
Cerebral Acetylcholine, Serotonin, and Norepinephrine in Acute 
Ammonia Intoxication1 (35336) 

c. 0. WALKER, K. v. SPEEG, JR., J. D. LEVINSON, AND s. SCHENKER 
(Introduced by R. M. Des Prez) 

Divisions o f  Gastroenterology, University o f  Tcxas (Southwestern) Medical School at Dallas, 
Texas; and Vanderbilt University School of Medicine, Nashville, Tennessee 37203 

Ammonia is currently considered the most 
likely “toxin” responsible for the induction of 
hepatic coma ( 1 ). The intracerebral mecha- 
nism of hepatic coma or even of acute 
experimental ammonia intoxication is uncer- 
tain, One leading possibility, however, is that 
these conditions are due to the depletion of 
cerebral acetylcholine (ACh) ( 1). 

The evidence in favor of the ACh de- 
pletion hypothesis is as follows: (i) Ammonia 
in vitro interferes with cerebral ACh synthe- 
sis ( 2 )  and prevents ACh uptake by synaptic 
vesicles ( 3  ) ; (ii) adenosine triphoqhate 
(ATP) and Acetyl CoA, which may be de- 
creased in brain of ammonia-intoxicated ani- 
mals ( 1 ,  4) are necessary for the synthesis of 
ACh; (iii) a decreased concentratioa of 
ACh has been reported in whole brain of rats 
intoxicated with ammonia ( 5 ) ;  and (iv) 
ACh is believed to be an important synaptic 
transmitter in brain (6) and hence may be 
required for normal cerebral function. On the 
other hand, the prior in vitro studies have 
employed much higher concentrations of am- 
monia than are detected in brain of ammonia- 
intoxicated animals, the in vivo studies 
were carried out in convulsing animals and 
ACh has been measurd by somewhat non- 
specific bioassays. Accordingly, the primary 
purpose of this study was to assess the cere- 
bral ACh-depletion hypothesis by correlating 
various degrees of ammonia intoxication with 
the ACh concentration in the brain, employ- 
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ing a specific, accurate biochemical assay for 
ACh. 

In  addition, serotonin and norepinephrine 
have been tentatively described as neuro- 
transmitters and have been implicated in the 
control of arousal level ( 7 ) .  A secondary aim 
of this study, therefore, was to determine the 
effect of depressed consciousness due to am- 
monia intoxication on cerebral serotonin and 
norepinephrine concentrations. 

According to current concepts conscious- 
ness may depend on a proper integration of 
nervous impulses received by the reticular 
activating system in the brainstem and their 
subsequent transmission to the cortex (8). In  
this schema, the brainstem may determine 
the “off and on” aspects of awareness and 
cortical function may pertain to the content 
of consciousness. Because of this cerebral 
functional heterogeneity, and since prior 
studies in our laboratory have suggested that 
the brainstem is especially sensitive to acute 
ammonia intoxication ( 1 ,  4), in this investia 
gation the neurotransmitters were assayed 
separately in the cortex and the brainstem. 

Materials and Methods. Sprague-Dawley 
female rats, 60-80 g in weight, were given 
intraperitoneally a single dose (7.9 mmolesJ 
kg) of ammonium acetate (NH4Ac) in 
physiologic saline. This doose of NH4Ac re- 
sults in rapid and reproducible onset of coma 
without excessive frequency of convulsions 
or mortality. This ammonia salt was chosen 
since i t  results in only slight alterations in 
the blood pH of the recipients (4). One 
group of controls was given sodium acetate 
(NaAc) in a dose equimolar and equal in 
volume to the NH4Ac, while another control 
group consisted of uninjected rats of the 
same weight. The NaAc-injected controls 
were sacrificed a t  times comparable to the 
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experimental group. Both experimental and 
control animals were decapitated without pri- 
or anesthesia and the cerebral colrtex and 
brainstem were dissected by hand and imme- 
diately assayed. The anatomical landmarks 
for these areas have been given in detail 
previously (9). 

Acetylcholine was measured by a modifica- 
tion of the specific and sensitive fluorometric 
method of Fellman (10). This procedure in 
our laboratory provides a recovery of 91 t 
5.1 % (mean t SE) with known quantities of 
ACh added to brain and gives a mean varia- 
tion in duplicates of *4.l%. Preliminary 
experiments showed that assay of the fresh 
unfrozen brain gave comparable values to 
those obtained with rapidly-frozen tissue. 
Eserine prernedication (to decrease cerebral 
ACh utilization) was not employed in this 
study since this substance induces sedation in 
control rats (9). Serotonin in brain was de- 
termined by the procedure of Snyder et al. 
( 1  1) and norepinephrine by the metho'd of 
Crout ( 1 2 ) .  Preliminary oontrol in vitro ex- 
periments indicated that the quantity of am- 
monia present in brain of the NH4Ac- 
intoxicated animals (4) does not interfere 
with the assays employed. The data are ex- 
pressed in terms of tissue wet weight since 
prior studies have shown that brain water 
content is unaltered in acute NH4Ac intoxica- 
tion (4).  

