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Overview 

Is Ammonia a Pathogenetic Factor in Alzheimer's 
Disease?* 

Nik o lau s  Sei ler  ~ 
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An attempt was made to review experimental evidence in favor of the idea that ammonia plays a 
role in dementia of the Alzheimer type (DAT). Hyperammonemia causes biochemical and cellular 
dysfunctions in the brain, which can be found in brains of DAT patients. The most conspicuous 
among these findings are astrocytosis, impairment of glucose utilization, and a decreased rate of 
energy metabolism, and the impairment of neurotransmission, with a net increase in excitability 
and glutamate release. The derangement of lysosomal processing of proteins is another potential 
site of ammonia action. This aspect is especially important in view of the growing evidence for 
the role of the endosomal-lysosomal system in the formation of amyloidogenic fragments from [3- 
amyloid precursor protein. Ammonia is not considered a primary factor of the disease. However, 
since hyperammonemia and release of ammonia from the brains of DAT patients is well supported 
by published observations, ammonia should be taken into account as a factor that contributes to 
manifestations and the progression of DAT. If elevated ammonia concentrations turn out to be 
indeed as important in DAT, as is suggested in this review, rational therapeutic avenues can be 
envisaged that lead to the amelioration of symptoms and progression of the disease. 
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INTRODUCTION 

The pathological changes in dementia of the Alz- 
heimer type (DAT) include the presence of senile plaques, 
neurofibrillary tangles and granulovacuolar degeneration 
in cerebral cortex, amygdala, olfactory tubercle and hip- 
pocampus (1,2). Losses of cholinergic (3,4), glutama- 
tergic (5-8), serotonergic (9-12), noradrenergic (9,13- 
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15), dopaminergic (9,16) and somatostatinergic (17), 
neurons and receptors, respectively, as well as the im- 
pairment of the brain GABA system (18) have been ob- 
served. Quantitative cell counts have not confirmed 
astrocyte proliferation, but "reactive astrocytes" are found 
in neuritic plaques (19,20), and fibrous astrocytes appear 
to be much more numerous in the cerebral cortex of DAT 
brains than in the brains of age-matched controls. This 
has been interpreted as a reactive pathological process 
involving transformation of protoplasmic to fibrous as- 
trocytes (1). 

Numerous hypotheses concerning the pathogenesis 
of DAT have been published, among which the selective 
vulnerability of cholinergic neurons in the basal fore- 
brain (21-24) first attracted most attention. Viral agents 
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(25), aluminum (26-28) and other trace element imbal- 
ances (29), endogenous colchicine-like factors (30), glu- 
tamate dysfunction (31,32), lack of trophic factors, such 
as nerve growth factor (33) have been proposed among 
others as etiologic factors. 

No evidence for a major gene was found for DAT 
(34). However, a genetic predisposition is considered to 
be likely from the high concordance rate for monozy- 
gotic and dizygotic twins (35), and an increased fre- 
quency of the disease in relatives of affected patients 
(36). The long arm of chromosome 21 is considered to 
be the locus of predisposition (37), but the expression 
of a number of genes encoding for various neuronal and 
non-neuronal proteins is also changed in DAT brains 
(38) and may also contribute to the etiology of the dis- 
ease. 

Since the identification of 13-amyloid protein (13- 
AP) as the major constituent of senile plaques, extra- 
cellular 13-AP deposition is considered to be the central 
event in the etiology of DAT (39-41). Interest has fo- 
cused on the mechanisms involved in plaque formation, 
and the pathologic consequences of 13-AP deposition (41- 
43). 

Amyloid defines senile plaques, but other elements 
may be more specific for DAT. For example, extensive 
neuritic degeneration was seen only in DAT brains, not 
in non-demented elderly with senile plaques or in non 
DAT dementia cases (20). 

In human brain [3-AP is formed from a precursor 
protein (13-APP), a component of synapses with un- 
known physiological function (44). It is also a regular 
constituent of the brains of non-human primates (45). 
Growing evidence indicates that 13-AP deposits are formed 
due to aberrant processing of 13-APP (46). This hypoth- 
esis is supported by the occurrence of familial forms of 
DAT with known mutations in the 13-APP, and conse- 
quent aberrant processing, for which a model has been 
proposed (41). The reasons for aberrant 13-APP process- 
ing in the vast majority of Alzheimer cases is, however, 
unknown. In human Down's syndrome structurally nor- 
mal 13-APP is overexpressed due to gene duplication (47). 
The enhanced formation of 13-APP in Down's patients 
appears to be a sufficient reason for the formation of 13- 
AP depositions, which are indistinguishable from those 
in DAT brains (48). This may be taken as an indication 
for a restricted capacity of the human brain to process 
[3-APP, and one may conclude that a relatively minor 
impairment of normal 13-APP processing is sufficient for 
senile plaque formation, especially since the process of 
plaque formation is very slow. 

It has been hypothesized that risk factors in DAT 
increase with age (49). If this is true, we have to consider 

consequences of general age-related changes in organ 
functions as potential contributing factors, among which 
the impairment of the blood brain barrier function (50) 
may be of especial importance. Enhanced exposure of 
the organism to oxygen free radicals, e.g. due to the 
impairment of catalase and superoxide dismutase, may 
be another general noxious event, although direct evi- 
dence for the validity of this idea with respect to DAT 
is scarce. But oxygen free radicals have nevertheless 
been implicated as etiological agents in the process of 
aging (51), and in several neurodegenerative disorders 
(52), including DAT (53-55). 

Ammonia, a highly toxic agent, is both of environ- 
mental (gastrointestinal tract) and endogenous origin. From 
the known toxicology of ammonia, it appears to be likely 
that it may contribute in various ways to pathological 
processes in DAT, but also in other senile dementias. It 
is the purpose of this paper to discuss the potential in- 
volvement of ammonia in the development and mani- 
festations of DAT. 

Following the pertinent literature, ammonia and 
ammonium (salt) will be used synonymously, keeping 
in mind that at physiological pH (7.4), 1.7% of ammonia 
(NH3) is in equilibrium with 98.3% of its protonated 
form (NH4 +) (56). 

Evidence for Elevated Ammonia Concentrations in 
Blood and Brain in DAT 

There are only a few published observations which 
directly suggest a role of ammonia in DAT. Since, how- 
ever, ammonia has not attracted attention in this regard, 
no systematic studies are available. 

a) Fisman et al. (57,58) demonstrated in two reports 
that postprandial blood ammonia levels were signifi- 
cantly higher in DAT patients than in appropriately 
matched control subjects. Some DAT patients had tri- 
phasic waves on EEG, a waveform suggestive for met- 
abolic encephalopathy (59). The fasting blood ammonia 
levels in those patients were significantly higher than in 
the other DAT patients. 

b) Branconnier et al. (60) found in patients who 
met the diagnostic criteria of DAT, but had no liver 
disease, nor urinary tract infections, 208 _ 136 Ixg am- 
monia per 100 ml of plasma. The normal range was 20- 
94 jxg/100 ml; 83% of the patients had blood ammonia 
concentrations above the normal limits. 

c) Hoyer et al. (61) determined arterio-venous dif- 
ferences of ammonia in patients suffering from advanced 
DAT, and in patients clinically diagnosed as having in- 
cipient dementia, in all probability DAT of early onset. 
Healthy volunteers showed an average ammonia uptake 
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by the brain of 72 _+ 7 Ixg-kg-l'min -~. In striking con- 
trast, 27 + 3 ixg'kg-l-min -~ of ammonia was released 
from the brains of patients with advanced DAT. Patients 
with presumed early-onset DAT released even 256 -+ 
162 lxg-kg-1.min-1 ammonia into the circulation. These 
findings suggest excessive ammonia production within 
the brain, with or without a deficient mechanism of am- 
monia detoxification. 

From the above cited reports it seems evident that 
in addition to usual age-related impairments of liver 
function (i.e. reduction of the hepatic detoxification ca- 
pacity), there are disease-related causes for hyperam- 
monemia in DAT, which are not of gastrointestinal origin. 

Sources of Ammonia, and Ammonia Detoxification 
Mechanisms 

Normal ammonia concentrations in vertebrate brains 
are in the range of 0.1-0.3 ~mol.g -1 wet weight. Con- 
centrations seem to be correlated with the functional state 
of the brain : reduction in functional activity is associ- 
ated with a reduced concentration of ammonia, and func- 
tional activity, electrical stimulation and many convulsant 
agents produce elevated brain ammonia levels (56). 

