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PREFACE 

This volume contains the papers presented at the International Symposium on 
"Cirrhosis, Hyperammonemia and Hepatic Encephalopathy," held in Valencia, Spain, De
cember 2nd_4th, 1996. 

Liver cirrhosis is one of the main causes of death in occidental countries. There are 
other hepatic dysfunctions such as fulminant hepatic failure, Reye's syndrome, or congenital 
deficiencies of urea cycle enzymes which can also lead to hepatic encephalopathy, coma and 
death. However, the molecular bases ofthe pathogenesis of hepatic encephalopathy remain 
unclear. 

One ofthe consequences of hepatic failure is the reduced ability to detoxify ammonia 
by incorporating it into urea. This leads to increased blood ammonia levels. Hyperam
monemia is considered one of the main factors responsible for the mediation of hepatic 
encephalopathy and classical clinical treatments are directed towards reducing blood ammo
nia levels. 

Altered neurotransmission is an essential step in the pathogenesis of hepatic 
encephalopathy. The first part of the book is devoted to the discussion of the recent advances 
in the understanding of the alterations of different neurotransmitter systems in hepatic 
encephalopathy. 

The alterations of tryptophan metabolism and neurotransmission in hepatic 
encephalopathy and the implications for the clinical use of neuropsychoactive drugs are 
reviewed. 

The alterations in glutamate transport and neurotransmission in hepatic encephal
opathy due to acute liver failure are also reviewed. The role of NMDA receptors in the 
molecular mechanism of acute ammonia toxicity is discussed as well as its modulation by 
metabotropic glutamate receptors and muscarinic receptors. 

The possible role of some endogenous indole derivatives, affecting neurotransmis
sion, in the pathogenesis of hepatic encephalopathy is also discussed. 

The effects of ammonia on GABAergic neurotransmission and the contribution of 
alterations in this neurotransmitter system to the pathogenesis of hepatic encephalopathy are 
discussed. 

The role of astrocytes and of the alterations in peripheral benzodiazepine receptors 
and neurosteroids in hepatic encephalopathy are reviewed. 

In the following chapter there is a detailed discussion of the possible utility of 
ornithine aminotransferase as a therapeutic target in hyperammonemias. 

To clarify the mechanisms involved in hyperammonemia and hepatic encephalopathy 
suitable animal models are required. Sparse-fur mice are congenitally deficient in ornithine 
trancarbamylase and are, therefore, a suitable model of hyperammonemia, resembling 
human congenital deficiencies in the enzyme. The main characteristics of the model as well 
as the alterations in neurotransmitter systems are reviewed. 
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Another mutant mouse showing autosomal recessive juvenile visceral steatosis 
presents symptoms very similar to those of Reye's syndrome, including hyperammonemia, 
fatty liver, hypoglycemia and growth retardation. The mechanisms of abnormal gene 
expression causing hyperammonemia in these mice as well as the reversion by camitine 
treatment are discussed. 

The differences between the encephalopathy caused by ammonia in rats with portal 
systemic shunting and in normal rats and the possible implications are also discussed. 

The use of noninvasive techniques for diagnosis and study of human illnesses is very 
convenient. The application of in vivo magnetic resonance spectroscopy in the study of 
hyperammonemia and hepatic encephalopathy and the new findings provided by this 
technology are reviewed. 

Acute liver failure is usually associated with cell swelling and increased intracraneal 
pressure. The recently discovered intracellular signalling mechanisms which link the os
motic water shift across the plasma membrane to changes in cell function are reviewed in 
detail. 

The interplay between ammonia metabolism and detoxification, and the regulation 
of acid-base balance is also presented. 

It is well known that liver cin-hosis is associated with abnormalities of carbohydrate 
metabolism, alteration of insulin levels and insulin resistance. The cun-ent knowledge about 
the mechanisms involved in these alterations is reviewed. 

There is increasing evidence that Alzheimer's disease is associated with increased 
brain ammonia. The possible contribution of ammonia to the deletereous effects of Alzhe
imer's disease is discussed. 

Finally, by this moment, the more efficient treatment for hepatic failure is in many 
cases liver transplantation. However, the number of donors is insufficient. This problem is 
very important in the pediatric population. One possibility to solve this problem is to 
transplant liver grafts from living related donors. The results of the use of this technique are 
presented in the last chapter of the book. 

The book provides therefore an update of the knowledge about certain crucial aspects 
of the causes and mechanisms of hypenimmonemia and hepatic encephalopathy. 

We would like to express our gratitude to all participants for their written contribu
tions and for their enlightened and fruitful discussion. 

We also acknowledge with deep gratitude, the financial support of the Ministerio de 
Sanidad y Consumo, Ministerio de Educaci6n y Ciencia, Consellerias de Sanidad y Educa
ci6n de la Generalitat Valenciana and Sigma-Tau Laboratories. We also thank the Fundaci6n 
Valenciana de Estudios Avanzados, which provided both the facilities for organizing the 
Symposium and for the sessions. 
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BRAIN TRYPTOPHAN PERTURBATION IN HEPATIC 

ENCEPHALOPATHY: IMPLICATIONS FOR EFFECTS BY 

NEUROPSYCHOACTIVE DRUGS IN CLINICAL PRACTICE 

Finn Bengtsson, Peter B.F. Bergqvist and Gustav Apelqvist 

Department of Clinical Pharmacology, Lund University Hospital 
S-221 85 Lund, SWEDEN 

INTRODUCTION 

The neuropsychiatric disorder resulting from hepatocerebral dysfunction 

The syndromes encountered within the term metabolic encephalopathy may be defined 
as "any metabolic disease that disrupts normal cerebral function" (Conn and Bircher, 1988). 
In the case of liver dysfunction, the terms hepatic encephalopathy (HE) or portal-systemic 
encephalopthy (PSE) are frequently used. In the human and clinical situation, these HEIPSE 
disorders are recognized as acute, chronic or, most commonly, acute-on-chronic events. The 
central nervous system (CNS) processes accompanying the patient suffering from HEIPSE 
probably include a mixture of reversible as well as irreversible changes of neuronal function 
(Victor eta!' 1965; Victor 1974, 1979; see also Conn and Lieberthal, 1979). Thus, clinical 
HEIPSE, which almost inexclusively have included previous or even ongoing exposure to 
e.g. liver affecting agents, like those related to a variety of acute or chronic infectious or 
immunological processes, as well as intake of liver toxins such as ethanol. Since the chronic 
abuse of alcohol is not an uncommon major cause for a subsequently appearing liver 
cirrhosis, in tum related to the etiology chronic PSE in many clinical cases by blood vessel 
collateral development bypassing the liver parenchyma, it should be kept in mind that this 
type of abuse will most certainly exert effects of its own on the CNS in patients with chronic 
PSE involving aspects of acute, chronic as well as acute-on-chronic CNS effects of ethanol 
concomitantly to the encephalopathy component provided by the "isolated" PSE per se. Of 
course, in the clinical setting the isolated effects on the brain of chronic PSE is almost 
impossible to purify in scientific terms whereas, however, this pure type of chronic PSE may 
be identified in experimental in vivo models available such as most prominently evidenced by 
the advent of the surgically induced end-to-side portacaval shunt (PCS) in the rat (Lee and 
Fisher, 1961). 

In contrast to a multitude of usually mixed neuronal and glial (and frequently also 
endothelial; notably the blood-brain barrier) morphology or structurally defined lesions of the 
brain parenchyma that may display a reversible or irreversible rostral-caudal progression of 
CNS symptomatology (as also an indicator of changes in severity within such conditions), 
the metabolic encephalopathies are usually referred to a group of disorders that exhibit 
fluctuating CNS-symptoms sometimes rapidly altering also in location of brain region of 
engagement, indicating a continuous change on the level at which the brain functions are 
disturbed. In the clinical situation of HEIPSE this is also true, but differently to the idealised 
PSE situation in the chronic PCS rat, the former situation will comprise a progressive 
disorder whereas the latter seems to be rather non-progressive and completely without 
morphological changes in the brain except those typically engaging astrocytes in an 

Advances in Cirrhosis. Hyperammonemia. and Hepatic Encephalopathy 
Edited by Felipo and Grisolia. Plenum Press. New York. 1997 



hyperammonemic state (Le. the so called Alzheimer type-IT astrocytosis; see e.g. Bengtsson 
et at., 1988a). 

Despite immense research efforts to clarify the pathological mechanisms involved, the 
more precise pathogenesis of PSE is still mainly unknown, also that which refers to the 
involvement of brain tryptophan (TRP)/serotonin (5-hydroxytryptophan; 5-HT) (for recent 
reviews, Conn and Bircher, 1988; Bengtsson et aI., 1989b; Butterworth, 1992b, 1993, 
1994; Rao et aI., 1992; Mousseau and Butterworth, 1994b; Bengtsson and Bergqvist, 
1996). As mentioned above, rats subjected to a permanent PCS do display that some amino 
acids transport systems across the blood-brain barrier are specifically affected (James et aI., 
1978, 1979; Mans et ai., 1982) but otherwise no major structural or functional alterations of 
the blood-brain barrier in chronic PSE have been reported (Sarna et aI., 1977; Crinquette et 
at., 1982). The energy state of the CNS has been suspected to be influenced in severe PSE 
(Bessman and Bessman, 1955; Schenker and Mendelson, 1964) but it seems more likely that 
this change in the cerebral energy state is the result rather than the cause of the coma 
associated with more severe forms of PSE. This indicates that a reduced neuronal activity in 
the brain in PSE may result in a decreased energy need and, consequently, reduced glucose 
consumption (Hindfelt et aI., 1977). 

Neuropsychiatric symptomatology in HEIPSE. The importance of the notion 
above concerning the PCS rat versus the human conditions encountering chronic PSE in 
relation to the neuropsychiatric symptomatology are thus, at least, two-fold: Firstly, 
differently to the human situation of HEIPSE the chronic PCS rat most likely displays the 
manifold of CNS-derived behavioral abnormalities reproducibly evidenced (see e.g. 
Bengtsson et ai., 1985, 1986; Theander et at., 1996; Apelqvist et aI., 1996a) primarily based 
on a more or less purely neurotransmission-related disturbance involving dynamic neuronal 
dysfunction rather than including also a structural neuronal damage. Secondly, the great 
variety of CNS-effects as has been evidenced to accompany the chronic PCS rat (for 
overviews, see e.g. Bengtsson et aI., 1989; Mans et at., 1990; Butterworth 1994) are most 
likely all of them of some relevance to the clinical condition of chronic HEIPSE. However, 
the further features adding to the complexity for the CNS-symptoms as seen in clinical 
picture of HEIPSE may not necessarily adhere to the PCS rat behavioral abnormality. A 
spectrum of some of the more commcn neuropsychiatric symptoms displayed in clinical 
HEIPSE of different severity (HEIPSE grade 0-4) are shown in Table 1. 

Table 1. Spectrum of disordered mental state in portal-systemic encephalopathy (modified 
from reference Conn and Lieberthal, 1979) 

Grade of 
HE/PSE 

o (Normal) 
1 (Mild impairment) 

2 (Moderate impairm.) 

3 (Severe impairm.) 

4 (Coma) 

State of 
Consciousness 

- No abnormality 
- Hyperinsomnia 
- Inversed sleep pattern 
- Slow responses 
- Minimal disorientation 
- Lethargy 
- Somnolence 
- Confusion 
- Stupor 
- Unconscious 

Intellectual 
Function 

Personality
Behavior 

- No abnormality - No abnormality 
- Subtly impaired computations - Euphoria or depression 
- Shortened attention span - Irritability 
- Loss of time - Overt personality change 
- Impaired computations - Anxiety or apathy 
- Amnesia for past events - Schizotypic behaviors 
- Loss of place - Paranoia or anger 
- Inability to compute - Rage 
- Loss of self - None 
- No intellect 

Neurotransmission failure in HEIPSE 

A substantial body of evidence suggests PSE to be associated with disturbances in 
different neurotransmitter systems in the brain. For example, perturbations have been 
demonstrated in the cholinergic system (Rao et aI., 1994a) as well as in the glutamatergic 
(Butterworth, 1992a; Rao et aI., 1992), GABA-ergic (Basile et ai., 1991), and other amino 
acidergic systems (Bucci et ai., 1980; Rao et at., 1995; for overview, Conn and Lieberthal, 
1979; Conn and Bircher, 1988; Butterworth, 1994, 1996; Mousseau and Butterworth, 
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1994b). In 1971, Fischer and Baldessarini proposed the fascinating so-called "false 
neurotransmitter" hypothesis to explain the pathogenesis of HE/PSE (Fischer and 
Baldessarini, 1971). According to this hypothesis there is a reduction in the ratio of 
branched-chain amino acids (BCAAs) to aromatic amino acids (AAAs) in liver failure (Smith 
et at., 1978). This phenomenon can partly be explained by the fact that the BCAAs are not 
broken down in the liver unlike the other amino acids and, thus, the normal clearance for 
other amino acids than BCAAs is diminished in liver dysfunction states (Soeters and de 
Boer, 1984). In a coupled exchange with glutamine (GLN) across the blood-brain barrier a 
competitive influx of AAA and BCAAs into the brain is likely to exist (James et at., 1976, 
1978, 1979; Pardridge, 1977). This means that if brain levels of GLN is increased resulting 
from an elevated brain concentration of ammonia, and blood levels of BCAAs are decreased, 
relative to the AAAs, more AAAs will be transported into the brain in a condition of liver 
failure. The AAAs are in turn precursors of the monoaminergic neurotransmitters dopamine 
(DA), noradrenaline (NA), and 5-HT. It could therefore be anticipated that an increase in the 
concentrations of AAAs in the brain may affect the metabolism and perhaps also the release 
and function of these monoamine neurotransmitters. According to the false neurotransmitter 
hypothesis, despite an increase in the brain levels of phenylalanine (PHE) and tyrosine 
(TYR), a net depletion of DA and NA can occur during liver failure due to the excessive 
formation of false (or weak) neurotransmitters such as octopamine from the same amino acid 
substrates (Fischer and Baldessarini, 1971, 1976; Baldessarini and Fischer, 1978). In turn, 
in the chronic situation these false neurotransmitters may accumulate in the brain and a CNS
neurotransmission failure in the catecholaminergic systems could follow due both to an 
excess of the false neurotransmitters and to a deficit of DA and NA. However, data on the 
true existence of brain DA alterations in PSE in vivo are still contradictory. Thus reports of 
either an increase (Simert et at., 1978), a decrease (Faraj et ai., 1981) or no change 
(Bengtsson et at., 1985; Bergeron et at., 1995) of the DA metabolism in the brain have been 
presented. A decrease in DA receptor density has been demonstrated in the globus pallidus 
from patients who died in hepatic coma possibly suggesting an increased rather than a 
decreased synaptic DA activity prevailing in liver failure and HEIPSE, at least in this brain 
region (Mousseau et ai., 1993). Furthermore, infusions of octopamine directly into the rat 
brain produced no mental disturbances (Zieve and Olsen, 1977) and clinical trials with 
BCAAs and dopaminergic drugs (L-DOPA and bromocriptine) are ineffective in improving 
the PSE (Maddrey and Weber, 1975; Uribe et al., 1979). In human autopsy study on 
patients dying with PSE, brain octopamine levels were shown to be decreased, whereas NA 
and DA levels were increased (Cuilleret et ai., 1980). 

