetylcholine are not so consistent. In some of the experiments, there is a slight 
increase in the rate of formation of free acetylcholine. This may be due largely to the 
breakdown of bound to free acetylcholine. The rate of total acetylcholine synthesis is 
almost always decreased in presence of ammonium ions. 

T A B L E  I 

EFFECTS OF ADDITION OF AMMONIUM IONS ON AEROBIC SYNTHESIS 
OF ACETYLCHOLINE BY RAT BRAIN SLICES IN 93 % 02 -b 7~o CO2 

(Locke-bicarbonate solution, o.o28 M ; eserine, o.oo5 M;  choline chloride, o.oo2 M and glucose, o.oi  M). 

with substrates in absenc~ t~g Acetylcholine formed (~glg tiss~w) % of control_ 
Expt. No. NHt+ ~ h 37 °C of added NH4+ 

Free Bou~ul Total Free Bound Total 

I Nil 5.4 8.o I3.4 
0.027 M 3.0 3.7 6.7 55.0 46.0 50.0 

2 Nil 8.2 6.6 14,8 
0.027 M 3.9 0.4 4-3 48.0 6 0  29.0 

3 Nil 16.6 11. 5 28.1 
o.o27 M 16.o 3.2 19.2 97.o 28.0 67.o 

4 Nil 16.3 16.6 32.9 
0.027 M 17. 7 5.5 23.2 lO8.O 33.2 73.0 

5 Nil II.O 8.0 19.o 
o.o27 M 12.o 3.2 15.2 lO9.O 40,o 8o.o 

6 Nil Ii .O 8.8 19.8 
0.027 M 3.5 2.7 6.2 32.0 31.o 31.o 

These observations, in general, confirm the earlier findings of MANN et aLL The 
results reported here show a decrease in the synthesis of total acetylcholine in the 
majori ty  of experiments and always a large decrease in the bound form. 

Ammonium ions exerted no inhibition of acetylcholine synthesis in extracts of 
acetone powders of beef brain in the presence of adenosine triphosphate, confirming the 
observation of NACHMANSOHN AND MACHADO 8. 

EffeCts o] various inhibitors o] glutamine synthesis 
on the ammonia inhibition o[ acetylcholine synthesis by rat brain slices 

In respiring brain slices, where glutamate is being continually produced from 
~-ketoglntarate and ammonia, the presence of extra ammonium ions should enhance 
the synthesis of glutamine and should, therefore, reduce the available adenosine 
triphosphate required for the synthesis of acetylcholine. If this hypothesis is correct, 
it might be expected that substances, which inhibit the synthesis of glntamine, will 
tend to decrease the inhibitory action of ammonium ions on acetylcholine synthesis. 

Typical results showing the effects of methionine sulphoxide, ethionine sulphoxide, 
methionine sulphoximine and glntamine on the inhibition produced by 0.027 M am- 
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monium ions on the aerobic synthesis of acetylcholine by rat brain slices in presence 
of glucose are given in Table I I .  

T A B L E  l I  

EFFECTS OF ADDITION OF L-GLUTAMINE, DL-MBTHIONINI~ SULPHOXIDE, DL-ETHIONINE SULPHOXIDE, 
DL-METHIONINE SULPHOXIMINE AND AMMONIUM IONS ON AEROBIC SYNTHBSIS OF ACETYLCHOLINE 

BY RAT BRAIN SLICES 

(Incubation medium-Locke bicarbonate, o.o28 M ;  eserine, o.o05 M ;  choline chloride, o.oo2 M; glucose, O.Ol M. 
Incubation t i m e -  2 hours at  37 ° 12. Gas phase 93 % 0~17 % CO S) 

vg acetylcholine Ack synthesis (expressed as % 
control witb substrates in absence 

Expt. NH4 + Test substance added per g tissue of added NH4 + No. 
Free Bound Total Free Bound Total 

