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Acute and sustained hyperammonemia in mice resu| ted in a 
decrease of the $rar.~sition tei~iperature of Arrhenium p lo ts  of 
synaptosorna] (Na -K )ATPase. The ac t l va t l on  energies in both 
phases of the p lots were increased. " In v i t r o "  add i t ion  of am- 
monia produced s i m i l a r  changes. Ti~is seems to ind ica te  that am- 
{aonia a l te rs  the physical proper t ies of synaptosoma| melabranes. 
The " in  v i t r o "  i n t e r a c t i o n  of ammonia and ethanol at the mem- 
brane level was also inves t iga ted .  Both agents together pro- 
duced a f u r t he r  s h i f t  in the t r a n s i t i o n  temperature and af fected 
the ac t i va t i on  ener9ies. The re|evance of these f i nd ings  regard- 
ing the mechanism of amt~onia t o x i c i t y  and the p ro tec t i ve  e f fec t  
of ethanol thereon is discussed. 

High leve ls  of ammonia in blood and brain due to metabolic 

disorders or to exper imenta l ly  induced ammonia i n t o x i c a t i o n  are 

associated with neurological  abnormal i t ies in humans and in ani-  

mals (1 ,2) .  The i~lechanism of ammonia t o x i c i t y  at the CNS level  

is  s t i l l  unknown; a l t e r a t i o n s  in brain energy metabolism have 

been reported (3,4) and d i r e c t  e f fec ts  of ammonia on the trans- 

mission of the nervous impulse have also been proposed (5-8).  

Recently, we have found that  ethanol had a p ro tec t i ve  ef- 

f ec t  on acute (9,10) anG chronic (unpublished) ammonia i n t o x i c a -  

t i on  in mice. Other alcohols of d i f f e r e n t  chain length ,  inc lud-  

ing te r t -bu tano l  (11) also had an exce l len t  p ro tec t ive  e f f ec t .  

The hypnotic act ion of alcohols has been related to t h e i r  solu- 

b i l i t y  in the l i p i d  f r ac t i on  of the neural ce l l  membrane (12). 

Since these agents c l ea r l y  improved some of the neurological  man- 

i f e s t a t i o n s  of acute ammonia i n t o x i c a t i o n ,  t h e i r  e f f e c t  on the 

iaembrane [night be important.  To c l a r i f y  th i s  we have studied 
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the possible changes in the physical propert ies of synaptosomal 

~nen~branes induced by " in v ivo"  and " in v i t r o "  exposure to amn~o- 

nia and ethanol. The i r~pl icat ion of th is  f ind ing r e l a t i v e  to 

tl~e J~ecnanis~;~ of aI~i~,~onia t o x i c i t y  and i t s  prevent ion, as well as 

t~e e f fec t  of ethanol are discussed. 

i.~ATEHIALS ANU ~iETltUDS 

Al l  the cheJ~icals were of the highest pur i t y  ava i l ab l e .  
Urease was froJn Siy~na Chel:}ical Co. Glutar.~ate dehydrogenase was 
front uoehringer 1,JanheiJ~]. 

l idle Swiss a lb ino ~nice weighing ~ to 3U grahls were used. 
Acute amtJonia i n t o x i c a t i o n  was establ ished in one group by a sin- 
gle i . p .  i n j ec t i on  of 12 iL~a.loles of alnlJloniur,1 acetate/kg body 
weight (as a U.6% w/v so ]u t ion) .  Since death occurs in about 15 
zJ~in, they were sac r i f i ced  10 rain a f t e r  the i n j e c t i o n .  For chron- 
ic t o x i c i t y ,  urease (b units/ml of sa l ine)  was given to another 
group of mice in an i . p .  i n j e c t i o n  of 33 units/Kg body weight 
da i l y  up to f i ve  days. The anil,Jals were sac r i f i ced  u h a f t e r  
the las t  dose. 