Serotonergic neurotransmission in HE/PSE. Now, what may be of so critical 
concern to, for example, the scrutiny on e.g. brain TRP/5-HT perturbations associated with 
HEIPSE in relation to the conceptual analysis as presented above when comparing the PCS 
rat model with the clinical condition comprising HEIPSE? Well, the possibilities to study 
brain TRP pathology in HEIPSE in vivo in much closer detail is available by access to the 
PCS rat model and modern techniques such as e.g. in vivo brain microdialysis (Bergqvist et 
ai., 1995c). However, the results hereof may not describe the real extracerebral and CNS
related tryptophan disturbance as it eventually will appear in the HEIPSE seen in patients. 
Intriguingly, for example, it has been clearly shown that intake of ethanol itself both acutely 
and chronically will affect the brain TRP and 5-HT homeostasis (Badawy et ai. 1989). Thus, 
whereas the PCS rat model will define a basic TRP and 5-HT disturbance of relevance to the 
clinical condition of HE/PSE there may in fact be further factors contributing to the 
importance of the ultimate TRP and/or 5-HT dysfunction that may prevail in the clinical 
condition. Hence, the disturbance seen in the PCS rat may thus be considered as possibly a 
minimum of impact of entities such as the found brain TRP/5-HT disturbance to that which 
will eventually come into play in the clinical setting. The bottom line for this recollection is 
therefore in the present context that the caution suggested in the text below for a to vividly 
and uncontrolled utility of TRP/5-HT neuroactive compounds in clinical situations where 
HEIPSE may be of concern is very adequate as of today. This warning is thus not only based 
on e.g. pharmacokinetic problems inherited by the many novel neuroactive compounds 
acting on for example the monoaminergic systems in the brain when an intercurrent liver 
dysfunction is at hand (for overview, see Hale, 1993, see also Morgan and McLean, 1995), 
but also that yet very poorly defined direct pharmacodynamic effects on the brain TRP/5-HT 
and/or other monoaminergic systems may be present in a clinical HEIPSE situation that in the 
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worst case could work in concert to provoke dangerous or even fatal outcomes to patients in 
these situations if the mechanisms are not adequately understood. 

In essence, on the grounds described above a deeper analysis of the brain TRP/5-HT 
involvement in HElPSE as mirrored trough a scrutiny on e.g. the in vivo PCS rat model 
seems highly justified also in the clinical perspective of modem drug utility today. It seems 
warranted, however, to begin this survey by relating some basic outlines for the present 
understanding on essential factors relevant to TRP as well as brain 5-HT of particular interest 
to HEIPSE. 

TRYPTOPHAN METABOLISM 

There are two major metabolic fates of dietary TRP: it may be metabolized either 1) by 
way of the oxidative pathway (the kynurenine pathway; see below) or 2) by way of 5-
hydroxy indole synthesis leading to the neurotransmitter 5-HT (the 5-HT pathway; see 
below). The oxidative pathway is the major route of TRP metabolism. Under normal 
conditions, 99% of the TRP metabolism in the body is by way of oxidative metabolism. 
There are some additional minor metabolic pathways that TRP might enter. For example, the 
metabolism of TRP can lead to the formation of tryptamine and B-carbolines. 

Importantly, the effect of altered L-TRP availability in the brain with regard to the release 
of neuronal5-HT seems to critically depend on the ambient conditions prevailing in the 5-HT 
system at the time when the L-TRP availability is altered (Young and Teff, 1989). To this 
end, several papers have reported lack of changes in 5-HT release following L-TRP 
administration (Elks et al., 1979;.Wolf and Kuhn, 1986; De Simoni et al., 1987; Sleight et 
ai., 1988; Sharp et aI., 1992; Thorn! et aI., 1996) probably reflecting a generally low 
potential to alter 5-HT release and function by L-TRP augmentation under normal conditions. 
For example, Sharp and colleagues have demonstrated that elevation of brain L-TRP 
availability increases neuronal5-HT release in hippocampus only under conditions when an 
already increased serotonergic neuronal activity is at hand (Sharp et aI., 1992). It has also 
been shown that exogenous systemic administration of L-TRP induces a much more 
pronounced increase in brain extracellular 5-HT levels in food-deprived or exercised rats than 
in ad lib fed rats or rats at rest, respectively (Schwartz et al., 1990; Meeusen et al., 1995). 
Furthermore, studies have shown that certain behavioral changes thought to be mediated by 
5-HT do not occur following L-TRP administration unless accompanied by a simultaneous 
MAO inhibition (Grahame-Smith, 1971). Based on findings like these it has been proposed 
that any increase in 5-HT biosynthesis is accompanied by a subsequent increase in 5-
hydroxyindole metabolism which degrades the additionally produced 5-HT before it is 
released (Grahame-Smith, 1974). It is important to recall, however, that several studies 
indeed have reported that L-TRP augmentation may also increase the neuronal5-HT release 
in the brain (Ternaux et aI., 1976; Suter and Collard, 1983; Carboni et al., 1989; Schaechter 
and Wurtman, 1990; Sama et at., 1991; Westerink and De Vries, 1991). It should therefore 
be kept in mind that these various reports refer to different methodology applied including for 
example varying doses or dose regimens for the L-TRP supplementation, etc. More detailed 
study protocols addressing this topic are thus still clearly warranted to uncover the relation 
between 5-HT biosynthesis and 5-HT release. 

It should be clearly noted that issues like blood-brain extraction of L-TRP, plasma-free 
versus bound L-TRP (for further discussion, see e.g. Salerno et aI., 1984), as well as brain 
L-TRP toxicity in general have been investigated rather extensively in HEIPSE. In relation to 
the latter, already in 1956 it was shown that L-TRP could be a cerebrotoxic amino acid when 
administered to rats (Gullino et at., 1956). Increased plasma levels ofL-TRP have thereafter 
also frequently been reported accompany animals (Curzon et aI., 1973; James et aI., 1978; 
Smith et ai., 1978) and humans (Hirayama, 1971; Fischer et al., 1974; Knell et aI., 1974; 
Young et ai., 1975; Cascino et ai., 1982) with liver insufficiency. Increased brain tissue 
concentrations of L-TRP were early on observed in PCS rats (Baldessarini and Fischer, 
1973; Curzon et aI., 1975; Cummings et ai., 1976a; Jellinger and Riederer, 1977; Bloxam 
and Curzon, 1978; Tricklebank et at., 1978; James et ai., 1979; Mans et aI., 1979, 1982, 
1984, 1990; Bucci et ai., 1980; Jessy et aI., 1990; Bengtsson et ai., 1991) as well as in the 
cerebrospinal fluid of patients with varying types of hepatocerebral dysfunction (Young et 
ai., 1975; Ono et al., 1978; Hutson et ai., 1979; Cascino et ai., 1982; RossIe et aI., 1984) 
and in postmortem brain tissue from patients dying of HE (Jellinger et ai., 1978; Bergeron et 
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aI., 1989a). Long-term oral feeding with L-TRP to pes rats was demonstrated to negatively 
affect the behavior as well as the brain histology of these animals (Bucci et aI., 1982). 
Studies like these above make a strong case for profound changes in the disposition of L
TRP to occur in the brain in HEIPSE that ultimately may exert a major toxic effect in these 
situations. 

Quinolinic acid 

L-TRP may also degrade to yield many potentially active metabolites other than 5-HT 
(such as e.g. those belonging to the group of kynurenines) and it is therefore not excluded 
that certain effects seen following perturbations in the L-TRP handling could be attributed to 
such metabolite activity. Kynurenic acid (KYNA) was recognized as a TRP metabolite in 
canine urine already in 1904 (Ellinger, 1904). However, it was not until in the mid 1940's 
that the kynurenine pathway was recognized as a major route for the conversion of TRP to 
nicotinamide (Beadle et aI., 1947). In 1964, another kynurenine metabolite, quinolinic acid 
(QUIN; pyridine-2,3-dicarboxylic acid), was accepted as an intermediate in this oxidative 
pathway (Gholson et aI., 1964). Interest in the kynurenine pathway was long centred around 
its importance as a source of NAD and NADP (Stone, 1993). This situation prevailed until it 
was discovered that QUIN and KYNA had pronounced effects of neuronal activity, showing 
activity at excitatory amino acid (BAA) receptors on neurons in the CNS (Stone and Perkins, 
1981; Perkins and Stone, 1982, 1983a, 1983b). Interestingly, already some years prior to 
the reports by Perkins and Stone,.Lapin had reported marked convulsing activity of QUIN 
and KYNA when injected directly into the brain of rodents (Lapin, 1978, 1981), but the 
significance of these observations did initially remain unattended (Stone, 1993). In parallel 
with the substantial increase in the interest in the role of excitatory amino acid receptors in 
neurotransmission, both under normal conditions but also under pathophysiological 
conditions such as excitotoxicity and neurodegeneration, there has been an accompanying 
expansion of interest in the analysis and understanding of functions of the kynurenine 
pathway in the eNS (Stone, 1993). The interest for perturbations in the excitatory 
neurotransmission as a possible pathogenic event in HEIPSE has been indicated during the 
later part ofthe 1980's (Moroni et aI., 1986a,b; Peterson et al., 1990). 

QUIN is an endogenous competitive agonist of the N-methyl-D-aspartate (NMDA) 
subclass ofEAA receptors (McLennan, 1983; Perkins and Stone, 1983a) mediating neuronal 
membrane calcium ion transients and thereby excitatory neurotransmission in the brain. 
Under normal circumstances, QUIN concentrations in brain tissue are in the nanoM range. In 
general around microM concentrations of QUIN are excitotoxic, but some studies have, 
however, reported excitotoxicity exerted by QUIN to certain neuronal cell types in vitro only 
in reasonably hyper-physiological concentrations (Whetsell and Schwarcz, 1989). QUIN has 
been suggested to be involved in the pathogenesis of several neurologic diseases such as 
Huntington's disease, temporal lobe epilepsy, glutaric aciduria, the neuropathology 
frequently associated with AIDS, as well as in HEIPSE (for overview, see Freese et al., 
1990). Neurotoxicity induced by QUIN occurs preferentially in the neocortex, striatum, and 
hippocampus (Perkins and Stone, 1983a, 1983b), regions in the brain particularly affected 
by the eNS disorders mentioned above. Important in this context is the recollection that this 
specific type of neurotoxicity is by no means any trademark for e.g. HEIPSE. Nevertheless, 
Moroni and colleagues reported increased QUIN levels in the cerebral neocortex and 
cerebellum but in no other brain regions of pes rats and, moreover, following a coma
inducing NH4Ac challenge to these pes rats an about 50% increase in the neocortical brain 
QUIN levels in this the acute hyperammonemic state could also be evidenced (Moroni et al. , 
1986a). Increased QUIN concentrations were also found in the cerebrospinal fluid from 
patients suffering from HE as well as postmortem in the frontal neocortex from patients 
dying in hepatic coma reported by the same investigators (Moroni et al., 1986b). These 
observations led to the hypothesis that increased L-TRP availability in the brain may 
subsequently increase brain QUIN levels in HE and that QUIN could contribute to the 
neurological alterations observed in HEIPSE (Moroni et aI., 1986a,b). A hypothesis for that 
of increased brain levels of EAA ligands in HE was further supported by the down
regulation of NMDA receptor binding sites in the brain as demonstrated in the pes rat 
(Peterson et aI., 1990). Furthermore, in children with congenital hyperammonemia increased 
cerebrospinal fluid levels of QUIN were recently also demonstrated to prevail (Batshaw et 
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aI., 1993). In a rat model of this hyperammonemia syndrome, however, no changes of 
cerebrospinal fluid QUIN levels were found (Robinson et aI., 1992a). 

Conversely, in a series of most recent experiments, though, elevated brain parenchymal 
as well as extracellular QUIN levels have been critically questioned to exist either in chronic 
or acute PSE as shown in the PCS rat (Bergqvist et aI., 1995b; 1996a). Moreover, the 
challenge with ammonia did not display an increment in brain QUIN levels that correlated 
with the neurological deterioration accompanying these PCS rats (Bergqvist et aI., 1995b). 
In addition, elevated brain QUIN levels were demonstrated only in patients dying in acute but 
not chronic liver failure (Basile et al., 1995). The elevated brain QUIN levels in the patients 
succumbed in acute HE did, however, not correlate with the severity of the neurological 
impairments of the patients at time of death (Basile et aI., 1995). Experimental chronic 
HE/PSE, such as in the PCS rat, will be accompanied by glial rather than neuronal 
degeneration (Bengtsson et aI., 1988a) which in tum would speak against at least traditional 
neuronal excitotoxicity to exist in this situation, although patients dying from HEIPSE may 
exhibit indications of also neuronal degeneration (Victor et aI., 1965; see also discussion 
above). Furthermore, in PSE an overall depressed neuronal activity that includes a general 
EEG slowing appears (Conn and Lieberthal, 1979) which is opposite to that expected on the 
traditional basis of excitotoxicity (for overview, see Stone 1993). These finding are all 
important caveats for the possible involvement of QUIN in the pathogenesis of HEIPSE. In 
summary, therefore, although it is likely that perturbations in the brain EEAs are 
accompanying HE (Moroni et aI., 1986b; Butterworth, 1992a, 1996), for almost a decade 
the suspicion of QUIN as a potential major pathogenetic factor in HEIPSE was not refuted by 
other independent researchers than the excellent group around professor Moroni. This was 
probably mainly due to methodological difficulties in establishing reliable and reproducible 
assays for determinations of QUIN levels in the brain, and now also in the brain dialysate 
(Bergqvist et aI., 1995b). However, by the advent of new methods to overcome these vital 
methodological difficulties a possible false indication of an endogenous neurotoxin to be 
involved in the pathogenesis of HE can now be settled. Accordingly, although seemingly 
negative as an overall result, the detailed recent studies (Basile 1995; Bergqvist et at., 1995b; 
1996a) clearly suggests QUIN not to be closely related to the pathogenesis of, at least, 
chronic HEIPSE perhaps providing e.g. textbooks as of today to omit elaborating further in 
great length on the brain QUIN story as a causative factor for this condition. 

Tryptamine 

A minor portion of ingested L-TRP is not metabolized by way of the kynurenine pathway 
or the 5-HT pathway but converted into various trace compounds (e.g. indoles other than 5-
hydroxyindoles, skatoles, B-carbolines, etc) among which tryptamine seems to be of 
possible specific importance due to its potential biological activities. Tryptamine is an 
endogenous neuroactive L-TRP metabolite with a number of behavioral, physiological, as 
well as pharmacological effects already known (for comprehensive overview, see Mousseau, 
1993). The biosynthesis of tryptamine occurs by decarboxylation ofL-TRP via the action of 
the abundant and unspecific enzyme L-amino acid decarboxylase (AAD). The major route of 
metabolism of tryptamine is a subsequent enzymatic inactivation by MAO resulting in the 
formation of an unstable aldehyde that is rapidly converted into indole-3-acetic acid (IAA). 
Although tryptamine is rapidly metabolized and exists only in minute amounts in brain tissue, 
its rapid biosynthesis allows for quantities which are comparable to those reported for 5-HT 
and DA (Wu and Boulton, 1987). While some evidence exist that tryptamine may be acting 
as a neurotransmitter in the brain, it is generally believed that the major role for tryptamine is 
modulatory for the neurotransmission, in particular the serotonergic, in the brain. Distinct 
species-dependent bindings sites for tryptamine have been characterized (Mousseau and 
Butterworth, 1994a; see also Mousseau, 1993). In the rat, these binding sites are 
heterogeneously distributed with the highest densities in the striatum, neocortex, and 
hippocampus (Cascio and Kellar, 1983). Tryptamine has been shown to interact with the 5-
HT, DA, and ACh systems in the brain (Ennis et aI., 1981; Ennis and Cox, 1982), exert 
thermoregulatory effects (Dooley and Quock, 1976), affect neuronal firing in the brain 
(Aghajanian and Haigler, 1975), etc (Mousseau, 1993). Disturbances in the biosynthesis 
and/or metabolism of tryptamine have been suggested as possible factors in the pathogenesis 
of various psychiatric disorders such as depression, Parkinson's disease, schizophrenia, and 
Tourette's syndrome (Mousseau, 1993). Direct evidence for the involvement of tryptamine in 
the etiology of such diseases is, however, relatively poor but future work on these issues are 
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clearly warranted. Tryptamine metabolism has also been shown to be much mor:e responsive 
than serotonin metabolism to changes in the ambient L-TRP availability (Young et al., 1980). 
Using IAA levels as index of brain tryptamine turnover, it has been observed that patients 
with hepatic coma have significantly higher brain tryptamine turnover when compared with 
cirrhotic patients not in coma (Young and Lal, 1980; see also Mousseau, 1993). 
Furthermore, the grade of coma was proportional to IAA levels in cerebrospinal fluid in these 
patients. Consistent with these fmdings, decreases in PH]-tryptamine binding site density in 
postmortem brain tissue from patients who died in hepatic coma have recently also been 
reported (Mousseau et al., 1994). The possible involvement of tryptamine in the 
pathogenesis of various neuropsychiatric conditions, including chronic HEIPSE, should be 
studied further. 