Nil Nil 7.8 7.8 15.6 
0.027 M Ni l  3.6 0.9 4.5 46 12 29 
Nil o .o i  M methionine sulphoxide 8.0 6.0 14.o 
o.o27 M o.o i  M methionine sulphoxide 4.9 4 .8 9-7 61 8o 69 

Nil Nil 6.6 9.I  15.7 
o.o27 M Nil  lO.8 2. 3 13.1 163 25 84 
Nil o .o i  M ethionine sulphoxide 8.3 5.8 14.1 
o.o27 2~I o .o i  M ethionine sulphoxide 17.8 4.8 22.6 21o 82 16o 

Nil :Nil 16.6 1I. 5 28.1 
o.o27 M Nil  I6.o 3.2 I9.2 97 28 68 
Nil o .o i  M methionine sulphoximine 19.o 8,o 27.o 
0.027 M o .o i  M methionine sulphoximine 15.o 6.2 21.2 79 78 78 

Nil Nil 16.o 13. 3 29.3 
o.o27 M Ni l  I6.o 4.o 2o.o ioo  3o 68 
Nil o .o i  M L-g lu tamine  13.8 II.O 24.8 
o.o27 M o .o i  M L-g lu tamine  24.0 Io.6 34.6 174 96 I4O 

Methionine sulphoxide and ethionine sulphoxide are known to inhibit glutamine 
synthesis in bacteria ~. The former compound also inhibits glutamine synthesis in 
preparations made from sheep bra.in n. It is seen from the typical results given in Table II 
(experiments I and 2) that both these compounds bring about a considerable reversal of 
the ammonia inhibition of acetylcholine synthesis. Ethionine sulphoxide has apparently 
no effect on the synthesizing system in absence of ammonium ions, but it produces 
an increased synthesis of acetylcholine when present together with ammonium ions. 

Methionine-sulphoximine (o.oi M), the toxic factor from "agenized" flour which 
produces convulsive seizures in animalsS inhibits glutamine synthesis, producing 43 % 
inhibition of glutamine synthesis in beef brain extracts . In Table II (experiment 3) are 
given the results of experiments showing the effects of methionine-sulphoximine on the 
relief of ammonia inhibition of acetylcholine synthesis. These indicate that methionine 
sulphoximine in absence of ammonium ions produces a slight inhibition of the synthesis 
of the bound acetylcholine. McLENNAN AND ELLIOTT 5 have observed inhibitory effects 
of methionine sulphoximine at relatively large concentrations on acetylcholine synthesis. 
In presence of ammonium ions, however, methionine sulphoximine may bring about 
more than threefold stimulation of synthesis of bound acetylcholine. 

In view of the possibility that the glutamine synthesising system is reversible, or 
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of the possibility that glutamine may compete with glutamate for the enzyme involved, 
it might be expected that  the presence of excess of glutamine would inhibit the rate 
of glutamine synthesis. The effect of adding glutamine to the acetylcholine synthesising 
system in presence of ammonium ions was, therefore, tested. The results obtained are 
illustrated in Table II  (experiment 4). They show that  glutamine brings about a partial 
reversal of the ammonium inhibition. In some of the experiments the reversal was almost 
complete. 

Effects of addition, of DL-methionine, L-glutamate, and adenosinetriphosphate 
on the ammonia inhibition o/acetylcholine synthesis by rat bruin slices 

Typical results obtained with DL-methionine and L-glutamate are given in Table n I  
(experiments i and 2). I t  is seen from these that  both the amino acids produce an 
enhancement of acetylcholine synthesis. The increased synthesis observed in presence 
of L-glutamate is possibly due to the stimulating action of glutamate on respiration. 
It  is, however, interesting that  although L-glutamate tends to stimulate the synthesis 
of acetylcholine by rat brain slices, the percentage inhibition produced by ammonium 
ions is the same with and without the amino acid. DL-methionine has no effect on 
glutamine synthesis, and does not reverse ammonia inhibition of acetylcholine formation. 