For aJ~n,~onia determinat ion,  blood samples were drawn fror~ 
the t a i l  vein at designated tii~es, p rec ip i t a ted  wih IU% t r i -  
cn loroacet ic  acid and centr i fuged.  Am~.ionia was ~teasured in the 
supernatants by a glutar;~ate dehydrogenase assay (13). At the 
ti~JJe of s a c r i f i c e ,  brains of ~ice were honiogenized in cold U.2b 
i.l sucrose, p rec ip i t a ted  with 10% t r i c h l o r o a c e t i c  acid and cen- 
t r i f uged .  A[~J~,~onia was measured in the supernatants as described 
above. 

For synaptosome preparat ion,  norn~al and ai;]monia i n t o x i -  
cated ~;lice were sac r i f i ced  as ind icated and t h e i r  brains quick ly 
removeO. The cerebellu~n and brain stern were discarded and a 
pool of the re~aining areas of ten brains was weighed an~ ho~O- 
genized in f i ve  voluii~es of ice-co ld  U.3Z I~I sucrose. Synapto- 
soii~es were prepared according to the r~ethod of Cotman (14). The 
synaptosome f r a c t i o n ,  recovered frot,~ the interphase of the 6 and 
13~ F ico ] l  so lu t ions ,  was d i l u ted  f o u r - f o l d  with O.U5 l i Tris-HCl 
pH 7.0. Synaptosol,les were sedimente~ by cen t r i f uga t i on  at d3OUU 
g for  35 ~in and resuspended in the sar;~e buf fer .  This suspen- 
siop r ~as frozen (-4u*C) overnight ,  thawed and used fo r  the 
(Na K ) ATPase a c t i v i t y  assay ( Ib ) .  

Arrhenius plots were ca lcu lated froiJ (t~a+K +) ATPase ac- 
t i v i t i e s  at d i f f e r e n t  telnperatures, as previously described 
(15). Speci f ic  a c t i v i t y  values were p lo t ted  against I /T .  
Protein was deteri;~ined by a b iu re t  ~nethod (16) with bovine serum 
albur~tin as t~e standard. 

RESULTS ~ND UISCUSSI{JI~ 

Fig. 1 shows the leve ls  of ammonia in the blood and brain 

of ~,~ice acutely in tox ica ted  with alni~ioniul]i acetate. Before death 

a11 the anil~uals exh ib i ted  c lear  sy~npto~l}s of ainnlonia t o x i c i t y ,  

progressing frof, J l } y p e r e x c i t a b i l i t y  and drowsiness to deep co{w~a, 

associated with c lon ic  and tonic convulsions. The ]evels of am- 
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Levels of ammonia in the blood and brain of mice 
d with ammonium acetate.  The animals received 12 mmoles 

ammonium a c e t a t e / k g  body weight  b~, i n t r a p e r i t o n e a l  i n j e c t i o n .  
Blood 1o1 and brain 1,1 ammonia were determined as ind icated in 
Methods. Results are the mean + S.D. of four animals. 

i~lonia in i;~lce i n j e c t e G  w i th  urease are i l l u s t r a t e d  in F i g .  Z. 

As can be seen, b lood alnl~onia rose sha rp l y  a f t e r  the i n j e c t i o n ,  

dec reas ing  g r a d u a l l y  u n t i l  the l e v e l s  were nor~ial t w e n t y - f o u r  

hours l a t e r .  The l e v e l s  of b r a i n  aril[ionia were lower  than those 

in  b ]ood,  but i t s  d isappearance was s lower  and l e v e l s  re~l~ained 

s i g n i f i c a n t l y  i nc reased  a f t e r  t w e n t y - f o u r  hours. ~llen a second 

i n j e c t i o n  of urease was adi ;L in is tered to  the mice, ammonia again 
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Fi~. 2. Levels of ammonia in the blood and brain of mice 
indected with urease. The animals received 33 units of urease/kg 
body weight in a da l l y  i n t r ape r i t onea l  i n j e c t i o n ,  as ind icated 
in Methods. Blood (o) and brain (e) ammonia were determined as 
ind ica ted.  Since blood ammonia va r i a t i ons  were essen t i a l l y  the 
same a f t e r  every i n j e c t i o n  of urease, the f igure only r e f l ec t s  
the time course in the ear ly  hours of the experlmental per iod.  
Results are the mean + S.D. of s ix  animals. 
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rose r a p i d l y  to the sar, le l eve l s  as on the f i r s t  day. Al though 