Melatonin 

In the pineal gland, a large portion of 5-HT is metabolized into the hormone N-acetyl-5-
methoxytryptamine (more frequently referred to as melatonin; for review see Arendt, 1988). 
Noradrenergic sympathetic nerves, originating from the superior cervical ganglia, innervate 
the pineal gland and stimulate the pineal biosynthesis of melatonin. It is generally assumed 
that the N-acetylation of 5-HT is the rate-limiting step in melatonin formation (Klein and 
Weller, 1970). The activity of this enzyme shows a diurnal variation in the pineal gland that 
corresponds to the variation in melatonin levels in the brain and the circulation through the 
light-dark cycle (Deguchi, 1975). In the rat for example, as much as a 60-fold increase in the 
activity of serotonin N-acetyltransferase has been demonstrated during the hours of 
darkness. The biosynthesis and secretion of melatonin is greatest during the hours of 
darkness and a 3-fold increase in the level of circulating melatonin from the minimum level 
during daytime to the peak at night has been demonstrated (Wetterberg et al., 1976; Arendt, 
1988). 

The exact physiological and behavioral effects of melatonin are still unclear. Perhaps the 
strongest case can be made in reproduction, particularly in seasonally breeding animals 
(Arendt, 1995). The rhythmic secretion of melatonin and its control by light and adrenergic 
neurons have proved to be of particular interest in psychiatric studies (Arendt, 1988). For 
example, a disturbed melatonin function has been implicated in depression (Wetterberg et aI., 
1982), mania (Lewy et aI., 1978), schizophrenia (Ferrier et aI., 1982) etc (for review, 
Reppert and Weaver, 1995). Melatonin has also been implicated in normal physiological 
processes such as aging (Sandyk, 1990). It has even been claimed that melatonin can reverse 
aging (Pierpaoli and Regelson, 1994). This assertion is, however, speCUlative and not 
scientifically founded since it is based on a debated study performed in mice (for further 
discussion, Reppert and Weaver, 1995). Biosynthesis of melatonin has also been found to 
exist in the retina and the hormone is believed to have several important regulatory functions 
in the mammalian retina (Krause and Dubocovich, 1990; Cahill and Besharse, 1995). 
Perturbations in the melatonin metabolism have also recently been described both in PCS rats 
(Zee et aI., 1991) and in patients with cirrhosis of the liver (Steindl et aI., 1995a). Such 
changes in melatonin metabolism have been suggested to be involved in the disruption of 
diurnal rhythms frequently observed both in PCS rats (Beaubernard et aI., 1977; Steindl et 
aI., 1995b) as well as in HE patients (Bergonzi et aI., 1978). Sound therapeutic applications 
of melatonin have been developed around its circadian effects (Arendt, 1995). Melatonin 
administered orally to humans has been used successfully to treat symptomes of jet lag as 
well as for some more problematic and chronic circadian-based sleep disorders (James et aI., 
1990; Garfmkel et al., 1995). An essential critical feature to keep in mind for the possible 
circadian effect exerted by melatonin is the time of its administration during the day, since 
melatonin can only alter circadian rhythms during a restricted portion of the circadian cycle 
(Arendt, 1995). However, since circadian rhythm disturbances are most likely to be a central 
feature accompanying chronic PSE (e.g. Apelqvist et aI., 1996a), further scrutiny on the 
melatonin involvement in neuropsychiatric syndromes like this are clearly warranted in the 
future. 

BRAIN SEROTONIN IN HEIPSE 

In a historic perspective, the first hypotheses dealing with the possible involvement of 
serotonergic disturbances in the brain in HEIPSE suggested either that an excess of 
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indoleamines to reach the CNS were recruited from the gut or that, in fact, a decrease in the 
formation and possibly also the release of 5-RT in the brain was prevailing in this condition 
(Conn and Lieberthal, 1979). Later, though, most studies performed in this field have 
suggested unaltered or increased brain 5-RT and/or in combination with other brain L-TRP 
perturbations to be most likely associated with HEIPSE (for recent overviews, see e.g. 
Bengtsson, 1992; Bengtsson and Bergqvist, 1996). 

Brain S-RT biosynthesis and metabolism 

5-HT is synthesized from L-TRP by a two step reaction: hydroxylation of L-TRP 
catalyzed by an enzymatic process involving TPH producing 5-hydroxytryptophan (5-HTP), 
immediately followed by decarboxylation of 5-HTP catalyzed by unspecific AAD resulting in 
5-RT. The enzyme AAD is found in both serotonergic and catecholaminergic neurons where 
it converts 5-HTP to 5-HT and L-DOPA to dopamine (DA), respectively (Sourkes, 1977). 
Thus, if 5-HTP is administered it can be converted to 5-HT in other cells than the 
serotonergic ones (Melamed et aI., 1980; Gartside et aI., 1992). However, substantial doses 
of 5-HTP are demanded in order to detect any 5-HT formation within non-serotonergic 
neurons (Fuxe et aI., 1971). AAD is present in the brain in far greater amounts than is TPH 
(Ichiyama et aI., 1968) and, hence, only trace amounts of 5-HTP can be found in brain tissue 
(Tappaz and Pujol, 1980). This suggests that 5-HTP can be decarboxylated almost as readily 
as it is formed. This also supports the hypothesis that the TRP hydroxylation is the rate
limiting step in the 5-HT formation (Carlsson and Lindqvist, 1978). TPH seems to be 
restricted to cells that normally synthesize 5-HT as it is best located near the raphe nuclei, the 
tectum, the hypothalamus, the septum, the pons medulla, and the spinal cord (areas all rich in 
5-HT; Meek and Lofstrandh, 1976; Hamon etal., 1979). The Km of TPH for L-TRP is 
about 50 microM but the normal physiological L-TRP concentration in vivo in brain tissue is 
only about 20 microM. Hence, the enzyme is approximately only half-saturated with its 
substrate (Fernstrom and Wurtman, 1971; Costa and Meek, 1974; Young and Sourkes, 
1977; Carlsson and Lindqvist, 1978; Curzon, 1986). As a consequence, the rate of TRP 
hydroxylation in the brain would fluctuate with the concentration of the precursor amino acid 
according to first-order kinetics (Neckers et a!., 1977; Hamon et aI., 1979). Indeed, central 
as well as peripheral administrations of L-TRP have been shown to induce large increases in 
the concentrations of 5-HT and/or the main 5-HT metabolite 5-hydroxyindole-3-acetic acid 
(5-HIAA) in the brain in vivo (Aschcroft et al., 1965; Eccleston et aI., 1965, 1970; 
Fernstrom and Wurtman, 1971; Grahame-Smith, 1971; Knott and Curzon, 1974; Curzon 
and Marsden, 1975; Marsden and Curzon, 1976; Curzon eta!., 1978; Elks etal., 1979; 
Hamon et aI., 1979; Gibson et a!., 1982; Johnston and Moore, 1983; Tracqui et aI., 1983; 
Hutson et aI., 1985; Lookingland et aI., 1986; Wolf and Kuhn, 1986; De Simoni et aI., 
1987; Carboni et aI., 1989; Schwartz et aI., 1990; Bengtsson et aI., 1991; Sarna et aI., 
1991). However, the impact of increased brain L-TRP availability in terms of 5-RT function, 
i.e. neuronal 5-HT release, is still subjected to discussion (Curzon, 1986; Bengtsson, 1992; 
Bengtsson and Bergqvist, 1996). 

In addition to L-TRP, molecular oxygen and the reduced cofactor tetrahydrobiopterin 
(BH4) are both required for TRP hydroxylation in vivo (Friedman et aI., 1972; Fukushima 
and Nixon; 1980). BH4 is of endogenous origin in the brain and can be synthesized via two 
distinct pathways; a de novo synthetic pathway using the nucleotide GTP as precursor and a 
salvage pathway which uses the compounds sepiapterin and/or 7,8-dihydrobiopterin. The 
enzyme GTP-cyclohydrolase I (GTPCHI) catalyzes the first and rate-limiting step in the de 
novo synthetic pathway of B~ (Nichol et aI., 1985). The GTPCHI activity has been shown 
to be inhibited by reduced pterins in a negative feed-back manner (Schoedon et aI., 1987) but 
the GTPCHI activity can also be induced by compounds like interferon-gamma and bacterial 
lipopolysaccharide (Werner et aI., 1989; Werner-Felmayer et aI., 1993). The oxidized L
TRP hydroxylation reaction product, quinonoid dihydrobiopterin, is inactive and regenerated 
into the reduced and active BH4 by the action of the NADH-dependent enzyme quinonoid 
dihydropteridine reductase. The TPH activity can also be altered by means other than 
substrate availability. Besides L-TRP, TPH requires molecular oxygen and BH4 for TRP 
hydroxylation in vivo (Friedman et aI., 1972; Fukushima and Nixon, 1980). The Km of 
TPH for BH4 is estimated to be about 30 microM (Friedman et at., 1972) and the level of 
BH4 in rat brain is about 1 microM, although it may reach levels up to 10 microM in 
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monoamine-containing neurons (Levine et at., 1979). Therefore, the activity of TPH under 
physiological in vivo conditions seems to depend largely on the BH4 concentration 
(Lovenberg et ai., 1967; Knapp and Mandell, 1984; Miwa et at., 1985; Nagatsu, 1985; 
Sawada et ai., 1986; Levine et ai., 1987) and the availability of BH4 in the brain has 
therefore also been suggested to be one possible regulatory mechanism of brain 5-HT 
biosynthesis in vivo (Bengtsson et at., 1991). 

A way of altering the brain 5-HT biosynthesis is by changing the activity of the rate
limiting enzyme TPH per se. This can be achieved by several ways. As electrical stimulation 
of serotonergic nuclei likely induces a Ca2+-dependent increase in the biosynthesis of 5-HT 
in the nerve terminals, it seems as if TPH activity and 5-HT biosynthesis also may be 
modulated by depolarization of the neurons (Shields and Eccleston, 1972; Elks et at., 1979). 
It is therefore not unlikely that the increased 5-HT biosynthesis at least in part results also 
from alterations in the kinetic properties of TPH, perhaps due to a Ca2+-dependent 
phosphorylation of the enzyme in response to increased neuronal activity. Short-term 
requirements for increases in the biosynthesis of 5-HT can thus probably be effectively met 
by processes that change the kinetic properties of TPH without necessitating the biosynthesis 
of more TPH molecules. By contrast, situations requiring long-term increases in the 
biosynthesis of 5-HT result in de novo biosynthesis of TPH protein (Frazer and Hensler, 
1994). TPH is normally unsaturated with its substrate (Fernstrom and Wurtman, 1971; 
Costa and Meek, 1974; Young and Sourkes, 1977; Carlsson and Lindqvist, 1978; Curzon, 
1986; Bengtsson et at., 1991), and, consequently, modifying levels of L-TRP in the brain 
can rapidly influence the saturation of the enzyme with substrate and, thus, the rate at which 
L-TRP is converted into 5-HT. However, in some cases, e.g. following treatment with the 
antidepressant clomipramine, despite decreased brain L-TRP levels the brain TPH activity 
has been shown to be unaltered (Neckers et at., 1977). The possible involvement of B~ in 
enhancing the brain 5-HT synthesis in chronic HEIPSE has recently been challenged, but the 
results hereof so far are still unequivocal on this point (Bergqvist et at., 1995b). In L-TRP 
challenged PCS rats the extracellular TRP levels in the neocortex during brain microdialysis 
were found to reach a peak value within a similar time frame as the L-TRP challenged sham 
rats (Bergqvist et at., 1996b). This value for the PCS rats, however, remained constant 
throughout the repeated L-TRP challenge of lower additional doses administered in the 
experiment for the first time in the literature displaying these effects in PCS rats (Bergqvist et 
at., 1996b). This different time-course may be explained by the fact that PCS rats already 
prior to the L-TRP challenge exhibit an elevated brain extracellular TRP level possibly due to 
an impaired liver TRP metabolism. The ability to metabolize TRP has for example been 
demonstrated to be reduced in cirrhotic patients (RossIe et at., 1986). Accordingly, following 
a superimposed L-TRP load to PCS rats the plasma TRP levels might substantially increase 
and the transport of TRP from the blood to the CNS may hence be saturated (for further 
discussion, Salerno et at., 1984). Although the plasma TRP levels are further increased 
following the L-TRP challenges the transport of TRP into the brain might be kept at a 
constant level and the-brain extracellular TRP levels do therefore not increase any further in 
the L-TRP challenged PCS rats. 

5-HT in the nerve terminal can be subjected to metabolism either prior to release or after it 
has been recaptured into the presynaptic nerve terminal (or glia cell) by the reuptake 
mechanism. Some data indicate that newly synthesized 5-HT is preferentially released by the 
neurons (Elks et at., 1979; Lookingland et ai., 1986; Pei et ai., 1989) but this preference is 
still under discussion (Reinhardt and Wurtman, 1977; Whittaker and Roed, 1982; Curzon, 
1986). Although 5-HT is usually protected from metabolism because of its localization in 
storage vesicles and that the metabolizing enzymes are present mainly outside of these 
structures, 5-HT can be very rapidly degraded mainly as a result of the activity of the enzyme 
monoamine oxidase (MAO) to yield 5-hydroxyindoleacetaldehyde (5-HIAL), which in turn 
is a very reactive aldehyde, and the majority of 5-HIAL is rapidly oxidized to the biologically 
inert metabolite 5-HIAA by aldehyde dehydrogenase. 

Since early studies, like one with dogs bearing a PCS given L-TRP in combination with 
an irreversible and non-selective MAO-inhibitors (Ogihara et at., 1967), were reported to 
result in a non-ammonia related encephalopathy it was suggested that the amine metabolites 
ofL-TRP, 5-HT and tryptamine, to be likely to be responsible for the encephalopathy rather 
than L-TRP itself. Indeed, the increased brain tissue turnover of 5-HT in PSE is, for 
example, supported by the increased brain 5-HT levels seen after complete MAO-inhibition 
(Bengtsson et at., 1987a) and by increased brain MAO activities demonstrated to be 
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prevailing both in PCS rats (Rokicki et aI., 1989) and in postmortem human brain tissue 
from cirrhotic patients with HE (Rao et aI., 1993). Earlier studies also verified the high 5-HT 
and/or 5-HIAA brain concentrations and/or 5-HIAAl5-HT ratios and/or the enhanced 
turnover of 5-hydroxyindoles to be prevailing in almost all conditions of hepatocerebral 
dysfunction (Tyce et at., 1967; Baldessarini and Fischer, 1973; Knell et aI., 1974; Knott and 
Curzon, 1974; Curzon et aI., 1975; Reichle and Reichle, 1975; Young et aI., 1975; 
Cummings et aI., 1976a, 1976b; Jellinger and Riederer, 1977; Bloxam and Curzon, 1978; 
Jellinger et at., 1978; Smith et at., 1978; Tricklebank et at., 1978; Bucci et at., 1980; Mans et 
aI., 1984, 1987; Bengtsson et al. , 1985, 1986, 1987a, 1987b, 1988a, 1988b, 1991; Bugge 
et aI., 1986, 1989b; Mans and Hawkins, 1986; Bergeron et aI., 1989b, 1990; for reviews, 
Bengtsson et al., 1989b; Bergeron et aI., 1991; Bengtsson, 1992; Bengtsson and Bergqvist, 
1996). In fact, though, such studies have generally suggested brain L-TRP and 5-HIAA 
levels to be markedly increased while the 5-HT concentrations increments as such were 
usually much less pronounced. Thus, elevations in brain 5-HT did not appear to correlate 
well with hepatocerebral dysfunction unless ratios of L-TRP/5-HT/5-HIAA (usually 5-
HIAAl5-HT) were calculated and used as indicator of brain 5-HT turnover. However, 
measurements of absolute levels of L-TRP and L-TRP metabolites always have the 
disadvantage of imaging static events from which the dynamics of the system cannot be 
inferred. In addition, wholebrain analyses of these compounds probably also frequently can 
obscure important regional variations, especially so since it has been shown that TPH 
activities under normal conditions vary substantially in different parts of the brain 
(Baumgarten et al., 1973). Moreover, the normal day-night rhythm variations for brain L
TRP and L-TRP metabolites has to be taken into account when doing experiments, especially 
so in PSE research where there ,are reasons to believe that the normal circadian pattern may 
be disturbed in this condition (Bergeron et al., 1991; Apelqvist et aI., 1996a). 