Experiments in which adenosine triphosphate was added to the slices, to determine 
whether it would reverse the inhibitory action of ammonium ions, were not conclusive. 
The characteristic results obtained are given in Table I I I  (experiment 3). I t  is seen 
from these that  adenosine triphosphate does not increase the synthesis of acetylcholine 
above that  of the control, possibly due to its inability to penetrate the cell. 

T A B L E  I n  

EFFECTS OF ADDITION OF DL-METHIONINE, L-GLUTAMATE, ADENOSINE TRIPHOSPHATE (ATP) 
I N  P R E S R N C E  OF A M M O N I U M  IONS ON THE AEROBIC SYNTHESIS OF ACETYLCHOLINE BY RAT BRAIN S L I C E S  

( I nc uba t i on  m e d i u m  and t i m e  as for Table  I I )  

pg A cetylcholine formed Ach synthesis (expressed as % of 
the control) ~ h  substratts in 

Expt, NH,+ Test substance added t*g/g tissue absence of added NH6+ 
No. 

Fr~ Bound Total Free Bound T~cA 

Nil  Ni l  6.9 I I 4  18.3 
0.027 M Nil  13,o 3.8 16.8 I89 33 93 
Ni l  o .o i  M me th ion ine  i i . o  i4 .o  25.0 
0.027 M o.oI M me th ion ine  I3.3 2.0 15. 3 i 2 I  i4 .o  59 

2 Ni l  Nil  II .O 8,o I9.O 
0.027 M Nil  I2.O 3.2 I5,2 lO9 40 79 
Ni l  o .oI  M L-g lu t ama te  I3.7 12.3 26.o 
0.027 M o.oI M L-g lu t ama te  16. 3 5-3 21.6 119 43 8I 

3 Nil  Nil  8. 4 13.o 21. 4 
o.o27 M Nil  15.I 4.o I9 . I  18o 31 9o 
Nil  o.oo6 M A T P  8.0 13.2 21.2 
o.o27 M o.oo6 M A TP  23.o 4.7 27.7 28o 37 131 

DISCUSSION 

I t  is evident from these observations that  the presence of ammonium ions produces 
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a large decrease in the  r a t e  of ace ty lchol ine  synthes is  b y  ra t  b ra in  slices, this  being 
mos t  a p p a r e n t  w i th  the  b o u n d  form. I t  has  no effect on the  synthes is  of ace ty lchol ine  
b y  ex t r ac t s  of ace tone  powders  of b ra in  in presence of a d d e d  adenosine  t r iphospha te .  

These  resul ts  ind ica te  t ha t  the  tox ic  effect of a m m o n i u m  ions is exer ted  only 
ind i rec t ly  on the  ace ty lchol ine  syn thes iz ing  s y s t e m .  Resul t s  ob ta ined  wi th  var ious  
substances,  n a m e l y  meth ion ine  sulphoxide,  e th ionine  sulphoxide,  and  meth ion ine  
sulphoxinf ine  which are inh ib i to r s  of g lu t amine  synthesis ,  show tha t  the i r  presence 
br ings  a b o u t  a considerable  rel ief  of the  inhib i t ion  p roduced  b y  a m m o n i u m  ions especia l ly  
on the  r a t e  of fo rma t ion  of bound  acetylchol ine.  The  presence of the  amino  acids  L- 
g l u t a m a t e  and  wL-methionine,  however ,  has  no such effect. These findings m a y  be 
exp la ined  on the  hypo thes i s  t ha t  in respi r ing  b ra in  slices the  presence of ex t r a  a m m o n i u m  
ions increases  the  r a t e  of fo rma t ion  of g lu tamine ,  t he r e by  d imin ish ing  the  ava i lab le  
adenosine  t r i phospha t e  and  therefore  the  r a t e  of synthes is  of acetylchol ine.  