A significant amount of the ammonia of the verte- 
brate organism originates from the gastrointestinal tract. 
Deficient detoxification due to the impairment of liver 
function causes hyperammonemia, and since ammonia 
easily passes the blood brain barrier (56), elevated brain 
ammonia concentrations are a result. In hepatogenic en- 
cephalopathy resulting from acute or chronic liver dis- 
ease, exogenous (gastrointestinal) ammonia is a key factor 
in the pathogenesis of the disease (62-64). Bacterial in- 
fections of the urinary tract (e.g. the neurogenic bladder) 
is another potential cause for hyperammonemic enceph- 
alopathy (65). Proteins, nucleic acids and hexosamines 
have long been suggested as sources of cerebral am- 
monia (66-68). Oxidative deaminations of primary amines 
(monoamines, diamines and polyamines), glycine catab- 
olism via the glycine cleavage system, deaminations of 
purines and pyrimidines and glucosamine-6-phosphate, 
among others, are well known ammonia generating re- 
actions, which may contribute to the steady-state level 
of brain ammonia (69). The direction of the neural glu- 
tamate dehydrogenase-catalyzed reaction appears to be 
regulated by the intracellular NAD(P)/NAD(P)H-ratio : 
when the ratio is high, e.g. in the absence of glucose, 
oxidative deamination of glutamate occurs. In the pres- 
ence of glucose, when this ratio falls, and 2-oxoglutarate 
is not rate limiting, reductive amination of 2-oxoglutar- 
ate to glutamate seems favored (56). 

Hepatic urea formation is the major detoxification 

GLUTAMATE + ATP + NH3 ~ GLUTAMINE + PO43"+ ADP 

Fig. 1. The glutamine synthetase reaction scheme. 

reaction of the mammalian organism. In brain, the ATP- 
dependent formation of glutamine (Figure 1) in glial cells, 
and its release into the circulation is nearly exclusively 
responsible for the limitation of ammonia concentrations 
(56,69). Glutamine synthetase is localized in the soluble 
and microsomal fractions of glia cells (69). 

Brain Ammonia Metabolism in DAT 

Some observations suggest arguments in favor of 
the non-physiological accumulation of ammonia in the 
CNS of DAT patients. 

The greatly reduced activity of glutamine synthe- 
tase in the brains of aged gerbils (70), the rapid loss of 
glutamine synthetase during ischemia/reperfusion-in- 
duced brain injury (71) and during hyperoxia in neonatal 
rats (72) are strong indications for the considerable sen- 
sitivity of this enzyme against damage by oxygen free 
radicals. In human brains an age-related gradual reduc- 
tion of glutamine synthetase activity was observed, with 
a significantly lower activity of this enzyme in the brains 
of DAT patients than in age-matched controls (73). In 
contrast, phosphate-activated glutaminase, the enzyme 
responsible for intraneumnal liberation of glutamate from 
glutamine, is not changed in DAT (74). Thus a dys- 
function of the key detoxification mechanism in the brains 
of patients with DAT seems obvious. 

Monoamine oxidase B (MAO-B) is mostly extra- 
neuronally localized (75) and represents in the human 
CNS over 80% of MAO (76). An age-related increase 
of this enzyme has been demonstrated (77). This in- 
crease was more marked in the brains of DAT patients 
(78,79), and has been related to gliosis involving astro- 
cytes (80). The enhancement of MAO-B activity seems 
to be due to the presence of more MAO-B molecules, 
not due to a high-activity isoform of the enzyme (81). 

MAO-B deaminates oxidatively numerous endog- 
enous and exogenous primary amines (e.g. dopamine, 
tyramine, tryptamine, [3-phenylethylamine, benzylam- 
ine) to form ammonia, hydroperoxide and the aldehyde 
corresponding to the amine substrate, as is depicted in 
Figure 2. Since all three reaction products of MAO (and 
of all oxidative deaminations in general) are noxious 
agents that need to be inactivated by the mammalian 
organism, the enzymes and their substrates, but espe- 
cially the products of these reactions, deserve our special 
attention as potential pathogenetic factors. 
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R-CH2-NH 2 + 02 + H20 ~ R-CHO + NH3 + H202 

+ 

Fe 2+ 

Fe 3§ + "OH + ~ 

Fig. 2. General scheme of oxidative deaminations of primary amines, 
and Fe2+-catalyzed radical formation from hydroperoxide. 

The physiologic rate in human brain of MAO-B- 
catalyzed reactions (and of related oxidative deamina- 
tions) is not known. In DAT patients the impaired blood- 
brain barrier (50) may allow the enhanced intrusion of 
substrates of MAO-B into the brain from the periphery. 
It is not possible to assess the contribution of these re- 
actions to brain ammonia formation. But it seems not 
unlikely that the recent reports on the improvement of 
cognitive functions of DAT patients by treatment with 
an inactivator of MAO-B (82-85) are due to the reduc- 
tion of ammonia formation. (In addition to reduced am- 
monia formation there are of course several other potential 
explanations for the beneficial effects of MAO-B inhi- 
bition in DAT). 

Toxic Effects of Ammonia and Ahheimer Pathology 

In experimental animals key toxic manifestations of 
enhanced brain ammonia concentrations are independent 
of the genesis of the state of hyperammonemia, i.e. the 
symptoms are much the same after impairment of liver 
function (e.g. by portacavat shunting), hyperammone- 
mia produced by urease injections, or by inactivation of 
glutamine synthetase, using methionine sulfoximine (86- 
88), and resemble pathophysiological observations in the 
brains of patients with hepatogenic encephalopathy and 
hereditary defects of urea cycle enzymes (62,63). Based 
on these facts one should expect to find at least some of 
the typical pathophysiological consequences of hyper- 
ammonemia in DAT. 

a) Synaptic Transmission in Ammonia Intoxication. 
Based on experimental results it was calculated that an 
increase of ammonia to about 0.5 p~mol-g -1 brain, i.e. 
a 2-5-fold increase, is sufficient to disturb excitatory and 
inhibitory synaptic transmission and to initiate the en- 
cephalopathy related to acute ammonia intoxication (89). 
Thus, it seems evident that slowly progressing patho- 
genetic mechanisms may be initiated even at brain am- 
monia concentrations only slightly above physiological 
levels. 

Glutamate-mediated excitatory synaptic transmis - 
sion is decreased by ammonia. Whether this effect is 
related to a depletion of glutamate in presynaptic ter- 
minals is unclear at present (89). 

Inhibitory synaptic transmission is also decreased 
by ammonia, by hyperpolarizing Cl--dependent inhibi- 
tory (e.g. GABAergic) neurons. This effect is related to 
the inactivation of the extrusion of C1- from neurons by 
ammonia. By the same action ammonia also decreases 
the hyperpolarizing action of Ca 2§ and voltage depen- 
dent C1--currents (89). Since a large proportion of the 
GABAergic and other inhibitory neurons control inhib- 
itory inputs, ammonia produces an increase in neuronal 
excitability by "disinhibition" (90). 

The fact that ammonia is capable of interfering with 
the function of the major excitatory (glutamatergic), and 
the major inhibitory (GABAergic) neuronal systems of 
the vertebrate CNS should be sufficient reason to attract 
our especial interest. 

b) Reduced Glucose Utilization. Most conspicuous 
findings of experimental and human diseases with hy- 
perammonemic states, namely the impairment of brain 
glucose utilization, with concomitantly decreased rates 
of energy metabolism (89,91,92) and astrocytic altera- 
tions, characterized as "Alzheimer type II gliosis'" (93- 
95) are characteristic for DAT brains as well : In PET 
studies (8,96,97) cerebral glucose utilization was found 
to be predominantly reduced in the parieto-temporal cor- 
tex. Overall cerebral glucose utilization was found to be 
diminished by about 50% with normal oxygen con- 
sumption in early-onset (98-100), but reduced oxygen 
consumption in late onset DAT (101). (The impairment 
of brain energy metabolism in DAT, and of enzymes 
involved in energy metabolism, has subsequently been 
reported by several investigators (e.g. see ref. !02-104)). 

c) Interference with Glia Function. As has been 
mentioned before, astrocyte abnormalities are a charac- 
teristic of DAT. In a recent paper Frederickson (105) 
summarized observations supporting the idea that reac- 
tive astrocytes may mediate neuropathologic events of 
DAT, including the facilitation of extracellular deposi- 
tions of [3-AP. 