A minor portion of 5-HIAL is not oxidized into 5-HIAA but reduced by the enzymes 
alcohol dehydrogenase or aldehyde reductase resulting in the formation of the 5-
hydroxyindole derived alcohol 5-hydroxytryptophol (5-HTOL; Davis et aI., 1966; Bulat et 
aI., 1970; Diggory et aI., 1979; Cheifetz and Warsh, 1980). 5-HTOL can induce sleep in 
mice and chicks (Feldstein et aI., 1970; Taborsky, 1971) and displays certain 
electrophysiological effects in rabbit brain (Sabelli and Giardina, 1970). 5-HTOL may also 
interfere with the action of 5-HT on 5-HT binding sites in the brain and thereby elicit 
cerebroarterial contractions (Fu et al., 1980). Under normal conditions, brain 5-HTOL 
occurs scarsely compared with 5-HIAA (pmolar versus mmolar concentrations). However, 
when changes in the brain redox potential occur (measured e.g. as brain NADH-to
NAD+ratio), the 5-HTOL/5-HIAA ratio can be shifted (Beck et aI., 1986). The 5-HTOL/5-
HIAA ratio can also be altered by administration of drugs that affect the 5-HT system such as 
MAOIs (such as pargyline), 5-HT neurotoxins (such as 5,7-dihydroxytryptamine), and 
probenecid (Beck et al., 1987) or by alcohol dehydrogenase inhibitors such as disulfiram 
(Beck et aI., 1995). In addition, L-TRP administration has been shown to cause an increase 
in the 5-HTOL content in the rat pineal gland (Young and Anderson, 1982). The increased 
brain tissue turnover of 5-HT prevailing in PSE is further supported by a recent preliminar 
study showing increased brain tissue levels of 5-HTOL to be accompanying PCS rats 
(Bergqvist et aI., 1996d). 

Brain 5-HT storage and release 

As for catecholeamines, 5-HT is stored primarily in vesicles within the nerve terminals. 
There is still an unsettled discussion of a possible existence for (at least) two different 
neuronal pools of 5-HT in the brain (Grahame-Smith, 1971, 1973, 1974; Shields and 
Eccleston, 1973; Curzon and Marsden, 1975; Schaub and Meyers, 1975; Mennini et aI., 
1981; Morot-Gaudry et aI., 1981; Tamir et aI., 1982; Kleven et aI., 1983; Kuhn et al., 1985; 
Wolf and Kuhn, 1986; Bengtsson et aI., 1989b). According to this hypothesis, the 
serotonergic nerve terminals contain one small functionally active and readily releasable pool 
of 5-HT and one larger but functionally inactive, and thus non-releasable, 5-HT storage pool 
(Grahame-Smith, 1973). The functionally active pool of 5-HT is believed to be stored in 
regular presynaptic vesicles and participating in serotonergic neurotransmission while the 
function of the non-releasable pool is more obscure. It has been suggested that the non
releasable pool of 5-HT might serve as a buffer-like compartment. Hence, if the neuronal 
biosynthesis of 5-HT is in excess of that required to fulfill the functional needs of the brain, 
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in order to avoid a 5-HT induced hyperactivity the surplus 5-HT might be taken up and 
stored by the non-releasable pool. The "buffered" 5-HT might subsequently either be 
subjected to intraneuronal metabolism or, if the demand of the nerve terminal for releasable 
5-HT increases, be restored into the functional pool. This latter capability may be of great 
significance to e.g. conditions of diseases where a primary disturbance in the CNS 5-HT 
systems can be involved. Furthermore, it is also believed that the two pools share the same 
metabolic pathways in the nerve cell. This means that a measured overall 5-HT turnover may 
not reflect the metabolism of the functionally active compartment but instead mirror the sum 
of both the active and the inactive 5-HT pool in the nerve cell. The uptake of 5-HT into 
synaptic vesicles is an active process fueled by ATP. Certain drugs, such as reserpine, 
interfere with this uptake process and causes a leakage of the 5-HT stored in vesicles out into 
the preterminal cytoplasm where the 5-HT is then degraded by MAO (Shore and Giachetti, 
1978). The tissue level of 5-HT after e.g. reserpine administration thus drops (Brodie et ai., 
1955) and the preterminal exocytotic 5-HT release is therefore also subsequently affected 
(Heslop and Curzon, 1994). Interestingly, despite a reduction in brain 5-HT content, prior 
reserpine treatment does not block the behavioral effects (e.g. the 5-HT behavioral 
syndrome) induced by the application of certain 5-HT releasing drugs such as amphetamine 
and its derivative pCA (Kuhn et ai., 1985; Adell et aI., 1989; Heslop and Curzon, 1994). 
This phenomenon has been suggested to result from a release of 5-HT by a reserpine
insensitive (i.e. extravesicular) cytosolic pool of the transmitter (Kuhn et aI., 1985; Adell et 
aI., 1989). It should also be emphasized that there are substantial regional differences among 
serotonergic neurons in the brain in the response to reserpine (Long et aI., 1983). 

Brain 5-HT release in acute and subacute HE. Acute HE condition is possibly 
associated with a profound decrease of the 5-HT release in the neocortex (Bergqvist et aI., 
1995c). In the dialysate samples from these acutely and severely encephalopathic rats 
significantly elevated 5-HIAA concentrations were observed. On the other hand, subacute 
HE and thus less overtly CNS-affected condition resulted in significant elevations of the 
dialysate 5-HIAA content but the extracellular 5-HT level did not appear to change per se as 
compared to normal control rats. These data may indicate that a large metabolic increase in 
intraneuronal 5-HT biosynthesis (Bengtsson et aI., 1988a) do not necessarily have to 
correlate with, or result in, an increase in neuronal release of 5-HT in the brain as previously 
suggested from the observations of increases in the CNS tissue 5-HT metabolism in 
experimental HE (Cummings et aI., 1976a, 1976b; Mans and Hawkins, 1986; for further 
detailed discussion, see e.g Bengtsson et aI., 1989b). In fact, even a relative decrease in 
serotonergic tone in the CNS in some severe conditions of HE may be at hand at least in the 
neocortex as evidenced from the data obtained in the present investigation. Moreover, 
though, also in some condition of severe and acute HE, notably in complete ischemia of the 
liver but not in partial (i.e. only main hepatic artery ligation) or in total hepatectomy of the 
rat, the brain 5-HT turnover has been shown to be decreased rather than increased (for 
further discussion, see Bengtsson et aI., 1989). 

Brain 5-HT release in steady-state chronic PSE. No significant differences 
between sham and PCS rats with regard to the basal extracellular neocortical 5-HT 
concentrations were obtained in any of the many separate recent experiments comprising 
such data (Bergqvist et ai., 1995c; 1996a-d; 1997a-c). The 5-HIAA levels were, however, 
almost obligately elevated in the PCS group as compared to the sham-operated group of 
animals. Accordingly, it can be envisaged that under the current experimental conditions, 
albeit an increased brain intraneuronal 5-HT metabolism is clearly prevailing (for reviews, 
Bengtsson et ai., 1989b; Bergeron et al., 1991; Bengtsson, 1992), neuronal release of the 
transmitter 5-HT and thereby possibly also 5-HT function is probably not altered in the brain 
in conditions of chronic steady-state PSE. These findings thus speak against a functional 
overactivity in the monoaminergic systems in the CNS as a direct cause for, at least, chronic 
PSE. An alternative explanation to the present finding may be that neuronal5-HT release is 
indeed altered in the resting state of experimental PSE, but that this is compensated for by an 
enhanced reuptake of 5-HT hence, maintaining the extracellular 5-HT at a more or less 
constant level. Partially based on this assumption, the last trial applying an SSRI (Bergqvist 
et aI., 1997c) was performed. However, the 5-HT-enhancing effect of local extracellular 
neocortical administration of the potent SSRI citalopram was equally pronounced in the PCS 
as it was in control rats indicating that the neocortical 5-HT reuptake is similarly effective in 
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both chronic PSE as under normal conditions. It may thus be suggested that the the 
previously reported unchanged brain 5-HT output (Bergqvist et aI., 1995c, 1996b-c, 1997a
b) accompanying PCS in the rat, despite the profoundly increased brain 5-HT turnover in 
this condition, is probably not due to an increased 5-HT reuptake mechanism in the brain 
being exerted by these animals. The lack of major changes in the brain extracellular 5-HT 
levels seen in sham-operated control rats of the present study in the immediate period 
following systemic L-TRP administration (Bergqvist et aI., 1996b) is in agreement with 
observations reported from other authors (Elks et at., 1979; Wolf and Kuhn, 1986; De 
Simoni et at., 1987; Sleight et aI., 1988; Sharp et aI., 1992; ThornS et at., 1996). 
Furthermore, the lack of changes in neocortical extracellular 5-HT levels in the PCS rats is 
probably reflecting a generally low potential to alter brain neuronal5-HT release (and 5-HT 
function) by L-TRP augmentation not only under normal conditions but during chronic PSE 
as well. The hypothesis of the existence for two different pools of 5-HT in the brain may 
offer some help for explanation. Without demonstrable changes in extracellular 5-HT levels 
in either PCS or control rats following even multiple L-TRP administrations could indicate 
that the amount of 5-HT in a releasable pool of this transmitter is sufficient to meet the 
demand for a normal serotonergic neurotransmission and the L-TRP-induced increase in 5-
HT biosynthesis may therefore speculatively be "functionally buffered" by primary being 
solely metabolized in a non-releasable (or "less"-releasable; see below) compartment/pool of 
5-HT. Following the L-TRP augmentation procedure, the 5-HIAA levels tended to be 
increased but to a different degree in both sham and pes rats possibly indicating that an 
increased intraneuronal 5-HT metabolism in response to this treatment had been evolving. 
The present fmdings thus further emphasize the importance of distinguishing between brain 
5-HT metabolism and brain 5-fJT release which in turn may alter differently under normal 
conditions compared with that appearing during a state of CNS-disease. 

Additional factors of relevance for brain 5-HT release 

The nerve terminal release of 5-HT is dependent on the firing rate of the serotonergic 
soma in the raphe nuclei located in the midbrain (Hery and Ternaux, 1981). Numerous 
studies have revealed that procedures that increased the raphe firing rate also increase the 5-
HT release in terminal regions, whereas the opposite effect is observed when raphe firing 
rate decreases. This means that drugs or other manipulations that change the firing rate of the 
serotonergic soma in the raphe nuclei can modify the release of 5-HT in terminal regions as 
well (Aghajanian, 1978; Frazer and Hensler, 1994; Matos et aI., 1996). For example, 
electrical stimulation of the DRN in vivo has been shown to cause a frequency-dependent 
rapid rise in the 5-HT output from the rat hippocampus (Sharp et al., 1989). With regard to 
drugs that may change the firing rate of 5-HT neurons, important targets for such drugs are 
the somatodendritic autoreceptors, which are of the 5-HT lA subclass. Hence, activation of 
these receptors by e.g. administration of 5-HT1A receptor agonists such as 8-hydroxy-2-(di
n-propylamino )-tetralin (8-0H-DPAT) into the DRN slows the rate of fIring of serotonergic 
soma (De Montigny et aI., 1984) and decreases in the release of 5-HT in serotonergic 
terminal regions thereby follow (Hutson et at., 1989; Sharp et aI., 1989; Sharp and Hjorth, 
1990; Hjorth and Sharp, 1991). Analogously, inhibition of these somatodendritic 
autoreceptors, by drugs such as pindolol and WAY -100635, causes an increased firing rate 
of the 5-HT neurons and, subsequently, an enhanced 5-HT release in the serotonergic 
projection areas in the brain can be observed (Artigas, 1993; Fornal et aI., 1996; Hjorth, 
1996; for review, Artigas et at., 1996; Gardier et aI., 1996). The firing rate of the 
serotonergic soma in the raphe nuclei is also under the influence of afferent neurons that 
innervate this brain region. In addition, a number of different (depending on brain region) 
receptors such as those for NA (a2; Gobbi et aI., 1990; Tao and Hjorth, 1992; Numazawa et 
aI., 1995), DA (Ferre and Artigas, 1993), glutamate (GLU; Whitton et at., 1992; Ohta et at., 
1994; Tao and Auerbach, 1996), GABA (Kalen et aI., 1989), opioids (Matos et aI., 1992; 
Yoshioka et at., 1993) etc, innervate the serotonergic neurons (for overview, Chesselet, 
1984). Administration of ligands affecting these receptors or altering the release of these 
other neurotransmitters may under certain circumstances accordingly provide yet other ways 
of regulating the brain 5-HT release that may be of importance. Depending on the species, 
serotonergic presynaptic autoreceptors in terminal fields appear to be either the 5-HT 1B (in 
the rat) or 5-HTID (in the man) subclass (Hoyer et at. 1994). These presynaptic 
autoreceptors exert upon activation a negative feedback on the preterminal vesicular 5-HT 
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release (Chesselet, 1984; Engel et a!., 1986; El Mansari and Blier, 1996). Administration of 
agonists for these presynaptic autoreceptors into areas receiving serotonergic innervation 
have accordingly been shown to decrease the terminal vesicular release of 5-HT in such 
projection areas (Hjorth and Tao, 1991). The amount of 5-HT released (as well as many 
other neurotransmitters) is classically viewed upon as proportional to the degree of rise in 
intracellular Ca2+ (although a minor portion of the 5-HT release is probably Ca2+
independent). The 5-HT release can thus in principle also be altered by changing the 
intracellular Ca2+concentrations. An obvious way of establishing a change in the intracellular 
Ca2+ concentration is to change the level of Ca2+ on the outside, i.e. in the extracellular 
space. By increasing or decreasing the extracellular Ca2+ concentrations, a significant change 
in the 5-HT release has been demonstrated (Westerink et al., 1987; Kalen et a!., 1988; 
Auerbach et a!., 1989; Carboni et aI., 1989; Carboni and Di Chiara, 1989; Adell et aI., 1993; 
Taylor and Basmann, 1995; see also Di Chiara, 1990). The brain 5-HT release can, 
analogously, be manipulated by changing the extracellular K+ concentration (Westerink et 
a!., 1987; Kalen et a!., 1988; Carboni and Di Chiara, 1989; Adell et a!., 1993; Taylor and 
Basmann, 1995). Another unspecific way of manipulating the brain 5-HT release is by 
applying certain types of drugs. Besides the effects exerted by e.g. reserpine (as mentioned 
above), drugs like amphetamine enter the preterminal neuron and displace 5-HT from its 
vesicles into the cytosol, where this 5-HT is either metabolized by MAO or escapes by a 
carrier-mediated diffusion into the synaptic cleft to act on 5-HT receptors. 