Statistical analysis was carried out by the 
nonparametric Mann Whitney U test (13). 

Results. Rats given the single injection of 
NH4Ac ( 7.9 mmoles/kg, intraperiboneally ) 
developed drowsiness in 4-6 min (precoma) 
which progressed to deep coma by about 10 
min. The coma lasted 10 to 20 min a d ,  in 
the absence 'of convulsions, resulted in com- 

plete recovery. Convulsions almost invariably 
led to death. Occasional animals which did 
not develop drowsiness or those which con- 
vulsed after the injection of NH4Ac were not 
studied. During precoma, the rats readily 
moved about on tactile stimulation, while in 
deep coma they only responded to noise, with 
twitching or convulsions. Both control 
groups, the uninjected rats and those given 
NaAc, were asymptomatic. 

Table I shows that the cerebral ACh con- 
centration in rats with NH4Ac-induced pre- 
coma and coma remained similar to values 
noted in the asymptomatic, NaAc-injected 
controls ( p >  0.05). These comparable values 
in the two groups of mirnals were obttained 
both in the cerebral cortex and brainstem. 
The ACh values i n  both groups (NH4Ac and 
NaAc) were slightly higher than those found 
in uninjected rats but the differences were 
not significant ( p > O . O S ) .  The apparent 
slight increase in brain ACh in the NH4Ac- 
and NaAc-injected rats may be due to the 
availability of the acetate which may serve as 
a precursor of ACh via the formation of 
Acetyl CoA. The higher ACh concentration 
in the brainstem than the cortex in all animal 
groups agrees with prior observations (9). 

The effects of acute ammonia intoxication 
on cerebral serotonin and norepinephrine 
concentrations are shown in Tables I1 and 
111, respectively. During precoma the xro- 
tonin and norepinephrine levels in brain were 
normal and this held true also for norepineph- 
rine during established coma. Cerebral sero- 
tonin, by contrast, fell modestly (p<01.05) 
in bolth cortex and brainstem of rats with 
NH4Ac-induced deep coma. 

Discussion. The present study clearly 
demonstrates that rats acutely intoxicated 

TABLE I. Cerebral Acetylcholine in  Acute Experimental Ammonia Intoxication. 

Cortex" Brainsterna 

Normal control (10) 5.94 & 0.89 13.52 2 0.77 

Preconia NH,Ac (10) 8.08 -1- 0.62 15.55 3- 0.65 
NaAc control (10) 9.62 f 1.47 16.54 & 1.14 

Coma NH,Ac ( 5 )  7.86 2 0.47 17.37 r+ 1.98 
NaAc control (5) 7.31 -1- 0.34 13.79 -c 1.43 

a All values: mpmoles/g of wet wt. The data are presented as means 2 SE of the number 
of animals given in parentheses. Statistical analysis is given in the text. 
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TABLE 11. Cerebral Serotonin in  Acute Experimental Ammonia Intoxication. 

Cortexa Brainstem" 

Normal control (6) 0.374 k 0.01 0.829 & 0.02 

Precoma NH,Ac (6) 0.360 & 0.01 0.815 & 0.02 
NaAc control (6) 0.352 0.01 0.844 0.01 

Coma NH,Ac ( 5 )  0.2Mb+ 0.01 0.7Mb? 0.02 
NaAc control (5) 0.379 k 0.01 0.844 & 0.03 

"All  values: @g/g of wet wt. The data are presented as means i- SE of the number of ani- 

* Significantly below control values ( p  < 0.05). 
mals given in parentheses. 

with ammonia have a normal cerebral ACh 
concentration. This conclusion seems particu- 
larly valid since the ACh assay employed is 
both accurate and specific and the ACh mea- 
surements were carried out in those areas of 
the brain (cortex and brainstem) which are 
believed to participate primarily in the main- 
tenance of consciousness. These data there- 
fore do not support the ACh-depletion hy- 
pothesis as a cause of acute ammonia intox- 
ication, a concept based on prior in vitro 
studies which employed unphysiulogically 
high ammonia concentrations and on data 
obtained exclusively from convulsing animals 
(2 ,  5 ) .  Our data are also consistent with 
recent observations from this laboratory (1) 
that ammonia does not interfere with py- 
ruvate decarboxylation in the brain and 
therefore should not induce a depletion of 
Acetyl CtoA, the precursor of ACh. Further- 
more, the calculations of McIllwain (14) also 
suggest that the degree of ATP depletion 
recently observed in the brainstem of ammo- 
nia-inltotxicated rats (4) is insufficient to im- 
pair cerebral ACh synthesis. 