Astrocytie damage by ammonia is followed by a 
decrease of glutamine synthetase activity, as was evi- 
denced from the reduction of the activity of this enzyme 
by 15% in rats with portacaval shunts (106). However, 
this decrease in synthetase activity may cause further 
damage to astrocytes. It is well established that gluta- 
mine synthetase is critically involved in the regulation 
of intracellular ammonia and acid-base balance (56). Any 
derangement of the function of this enzyme will be fol- 
lowed by the amplification of ammonia toxicity. There- 
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fore, it is not surprising that an increased intracellular 
pH, and swelling of astrocytes was observed in hyper- 
ammonemic rats (107). pH-Determinations in brains of 
DAT patients (e.g. by measurement of the chemical shift 
of the signal of inorganic phosphate by in vivo NMR 
spectroscopy) should be able to render appropriate evi- 
dence for a role of acid-base imbalance in DAT. 

Increasing evidence emerges for a role of microglia 
in DAT pathology (108). These cells are seen in many 
degenerating cells, and virtually every senile plaque has 
microglial cells or cell processes in the plaque (20). It 
is believed that microglia invasion is an indication for 
the brain's attempt to rid itself of immunogenie proteins. 
Since I3-APP is likely to be formed in microglia (109) 
these cells may contribute to the formation of I3-AP dep- 
ositions in two ways, by phagocytosis of nerve ending 
membranes, and by their intrinsic 13-APP. 

Effects of ammonia on microglia function seem not 
to have been studied. In view of the potential importance 
of microglia in DAT pathology this aspect of neurode- 
generation needs to be explored. 

From the key observations reported in the two pre- 
ceding sections the scenario schematized in Figure 3 seems 
evident : Damage of glutamine synthetase (and of other 
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Fig. 3. Positive feedback regulatory cycles in states of enhanced brain 
ammonia concentrations, and pathologic consequences of hyperam- 
monemia. In addition to enhancement of brain-born ammonia exoge- 
nous sources due to impaired liver function or bacterial infections of 
the urinary tract may contribute to hyperammonemia in aged people. 

proteins) e.g. by oxygen free radicals could be one of 
the primary events. The impairment of brain ammonia 
detoxification is expected to initiate vicious circles which 
result in the progressively increasing accumulation of 
ammonia with astrocytosis as a consequence. The im- 
pairment of glucose utilization is another potential pri- 
mary event (98), expected to have similar consequences 
as the impairment of ammonia detoxification. 

d) Hyperammonemia and Excitotoxic Amino Acids. 
Presumably the most conspicuous difference between the 
amino acid patterns of cirrhotic (62) and DAT patients 
(74) is the several-fold increase of glutamine in aiI brain 
regions of cirrhotics, but no change in the concentration 
of this amino acid in the brains of DAT patients. Like- 
wise, no increase of glutamine was detected in the CSF 
of patients with DAT (110), whereas the levels of this 
amino acid were elevated in the CSF of experimental 
animals with portal-systemic encephalopathy (111). These 
findings suggest the inability of the brains of DAT pa- 
tients to enhance glutamine formation above a certain 
level, and may be taken as an indication for a consid- 
erable sensitivity of DAT brains even to small increases 
in the rate of ammonia formation. Due to the elevation 
of ammonia levels, reductive amination of 2-oxoglutar- 
ate (catalyzed by glutamate dehydrogenase) may take 
place, both in DAT and hepatogenic encephalopathy. 
Presumably, this "extra" glutamate can only be re- 
moved from the brain as glutamine in the latter disease 
not in DAT brains, due to its limited capacity of am- 
monia detoxification. Glutamate formation from 2-oxo- 
glutarate impairs at the same time energy metabolism, 
by decreasing the equilibrium concentration of this sub- 
strate of the tricarboxylic acid cycle. 

Glutamate concentrations are lower in the brains of 
DAT patients than in age-matched controls, due to losses 
of glutamatergic neurons (74), but CSF levels of gluta- 
mate are elevated, both in DAT (110) and in portal sys- 
temic encephalopathy (111), indicating enhanced 
extracellular concentrations of this amino acid. Disre- 
garding the mentioned possibility of the enhanced for- 
mation of glutamate by reductive amination of 2- 
oxoglutarate the increase of extracellular glutamate con- 
centrations is most probably a result of the impairment 
of the uptake of glutamate into perineuronal astrocytes 
due to the deranged astrocyte function by ammonia. Since 
it is well established that the neurotoxic effects of glu- 
tamate (112) are enhanced by inhibition of uptake sites 
(113), derangement of glial uptake mechanisms could be 
a major reason for excitotoxic cell damage in DAT. 

The release of aspartate from the brains of patients 
with early-onset DAT (98) is indicative for a further 
cause of excitotoxic damage during a certain stage of 
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the disease. Patients with a mean age of 60 years had 
normal CSF levels of aspartate (110). 

It has already been mentioned that there is evidence 
for the selective loss of glutamate receptors in cortex 
and hippocampus of DAT brains (5,7). In this context a 
recent observation seems of interest : In the cerebellum 
of hyperammonemic rats a decrease of the number of 
both, high- and low-affinity binding sites of glutamate 
was noticed. The decrease was only in the N-methyl-D- 
aspartate-specific binding sites, without any alterations 
in the binding sites of kainate or quisqualate. These ef- 
fects were mimicked when the membrane preparations 
from normal animals were incubated with ammonium 
acetate. Binding of muscimol (a GABA receptor agonist) 
was enhanced under the same experimental conditions 
(114). These observations underline again the ability of 
ammonia to affect functions of both glutamatergic and 
GABAergic neurons. 

Excitotoxic mechanisms in the pathogenesis of DAT 
(31,32,115,116) are especially attractive, since they are 
able to explain symptoms of cortical disconnection (e.g. 
aphasia), and memory dysfunction. Ammonia-induced 
astrocytosis may well have an important contribution to 
excitotoxie mechanisms. 

Potential Consequences of Enhanced Brain 
Tryptophan Metabolism 

The enhanced uptake and turnover of tryptophan in 
hepatic failure (117) was considered a pathogenetic fac- 
tor in hepatic encephalopathy (118). But hyperammo- 
nemia in the absence of any derangement of liver function 
also causes the enhancement of tryptophan uptake by the 
brain (119). The reports concerning the rate of trypto- 
phan and serotonin metabolism in DAT are controversial 
(84). The following considerations may nevertheless be 
valid in view of the data which support a role of hyper- 
ammonemia in the pathogenesis of DAT. 

Kynurenine is a toxic (120) metabolite of trypto- 
phan. It is formed by oxidative cleavage of the pyrrole 
ring to N-formyl kynurenine and enzymatic removal of 
the formyl residue (121). Quinolinic acid is formed from 
kynurenine. It is excitotoxic, similar to glutamate and 
kainic acid (122). Enhanced kynurenine concentrations 
in plasma, CSF, and brains of hyperammonemic patients 
(with liver cirrhosis) have been recognized as a conse- 
quence of enhanced tryptophan levels (123). Increased 
quinolinic acid formation in brain seems not to be a 
direct consequence of enhanced kynurenine formation. 
However, quinolinic acid concentrations were found to 
be elevated in the brains of aged rats (124). Therefore, 
they may be a consequence of enhanced quinolinic acid 

formation in liver, and/or enhanced uptake due to the 
age-related impairment of the blood-brain barrier (50). 

Based on the available information it is not difficult 
to imagine a scenario for aged people with chronic hy- 
perammonemia, as is depicted in Figure 4. In addition 
to excitotoxic damage generated by quinolinic acid and 
kynurenine, the impairment of lysosomal proteolysis by 
both, tryptophan and kynurenine (125) is a most likely 
direct consequence of chronically elevated brain am- 
monia concentrations. 