Brain S-HT release and ammonia. In conditions of liver failure, these pathways for 
ammonia detoxification are impaired and overwhelmed by the gut-derived ammonia load. In 
addition, the presence of portal-systemic shunts allows the ammonia to bypass the liver 
unmetabolized into the systemic circulation. The resulting high plasma ammonia 
concentration leads to increased ammonia diffusion into the brain and it has been suggested 
that the PSE may be primarily (or basically) induced in this way (Lockwood et aI., 1979; 
Butterworth et aI., 1987). In the brain there is no urea cycle available and the most important 
ammonia utilizing and thus detoxifying pathway is the GLN synthesis reaction. GLN levels 
in autopsied brain samples from cirrhotic patients or from patients with FHF dying in hepatic 
coma have been demonstrated to be increased 2- to 5-fold, suggesting profound exposure to 
ammonia having been a prevailing condition before death (Lavoie et al., 1987). The enzyme 
responsible for ammonia detoxification in brain (i.e. glutamine synthetase) has an almost 
exclusively astrocytic localization (Norenberg, 1987). This glial localization for 
detoxification of ammonia may provide an explanation for why the histopathological picture 
of PSE is one of astrocytic, rather than neuronal damage. Furthermore, a clear brain regional 
difference in the capacity for removal of ammonia has been demonstrated in PCS rats 
(Butterworth et al., 1988). Such regional differences might provide an explanation why 
some brain areas are more affected than others in PSE (Mans et aI., 1987). Ammonia exerts a 
deleterious effect on brain function by both direct and indirect mechanisms (Schenker et al. , 
1967; Butterworth et aI., 1987; Jessy et al., 1990; for comprehensive and excellent overview 
on this topic, see Szerb and Butterworth, 1992). Millimolar levels of ammonium ions, 
equivalent to those levels observed in postmortem brain tissue in hepatic coma patients 
(Lockwood et al., 1979) may affect normal neurotransmission in the brain. For example, the 
ammonium ion behaves electrophysiologically very much like K + and because of this 
resemblance, ammonium ions can depolarize the resting membrane potential of a nerve cell 
probably by reducing the intracellular K+ concentration (Gallego and Lorente de No, 1947). 
Such a decrease in the resting potential of a neuron may be responsible for an impaired 
effectivness of the extrusion of CI- from nerve cells, thus possibly explaining the well
known postsynaptic inhibition that has been shown to be exerted by ammonia (Raabe, 
1987). In this context, it should be noted that membrane potential of astrocytes has been 
demonstrated to be significantly more depolarized in the brain of PCS rats as compared to 
sham-operated controls (-72 ± 5 mV versus -81 ± 6 mY, p<O.001; Swain et al., 1991). 
Whether the resting potental of the nerve cells also are increased in conditions of 
experimental PSE has, at least to my knowledge, not been investigated. Furthermore, 
ammonia has been shown to suppress excitatory neurotransmission e.g. by preventing the 
excitatory amino acid GLU to act on its postsynaptic receptors resulting in a decrease in 
excitatory postsynaptic potentials of the nerve cell (Raabe, 1987). 

Importantly for the present discussion of HEIPSE is that ammonia is a compound that 
also has been shown to cause a release of 5-HT (and DA) from rat brain synaptosomes in 
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vitro (Erecinska et at., 1987). The mechanism of such a 5-HT releasing effect of e.g. 
amphetamine and ammonia may be related to the so called "weak base model" of DA release 
(Sulzer and Rayport, 1990; Sulzer et aI., 1992, 1993). According to this model, weak bases 
such as amphetamine and ammonium ions may reduce synaptic vesicular pH gradients by 
alkalinization of the vesicles resulting in impaired uptake and storage of DA into 
cytoplasmatic vesicles leading to increased cytoplasmic DA levels (Sulzer and Rayport, 1990; 
Sulzer et aI., 1992, 1993). Elevated cytoplasmatic DA concentrations in this way may then in 
tum promote a reverse carrier-transport of DA out from the neurons into the extracellular 
compartment. Indeed, microdialysis experiment with the addition of ammonium chloride 
(NIi4CI) in the dialysate fluid entering into the brain has been shown to cause substantially 
increases in neuronal DA release (Sulzer et aI., 1992). Whether this model is valid also for 
the neuronal 5-HT output has recently been addressed in a study on PCS rats (Bergqvist et 
aI., 1996c). It was thus demonstrated that increased extracellular neocortical levels of 5-HT 
in vivo were present following NfLtAc administration to PCS rats (Bergqvist et al. 1996c). 
This finding is thereby also consistent with previous in vitro results suggesting an ammonia
induced increase in 5-HT output from rat brain synaptosomal preparations to exist (Erecinska 
et aI., 1987). Moreover, a single dose of NIi4Ac was here shown induce a reversible coma 
in PCS rats during a period when also the neuronal5-HT release was transiently increased in 
the brain closely paralleling the presence of coma in these rats (Bergqvist et al. 1996c). 
Based on these novel in vivo data obtained from using the PCS rat it seems highly warranted 
to investigate also the release pattern of the important monoamine 5-HT after administration 
of longer periods of lower doses of ammonia, since it from the presently available data can 
be speculated that such an increase in the neocortical5-HT release may, in fact, be involved 
in the development of coma in this model of acutely deteriorating PSE. Mechanisms like this 
could thereby also be implicated in conditions of latent PSE resulting from other 
ammonia genic clinical situations such as gastrointestinal bleeding and protein loading in 
cirrhotic patients and closely has to be studied further in the future. Moreover, if an 
exogenous load of ammonia in this way may not only affect the neurological status but also 
the brain 5-HT output, perhaps the use of modem potent CNS 5-HT -acting drugs should be 
avoided in conditions of hyperammonemia in general until further notice about the more 
detailed effects on the brain serotonergic systems by such compounds have been outlined. 
Notably, hyperammonemic conditions in clinical practice comprise a mulitude of common 
situations besides liver failure and inborn error of metabolism like e.g. cancer and starvation, 
several infectious and immunological diseases, uremia and other renal disorders, etc. At 
present, therefore, at least a stress for caution and increased measures in pharmacovigilance 
is called for when novel e.g. 5-HT -acting drugs are utilized concomitantly with clinical 
conditions where perturbations in the handling of ammonia may be at hand. 

Brain S-RT release during a KCl challenge in chronic REIPSE. Increasing 
the extracellular K + concentration has been considered a well-established technique to 
evaluate the depolarization-dependency of neurotransmitter release (Westerink et aI., 1987; 
Di Chiara, 1990). A clearcut increase in the sensitivity to a depolarzing KCl challenge with 
regard to neuronal 5-HT output has recently been shown to prevail in PCS as compared to 
control rats (Bergqvist et al. 1997a). This finding suggests that, despite the unaltered 
neocortical 5-HT release in experimental PSE in the resting state, there may very well be a 
larger amount than normal of the transmitter available for release upon depolarization from 
serotonin-containing nerve terminals of the neocortex in PCS rats in vivo. Alternatively, the 
difference in 5-HT output between PCS and sham following the KCI depolarization may 
result from changes in the resting membrane potentials of nerve cells in the brain between the 
two groups possibly due to an increased ammonia level in the brain of the PCS rats. Given 
the fact that the resting membrane potential of astrocytes in the brain from PCS rats have 
been found to be more depolarized than those from sham-operated controls (Swain et aI., 
1991), it seems tempting to speculate that maybe the membrane potential of neurons in the 
brains of PCS rats are more depolarized than those in the brains of sham-operated rats and 
therefore more sensitive to a depolarizing KCl challenge? This hypothesis clearly has to be 
further studied e.g. by in vivo electrophysiological measurements of the membrane potentials 
of neurons in the brain of PCS and sham-operated controls. The ~epolarizing KCI pulse 
proved to release 5-HT from the nerve terminals in both a Ca2+-dependent as well as Ca2+
independent way in the present study (Bergqvist et aI., 1997a). The lack of differences in the 
KCI evoked 5-HT release between PCS and sham-operated rats in Ca2+-free medium, 
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however, possibly indicates that the mechanism responsible for the higher 5-HT response to 
the K+ pulses in the PCS rats may be Ca2+-dependent. In tum, this may suggest that the 
enhanced 5-HT response to KCI in the PCS rats is primarily exocytotic in nature. The 
underlying mechanism for such a feature could possibly be that the 5-HT granula in the PCS 
rats contain more 5-HT than do those of sham-operated controls, and/or that a larger number 
of 5-HT containing granula is released from the nerve terminals of PCS rats in response to 
same degree of depolarizing stimulus (in this case by introducing high extracellular K + levels 
in vivo). Alternatively, the Ca2+ uptake of the neurons in the PCS rats may be more effective 
than in sham-operated controls, thus explaining the increased sensitivity to depolarization 
evoked 5-HT release in PCS rats. These very speculative suggestions for how an increasing 
neuronal 5-HT output may be brought about in experimental chronic PSE under 
depolarization-provoked conditions have to be more closely investigated in future work 
before any firm or conclusive statement can be made. Using only a single high KCI 
concentration as in the present study (Bergqvist et al., 1997a) the fact still remains that some 
mechanism responsible for the different response to such a depolarizing KCI challenge 
between PCS and sham-operated rats has to be further classified since it may also have a 
certain bearing on perhaps other depolarizing affecting situations possibly appearing in the 
PSE condition that that produced by KCl. Situations like these may include other 
electrolytelbody fluid imbalances, diuretic or other drug treatment instituted and/or simply the 
fact that the PSE condition could worsen to a more severe neurologic status where possibly 
brain edema development is a contributing membrane depolarizing factor. Speaking against 
these latter events, however, may be the observations also made in the present study that 
neither acute HE nor subacute HE/pSE seemed to be accompanied by any major increments 
in monoaminergic release in the neocortex of the brain (Bergqvist et al., 1995c). In essence, 
therefore, this issue has to be further investigated not only in the chronic but preferably also 
in acute conditions of HEPSE. The KCI evoked 5-HT release was found to be TTX
insensitive in both the PCS rats and the sham-operated controls (Bergqvist et al., 1997a). 
The neocortical 5-HT output was, however, still clearly higher in the PCS rats compared 
with sham as the result of being subjected to a similar KCI perfusion in the presence of TTX. 
TTX is a frequently used inhibitor of the voltage-sensitive Na+ channels on the nerve cell 
membrane and, hence, serves as a depolarization blocking agent. The fact that both in 
experimental chronic PSE and in controls did indeed release 5-HT occur in the presence of 
TTX is, however, probably not due to a depolarization-independent release of the transmitter 
but rather to that of a K + induced direct depolarization of the nerve cell membranes 
independently of the blocking of the Na+ channels. In parallel with the TTX results, in the 
presence of citalopram (Bergqvist et al. 1997c), the depolarizing KCl challenge produced a 
higher elevation of extracellular 5-HT in the neocortex of PCS when citalopram was 
administered as compared to control rats. The difference between PCS and sham-operated 
rats in the 5-HT response both with regard to amplitude and duration to the KCl challenge 
was more pronounced in the former group, most likelyprimarily due to the fact that a 5-HT 
reuptake inhibitor such as citalopram now also had been introduced in a concentration-equal 
fashion into the perfusion medium. This finding thus supports the hypothesis that the 5-HT 
granula in the PCS rats may very well contain more 5-HTthan do those of sham-operated 
controls, and/or that a larger number of 5-HT containing granula is released from the nerve 
terminals of PCS rats in response to depolarizing stimulus. Differences in the 5-HT content 
of granulae from PCS rats and sham-operated controls may be investigated in the future by 
the use of sophisticated available histological techniques such as electronmicroscopy. 

Brain 5-HT releasing effects of pCA and dFEN in chronic HEIPSE. The 
brain 5-HT release induced by local pCA or dFEN perfusion appeared equally pronounced 
when exposed to controls but in the PCS rats, however, the 5-HT release response to the 
pCA perfusion challenge was significantly more pronounced as compared to the 5-HT 
response in the sham rats, whereas the 5-HT effect of dFEN perfusion in the PCS rats 
remained at the same level as in sham controls (Bergqvist et al. 1997b). The apparent 
discrepancy between the results obtained by pCA and dFEN in the PCS rats may be 
explained by the somewhat different mechanisms of action of these two drugs. At such low 
dFEN concentrations as used in the actual paper (Bergqvist et al., 1997b), the drug is likely 
to enter the serotonergic nerve terminals through the reuptake carrier and whereby the release 
of vesicular 5-HT is elicited and, hence, probably mainly via a Ca2+dependent exocytotic-like 
mechanism (Bonanno et al., 1994; de Parada et al., 1995). On the other hand, the pCA in the 
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presently used concentration probably release both vesicular as well as, in particular, 
extravesicular 5-HT from the nerve terminals in Ca2+-dependent plus Ca2+-independent 
ways, respectively (Kuhn et aI., 1985; Adell et aI., 1989; Wichems et al., 1995). 
Accordingly, the more pronounced elevation of the brain 5-HT release in the PCS rats 
relative to controls after the given pCA perfusion challenge may be explained by assuming 
that the serotonergic nerve terminals in the PCS brain contains more extravesicular 5-HT than 
the nerve terminals in the brain of the sham-operated controls. Such an excess, and possibly 
extravesicularly located, neuronal 5-HT in the PCS rat brains is congruent with the 
previously demonstrated elevated brain 5-HT biosynthesis shown to be localized 
intraneuronally in this type of rats (Bengtsson et aI., 1988a). The finding that dFEN 
administration induced a similar 5-HT response in the PCS and sham-operated rats appears 
to be at variance with a previous suggestion (see above) that a Ca2+-dependent mechanism 
may likely be responsible for the higher 5-HT response to a depolarizing KCI challenge in 
PCS rats as compared to controls. It should be recalled in this context that since dFEN 
probably enters the nerve terminals via the reuptake carriers and, the ultimate effects 
observed following dFEN perfusion is possibly unlikely to be that of induction of 5-HT 
release but rather that of inhibition of the 5-HT reuptake. This observation that the 5-HT 
output did not clearly differ between PCS and sham rats following the dFEN administration 
could thus be in accordance with the similar brain 5-HT output seen in PCS and sham
operated rats following local perfusion of the reuptake inhibitor citalopram (see below; 
Bergqvist et aI., 1997c) of the present thesis work. Based on such results obtained here 
recently (Bergqvist et aI., 1997a-b) it seems reasonable to be concluded 1) that the 
extravesicular amount of 5-HT is, larger in the brains of the PCS rats and that this amount of 
5-HT may possibly be in the fonn. of a stationary that may be available also for release under 
certain pathophysiological and/or pharmacological conditions (in this case evidenced by pCA 
administration in experimental PSE), and 2) that the vesicular 5-HT release may be enhanced 
as well in PCS rats as compared to sham-operated controls when a depolarizing stimulus is 
used (in this case high KCllevel). The reason why the presently used KCI challenge resulted 
in increases in the brain 5-HT release in PCS rats relative to sham animals but dFEN failed to 
induce any difference in 5-HT output between the two groups may be related to the 
possibility that maybe also different vesicular stores of 5-HT are available for release from 
the nerve terminal when depolarization- and pharmacology-induced 5-HT release are at hand. 
This discrepancy could also be explained by the speculative idea forwarded above that if the 
neurons in the brain in e.g. the hyperammonemic state of the PCS rats are in fact more 
depolarized the ambient transmembranal voltage upholds in the normal condition whereby 
dFEN administration will exert no effect on 5-HT release in the presence of such 
electrophysiological changes whereas following KCI perfusion a differently graded 
depolarization-release effect may come into play. Moreover, in vivo such a K+-induced 
graded depolarization effect between PCS and controls may arise secondary to modulation of 
afferent input exerted by other neurotransmitters which maybe are, in turn, insensitive to 
dFEN administration. 