not sho~vn in the f i g u r e ,  t h i s  occurred a f t e r  each i n j e c t i o n  of 

urease. Thus, t i l l s  treatl,~ent produceu a susta ined hypera~m,~o- 

ner;lia w i th  concoJ~litantly increased bra in  aJ~.Jonia. In sp i te  of 

t h i s ,  the anii~lals showed no apprec iab le  sy~,~pto~s of ax~r~1onia 

t o x i c i t y  and appeared noriiJal aur ing the exper i~en ta l  per iod .  

I,lany exogenous agents induce changes in l i p i d  f l u i m i t y  in 

~Leil~branes v#hich are evidenced by s h i f t s  in the d i s c o n t i n u i t i e s  

of Ar rhen ius p lo ts  (18,19) .  O , i s c o n t i n u i t i e s  in the Ar rhen ius  

p ]o ts  of meh~Drane-bound enzyJ,~es cou]d be re la ted  to phase 

changes in r, lenlbrane l i p i d s ,  which are s p e c i f i c  fo r  each enzyme 

at  given cond i t i ons  (17). (Na+-K+)ATPase is a Mel~}brane-bound 

enzyJtie whose a c t i v i t y  has been shown to be a l t e red  by changes in 

i~le~;~brane c h a r a c t e r i s t i c s  (17,19) .  In order to i n v e s t i g a t e  the 

e f f e c t  of al:ii;~onia on neural ~,henbranes, v#e tested the (Na+-K +) 

ATPase a c t i v i t y  of synaptosorlles prepared froN aniFiaIs submit ted 

to acute and susta ined hypera~;~l;JoneF~ia. 

F i~.  3 shoves the e f f e c t  of a~;~;~onia on the ~ r rnen ius  p lo t s  

of (Na+-K+)ATPase a c t i v i t y .  In synaptoso~;les fror,~ norL~a] i:~ice, 

a b iphas ic  p l o t  ~as seen, ~vith a d i s c o n t i n u i t y  appearing at 

23.7 ° C. /~ s h i f t  of t ha t  d i s c o n t i n u i t y  towards lower telr~pera- 

tures ~vas seen in both acute and c~roNic exposure to a~;~Honia, be- 

ing 9rearer  in the synaptosor,~es fro~t u rease- t rea ted  Hice, but 

the s p e c i f i c  a c t i v i t y  re~l~ained s i r .J i lar  in a l l  cases. " In  v i t r o "  

a d d i t i o n  of aH~.~onia induced s i m i l a r  changes. ~lhen (~Ja+-K+) - 

;kTPase of con t ro l  synaptoso~;~es was assayed in the presence of bU 

~:1,'~ am[,~oniu~i c h l o r i d e ,  the break in the diagram was s h i f t e d  to 

17.3°C. Also, the s p e c i f i c  enzy~Je a c t i v i t y  was |~larkedly re- 

duceO. 

Froi~ these r e s u l t s  i t  seeh~s c lea r  t ha t  aliH~ionia, both " in  

v i vo "  and " in  v i t r o " ,  i n t e r f e r e s  w i th  synaptosor.~al ~e~;~branes, 

5 1 9  



VOI. 119, No. 2, 1 9 8 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

4 

_~o 
I.I. 

~ o C 

CO NI'ROL 

I I I 
32 34 36 

2 o c .  _* . 

AMMONIUM ACETA'I~ 

(12mmolcs I Kg ) 

I I I 
32 34 36 

51 

UREASE 
(5 x 33 UnilSl Kg) 

I I 
32 

11  T x l O  ~' 

~ 0.2°C 

0,2°C 

CONTROL* 
S0mM NI-14C! 