Lysosomes, I~-APP Processing, and Ammonia 

Several lines of evidence suggest that [3-APP is 
processed by the endosomal-lysosomal system : 

a) Using an antibody, [3-APP was localized to ly- 
sosomes (126-129). 

b) Lysosomal proteinase antigens are prominently 
localized within senile plaques (130). 

c) The degradation but not the secretion of [3-APP 
by PC12 cells was impaired by inhibitors of lysosomal 

Chronic hyperammonemia 

Increased 
plasma tryptophan 

J 
Increased 

kynurenine formation 

Increased 
=,. uptake by the 

brain 

Inhibition of 
lysosomal proteolysis 

in liver 

Enhanced kynurenine Inhibition of 
formation and accumulation D- lysosomal proteolysis 

in the brain in the brain 

Enhanced quinolinic acid 
formation in aged brain 

Enhanced neurotoxicity 

Fig. 4. Potential pathologic consequences of enhanced tryptophan me- 
tabolism along the kynurenine-quinolinic acid pathway. 
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function (i.e. ammonium chloride, leupeptine and chlo- 
roquine), (127,131). 

d) Rather convincing evidence for the lysosomal 
processing of 13-APP into potentially amyloidogenic 
fragments was published by Golde et al. (132). These 
authors produced deletion mutants of CEP4[3 cells that 
produce the normal set of carboxyl-terminal derivatives 
of [3-APP, and shortened secreted derivatives were ana- 
lyzed. It was shown that secretase cleaved 13-APP at a 
single site within the 13-AP region, and generated one 
secreted derivative and one non-amyloidogenic car- 
boxyl-terminal fragment. In contrast, a complex set of 
carboxyl-terminal derivatives was produced by the en- 
dosomal-lysosomal system that included potentially 
amyloidogenic forms. Exposure of the cells to 50 mM 
ammonium chloride reduced the entire set of 8-12 kD 
carboxyl-terminal derivatives and almost abolished the 
two largest forms; at the same time it augmented the cell 
content of the full length B-APP. Treatment with am- 
monium chloride had, however, no effect on secretase 
cleavage. Thus, it appears that 13-APP may be internal- 
ized from the cell surface and targeted to lysosomes, 
where an array of potentially amyloidogenic carboxyl- 
terminal fragments are generated. 

Ammonia (and other weak bases) are known to in- 
terfere with lysosomal proteolysis due to elevation of the 
intralysosomal pH (133). It has been shown for example 
that human glial cells in culture, if exposed to glycos- 
aminoglycans and ammonium acetate, assume the ap- 
pearance of cells of patients with mucopolysaccharidosis 
(134). In hyperammonemic rats hepatic lysosomal pro- 
teolysis is diminished (135). It has been mentioned that 
in the brains of hyperammonemic rats the intracellular 
pH is increased (107). A number of studies suggested 
that the transport of ammonia follows the pH gradient, 
due to the higher permeability of membranes for NH3 
than for NH4 + (56). Owing to their low pH, lysosomes 
are the organelles in which ammonia will preferentially 
accumulate, even at moderately elevated intracellular 
ammonia concentrations. From the above mentioned ob- 
servations the impairment of lysosomal proteolysis in 
states of hyperammonemia is to be expected, and the 
gradual accumulation of various proteins, including [3- 
APP. This does, however, not imply that hydrolytic 
cleavage of all proteins will be equally affected. On the 
contrary, it is more likely that some of the lysosomal 
hydrolases are more sensitive than others to the ammonia 
induced changes of their environment, and the impair- 
ment of the cleavage of the selected proteins may be 
more important than that of others. 

The recent observation of the enhanced proteolysis 
of MAP-2 (a protein, controlling together with tau pro- 

tein the polymerization of microtubules) in hyperam- 
monemic rat brain (136) is in apparent disagreement with 
the above assumption, and points at another aspect of 
proteolytic activity in hyperammonemia �9 From the fact 
that lysosomal hydrolases of different classes have been 
localized in extralysosomal compartments (e.g. in peri- 
karya and proximal dendrites of many cortical neurons), 
and in senile plaques (137,138), it is tempting to spec- 
ulate that the fragile lysosomes are disrupted due to am- 
monia accumulation and metabolic derangements 
following abnormal ammonia accumulation, so that ly- 
sosomal hydrolases are able to exert detrimental effects 
in various parts of the cells to which they normally do 
not have access. This idea is further supported, albeit 
indirectly, by the observation that [3-glucuronidase (a 
lysosomal enzyme) activity measured post-mortem in DAT 
brains, and the metabolic rates for glucose, determined 
pre-mortem by PET in the same patients, were inversely 
correlated (8). The invasion of microglia into cortical 
and other brain areas with prevailing neuronal degener- 
ation is a potential source of lysosomal enzymes, since, 
as has been mentioned, microglia are an invariable com- 
ponent of senile plaques (20). 

CONCLUSIONS 

It is not generally recognized that there is consid- 
erable evidence in favor of the idea that hyperammo- 
nemia may be a common feature of DAT. Although age- 
related reduction of liver function could contribute, ex- 
cessive ammonia formation by hydrolytic processes and 
oxidative deaminations, together with the impairment of 
the physiological detoxification mechanisms are more 
likely causes of DAT hyperammonemia. 

Although considerably different with respect to dis- 
ease progression and symptom% hepatogenic hyperam- 
monemias are the cause for pathologic alterations of the 
brain that are also found in DAT. The derangement of 
astrocyte metabolism and astrocytosis, the decrease in 
the rates of glucose utilization and energy metabolism, 
and the enhanced release of excitotoxic amino acids are 
perhaps the most important ones. Those hypotheses con- 
cerning the etiology of DAT which are centered around 
astrocyte dysfunction and excitotoxic mechanisms are, 
therefore, of great interest in connection with hyper- 
ammonemia. 

A major difference between brain-born hyperam- 
monemia, as is suggested for DAT, and hyperammo- 
nemia generated by liver dysfunction is that in the latter 
not only ammonia, but aliphatic amines, mercaptans and 
other toxins generated in the gastrointestinal tract, may 
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enter the brain and contribute to the pathophysiology of 
the disease (64,139). 

It was not the purpose of this paper to generate an 
"ammonia hypothesis of DAT",  but it was intended to 
attract attention to the possibility that ammonia is an 
important factor which may affect manifestations and 
progression of DAT by interfering with basic functions 
of the brain, such as neurotransmission and proteolysis. 

No attempts were made in this review to connect 
hyperammonemia to regional aspects of neuronal degen- 
eration, to the selective vulnerability of cholinergic and 
other neurons, or to behavioral and cognitive abnormal- 
ities in DAT, in order to avoid overinterpretation of the 
scarce data. But, I have no doubt that once a role of 
ammonia in the pathophysiological manifestations of DAT 
has attracted more general attention, refined and specif- 
ically designed experiments will soon provide answers 
to those open questions that are needed to allow us to 
draw a more detailed picture of the role that ammonia 
might play in the etiology of DAT. 

A considerable effort is presently put on the iden- 
tification of targets which may allow the development 
of preventive therapies for DAT patients. As has been 
pointed out, the effects of ammonia on brain metabolism 
are expected to be such that progressive amplifications 
of initially mild functional derangements may occur. If 
this is true, prevention, or amelioration of hyperammo- 
nemia may favourably influence symptoms of the dis- 
ease, and decrease the rate of its progression. Therapeutic 
efforts in hepatogenic encephalopathy, suitable to antag- 
onize central toxicity of ammonia may, therefore, prove 
beneficial for patients suffering from DAT. 

REFERENCES 

1. De Kosky, S. T., and Bass, N. H. 1985. Biochemistry of senile 
dementia. Pages 617-650, in Lajtha, A. (ed.). Handbook of 
Neurochemistry, vol. 10. Plenum Press, New York. 

2. Brian, J. P., van den Bosche de Aguilar, P., and Flament-Dur- 
and, J. 1985. Senile dementia of the Alzheimer type: morpho- 
logical and immunocytological studies. Pages 164-174, in Traber, 
J., and Gispen, W. H. (eds.). Advances in Applied Neurological 
Science: Senile Dementia of Alzheimer type. Springer, Berlin. 

3. Bartus, R. Y., Dean, R. L., Beer, B., and Lippa, A. S. 1982. 
The cholinergic hypothesis of geriatric memory dysfunction. Sci- 
ence 217:408-417. 

4. Coyle, J. T., Price, D. L., and DeLong, M. A. 1983. Alz- 
heimer's disease, a disorder of cortical cholinergic innervation. 
Science 219:1184.1190. 

5. Greenamyre, J. T., Penney, J. B., Young, A. B., D'Amato, C. 
J., Hicks, S. P., and Shoulson, I. 1985. Alterations in L-gluta- 
mate binding in Alzheimer's and Huntington's diseases. Science 
227:1496-1499. 