Brain 5·HT receptors and termination of 5·HT activity 

With regard to brain 5-HT receptors in PSE, two radioligand binding studies in the mid 
1980' s were unable to demonstrate any major alterations in either the Bmax or the I«J for the 
two major types of 5-HT receptors (5-HTI and 5-HT2) best known at that time (Bengtsson et 
al., 1989a; Bugge et aI., 1989a). Some years later, though, the Bmax values for the 5-HT lA 
receptor ligand [3H]-8-0H-DPAT and the 5-HT2 receptor ligand [3H]ketanserin were 26% 
increased and 21 % decreased, respectively, in neocortical tissue homogenates from 
hyperammonemic sparse-fur mice (Robinson et aI., 1992b). This animal model can, 
however, not simply be referable to the HEIPSE condition. Using the same ligands and 
ligand concentrations as Robinson et aI., Rao and Butterworth (1994b) demonstrated 
significant decreases in the [3H]-8-0H-DPAT binding in the hippocampus and frontal 
neocortex in patients dying in HE. Furthermore, in the same study a clearly increased B max 
value of [3H]ketanserin was demonstrated in hippocampal brain tissue from the same patients 
(Rao and Butterworth, 1994b). Furthermore, acute ammonia intoxication in rats results in 
increased 5-HTIA receptor expression (evidenced as increased 5-HT lA receptor mRNA) in 
the hippocampus (Alexander et al., 1995). In the light of these seemingly discrepant findings 
on brain 5-HT receptor changes associated with the HEIPSE condition we recently 
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performed an autoradiographic study and screened for possible alterations in brain 5-HT lA, 
5-HTIB, and 5-HT2A receptors in PCS rats (Apelqvist et aI., 1996b). The results revealed a 
general decrease in the 5-HT IA receptor binding density in most serotonergic projection areas 
of the brain including the frontal neocortex. Interestingly, there were no changes in the 5-
HTIA receptor density observed in the raphe nuclei in this screening study. A general 
decrease in the 5-HTIB receptor binding site density was however observed, most 
prominently displayed in the olfactory tubercle, the midbrain, and in the frontal neocortex. 
Essentially, no changes could be seen in the binding site density of the 5-HT2A receptor 
(Apelqvist et al., 1996b). 

Termination of 5-HT activity and reuptake inhibition. The predominant 
mechanism for the termination of a neurotransmitting compound effect, such as that for 5-
HT, is by the removal of the released transmitter via an active transport into presynaptic 
neurons or into surrounding glial cells through specific membrane-bound transport proteins 
(Descarries and Beaudet, 1983; Kimelberg, 1988; Adell et al., 1991; for review, Borowsky 
and Hoffman, 1995). Back inside the nerve terminal, the 5-HT can be reused in storage 
granules or subjected to metabolism but in the glia cells, however, no other fate for the 5-HT 
taken up other than inactivation by metabolism seems likely (Kimelberg, 1988). 
Pharmacological studies have suggested that distinct reuptake transporters exist for each of 
the monoaminergic and amino acid neurotransmitters, respectively. The monoaminergic 
transporters have been of particular interest because they are sites of action for most of the 
clinically utilized thymoleptic (more commonly refrerred to as antidepressants) drugs today. 
The 5-HT reuptake system is an active, temperature sensitive, and Na+- and Cl--dependent 
process, that is saturable and of hilSh affinity for 5-HT with a Km value of around 10-7 M. 

Since the early 1980's, selective serotonin reuptake inhibitors (SSRIs) have been 
available as pharmacological agents (Le. as antidepressants) which effectively promote 
serotonergic neurotransmission. Fluoxetine was one of the the first compound reported to 
exert such properties in vitro (Wong et at., 1974). Paradoxically, administration of racemic 
fluoxetine decreases biosynthesis and turnover of 5-HT in the brain (Fuller and Wong, 
1990). Consistent with its apparent effect on biosynthesis and turnover of brain 5-HT, 
fluoxetine has been shown to lower the firing rate of serotonergic soma in the raphe nuclei 
(Clemens et at., 1977). Other SSRIs (e.g. indalpine) produced similar decreases in activity 
of 5-HT neurons in the raphe area (Blier et aI., 1984). These findings may be explained by 
an SSRI-induced increased autoinhibition by activation of the somatodendritic 5-HT IA 
receptors by non-reuptaken 5-HT also at the serotonergic soma (see 5-HT receptors above). 
By using in vivo microdialysis it has been demonstrated that whereas single administration of 
an SSRI produces a large increase in extracellular 5-HT levels in the raphe region, the 
extracellular 5-HT concentrations in terminal areas are, by comparison, only moderately 
affected (Adell and Artigas, 1991; Bel and Artigas, 1992). Chronic treatment with SSRIs in 
rats have been shown to restore normal firing rate of 5-HT neurons suggesting a 
desensitization of the autoreceptors to occur and may be one possible explanation for the 
delay in onset of antidepressive action of the SSRIs (Blier et al., 1984). Recent studies show 
that co-administration of 5-HT1A receptor antagonists, such as (S)-UH-301, pindolol, or 
WAY 100635, concomitantly with an SSRI will result in significantly higher extracellular 5-
HT levels in the serotonergic terminal areas than following administration of the SSRI alone 
(Hjorth, 1993, 1996; Artigas et aI., 1996; Dreshfield et al., 1996; Hjorth and Auerbach, 
1996; for review, see Gardier et ai., 1996). 

Administration of citalopram in experimental chronic HEIPSE. Activation of 
somatodendritic 5-HT1A autoreceptors located in the midbrain raphe nuclei have been 
evidenced to decrease the 5-HT neuronal firing rate (Aghajanian, 1987), and thereby also 
release of the transmitter in e.g. the neocortical forebrain structures. When the nerve terminal 
5-HT reuptake sites at this location are already blocked by a preceeding local neocortical 
application of citalopram by reversed dialysis (like in the present study; VIII), systemic 
administration of citalopram has previously been shown to result in a decrease of the 5-HT 
output in terminal areas like the neocortex and hippocampus (Hjorth and Auerbach, 1994; 
Auerbach et at., 1995). This latter phenomenon is likely brought about by the activation of 5-
HT1A autoreceptors due to the citalopram-induced elevated extracellular 5-HT also found in 
the raphe region where this increment in 5-HT will act on such somatodendritic 5-HT IA 
receptors to subsequently decrease the neocortical 5-HT output. Interestingly, using this 
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experimental set up we observed that such combined effect of local and systemic citalopram 
administrationpreviously known to decrease the neuronal 5-HT output in the neocortex, was 
now found significantly more pronounced in the rats with liver insufficiency than in controls. 
(Bergqvist et al., 1997c) This could then suggest a) that the reuptake machinery in the raphe 
region is more sensitive to inhibition by this SSRI in PCS rats and/or b) that the 5-HT1A
mediated inhibition of the serotonergic neuronal activity is more effectively exerted by this 
drug in PCS versus normal rats. Up to date, no studies have been conducted in order to 
investigate possible differences in raphe 5-HT reuptake mechanisms in experimental PSE. 
Partly due to indications for affected drug metabolism of citalopram when given systemically 
to PCS rats (Bergqvist et al., 1997c), a slightly higher than normal concentration of 
citalopram (as evidenced in the brain parenchymal determinations of this SSRI in the 
midbrain) may in the present study be suggested as the main reason for also a more 
pronounced such 5-HT effect exerted in the raphe region of PCS rats secondary to the simply 
more concentration effective reupotake inhibitor here. However, the possibility for a more 
outspoken ability in itself in PCSrats than normally seen of peripheral citalopram 
administration to decrease the brain 5-HT output has to be further investigated in liver 
insufficiency, since the presently observed difference in citalopram concentrations in the 
brain in PCS versus controls clearly could be considered of likely minor relevance in 
absolute terms compared to the high potency for an SSRI-effect by this drug at any of the 
high levels obtained. It is relevant in this context that, in an autoradiographic study from our 
group, no changes in 5-HT lA receptor density were detected in the dorsal raphe of PCS rats 
(Apelqvist et al., 1996b). However, the latter referred study is as of yet only preliminary and 
do thus not allow us to exclude possible differences between the normal and PSE condition 
in, for example, 5-HT1A receptodlffinities for 5-HT or in the efficiency of post-receptor 
transduction mechanisms to be present (Apelqvist et al., 1996b). 

IMPLICATIONS FOR THE CLINICAL USE OF SSRIs IN LIVER FAILURE 

The state-of-the-art, as presented above for brain TRP/5-HT in HEIPSE, may be summed 
up in a few general conceptual terms of relevance for the present use of novel 
neuropsychoactive drugs in clinical practice today. It is thus common knowledge that patients 
with liver insufficiency most often display altered pharmacokinetics for SSRIs as well as for 
other CNS serotonin-active agents and, in fact, most CNS-active compounds in general 
(Holm et al., 1986; Doogan and Caillard, 1988; Schenker et al., 1988; Krastev et al., 1989; 
Royer et al., 1989; DeVane et al., 1990; Stoeckel et al., 1990; Dahlhoff et al., 1991; 
Goodnick, 1991; Ferry et al., 1994; Orlando et al., 1995; Sonne, 1996). However, for 
unclear reasons it has been forwarded that such clinical pharmacokinetic aberrations observed 
with the novel serotonin-active agents that frequently accompany conditions of liver failure 
are probably of only minor practical concern in giving and even dosing of these drugs to 
patients with any type of liver disease (Holm et al., 1988; for overviews, Hale, 1993; 
DeVane, 1994). The basis for this type of blunt statement seems to be relying primarily on 
one secondary published open-labeled study of the SSRI fluvoxamine conducted without 
adequate kinetic control (Holm et al., 1988). In this latter study the main motive for 
establishment of this conclusion was based on the observation that no overt worsening of the 
PSE was seen in a few patients with chronic liver disease when exposed to this SSRI for as 
short time as only two weeks (Holm et al., 1988). It is clear, though, as evidenced by the 
results obtained by us (Bergqvist et al., 1997c), and with regard solely to the 
pharmacodynamic complexity exerted by serotonin-active drugs in PCS rats, caution appears 
warranted to raise against uncontrolled and widespread use of e.g. SSRIs today in subjects 
having affected liver function. The main reason for this warning has a bearing on 
improvement of drug safety in general for such modem potent psychoactive medications that 
are introduced in the "decade of the brain" i.e. just prior to entering into the third millenium. 
Importantly, though, the recent study by us (Bergqvist et al., 1997c) did not encompass 
complete investigations of the pharmacokinetics of citalopram in experimental PSE. It was, 
however, observed that in addition to the differences between PCS and sham-operated rats in 
pharmacodynamic responses to citalopram, also the kinetic behavior of this compound 
displayed major alterations likely to be associated with experimental chronic PSE. In 
agreement with results obtained from patients with liver disease (Baumann and Larsen, 
1995), the serum levels of citalopram in PCS rats were found to be about two-fold compared 
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to controls following only a single subcutaneous dose administred. This is not a surprising 
finding since citalopram is primarily metabolized by enzymes in the cytochrome P 450 system 
(Baumann and Larsen, 1995), enzymes that to a major quantitative part are localized to the 
liver and in conditions of liver impairment this metabolism is likely to be compromised 
(George et aI., 1995) and the clearance of citalopram may thus be decreased. Certainly, 
therefore, it is not unlikely that pharmacodynamic and pharmacokinetic factors for 
citalopram, and probably also other SSRIs or similar agents in general, are concomitantly 
altered in conditions of liver impairment with or without PSE. Hence, the net effect of such 
changes in pharmacodynamics and pharmacokinetics in such conditions of pending 
encephalopathy if working in concert may eventually be truely hazardous. In order to 
minimize the risk for demonstrated but erronously denoted "paradoxical" drug reactions 
appearing in clinical practice and to enhance drug safety in patients with liver impairment 
administered novel potent 5-HT-psychoactive compounds a better delineation of the potential 
combined dynamic and kinetic effects exerted of such compounds (including e.g. their 
metabolitesand, in the case of racemates, their selective enantiomere effects) should be 
considered a high priority demand today. From the incomplete kinetic citalopram and 
metabolite data obtained in our study (Bergqvist et at., 1997c) it could be seen that the 
racemic serum levels of the parent compound but not the main quantitative metabolite, 
desmethylcitalopram, were altered in experimental chronic PSE compared to controls. The 
reason for this is clearly that after, still only a single, subcutaneous injection the delayed 
maximum concentration (Crnax) and longer elimination half-life (t 1/2) of desmethylcitalopram 
in blood serum will in this situation present itself as artefactually low desmethylcitalopram 
concentrations to what would be obtained if this metabolite were to be determined in serum at 
a later time point or after repeated dosing of the drug were investigated. Nevertheless, by the 
present observation of higher than normal serum citalopram concentrations accompanying the 
PCS rat after a single systemic challenge this should call for further scrutiny on 
pharmacokinetic parameters including kinetics also for the main metabolites upon repeated 
dosing and put in perspective of the pharmacodynamic effects possibly exerted by all these 
compounds when this condition is prevailing. The precise interpretation of the brain tissue 
levels of citalopram as obtained in this investigation (Bergqvist et aI., 1997c) is rather 
complicated. The reason for this is, of course, that the impact of both local as well as 
systemic administration effects intermingle here. The rational for this procedure in the present 
study was to obtain similar citalopram levels in the functional extracellular neocortical 
compartment in order to compare concentration-equal effects exerted by this compound on 
the output of 5-HT in PCS rats versus sham-operated controls. This prerequisite criterion 
was also met in the present experiment (as evidenced by the similar dialysis level of drug and 
main metabolite), and by the findings from brain parenchyma levels of citalopram it is 
suggested 1) that the comparably higher levels of citalopram in brain tissue versus dialysate 
probably result from a net contribution of citalopram to the tissue by the subsequent systemic 
dose given of the drug, and 2) that the higher levels of citalopram found in the tissue of 
neocortex and even more pronounced elevation in mesencephalon (raphe region) of PCS 
versus control rats most likely signify that the contribution to the brain of systemically 
administered citalopram to liver insufficiency with or without PSE probably is greater than 
normal if the same dose is given. Interpretation on the otherwise important serum-to-brain 
ratio of citalopram in has no meaningful purpose in the present study due to the clinically 
abnormal mixed fashion of local and systemic administration of the drug herein. However, 
these observations clearly warrant further detailed pharmacokinetic investigations to be 
conducted in conditions of compromised liver function if drugs like this are to be used more 
readily in broader groups of patients suffering also from such concurrent somatic disorders 
like those that may alter the metabolism of the drug. 
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INTRODUCTION 

Hepatic Encephalopathy (HE) in acute liver failure is a neuropsychiatric syndrome 
resulting from severe inflammatory or necrotic liver disease of rapid onset. HE typically 
progresses through altered mental status to stupor and coma within hours or days. The most 
common cause of death in acute liver failure is brain herniation caused by increased intracranial 
pressure that results from cytotoxic brain edema. Despite intensive study in recent years, the 
fundamental neurobiological mechanisms responsible for HE in acute liver failure have not been 
fully elucidated. 

AMMONIA 

In experimental animal models of acute liver failure, brain ammonia concentrations are 
in the 1-5 mM range, concentrations that are known to result in several deleterious effects on 
cerebral metabolism and neurotransmission by both direct and indirect mechanisms. Such effects 
include the following: 

(i) Millimolar concentrations of ammonia block inhibitory neurotransmission as the result 
of a direct effect on the inhibitory post-synaptic potential (IPSP), most likely at the level 
of chloride extrusion (Raabe, 1989). 

(ii) Millimolar concentrations of ammonia have a direct effect on glutamate 
neurotransmission, an effect at the postsynaptic receptor (Fan et at., 1990). 

(iii) Ammonia activates the glycolytic enzyme phosphofructokinase (Lowry and Passoneau, 
1966) and inhibits both pyruvate dehydrogenase (McKhaIUl and Tower, 1961) and Q!

ketoglutarate dehydrogenase (Lai and Cooper, 1986). 

(iv) Ammonia inhibits the uptake of glutamate into synaptic vesicles (Naito and Ueda, 1985) 
and into cultured astrocytes (Bender and Norenberg, 1996). 

(v) Ammonia-induced alkalinization of intrasynaptic storage vesicles results in release of 
monoamine (but not amino acid) neurotransmitters (Erecinska et at., 1987). 
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The extent to which any (or all) of the above mechanisms are pertinent to the CNS 
dysfunction characteristic of acute liver failure is unclear. For example, although ammonia in 
concentrations encountered in brain in experimental acute liver failure inhibits the tricarboxylic 
acid cycle enzyme a-ketoglutarate dehydrogenase (iii above) , acute liver failure, at least at early 
stages, does not appear to result in impaired cerebral energy metabolism. Direct measurements 
of high energy phosphates in the brains of rats with acute liver failure reveal no significant 
alterations (Cooper and Plum, 1987) and monitoring of high energy phosphates using IH-Nuclear 
Magnetic Resonance also failed to reveal any changes (Bates et al., 1989). 