Conceivably ,  t he  mechan i sm b y  which  a m m o n i u m  ions inh ib i t  ace ty lchol ine  
synthes i s  in the  nervous  sys t em m a y  p l a y  a signif icant  role in convuls ive  s ta tes ,  which 
are  known to be accompan ied  b y  a m m o n i a  l ibera t ion  in the  b ra in  9. The  observa t ions  
recorded b y  TOWER AND ELLIOTT 10, in which t h e y  show tha t ,  fol lowing pa r t i a l  anoxia ,  
b ra in  slices show a r e t a r d e d  r a t e  of synthes i s  of bound  ace ty lchol ine  which is acce le ra ted  
b y  g lu tamine ,  are p r o b a b l y  due to  the  effects of the  presence of an  increased concen- 
t r a t i on  of a m m o n i u m  ions. 
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SUMMARY 

i. The presence of ammonium ions produces a large decrease in the rate of synthesis of bound 
acetylcholine by rat brain slices but has no effect on the synthesis of acetylcholine by extracts of 
acetone powders of brain in presence of added adenosine triphosphate. 

2. Various substances, namely methionine sulphoxide, ethionine sulphoxide, and methionine 
sulphoximine, which are inhibitors of glutamine synthesis, bring about a considerable relief of the 
inhibition produced by ammonium ions on the rate of formation of bound acetylcholine. L-glutamate 
and DL-methionine have no such effect. 

3- I t  is suggested that in respiring brain slices the presence of extra ammonium ions increases 
the rate of formation of ghitamine, thereby diminishing the available adenosine triphosphate and 
therefore the rate of synthesis of acetylcholine. 

RI~SUMI~ 

I. La prdsence d'ions ammonium provoque une d~croissance consid6rable de la vitesse de 
synth~se d'ac6tylcholine li~e dans des tranches de cerveau de rat  mais n'affecte aucunement la 
synth~se d'acdtylcholine par des extraits de poudres de cerveau (s~ch6es ~ l'ac6tone) en pr6sence 
d'ad~nosinetriphosphate ajoutd. 

2. Diverses substances, c.O.d, les sulphoxyde de mdthionlne et d'dthionine et la sulphoximine 
de m~thionine qui sont des inhibiteurs de la synth~se de glutamine suppriment ~ un ddgr~ consid6rable 
l'inhibition de la formation d'ac6tylcholine li~e produite par les ions ammonium. L'acide L-glutamique 
et la DL-mdthionine n'ont pas d'act/on de ce genre. 
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3. Les auteurs sugg~rent l'id4e que dans les tranches de cerveau respirant le surplus d'ions 
ammonium acc615re la formation de glutamine diminuant ainsi l 'ad6nosinetriphosphate disponible 
et par cons4quent la vitesse de synth~se d'ac4tylcholine. 

ZUSAMMENFASSUNG 

1. Ammoniumionen bewirken eine bedeutende Geschwindigkeitsabnahme der Synthese yon 
gebundenern Acetylcholin in Scheiben yon Rattenhirn, iiben aber keine Wirkung auf die Acetyl- 
cholinsynthese durch Extrakte yon Aceton-Hirnpulver in Gegenwart yon zugefiigtem Adenosin- 
triphosphat aus. 

2. Verschiedene Substanzen, n~mlich Methionin- und Ethioninsulphoxyd sowie Methionin- 
sulphoximin, welche Hemmstoffe der Glutaminsynthese sind, heben die. durch Ammoniumionen 
bewirkte Geschwindigkeitsabnahme der Acetylcholinbildung in bedeutendem Masse auf. L-Glutamin- 
siiure und DL-Methionin haben keine derartige Wirkung. 

3, In atmenden Hirnscheiben k6nnte die Gegenwart yon Ammoniumionen die Glutaminbildung 
beschleunigen, wodurch das verftigbare Adenosintriphosphat vermindert und dadurch die Acetyl- 
cholinsynthese verlangsamt wfirde. 
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