6. Smith, C. C. T., Bowen, D. M., Francis, P. T., Snowden, J. 
S., and Neary, D. 1985. Putative aminoacid transmitters in lum- 
bar cerebrospinal fluid of patients with histologically verified 

Alzheimer dementia. J. Neural. Neurosurg. Psychiatry 48:46% 
471. 

7. Sasaki, H. Muramoto, O., Kanazawa, I., Arai, H., Kosaka, K., 
and Iizuka, R. 1986. Regional distribution of amino-acid trans- 
mitters in post-mortem brains of presenile and senile dementia 
of Alzheimer type. Ann Neural. 19:263-269. 

8. McGeer, E. G., McGeer, P. L., Akiyama, H., and Harrop, R. 
1989. Cortical glutaminase and glucose utilization in Alz- 
heimer's disease, J. Canad. Sei. Neural. 16:511-515. 

9. Arai, H., Kosaka, K., and Iizuka, R. 1984. Changes of biogenic 
amines and their metabolites in postmortem brains from patients 
with Alzheimer-type dementia. J. Neurochem. 43:388-393. 

10. Perry, E. K., Perry, R. H., Candy, J. M., Fairbain, A. F., 
Blessed, G., Dick, D. J., and Tomlinson, B. E. 1984. Cortical 
serotonin S-2 receptor binding abnormalities in patients with Alz- 
heimer's disease. Comparisons with Parkinson's disease. Neu- 
rosci. Lett. 51:353-358. 

11. Reynolds, G. P., Arnold, L., Rossor, M. N., Iversen, L. L., 
Mountjoy, C. Q., and Roth, M. 1984. Reduced binding of tri- 
tium labeled ketanserin to cortical serotonin 2 receptors in senile 
dementia of the Alzheimer type. Neurosci. Lett. 44:47-51. 

12. Herregodts, P., Bruyland, M., De Keyser, J., Solheid, C., 
Michotte, Y., and Ebinger G. 1989. Monoaminergic neurotrans- 
mitters in Alzheimer's disease. J. Neural. Sci. 92:101-116. 

13. Adolfsson, R., Gottfries, C. G., Roos, B. E., and Winblad, B. 
1979. Changes in the brain catecholamines in patients with de- 
mentia of Alzheimer type. Br. J. Psychiatry 135:216-223. 

14. Tomlinson, B. E., Irving, D., and Blessed, G. 1981. Cell loss 
in the locus coeruleus in senile dementia of Alzheimer type. J. 
Neural. Sci. 49:419--428. 

15. Gottfries, C. G., Adolfsson, R., Aquilonius, S. M., Carlsson, 
A., Eckernas, S. A., Nordberg, A., Oreland, L., Svennerholm, 
L., Wiberg, A., and Winblad, B. 1983. Biochemical changes in 
dementia disorders of Alzheimer type (AD/SDAT). Neurobiol. 
Aging 4:262-271. 

16. Gottfries, C. G., Roos, B. E., and Winblad, B. 1976. Mona- 
amine and monamine metabolites in the human brain postmortem 
in senile dementia. Acta Gerontol. 6:429-435. 

17. Davies, P., Katzman, R., and Terry, R. D. 1980. Reduced so- 
matostatin-like immunoreactivity in cerebral cortex from cases 
of Alzheimer's disease and Alzheimer senile dementia. Nature 
288:27%280. 

18. Sherif, F., Gottfries, C. G., Alafuzoff, I., and Oreland, L. 1992. 
Brain gamma-aminobutyrate aminotransferase (GABA-T) and 
monoamine oxidase (MAO) in patients with Alzheimer's disease. 
J. Neural. Transm. 4:222-240. 

19. Duffy, P. E., Rapport, M., and Graf, L. 1980. Glial fibrillary 
acidic protein and Alzheimer type senile dementia. Neurology 
30:778-782. 

20. Dickson, D. W., Farlo, J., Davies, P., Crystal, H., Fuld, P., 
and Yen, S. H. 1988. Alzheimer's disease: a double-labeling 
immunohistochemical study of seniIe plaques. Am. J. Pathol. 
132:86-101. 

21. Davies, P., and Maloney, A. J. R. 1976. Selective loss of central 
cholinergic neurons in Alzheimer's disease. Lancet ii 1403. 

22. Benton, J. S., Bowen, D. M., Allen, S. J., Haan, E. A., Dav- 
ison, A. N., Neary, D., Murphy,'R. P., and Snowden, J. S. 
1982. Alzheimer's disease as a disorder of isodendritic care. 
Lancet ii. 456. 

23. McGeer, P. L., McGeer, E. G., Suzuki, J., Dolman, C. E., and 
Nagai, T. i984. Aging, Alzheimer disease and the cholinergic 
system of the basal forebrain. Neurology 34:741-745. 

24. Pascual, J., Fontan, A., Zarranz, J. J., Berciano, J., Florez, J., 
and Pazos, A. 1991. High-affinity choline uptake carrier in Alz- 
helmet's disease: Implications for tbe cbolinergic hypothesis of 
dementia. Brain Res. 552:170-174. 

25. Prusiner, S. D. 1984. Some Speculations about prions, amyloid, 
and Alzheimer's disease. N. Engl. J. Med. 310:661-663. 

26. Crupper, D. R., Dalton, A. J., Karlik, S. J., and De Boni, U. 



Ammonia and Alzheimer's Disease 243 

1981. Role of aluminium in Alzheimer disease. Pages 89-111, 
in Alexander, P. E. (ed.). Electrolytes in Neuropsychiatric Dis- 
orders. Spectrum, Jamaica, N.Y. 

27. Markesbery, W. R., Ehmann, W. D., Hossain, T. I. M., Alaud- 
din, M., and Goodin, D. T. 1981. Instrumental neutron activa- 
tion analysis of brain aluminum in Alzheimer disease and aging. 
Ann. Neurol. 10:511-516. 

28. Deloncle, R., and Guillard, O. 1990. Mechanism of Alzheimer's 
disease: arguments for a neurotransmitter-aluminium complex 
implication. Neurochem. Res. 15:1239-1245. 

29. Thompson, C. M., Markesbery, W. R., Ebmann, W. D., Mao, 
Y. X., and Vance, D. E. 1988. Regional brain trace element 
studies in Alzheimer's disease. Neurotoxicology 9:1-8. 

30. Gorenstein, C. 1987. A hypothesis concerning the role of en- 
dogenous colchicine.like factors in the etiology of Alzheimer's 
disease. Med. Hypotheses 23:371-374. 

31. Maragos, W. F., Greenamyre, J. T., Penney Jr. J. B., and Young, 
A. B. 1987. Glutamate dysfunction in Alzheimer's disease: an 
hypothesis. TINS, 10:65-68. 

32. Lawlor, B. A., and Davis, K. L. 1992. Does modulation of 
glutamatergic function represent a viable therapeutic strategy in 
Alzheimer's disease? Biol. Psychiatry 31:337-350. 

33. Ojika, K., and Appel, S. H. 1983. Neurotrophic factors and 
Alzheimers disease. Pages 285-296, in Katzman, R. (Ed.). Bio- 
logical aspects of Alzheimer's disease. Banbury Report, vol. 15, 
Cold Spring Harbor Laboratory: Cold Spring Harbor, New York. 

34. Tzourio, C., Bonaiti, C., Clerget-Darpoux, F., and Alperovitch, 
A. 1992. Segregation analysis in Alzheimer disease: No evidence 
for a major gene. Am. J. Hum. Gen. 50:645-646. 

35. Jarvik, L. F., Ruth, V., and Matsuyama, S. S. 1980. Organic 
brain syndrome and aging. A 6 year follow-up of surviving twins. 
Arch. Gem Psychiatry 37:280-286. 

36. Heston, L. L., and White, J. 1980. A family study of Alzheimer 
disease and senile dementia an interim report. Pages. 63-72, in 
Cole, J. O., and Barrett, J. E. (ed.). American Psychopatho- 
logical Association series: Psychopathology in the aged. Raven 
Press, New York. 