On the other hand, there is substantial evidence to suggest that ammonia-related 
mechanisms may result in alterations of glutamatergic neurotransmission in acute liver failure. 

BRAIN AND CSF GLUTAMATE IN ACUTE LIVER FAILURE 

Brain concentrations of the excitatory amino acids glutamate and aspartate are 
significantly reduced in acute (ischemic) liver failure in the rat (Swain et al., 1992a,b) as well 
as in thioacetamide-induced acute liver failure in the same animal species (Figure 1) . Reductions 
of brain glutamate parallel the deterioration of neurological status in these animals and · CSF 
concentrations of excitatory amino acids are concomitantly increased (Swain et al., 1992b). In 
a recent study of the correlations of altered levels of several metabolites with clinical grade of 
encephalopathy in acute liver failure in the rat, statistically significant positive correlations were 
observed between clinical grading and plasma ammonia (0 .7, P < 0.01), and brain glutamine 
(0.69, p<O.01). Negative correlations were observed between clinical grading and brain 
glutamate (-0.60, p < 0.01) and aspartate (-0.66, P < 0.01) (Mans et al., 1994). A significant 
loss of brain glutamate was evident even at early stages of encephalopathy in acute liver failure. 

Glutamate concentrations are also reduced in autopsied brain tissue from patients who 
died in acute liver failure (Record et at. , 1976) . 

Using the technique of in vivo cerebral microdialysis, several reports have consistently 
described increased extracellular concentrations of glutamate in experimental ischemic liver 
failure in the rat (Bosman et al., 1992; Michalak et at., 1996a; Table 1) and rabbit (de Knegt 
et al., 1994) . 
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Figure 1. Brain glutamate concentrations in relation to deterioration of neurological status in rats with acute 
liver failure due to liver ischemia or thioacetamide (TAA) administration. C: control (vehicle injected); LR: 
loss of righting reflex stage of encephalopathy; C: coma. The three obligate control groups for the ischemic liver 
failure are indicated by shamlsham; shamlHal (hepatic artery ligation); shunt (portacaval shunt)/sham. Values 
significantly different from control groups indicated by *p < 0.05 by Analysis of Variance with post -hoc Tukey test. 
(Adapted from Swain et aI., 1992b). 
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[,able 1. Extracellular brain concentrations of excitatory and inhibitory amino acids in acute 
ischemic) liver failure 

Amino acid Sham/sham Shunt/sham Sham/Hal Shunt/Hal 
(pM) (acute liver failure) 

Glutamate l.O4±O.O5 O.79±O.05 1.09±0.OS I.S7±0.15* 

Aspartate 0.36±O.09 0.69±0.04 1.09±0.23 0.97±0.O6 

GABA 0.21 ±0.03 0.27±0.02 O.29±0.03 O.35±0.01 

Glycine 5.06±0.42 4.97±O.33 9.13±0.95 12.1S± LSI * 

Taurine 4.S1 ±O.34 3.S7±0.31 3.75±0.SI 4.4S±O.71 

,)ham: sham operation; Shunt: portacaval shunt; Hal: hepatic artery ligation. Values represent the mean ± S.E. 
)f duplicate determinations from 4-6 animals per group. Values significantly different from all control groups 
indicated by *p<O.05 by ANOVA with post hoc LSD test. (Data from Michalak et aI., 1996a). 

In contrast to these findings of altered extracellular concentrations of glutamate in 
~xperimental acute liver failure, no changes in concentrations of the inhibitory amino acids 
GABA, or taurine were observed. Glycine concentrations, on the other hand, were significantly 
increased at coma stages of encephalopathy in acute liver failure (Michalak et al., 1996a, Table 
1) . 

Brain concentrations of ammonia are increased up to 5 mM in experimental animal 
models of acute liver failure (Swain et al., 1992a) and a positive correlation has been reported 
between extracellular concentrations of glutamate and arterial ammonia concentrations in acute 
(ischemic) liver failure in the rat (Michalak et al., 1996a). 

GLUTAMATE RECEPTORS IN BRAIN IN ACUTE LIVER FAILURE 

Glutamate receptors in mammalian brain are either ionotropic (ligand-gated ion channels) 
or metabotropic (coupled to second messenger systems). Ionotropic glutamate receptors are 
further subdivided into N-Methyl-D-Aspartate (NMDA) and non-NMDA subtypes according to 
their affinity for NMDA. Non-NMDA receptors have been classified as being of the AMPA 
or kainate type depending upon their relative affinities for the ligands AMP A or kainate. 
NMDA, AMPA and kainate subclasses of glutamate receptor are distributed in a region-selective 
manner in mammalian brain (Monaghan et al., 1989). Moreover, whereas the NMDA receptor 
subtype appears to be exclusively neuronal in localization, the non-NMDA (both AMPA and 
kainate subclasses) are localized to both neuronal and astrocytic membranes (Figure 2). 

Several studies have addressed the issue of glutamate receptor changes in brain in acute 
liver failure. In a study published in 1984, total glutamate binding site densities, assessed using 
eH]-glutamate as radioligand, were unchanged in the brains of rabbits with acute liver failure 
caused by galactosamine (Ferenci et al., 1984). Subsequent studies in the hepatectomized rat 
(Watanabe et al., 1988) and in the rat with acute liver failure due to thioacetamide 
administration (Zimmerman et al., 1989) likewise could find no evidence of alterations of total 
3H-glutamate binding. On the other hand, [3H]-kainate binding sites were significantly reduced 
in cerebral cortical preparations from galactosamine-treated rabbits with severe encephalopathy 
(Ferenci et al., 1984). Similar findings of a significant loss of [3H]-kainate binding sites were 
subsequently reported in frontal cortex in ischemic liver failure in the rat (Michalak et al., 
1996b, Figure 3). 

In contrast, densities of neuronally-localized NMDA binding sites are unchanged in 
ischemic liver failure in both rabbits (de Knegt et al., 1993) and rats (Michalak et al., 1996b). 
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Figure 2. Key steps involved in regulation at the glutamatergic synapse. Glutamate released by tbe presynaptic 
neuron activates postsynaptic receptors of the NMDA, AMPA or KA sUbtypes. Glutamate may also activate AMPA 
or KA receptors on the perineuronal astrocyte. Removal of glutamate from the synaptic cleft is mediated by 
transporters into the presynaptic neuron or astrocyte. On such transporter, tbe astrocytic glutamate transporter GLT
I has been cloned and sequenced. Gene expression for GLT-I is decreased in brain in acute liver failure . 
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Figure 3. NMDA and non-NMDA receptors in frontal cortex; effects of acute (ischemic liver failure). Using 
an auto radiographic approach, binding site densities of NMDA sites (using [3H-MK801), AMPA sites (using PH)-S
Fluorowillardiine) and kainate sites (using [3H)-kainate) were asessed in rats at coma stages of encephalopathy 
following liver ischemia (portacaval anastomosis followed 24 h later by hepatic artery ligation (shunt-hal)). Data 
for animals in the three obligate control groups (sham-sham, shunt-sham, sham-hal). Values represent the means 
± SE of dates from 4-6 animals per group. Values significantly different from control group indicated by *p < 0.02 
by Analysis of Variance with post-hoc LSD test. 
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Figure 4. GLT-l expression (using RT-PCR) in cerebellum of rats with acute liver failure. C: Control; ALF: 
Acute liver failure; GAPDH: glyceraldehyde phosphate dehydrogenase (housekeeping gene). From Knecht et al. 
1996. 

On the other hand, results of a recent study reveal a selective loss of the AMP A subclass 
of non-NMDA binding sites in the brains of rats with ischemic liver failure (Michalak et aI., 
1996b; Figure 3). This selective loss of AMP A sites could be the consequence of exposure of 
the brains of these animals to increased ammonia concentrations generated in acute liver failure. 
In favour of such a possibility, previous studies had demonstrated a selective depression of 
AMPA currents by exposure of hippocampal pyramidal neurons to 3 mM ammonia (Fan and 
Szerb, 1993). In a separate series of electrophysiological studies, millimolar concentrations of 
ammonia led to a reduction in the degree of depolarization of cerebral cortical wedges induced 
by AMP A (Moroni et al., 1995) suggesting that ammonia had the capacity to modify the 
structural or functional characteristics of the neuronal AMPA receptor. Ammonia-related 
changes of AMP A receptors provides one possible explanation for the decreased binding of 
AMP A ligands in brain in acute liver failure (Michalak et al., 1996b). 

Glutamate's excitatory actions are not confined to neurons. Rather it interacts with both 
neurons and astrocytes which share similar types of ionotropic and metabotropic receptors with 
the exception of the N-Methyl-D-Aspartate (NMDA) receptor which is localized primarily on 
neuronal membranes. When applied on cultured astrocytes, glutamate regulates the opening of 
receptor channels, activates second messenger systems and causes the release of neuroactive 
compounds (Teichberg, 1991). A growing body of experimental evidence suggests that 
astrocytes perform several functions related to the regulation of the neuronal environment. 
Astrocytes respond to neuronally released neurotransmitters with increases in intracellular Ca2+ 
(Porter and McCarthy, 1995) which, in tum, may affect many different astrocytic functions 
secOIldary to the activation of Ca2+ -sensitive enzymes and other proteins. For example, AMPA 
receptor agonists cause transient increases in intracellular Ca2 + which, via the Na+ICa2+ 

exchanger and the Na+/K+ pump, sustains K+ uptake by astrocytes (Muller et al., 1992). A 
significant loss of AMP A sites therefore could result in impaired astrocytic processes such as 
the regulation of K+ conductances (Jabs et al., 1994) or neuron-astrocytic signalling. 

BRAIN GLUTAMATE TRANSPORT IN ACUTE LIVER FAILURE 

Removal of glutamate released into the synaptic cleft by the presynaptic neuron relies on 
high affinity uptake systems located both on neuronal and astrocytic membranes (Figure 1). The 
increased concentrations of glutamate in extracellular fluid of brain in acute liver failure, 
therefore, could be the consequence of a failure in capacity of one or other of these transporters. 
A recent study using synaptosomal (nerve ending) preparations from rats with acute liver failure 
due to thioacetamide administration revealed a significant reduction in high affinity glutamate 
uptake (Oppong et at., 1995). More recently, two groups have independently reported a 
reduction in gene expression for the astrocytic glutamate transporter GLT-1 in acute liver failure 

39 



resulting either from thioacetarnide-induced liver injury (Huo et al., 1995) or liver 
devascularization (Knecht et at., 1996; Figure 4) in the rat. The most likely explanation for 
these changes is the exposure of brain in acute liver failure to increased concentrations of 
ammonia. In favour of such a possibility, studies have demonstrated an effect of millimolar 
concentrations of ammonia on glutamate uptake into rat synaptic vesicles (Naito and Ueda, 
1985), hippocampal slices (Schmidt et at., 1990), synaptosomal preparations (Mena and Cotman, 
1985) as well as cultured astrocytes (Norenberg et al., 1985). 

BRAIN EDEMA IN ACUTE LIVER FAILURE 

The results of several recent studies suggest that ammonia may play an important role 
in the pathogenesis of brain edema in acute liver failure. Increased brain water content has been 
described in dogs with urease-induced hyperammonemia (Levin et al., 1989) as well as in rats 
with ammonia infusions (Takahashi et at., 1991). Furthermore, treatment of cerebral cortical 
slices with ammonia in pathophysiological (millimolar) concentrations results in significant cell 
swelling (Ganz et al., 1989). Similar results have been described following the exposure of 
cultured astrocytes to ammonia (Norenberg et al., 1991). 

There is recent evidence to suggest that ammonia-induced brain swelling may be 
mediated, at least in part, by accumulation of glutamine in the astrocyte. Since brain is devoid 
of all effective urea cycle, it relies on glutamine formation for effective removal of excess 
ammonia and the enzyme responsible, glutamine synthetase, is highly enriched in astrocytes. 
A significant correlation exists between the rise in brain glutamine and brain water content in 
rats following ammonia infusions (Takahashi et al., 1991) and it was suggested that the increased 
brain water content in these animals was the consequence of the osmotic effects of increased 
cellular glutamine. In favour of such a possibility, subsequent studies whereby hyperammonemic 
animals were treated with methionine sulfoximine, an inhibitor of glutamine synthesis, showed 
a prevention of the increases of brain glutamine and of brain water in these animals. Studies 
in postmortem brain tissue from patients who died in acute liver failure reveal significantly 
increased glutamine concentrations (Record et al., 1976) and brain glutamine concentrations are 
increased several-fold in experimental acute liver failure in the rat (Swain et al., 1992a,b). 

Brain edema in acute liver failure could also result from exposure of the astrocyte to 
increased concentrations of glutamate. As previously mentioned, deterioration of cerebral 
function parallels increased extracellular glutamate concentrations in several animal models of 
acute liver failure. Furthermore, the time course of this increase reflects the time course of the 
establishment of brain edema in these animals (Swain et al., 1992a). Glutamate, when injected 
directly into brain in submillimolar quantities, causes marked astrocytic swelling (Van Harreveld 
and Fifkova, 1971). Moreover, a novel anion exchange inhibitor was shown to inhibit astrocytic 
swelling in traumatic-hypoxic brain injury caused by glutamate and it was suggested that the 
mechanism responsible for astroglial swelling involved the exchange transport inhibitor-sensitive 
glutamate uptake system (Kimmelberg et aI., 1989). Moreover, administration of the AMPA 
receptor antagonist NBQX significantly reduces glutamate-induced brain edema (Westergren and 
Johansson, 1992). These findings suggest that modifications of the astrocytic glutamate system, 
therefore, could be implicated in the pathogenesis of brain edema in acute liver failure. Further 
studies are required in order to assess this possibility. 

ACUTE AMMONIA NEUROTOXICITY AND NMDA RECEPTORS 

It has been suggested that acute ammonia neurotoxicity is mediated by activation of 
NMDA receptors. In favour of such a mechanism, MK-801, an NMDA receptor antagonist has 
been shown to prevent the death of mice and rats administered lethal doses of ammonia 
(Marcaida et at., 1992; Seiler et at., 1992). MK-801 prevents the deleterious effects of acute 
ammonia toxicity including ATP depletion, activation ofNa+ IK+ -ATPase (Kosenko et at., 1994) 
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as well as proteolysis of the microtube-associated protein MAP-2 (Felipo et ai., 1993), all of 
which are NMDA-receptor mediated. Ammonia has also been shown to prevent activation of 
NMDA receptors by glutamate in rat cerebellar neurons in culture (Marcaida et at., 1995). 

Furthermore, it is well known that chronically hyperammonemic animals manifest a 
reduced sensitivity to acute ammonia loading and it has been suggested that it may result from 
down-regulation of NMDA receptors in brain in chronic hyperammonemia. In favour of this 
possibility, it has been consistently demonstrated that the brains of hyperammonemic rats 
(Peterson et al., 1990; Rao et at., 1991) and mice (Ratnakumari et at., 1993) contain reduced 
densities of NMDA binding sites. 

CONCLUSIONS 

There is a growing body of evidence to suggest that modifications of glutamatergic 
function and of neuron-astrocytic trafficking of glutamate are implicated in the pathogenesis of 
the CNS consequences (encephalopathy, edema) of acute liver failure. Whole brain glutamate 
concentrations are reduced in both human and experimental acute liver failure and concentrations 
of glutamate in the extracellular fluid of brain (a reflection of synaptic availability of the 
neurotransmitter) are increased in several animal models of acute liver failure. This increased 
extracellular glutamate appears to result from failure of the astrocytic and neuronal glutamate 
transporters to reuptake neuronally-released glutamate from the synaptic cleft, a mechanism 
which may result from a neurotoxic effect of ammonia. Acute liver failure in the rat results in 
a selective loss of the AMP A/kainate subclass of glutamate receptors from cortical and 
hippocampal structures, a finding which may reflect alterations of the neuronal and/or astrocytic 
glutamate systems. Since both are involved in the maintenance of neuronal hyperexcitability, 
modifications of AMP A/kainate-mediated events could be involved in the pathogenesis of hepatic 
encephalopathy in acute liver failure. The selective loss of neuronal AMP Nkainate sites in 
acute liver failure together with unchanged NMDA sites and increased extracellular glutamate 
could result in relative increases of NMDA-receptor mediated events in acute liver failure. 