I I I I 
36 32 34 36 

Fi . 3 "In vivo"+an~ "in v i t ro "  effects of ammonia on the Arrhe- 
ni~s piots of (Na -K )ATPase ac t i v i t~  in mouse s~naptosomes. 
The mice received ammoniu~ a~etate or urease as described in 
Methods. Synaptosomal (Na -K )ATPase ac t i v i t y  was assayed as 
indicated." In v i t ro "  e f fect  of+am~onla was determined by asaying 
control brain synaptosomal (Na -K )ATPase in the presence of 
NH.C]. Arrhenius plots were drawn from the values of enzyme V 
ma~ at temperatures from I0-40°C. The t rans i t ion  temperatures 
for  each plot  are indicated. The values are the mean + S.D. of 
4-6 d i f fe ren t  values from 2-3 preparations, i . e . ,  at 3~ast twen- 
ty mice. 

a l t e r i n g  t h e i r  physical  p r o p e r t i e s .  Since the break is s h i f t e d  

towards lower tel~iperatures, the cIlange could be i n t e r p r e t e d  as 

an increase in l i p i d  f l u i O i t y .  This increase in d iso rder  can be 

t r a n s l a t e d  as conforr,~ational cJlanges in l~Le{,~brane-bound 

f u n c t i o n a l  p ro te ins  (17). 

SoILle authors have r e l a t e d  the convulsant p rope r t i es  of a~;~- 

~lonia to a d i r e c t  e f f e c t  on the ~lecllanis~;Ls r egu la t i ng  neuronal 

e x c i t a b i l i t y .  In 1970, Lux et a l .  founu tha t  amh~onia i n h i b i t e d  

the postsynapt ic  h y p e r p o l a r i z i n g  i n h i b i t i o n  in cat spinal  moto- 

neurones (0), ~laKing i t  i n e f f e c t i v e  fo r  the suppression of neu- 

ronal  e x c i t a t i o n .  This phenomenon has since been observed in a 

number of ver tebra tes  and i n v e r t e b r a t e s  (7,20-22),  i n c l u d i n g ,  

h}ore r ecen t l y ,  the l~otor cor tex of the cat " in  v i vo"  (23). I t  

has been shown to depend on an ararJ1onia-induced i n n i b i t j o n  of the 

z~lechanisi~A of ch l o r i de  ion ex t rus ion  (24). This t;~ight r e s u l t  

fro~;~ the d i so rde r ing  e f f e c t  of a{nt;~onia on Mevlbranes since con- 

fo r~ la t iona l  changes in ti le c h l o r i d e  pu~,~p, due to v a r i a t i o n s  in 
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t i le s tate of t i le l i p i d  phase of the neurone ~;~erimrane, r, l i gh t  

cause a loss in i t s  e f f i c i e n c y .  

SoHe e f f ec t s  of ]ong-terh~ exposure to aHf:~onia could be re- 

l a ted  to i t s  d i so rde r ing  ac t ion  on brain r,~er;ibranes, fnere is 

inc reas ing  evidence p o i n t i n g  to a l t e r a t i o n s  of b l ood -b ra in  

b a r r i e r  per i ,~eabi l i ty f o l l o w i n g  por tacaval  shunt ing,  a c o n d i t i o n  

leading to hyperaHi~oneHia; increased perr,~eabil i ty to d i f f e r e n t  

dyes and f e r r i c  oxysaccharioes (25), horseradish peroxidase (2b) 

and neutra l  al;lino acids (ZT) has been repor ted,  liepatectoi,~izeU 

rats dying in coHa showed an increased peri~beabil ity of the 

b lood -b ra in  b a r r i e r  to i n s u l i n ,  sucrose and trypan blue (Zu). 

Changes in tl le g l i a l  co~;~part~;~ent have also been described in the 

bra in  of aniHals with urease-in~uced nyperaF~,mner,~ia ~vnicn con- 

s i s t  in an a l t e r a t i o n  of  g l i a l  ce l l s  nuc le i  accol;~panied by an 

i n h i b i t i o n  of as t rocy te  l i l i t os i s  (Z9). Since there are co~- 

pounds which a f f e c t  both ce l l  r~er~rlbranes and i i~ icrotubul i  (3U), i t  

is poss ib le  that  a~:~:ionia could p]ay a ro le  in these processes. 