37. St. George-Hyslop, P. H., Tanzi, R. E., Polinsky, R. J., Haines, 
J. L., Nee, L., Watkins, P. C., Myers, R. H., Feldman, R. G., 
Pollen, D., Drachman, D., Growdon, J., Bruni, A., Foncin, J. 
F., Salmon, D., Frommet, P., Amaducci, L., Sorbi, S., Pi- 
acentini, S., Stewart, G. D., Hobbs, W. J., Conneally, P. M., 
and Gusella, J. F. 1987. The genetic defect causing familial 
Alzheimer's disease maps on chromosome 21. Science 235:885- 
890. 

38. Boyes, B. E., Walker, D. G., McGeer, P. L., and McGeer, E. 
G. 1992. Identification and characterization of a large human 
brain gene whose expression is increased in Alzheimer disease. 
Mol. Brain Res. 12:47-57. 

39. Mfiller-Hill, B., and Beyreuther, K. 1989. Molecular biology of 
Alzheimer's disease. Ann. Rev. Biochem. 58:287-307. 

40. Hardy, J., and Allsop, D. 1991. Amyloid deposition as the cen- 
tral event in the aetiology of Alzheimer's disease. TIPS 12:383- 
388. 

41. Selkoe, D. J. 1991. The molecular pathology of Alzheimer's 
disease. Neuron 6:487-498. 

42. Cork, L. C., Masters, C. L., Beyreuther, K., and Price, D. L. 
1990. Development of senile plaques. - Relationships of neuronal 
abnormalities and amyloid deposits. Am. J. Pathol. 137:1383- 
1392. 

43. Hardy, J. A., and Higgins, G. A. 1992. Alzheimer's disease: 
The amyloid cascade hypothesis. Science 256:184-185. 

44. Schubert, W., Prior, R., Weidemann, A., Dircksen, H., Mult- 
haupt, G., Masters, C. L., and Beyreuther, K. 1991. Localiza- 
tion of 13-amyloid precursor protein at central and peripheral 
synaptic sites. Brain Res. 563:181-194. 

45. Martin, L. J., Sisodia, S. S., Koo, E. H., Cork, L. C., Dello- 
vade, T. L., Weidemann, A., Beyreuther, K., Masters, C. L., 

and Price, D. L. 1991. Amyloid precursor protein in aged non- 
human primates. Proc. Natl. Acad. Sci. USA 88:t461-1465. 

46. Sisodia, S. S., Koo, E. H., Beyreuther, K., Unterbeck, A., and 
Price, D. L. 1990. Evidence that 13-amyloid protein in Alz- 
helmet's disease is not derived by normal processing. Science 
248:492-495. 

47. Tanzi, R. E., Gusella, J. F., Watkins, P. C., Bruns, G. A. P., 
St. George-Hyslop P. H., Van Keuren, M., Patterson, D., Pa- 
gan, S., Kurnk, D. M., and Neve, R. L. 1987. Amyloid 13- 
protein gene: eDNA, mRNA distribution and genetic linkage 
near the Alzheimer locus. Science 235:880-884. 

48. Lai, F., and Williams, R. S. 1989. A prospective study of Alz- 
heimer's disease in Down syndrome. Arch. Neurol. 46:849-853. 

49. Henderson, A. S. 1988. The risk factors of Alzheimer's disease: 
a review and an hypothesis. Acta Psychiatr. Scand. 78:257-275. 

50. Alafuzoff, I., Adolfsson, R., Grundke-Iqbal, I., and Winblad, 
B. 1987. Blood-brain barrier in Atzheimer's dementia and in 
non-demented elderly. An immunocytochemical study. Acta 
Neuropathol. 73:160-166. 

51. Harman, D. 1984. Free radical theory of aging: The "free rad- 
ical" diseases. Age 7:111-131. 

52. Lohr, J. B. 1991. Oxygen radicals and neuropsychiatric illness. 
Some speculations. Arch. Gen. Psychiatry 48:1097-1106. 

53. Jeandel, C., Nicolas, M. B., Dubois, F., Nabet-Belleville, F., 
Penin, F., and Cuny, G. 1989. Lipid peroxidation and free- 
radical scavengers in Alzheimer's disease. Gerontology 35:275- 
282. 

54. Evans, P. H., Klinowski, J., Yano, E., and Urano, N. 1989. 
Alzheimer's disease: a pathogenetic role for aluminosilicate-in- 
duced phagocytic free radicals. Free Radic. Res. Commun. 6:317- 
321. 

55. Volicer, L., and Crino, P. B. 1990. Involvement of free radicals 
in dementia of the Alzheimer type: a hypothesis. Neurobiol. 
Aging 11:567-571. 

56. Benjamin, A. M. 1982. Ammonia. In: Handbook of Neuro- 
chemistry. Pages 117-137, in Lajtha, A. (ed.). vol. 1. Plenum 
Press, New York. 

57. Fisman, M., Gordon, B., Felcki, V., Helmes, E., Appell, J., 
and Rabhern, K. 1985. Hyperammonemia in Alzheimer's dis- 
ease. Am. J. Psychiatry 142:71-73. 

58. Fisman, M., Ball, M., and Blume, W. 1989. Hyperammonemia 
and Alzheimer's disease. J. Am. Ger. Soc. 37:1102. 

59. Conn, H. O., and Kieberthal, M. M. 1979. The hepatic coma 
syndromes and lactulose. Pages 22-27. Williams & Wilkins, 
Baltimore. 

60. Branconnier, R. J., Dessain, E. C., McNiff, M. E., and Cole, 
J. O. 1986. Blood ammonia and Alzheimer's disease. Am. J. 
Psychiatry 143:1313. 

61. Hoyer, S., Nitsch, R., and Oesterreich, K. 1990. Ammonia is 
endogenously generated in the brain in the presence of presumed 
and verified dementia of Alzheimer type. Neurosci. Lett. 117:358- 
368. 

62. Butterworth, R. F., Giguere, J.-F., Michaud, J., Lavoie, J., and 
Pomier-Layrargues, G. (1987) Ammonia: Key factor in the path- 
ogenesis of hepatic encephalopathy. Neurochem. Pathol. 6:1- 
12. 

63. Butterworth, R. F. 1992. Pathogenesis and treatment of portal- 
systemic encephalopathy: an update. Dig. Dis. Sci. 37:321-327. 

64. Zieve, L. 1987. Pathogenesis of hepatic encephalopathy. Met- 
abolic Brain Dis. 2:147-165. 

65. Drayna, C. J., Titcomb, C. P., Varma, R. R., and Soergel, K. 
H. 1981. Hyperammonemic encephalopathy caused by infection 
in a neurogenic bladder. N. Engl. J. Med. 304:766-768. 

66. Vrba, R., and Folberg, J. 1959. Endogenous metabolism in brain 
in vitro and in vivo. J. Neurochem. 4:338-349. 

67. Vrba, R., Folberg, J., and Kanturek, V. 1957. Ammonia for- 
mation in brain cortex slices. Nature 179:470-471. 

68. Weil-Malherbe, H., and Drysdale, A. C. 1957. Ammonia for- 



244 Seiler 

mation in brain. Ill. Role of the protein amide groups and of 
hexosamines. J. Neurochem. 1:250-257. 

69. Kvamme, E. 1983. Ammonia Metabolism in the CNS. Progr. 
Neurobiol. 20:109-132. 

70. Carney, J. M., Starke-Reed, P. E., Oliver, C. N., Landeem, R. 
W., Cheng, M. S., Wu, J. F., and Floyd, R. A. 1991. Reversal 
of age-related increase in brain protein oxidation, decrease in 
enzyme activity, and loss in temporal and spatial memory by 
chronic administration of the spin-trapping compound N-tert.butyl. 
c~-phenylnitrone. Proc. Natl. Acad. Sci. USA 88:3633-3636. 

71. Oliver, C. N., Starke-Reed, P. E., Stadtman, E. R., Liu, G. J., 
Carney, J. M., and Floyd, R. A. 1990. Oxidative damage to 
brain proteins, loss of glutamine synthetase activity and produc- 
tion of free radicals during ischemia/reperfusion-induced injury 
to gerbil brain. Proc. Natl. Acad. Sci. USA 87:5144--5147. 

72. Schor, N. F., Ahdab-Barmada, M., and Nemoto, E. 1991. Brain 
glutamine syntbetase activity and hyperoxia in neonatal rats. Brain 
Res. 566:342-343. 

73. Smith, C. D., Carney, J. M., Starke-Reed, P. E., Oliver, C. 
N., Stadtman, E. R., Floyd, R. A., and Markesbery, W. R. 
1991. Excess brain protein oxidation and enzyme dysfunction in 
normal aging and in Alzheimer disease. Proc. Natl. Acad. Sci. 
USA 88:10540-10543. 