Since the present investigation provides 
data only about the net available ACh in 

brain during ammonia intoxication, and it 
has been estimated that the whole brain may 
renew its ACh store every 15 sec (15) ,  it is 
evident that future in vivo studies of cerebral 
regional ACh turnover in ammonia intoxica- 
tion will be needed. Such investigations await 
the development of the appropriate micro- 
techniques. Since, however, there is no evi- 
dence that ACh utilization is increased in 
ammonia intoxication and the present study 
documents normal levels of ACh both during 
and after the development of NH4Ac-induced 
stupor, it seems unlikely that cerebral ACh 
synthesis is decreased significantly in this 
condition. Future studies, however, should be 
carried out to assess whether these data with 
unfractionated brain ACh also reflect its 
concentration in subcellular cerebral pools. 

Finally, i t  is evident from this study that 
alterations in cerebral serotonin and norep- 
inephrine are not responsible for experimen- 
tal ammonia-induced stupor. Although there 
was a modest fall in cerebral serotonin with 
NH4Ac administration, this occurred only af- 
ter the coma was established and a similar 
degree of cerebral serotonin depletion with 
drugs which impair serotonin synthesis does 

TABLE 111. Cerebral Norepinephrine in Acute Experimental Ammonia Intoxieation. 

Cortex" Brainstem" 

Normal control (10) 0.17 & 0.01 0.53 & 0.01 

Precoma NH,Ae (8) 0.19 * 0.01 0.51 & 0.01 
NaAe control (8) 0.20 & 0.01 0.56 rt 0.01 

Coma 0.50 & 0.02 NH,Ac (8) 0.18 f 0.01 
NaAc control (8) 0.21 f 0.01 0.52 k 0.02 

a All values: gg/g of wet wt. The da ta  are presented as means 2 SE of the number of ani- 
mals given in parentheses, Statieticd analysis is given in the text. 
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not result in stupor (16). In  retrospect, the 
lack of a significant alteration in cerebral 
sero tolnin and norepinephrine during the de- 
velopment of NH4Ac-precoma is not surpris- 
ing since precoma occurs within 5 min and 
serotonin and norepinephrine turnover times 
in normal brain are of the order of 1 hr (17, 
18). On the other hand, the decrease in brain 
serotonin concentration with ammonia in es- 
tablished coma is of interest since such a 
change does not occur with ether or cy- 
clopropane-induced anesthesia ( 1 7 ,  unpub- 
lished data). It may be pertinent, therefore, 
to examine cerebral serotonin turnover in 
more prolonged human hepatic coma. Such 
studies may now be carried out by assaying 
cerebrospinal fluid 5-hydroxyindoleacetic 
acid formation after preventing the egress of 
this substance from spinal fluid by the ad- 
ministration of probenecid (20,2 1 ) .  

Summary. The prilmary purpose of this 
study was to assess the hypothesis that a 
depletion of cerebral acetylcholine ( ACh) 
may be responsible for the coma ind,uced 
with ammonia. An ancillary aim was to deter- 
mine the effect of ammonia on cerebral levels 
of two other likely neurot8ransmitters, sero- 
tonin and norepinephrine. Acetylcholine, 
sem tonin, and norepinephrine were measured 
in the brain of rats with NH4Ac-induced 
stupor and in asympotomatic NaAc-injected 
and uninjected controlls. Studies were carried 
out during and after the development of stu- 
por; and both cortex and brainstem were 
assayed separately since these areas are be- 
lieved to be primarily responsible for the 
maintenance of consciousness. Acetylcholine 
was measured by a specific and accurate fluo- 
rometric procedure. In rats with ammonia- 
induced precoma and coma, the ACh and 
norepinephrine levels in the cerebral cortex 
and brainstem were comparable to values 
seen in control animals. Cerebral serotonin 
likewise was normal during the development 
of stupor but fell modestly in both cortex and 
brainstem of animals with established coma. 
This study indicates that cerebra1 regional 

stores of ACh, serotonin, and nlolrepinephrine 
are normal during the development of acute 
ammonia-induced coma an’d that other 
mechanisms for this neurologic dysfunctiion 
will have to be considered. 
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