Regarding the r e l a t i o n s h i p  bet~veen t h e  p r o t e c t i v e  e f f e c t  of 

et i lanol  and other a lcoho ls  on a~,u~onia i n t o x i c a t i o n  (~-11) and 

t h e i r  act ion on mehlbranes ( IZ ) ,  an opposing ac t ion  of t l lese co~- 

pounds at t i l l s  leve l  is not c l e a r l y  suy~estd by our resu ] t s .  In 

f a c t ,  since a~:~,~onia increases ~:~e~Jbrane f l u i d i t y  in t i le sable way 

as a lcoI lo ls  do (17), an a d d i t i v e  e f f e c t  h}igI1t be expected wi th 

both. Fig.  4 shows the " in  v i t r o "  e f f e c t  of al;u~onia plus etha- 

nol on the Arrhenius p lo ts  of synaptosoi~lal (Na+-K+)ATPase. As 

can be seen, ethanol at low doses had no e f f e c t  on the t r a n s i -  

t i o n  teHperature,  but at nigh doses induced a f u r t l ] e r  s h i f t  to 

l ov~er te~Iperatures. Therefore,  i t  ~lay be assui~led fror~ these 

data that  the acute c y t o t o x i c i t y  of ar~u~onia is not due to a p r i -  

~lary e f f e c t  on I~}erlmrane f l u i d i t y .  
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F i ~ ,  4,  " In  v i t r o ~  e ( f e c t s  of ammonia and e t h a n o l  on the A r r h e -  
n ius  p l o t s  of (N t -~ IA lPase  a c t i v i t ~  in mouse s~naptosomes.  
Synaptosomal ( N a - K ) A T P a s e  from c o n t r o l  b r a i n s  was assayed in 
the  presence of the s t a t e d  a d d i t i o n s .  Exper imenta l  c o n d i t i o n s  
are  as aescr iDed  in legend to F i g ,  3,  The r e s u l t s  are the mean 
S ,U ,  of 4 -6  d i f f e r e n t  va lues  of 2 -3  p r e p a r a t i o n s ,  

*~t t h i S  s t a g e ,  ve r y  l i t t l e  can be s a i d  abou t  the  n a t u r e  of  

t he  i n t e r a c t i o n  of  aiF, r~onia w i t h  synaptosm;~al  membranes. Ai~imonia 

Hay e x i s t  i n  two e q u i l i D r i u ~ ,  forbes,  a n i o n i c  {NH 3) and i o n i c  
+ 

(I~H ~ ) .  The f i r s t  of  thei~l i s  a l i p o p l l i l i c  ~as.  r e a d i l y  d i f -  

f u s i b l e  t h r o u g h  b i o l o g i c a l  r , leHbranes. I f  i t  i s  r e s p o n s i b l e  f o r  

t he  a c t i o n  on ~;~e~:Lbranes, i t  i s  l i k e l y  t h a t  i t  i s  a gaseous anes-  

t h e t i c - l i k e  e f f e c t .  ~i,.,loniul;L i on  H i g h t  i n t e r a c t  w i t h  the  h y d r o -  

p h i l i c  H o i e t y  of  the  [ i leHbrane.  d i s r u p t i n g  the  a . l o l e c u l a r  f o r c e s  

t h a t  r u l e  l i p i d - l i p i d  or  l i p i u - p r o t e i n  i n t e r a c t i o n s  a t  t h i s  l e v -  

e l ,  t h e r e b y  i n c r e a s i n g  d i s o r d e r  and n o b i l i t y .  A l s o ,  al~iHoniula i on  

i s  h i q h l v  Das i c  i n  n a t u r e .  As the  plasL~tic n~e~;}brane i s  q u i t e  r i c h  

i n  a c i d i c  f u n c t i o n s  ( s i a l o  g l y c o p r o t e i n s ,  p h o s p i l o l i p i d s ,  e t c . )  

t h e  n e u t r a l i z a t i o n  of  them by NH4 + [;lay t h e r e f o r e  i n d u c e  per  se 

n o t a b l e  [;~ei~brane a l t e r a t i o n s .  
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