74. Procter, A. W., Palmer, A. M., Francis, D. T., Low, S. L., 
Neary, D., Murphey, E., Doshi, R., and Bowen, D. M. 1988. 
Evidence of glutamatergic denervation and possible abnormal 
metabolism in Alzheimer's disease. J. Neurochem. 50:790-802. 

75. Student, A. K., and Edwards, D. J. 1977. Subcellular locali- 
zation of types A and B monoamine oxidase in rat brain. Biochem. 
Pharmaeol. 26:2337-2342. 

76. Garrick, N., and Murphy, D. L. 1980. Species differences in 
the deamination of dopamine and other substrates for monoamine 
oxidase in brain. Psychopharmacology 72:27-33. 

77. Robinson, D. S., Davis, J. M., Nies, A., Ravaris, C. L., and 
Sylwester, D. 1971. Relation of sex and aging to monoamine 
oxidase activity in human brain, plasma and platelets. Arch. 
Gen. Psychiatry 24:536-539. 

78. Adolfsson, R., Gottfries, C. G., Oreland, L., and Winblad, B. 
1980. Increased activity of brain and platelet monoamine oxidase 
in dementia of Alzheimer type. Life Sci. 27:1029-1034. 

79. Rainikainen, K. J., Palj/irvi, L., Halonen, T., Malminen, O., 
Kosma, V. M., Laakso, M., and Riekkinen, P. J. 1988. Do- 
paminergic system and monoamine oxidase-B activity in Alz- 
heimer's disease. Neurobiol. Aging 9:245-252. 

80. Nakamura, S., Kawamata, T., Akiguchi, I., Kamayama, M., 
Nakamura, N., and Kimura, H. 1990. Expression of monoamine 
oxidase B activity in astrocytes of senile plaques. Acta Neuro- 
pathol. 80:419-425. 

81. Jossan, S. S., Gillberg, P. G., Gottfries, C. G., Karlsson, I., 
and Oreland, L. 1991. Monoamine oxidase B in brains from 
patients with Alzheimer's disease: a biochemical and autoradi- 
ographical study. Neurosci. 45:1-12. 

82. Falsaperla, A., Monici Preti, P. A., and Oliani, C. 1990. Se- 
legiline versus oxiracetam in patients with Alzheimer-type de- 
mentia. Clin. Ther. 12:376--384. 

83. Campi, N., Todeschini, G. P., and Scarzella, L. 1990. Selegiline 
versus L-acetylcarnitine in the treatment of Alzheimer-type de- 
mentia. Clin. Ther. 12:306-314. 

84. Martignoni, E., Bono, G., Blandini, F., Sinforiarli, E., Merlo, 
P., and Nappi, G. 1991. Monoamines and related metabolite 
levels in the cerebrospinal fluid of patients with dementia of 
Alzheimer type. Influence of treatment with L-deprenyl. J. Neural 
Transm. 3:15-25. 

85. Mangoni, A., Grassi, M. P., Frattola, L., Piolti, R., Bassi, S., 
Motta, A., Marcone, A., and Smirne, C. 1991. Effect of an 
MAO-B inhibitor in the treatment of Alzheimer disease. Eur. 
Neurol. 31:100-107. 

86. Raabe, W. A., and Onstad, G. A. 1982. Ammonia and methi- 
onine sulfoximine intoxication. Brain Res. 242:291-298. 

87. Yamamoto, T., Iwasaki, Y., Sato, Y., Yamamoto, H., and Konno, 
H. 1989. Astrocytic pathology of methionine sulfoximine-in- 
duced encephalopathy. Acta Neuropathol. 77:357-368. 

88. Jessy, J., Mans, A. M., De Joseph, R. M., and Hawkins, A. 
1990. Hyperammonemia causes many of the changes found after 
portacaval shunting. Biochem. J. 272:311-317. 

89. Raabe, W. 1987. Synaptie transmission in ammonia intoxication. 
Neurochem. Pathol. 6:145-166. 

90. Roberts, E. 1976. Disinhibition as an organizing principle in the 
nervous system. The role of the GABA system. Application to 
neurologic and psychiatric disorders. Pages 515-539, in Roberts, 
E., Chase, T. N., and Tower, D. B. (eds.). GABA in Nervous 
System Function. Raven Press, New York. 

9t. Hawkins, R. A., and Marts, M. 1990. Cirrhosis, hepatic en- 
cephalopathy and ammonium toxicity. Adv. Exp. Med. Biol. 
272:1-22. 

92. Lockwood, A. H., Yap, E. W. G., and Wong, W. H. 1991. 
Cerebral ammonia metabolism in patients with severe liver dis- 
ease and minimal hepatic encephalopathy. J. Cerebral Blood Flow 
Metab. 11:337-341. 

93. Gibson, G. E., Zimber, A., Krook, L., Richardson, E. P., and 
Visek, W. J. 1974. Brain histology and behavior of mice injected 
with urease. J. Neuropathol. Exp. Neurol. 33:201-211. 

94. Martin, H., Voss, K., Hufnagl, P., Wack, R., and Wassilew, 
G. 1987. Morphometric and densitometric investigations of pro- 
toplasmic astrocytes and neurons in hepatic encephalopathy. Exp. 
Pathol. 32:198-237. 

95. Lavoie, J., Gigu~re, J. F., Pomier Layrargues, G., and Butter- 
worth, R. F. 1987. Amino acid changes in autopsied brain tissue 
from cirrhotic patients with hepatic encephalopathy. J. Neuro- 
chem. 49:692--697. 

96. Foster, N. L., Chase, T. N., Mansi, L., Brooks, R., Fedio, P., 
Patronas, N. J., and Dichiro, G. 1984. Cortical abnormalities in 
Alzheimer's disease. Ann. Neurol. 16:649-654. 

97. Fukuyama, H., Harada, K., Yamauchi, H., Miyoshi, T., Ya- 
magushi, S., Kimura, J., Kameyama, M., Senda, M., Yonek- 
ura, Y., and Konishi, J. 1991. Coronal reconstruction images of 
glucose metabolism in Alzheimer's disease. J. Neurol. Sci. 
106:128-134. 

98. Hoyer, S., Oesterreich, K., and Wagner, O. 1988. Glucose me- 
tabolism as the site of the primary abnormality in early-onset 
dementia of Alzheimer type? J. Neurol. 235:143-148. 

99. Hoyer, S., and Nitsch, R. 1989. Cerebral excess release of neu- 
rotransmitter amino acids subsequent to reduced cerebral glucose 
metabolism in early-onset dementia of Alzbeimer type. J. Neural 
Transm. 75:227-232. 

100. Hoyer, S. 1991. Abnormalities of glucose metabolism in Alz- 
heimer's disease. Ann. N.Y. Acad. Sci. 640:53-58. 

101. Frackowiak, R. S., Pozzili, C., Legg, N. J., Du Boulay, G. H., 
Marshall, J., Lenzi, G. L., and Jones, T. 1981. Regional cere- 
bral oxygen supply and utilization in dementia. A clinical and 
physiological study with oxygen-15 and positron tomography. 
Brain 104:753-778. 

102. Heiss, W. D., Szelies, B., Kessler, J., and Herholz, K. 1991. 
Abnormalities of energy metabolism in Alzheimer's disease stud- 
ied with PET. Ann. N.Y. Aead. Sci. 640:65-71. 

103. Parker, Jr. W. D. 1991. Cytochrome oxidase deficiency in Alz- 
heimer's disease. Ann. N.Y. Acad. Sci. 640:59-64. 

104. Liguri, G., Taddei, N., Nassi, P., Latorraca, S., Nediani, C., 
and Sorbi, S. 1990. Changes in Na +, K+-ATPase, CaZ-ATPase 
and some soluble enzymes related to energy metabolism in brains 
of patients with Alzheimer's disease. Neurosci. Lett. 112:338- 
342. 

105. Frederickson, R. C. A. 1992. Astroglia in Alzheimer's disease. 
Neurobiol. Aging 13:239-253. 

106. Butterworth, R. F., Girard, G., and Gigu~re, J. F. 1988. Re- 
gional differences in the capacity for ammonia removal by brain 
following portacaval anastomosis. J. Neurochem. 51:486-490. 

107. Swain, M. S., Blei, A. T., Butterworth, R. F., and Kraig, R. 



A m m o n i a  a n d  A l z h e i m e r ' s  Disease 245 

P. 1991. Intracellular pH rises and astrocytes, swell after porta- 
caval anastomosis in rats. Am. J. Physiol. 261:R1491-R1496. 

108. McGeer, P. L., McGeer, E. G., Kawamata, T., Yamada, T., 
and Akiyama, H. 1991. Reactions of the immune system in 
chronic degenerative neurological diseases, Can. J. Neurol. Sci. 
18:376-379. 

I09. Bauer, J., K6nig, G., Strauss, S., Jonas, U., Ganter, U., Wei- 
demann, A., M6nning, U., Masters, C. L., Volk, B., Berger, 
M., and Beyreuther, K. 1991. In-vitro maturated human mac- 
rophages express Alzheimer's [3A-4-amyloid precursor protein 
indicating synthesis in microglial cells. FEBS Lett. 282:335- 
340. 

110. Pomara, N., Singh, R., Deptula, D., Chou, J. C. Y., Banay 
Schwartz, M., and Le Witt, P. A. (1992) Glutamate and other 
CSF amino acids in Alzheimer's disease. Am. J. Psychiatry 
149:251-254. 

111. Therrien, G., and Butterworth, R. F. 1991. Cerebrospinal amino 
acids in relation to neurological status in experimental portal- 
systemic encephalopathy. Metabolic Brain Dis. 6:65-74. 

112. Olney, J. W. 1971. Glutamate-induced neuronal necrosis in the 
infant mouse hypothalamus, an electron microscopic study. J. 
Neuropathol. Exp. Neurol. 30:75-90. 

113. Kohler, C., and Schwarcz, R. 1982. Monosodium glutamate: 
increased neurotoxicity after removal of re-uptake sites. Brain 
Res. 21:485---491. 

114. Ragharendra Rao, V. L., Agrawal, A. K., and Murthy, Ch. R. 
K. 1991. Ammonia-induced alterations in glutamate and mus- 
cimol binding to cerebellar synaptic membranes. Neurosci. Left. 
130:251-254. 

115. Greenamyre, J. T. 1986. The role of glutamate in neurotrans- 
mission in neurologic disease. Arch. Neurol. 43:1058-1063. 

116. Greenamyre, J. T., and Young, A. B. 1989. Excitatory amino 
acids and Alzheimer's disease. Neurobiol. Aging 10:593-602. 

117. Curzon, G., Kantamaneni, B. D., Winch, J., Rochas-Bueno, 
A., Murray-Lyon, I. M., and Williams, R. 1973. Plasma and 
brain tryptophan changes in experimental acute hepatic failure. 
J. Neurochem. 21:137-145. 

118. Record, C. O. 1991. Neurochemistry of hepatic encephalopathy. 
Gut 32:1261-1263. 

119. Bachmann, C., and Colombo, J. P. 1983. Increased tryptophan 
uptake into the brain in hyperammonemia. Life Sci. 33:2417- 
2424. 

120. Lapin, I. P. 1989. Behavioral and convulsant effects of kynu- 
renines. Pages 193-211, in Stone, T. W. (ed.). Quinolinic acid 
and the kynurenines. CRC Press, Boca Raton. 

121. Bender, D. A. 1989. The kynurenine pathway of tryptophan 
metabolism. Pages 3-38, in Stone, T. W. (ed.). Quinolinic acid 
and the kynurenines. CRC Press, Boca Raton. 

122. Foster, A. C., and Schwarcz, R. 1989. Neurotoxic effects of 
quinolinie acid in the mammalian central nervous system. Pages 
173-192, in Stone, T. W. (ed.). Ouinolinic acid and the kynu- 
renines. CRC Press, Boca Raton. 

123. K6rnhiiber, J., Wichart, I., Riederer, P., Kleinberger, G., and 
Jellinger, K. 1989. Kynurenine in hepatic encephalopathy. Pages 
275-281, in Stone, T. W. (ed.). Ouinolinic acid and the kynu- 
renines. CRC Press, Boca Raton. 

124. Moroni, F., Lombardi, G. and Carla, V. 1989. The measurement 
of quinolinic acid in the mammalian brain: neuropharmacological 

and physiopathological studies. Pages 53-62, in Stone, T. W. 
(ed.). Quinolinic acid and the kynurenines. CRC Press, Boca 
Raton. 

125. Grinde, B. 1989. Kynurenine and lysosomal proteolysis. Pages 
91-97, in Stone, T. W. (ed.). Quinolinic acid and the kynuren- 
ines. CRC Press, Boca Ratono 

126. Benowitz, L.-I., Rodriguez, W., Paskevich, P., Mufson, E. J., 
Schenk, D., and Neve, R. L. 1989. The amyloid precursor pro- 
tein is concentrated in neuronal lysosomes in normal and Alz- 
heimer disease subjects. Exp. Neurol. 106:237-250. 

127. Cole, G. M., Huynh, T. V., and Saitoh, T. 1989. Evidence for 
lysosomal processing of amyloid beta-protein precursor in cul- 
tured ceils. Neurochem. Res. 14:933-939. 

128. Cataldo, A. M., and Nixon, R. A. 1990. Enzymatically active 
lysosomal proteases are associated with amyloid deposits in Alz- 
heimer brain. Proc. Natl. Acad. Sci. U.S.A., 87:3861-3865. 

129. Kawai, M., Cras, P., Richey, P., Tabaton, M., Lowery, D. E., 
Gonzalez-de Whirr, P. A., Greenberg, B. D., Gambetty, P., and 
Perry, G. 1992. Subcellular localization of amyloid precursor 
protein in senile plaques of Alzheimer's disease, Am. J. Pathol. 
140:947-958. 

130. Cataldo, A. M., Thayer, C. Y., Bird, E. D., Wheelock, T. R., 
and Nixon, R. A. 1990. Lysosomal proteinase antigens are 
prominently localized within senile plaques of Alzheimer's dis- 
ease: evidence for a neuronal origin. Brain Res. 513:181-192. 

131. Caporaso, G. L., Gandy, S. E., Buxbaum, J. D., and Greengard, 
P. 1992. Chloroquine inhibits intracellular degradation but not 
secretion of Alzheimer [3-A4 amyloid precursor protein. Proc. 
Natl. Acad. Sci., U.S.A., 89:2252-2256. 

132. Golde, T. E., Estus, S., Younkin, L. H., Selkoe, D. J., and 
Younkin, S. G. 1992. Processing of the amyloid protein pre- 
cursor to potentially amyloidogenic derivatives. Science 255:728- 
730. 

133. Segelen, P. O. 1983. Inhibitors of lysosomal function. Meth. 
Enzymol. 96:737-765. 

134. Glimelius, B., Westermark, B., and Wasteson, A. 1977. Am- 
monium ion interferes with the lysosomal degradation of gly- 
cosaminoglycans in cultures of human gliat cells. Exp. Cell Res. 
107:207-217. 

135. Felipo, V., Minana, M. D., Wallacer, R., and Grisolia, S. 1988. 
Long-term ingestion of ammonium inhibits lysosomal proteolysis 
in rat liver. FEBS Lett. 234:213-214. 

136. Felipo, V., Grow, E., Minana, M. D., and Grisolia, S. 1992. 
Ammonium injection induces an NMDA receptor-mediated pro- 
teolysis of MAP-2. FASEB J. 6: 1305, Abstr. N ~ 2131. 

137. Cataldo, A. M., Paskevich, P. E., Kominami, E., and Nixon, 
R. A. 1991. Lysosomal hydrolases of different classes are ab- 
normally distributed in brains of patients with Alzheimer disease. 
Froc. Natl. Acad. Sci. U.S.A. 88:10998-11002. 

138. Nakamura, Y., Takeda, M., Suzuki, H., Hattori, H., Tada, K., 
Hariguchi, S., Hashimoto, S., and Nishimura, T. 1991. Abnor- 
mal distribution of cathepsins in the brain of patients with Alz- 
heimer's disease. Neurosci. Lett. 130:195-198. 

139. Uribe, M. 1989. Nutrition, diet and hepatic encephalopathy. Pages 
529-547, in Butterworth R. F., and Pomier Layrargues G. (eds.). 
Hepatic encephalopathy: Pathophysiology and treatment. Hu- 
mana Press, Clifton. 