The time course of establishment of significant brain edema in acute liver failure in the 
rat parallels the increase in extracellular glutamate and glutamate infusions are known to cause 
edema possibly by activation of AMP A receptors on astrocytes. Further studies are required in 
order to more fully elucidate the role of the glutamate system in the pathogenesis of hepatic 
encephalopathy and (possibly also) brain edema in acute liver failure. Subsequent 
pharmacological manipulation of the glutamate system could then result in new therapeutic 
approaches to these serious neurological complications of acute liver failure. 
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1. Introduction 

Hyperammonemia increases ammonia levels in the brain, and induces functional 
disturbances in the central nervous system. Increases of ammonia in the brain affect the 
function of neurons and disturb neuronal interactions (1). Injection of normal animals 
with large doses of ammonium salts leads to the rapid death of animals. However, the 
mechanism by which ammonia causes these deletereous effects has not been clarified. 

Glutamate is the main excitatory neurotransmitter in mammals. However, when 
it is in excess, glutamate is neurotoxic, leading to neuronal degeneration and death. 
Excitatory amino acid neurotoxicity has been shown to contribute to the pathogenesis 
of different neurodegenerative situations, including brain ischemia, amyotrophic lateral 
esclerosis, and Huntington's disease. Altered glutamatergic neurotransmission has been 
also involved in the pathogenesis of Alzheimer's and Parkinson's disease. 

There are several types of glutamate receptors. Some of them (ionotropic) are 
associated to the opening of ion channels; the ionotropic glutamate receptors include 
NMDA and kainate/AMPA receptors. Other glutamate receptors (metabotropic) are 
coupled to G-proteins and modulate the activity of certain enzymes (e.g. phospholipase 
C or adenyl ate cyclase). 

. In many systems, glutamate neurotoxicity is mediated by excessive activation of 
the NMDA type of glutamate receptors (2,3) and concomitant increase in free 
intracellular Ca2+ concentration. 

Hyperammonemia and hepatic encephalopathy result in altered glutamatergic 
neurotransmission. Neurotransmission can be altered at different steps, including the 
synthesis or release of the neurotransmitter, its uptake from the synaptic cleft, or the 
amount (synthesis, turnover) or function of the receptors. There is also an interplay 
between different neurotransmitter systems, so that glutamatergic neurotransmission can 
be also altered as a consequence of previous alterations in other neurotransmitter 
systems. Hyperammonemia affects glutamatergic neurotransmission at different steps. 
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Alterations in the extracellular concentration of glutamate in brain, of other excitatory 
amino acids and in glutamate receptors have been reported. 

2. Effects of hyperammonemia and of hepatic encephalopathy on extracellular glutamate 
in brain in vivo· 

Studies in vitro have shown that high ammonia levels affect the release and the 
uptake of glutamate in different systems (4-10). These ammonia-induced alterations 
could lead to changes in the concentration of glutamate in the extracellular space in the 
brain, leading to altered activation of glutamate receptors. 

The effects of hyperammonemia and of hepatic encephalopathy on the 
extracellular concentration of glutamate in different areas of the brain or in 
cerebrospinal fluid have been studied in vivo using different animal models. Most of the 
studies have been carried out using in vivo brain microdialysis. A summary of these 
studies is shown in Table 1. 

Moroni et al. (11) showed that acute ammonia intoxication (i.p. injection of 8 
mmol/kg of ammonium acetate) leads to increased release of glutamate from the brain 
surface of the rat (cerebral cortex). 

Table 1. Effects of hyperammonemia and of hepatic encephalopathy on extracellular 
glutamate in brain in vivo 

ANIMAL MODEL REGION EFFECT Ref / year 

Rat Inyection (i.p.) Cerebral cortex Increased 11 / 1983 
ammonium acetate 

Rat Portacaval shunt Striatum No effect 12/ 1983 

Rabbit Galactosamine Hippocampus Increased 13 / 1984 

Human Liver cirrhosis with Cerebrospinal Increased 14/ 1984 
hepatic encephalop. fluid (CSF) 

Rat Portacaval shunt Cortex Slight Increase 15/1987 
Striatum No effect 

Rat Portacaval shunt CSF Increased 16/1991 

Rat Acute liver ischemia Cerebral cortex Increased 17/1992 

Rat Continuous Striatum Increased 18/1992 
ammonia infusion Brain cortex No effect 

Rat Liver ischemia CSF Increased 19/1992 

Thioacetamide Slight increase 

Rabbit Acute liver failure Cerebral cortex Increased 20/ 1994 

Continuous Increased 
ammonia infusion 

Rat Portacaval shunt + Frontal cortex No effect 21 / 1995 
ammonium acetate 

A summary of reports studying the effects of different models of hyperammonemia and hepatic 
encephalopathy on the extracellular content of glutamate in brain in vivo. 
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Rao et al.(21) showed that i.p. administration of 3.S5 mmol/kg of ammonium 
acetate to portacaval shunted rats did not affect extracellular glutamate in frontal cortex. 

Continuous ammonia infusion (0.75 mmol/hour) increases extracellular glutamate 
in striatum but not in cortex (1S) of rats. In rabbits, continuous infusion of ammonia (20) 
increases extracellular glutamate in cerebral cortex. 

The effect of portacaval shunt on glutamate has been also studied. Tossman et 
al. did not found any alteration of extracellular glutamate in striatum of portacaval 
shunted rat while it was a slight increase in cortex (12,15). A lack of effect of portacaval 
shunt on extracellular glutamate in frontal cortex was reported by Rao et al.(21). 

The effects of two hepatotoxins have been also studied. Thioacetamide induces 
a slight, non siginificant, increase in glutamate in rat cerebrospinal fluid (19). 
Galactosamine increases extracellular glutamate in hippocampus in rabbit (13). 

More severe treatments such as acute liver ischemia in rat increase extracellular 
glutamate in cerebral cortex (17) and in cerebrospinal fluid (19). Induction of acute liver 
failure in rabbits also increase extracellular glutamate in cerebral cortex (20). 

In human patients with liver cirrhosis, it has been reported that glutamate is 
increased in cerebrospinal fluid of patients with hepatic encephalopathy but not in those 
without hepatic encephalopathy (14). 

It seems therefore that mild hyperammonemia or liver failure without hepatic 
encephaloapthy (e.g. portacaval shunt alone) did not affect, or affect only slightly, the 
extracellular concentration of glutamate in brain. However, situations of more severe 
hyperammonemia or liver failure showing hepatic encephalopathy seem to be associated 
with increased extracellular glutamate in brain. 

3. Effects of hyperammonemia on NMDA receptors 

Glutamate neurotoxicity is usually mediated by activation of NMDA receptors 
(2,3). A selective loss of brain NMDA binding sites has been reported in different 
models of hyperammonemia. 

Peterson et al.(22) showed that portacaval anastomosis in the rat, resulting in 
sustained hyperammonemia, leads to selective loss of NMDA-sensitive glutamate 
binding sites in several regions of cerebral cortex, hippocampus, striatum and thalamus. 

Rao et al (23) induced hyperammonemia in rats by intraperitoneal injection of 
ammonium acetate and found a selective decrease in NMDA binding sites in cerebellum. 

A loss of [3H]MK-S01 binding sites has been reported (24) to occur in most areas 
of the brain of chronically hyperammonemic sparse-fur mice (spf) , mutant mice with a 
congenital defect of ornithine transcarbamylase (see chapter from Qureshi in this book). 

Marcaida et al. (25) induced chronic moderate hyperammonemia in rats by 
feeding an ammonium-containing diet. This treatment resulted in decreased binding of 
[3H]_ MK-S01 to NMDA receptors. However the reduced binding was not due to reduced 
content of NMDA receptor protein but to altered function of the receptor. The decrease 
in MK-S01 binding sites was also produced in cultured neurons by long-term treatment 
with ammonia. It was shown that ammonia impairs NMDA receptor function, hindering 
the opening of the ion channel and the entry of Ca2+ into the neuron. The function of 
the NMDA receptor (the opening of the ion channel) was restored by activating protein 
kinase C (25), suggesting that high ammonia levels impair NMDA receptor function by 
altering protein kinase C-mediated phosphorylation. 

Prenatal exposure of rats to high ammonia levels induces long-lasting impairment 
of NMDA receptor function in the pups. Normal function is not recovered until several 
weeks after normalizing ammonia levels (26). NMDA receptor plays an important role 
in brain plasticity and in learning and memory. The long-lasting ammonia-induced 
impairment of NMDA receptor function can be involved therefore in the origen of 
mental retardation found in neonatal hyperammonemia due to congenital deficiencies 
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of urea cycle enzymes, to asphixia or to other causes leading to neonatal transient 
hyperammonemia (27-29). 

4. Acute ammonia toxicity is mediated by activation of NMDA receptors 
We supposed that the selective loss of NMDA receptor binding sites in chronic 

hyperammonemia would be an adaptative response to prevent the deletereous effects of 
excessive activation of NMDA receptors induced by high ammonia levels. 

This would be in agreement with the following facts: 
a) Glutamate-induced neurodegeneration is usually mediated by activation of NMDA 

receptors. 
b) Extracellular glutamate in brain is increased in severe hyperammonemia (Table 1). 
c) Moderate hyperammonemia results in selective loss of NMDA sensitive binding 

sites. 
On these basis, we supposed that acute toxicity induced by large doses of 

ammonium salts could be mediated by excessive activation of NMDA receptors. To test 
this hypothesis we tested whether antagonists of NMDA receptors, acting on different 
sites of the receptor, are able to prevent ammonia-induced death of animals. Some of 
the results obtained are summarized in Table 2. 

We found that MK-801, a selective NMDA receptor antagonist that blocks the 
associated ion channel, prevent flcute ammonia toxicity (ammonia-induced death) in mice 
and rats (30). The protective effect of MK-801 has been later confirmed by Seiler et al 
(32) but not by Itzhak and Norenberg (33). The lack of effect found by Itzhak and 
Norenberg should be due to the fact that they inject MK-801 30 min before ammonia, 
while in the reports of Marcaida et al (30) or Seiler et al (32), it was injected 10 or 15 

Table 2. Effect of different NMDA receptor antagonists on ammonia-induced death of 
mice. Groups of mice were injected i.p. with the indicated doses and compounds. Fifteen 
min later, mice were injected i.p. with 14 mmol/kg of ammonium acetate. The number 
of animals injected and those surviving after 24 hours are indicated. Data have been 
taken from references 30 and 31. Some additional data are included. 

COMPOUND Dose (mglkg) Survivors/injected Survival (%) 

NONE ---- 10/218 5 

MK-801 2 38/ 50 76 

Ketamine 20 9/ 20 45 

Ketamine 50 32/ 43 75 

PCP 25 25/ 32 78 

Memantine 30 11 / 32 34 

CGP 40116 50 6/ 10 40 

CGP 40116 100 15/ 20 75 

CGS 19755 20 20/ 24 83 

AP-5 150 6/ 10 40 

AP-5 500 4/ 5 80 

CPP 20 23/ 30 77 
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min before ammonia. In our hands, MK-801 prevents ammonia-induced death of mice 
when injected 15 min before ammonia but not when injected 30 min before ammonia. 

To confirm that acute ammonia toxicity is mediated by activation of NMDA 
receptors, we tested whether other antagonists, acting on different sites of the receptor, 
are able to prevent ammonia-induced death of mice (31). As shown in Table 2, MK-801, 
phencyclidine and ketamine, which block the ion channel of NMDA receptors, prevent 
death of 75-78% of mice. CPP, AP-5, CGS 19755 and CGP 40116, competitive 
antagonists acting on the glutamate (and NMDA) binding site, also prevent death of at 
least 75% of mice. 

It has been reported that alcohols prevent ammonia toxicity in animals (34) and 
also that they act as antagonists of NMDA receptors (35). It seems that alcohols act on 
the glycine binding site of the NMDA receptor (35). There is an excellent correlation 
between the ability of different alcohols to prevent ammonia toxicity in animals and their 
capacity to block NMDA receptors (31). All these results support the idea that acute 
ammonia toxicity is mediated by activation of NMDA receptors. 

This idea is also supported by the excitotoxic damage found in sparse-fur mice, 
an animal model of congenital hyperammonemia. Robinson et al (36) found a significant 
loss of medium spiny neurons and increased numbers of reactive oligodendroglia and 
microglia in the striatum of sparse fur mice. These neuropathological observations are 
consistent with an excitotoxic influence on brain injury in these mice. 

5. The protective effect of carnitine against acute ammonia toxicity and glutamate 
neurotoxicity is mediated by activation of metabotropic glutamate receptors 

Camitine protects animals against acute ammonia toxicity (37). It was tested, by 
using primary cultures of cerebellar neurons, the possibility that camitine prevents 
ammonia toxicity by preventing glutamate neurotoxicity. Addition of 1 mM glutamate 
to the medium leads to the death of most (ca. 80%) cultured neurons. However, when 
the neurons were previously incubated with camitine, the neurotoxicity of glutamate was 
prevented (38). Addition of 0.5 mM camitine prevented death of 50% of the neurons 
and all cells were protected when 3 mM camitine was added. The large concentrations 
of camitine required are in agreement with the large doses required to completely 
prevent ammonia toxicity in animals. These results are consistent with the idea that 
camitine could prevent ammonia toxicity by preventing glutamate neurotoxicity. 

To assess whether the protective effect of camitine against glutamate 
neurotoxicity is due to altered binding of glutamate to its receptors, the effect of 
camitine on [3H]glutamate binding to synaptic membranes was determined. It was found 
that camitine increases the affinity of glutamate for quisqualate (including metabotropic) 
receptors while does not affect or reduces slightly the binding to NMDA or kainate 
receptors (38). 

This suggested that the protective effect of camitine could be mediated by 
increased activation of metabotropic glutamate receptors. It was found that, in fact, 
preincubation with AP-3, an antagonist of metabotropic receptors, abolished the 
protective effect of camitine (38). Moreover, tACPD, an agonist of metabotropic 
receptors, also prevent glutamate or NMDA neurotoxicity in cultured cerebellar neurons 
(38), cortical neurons (39) and in rat retina in vivo (40). 

These results indicate that the protective effect of camitine against glutamate 
neurotoxicty is mediated by activation of metabotropic glutamate recept()fs. 

6. Carnitine and choline derivatives prevent ammonia toxicity in mice and glutamate 
neurotoxicity in primary cultures of neurons 

It has been shown that betaine and TMAO, two compounds that share with 
camitine, a trimethylamine group, also prevent acute ammonia toxicity in mice. This 
protective effect was attributed to an osmotic effect (41). 
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Table 3. Protective effect of different compounds against acute ammonia toxicity. 
Groups of mice were injected intraperitoneally with the indicated doses of each compound. 
Fifteen min later mice were injected i.p. with 14 mmol/kg of ammonium acetate. The number 
of animals injected and surviving are given. Data from reference 42. 

COMPOUND DOSE SURVIVAL 
mmol/kg Survivors/injected % 

NONE 17/142 12 
L-camitine 16 24/28 86 
D-carnitine 16 21/ 31 68 
Betaine 16 12/20 60 
TMAO 8 32/50 64 
Choline 1.6 43/65 66 
Acetylcholine 0.28 17/30 57 
Acetylcholine 0.55 63/88 71 
Carbachol 0.0028 14/30 46 
Carbachol 0.0055 23/49 51 
Acetylcamitine 6 41/ 54 76 
Isovalerylcamitine 4 17/21 80 

However, we considered of interest to test whether the protective effect of 
betaine and TMAO against ammonia toxicity in animals could also be due to prevention 
of glutamate neurotoxicity. 

We also tested whether other compounds containing a trimethylamine group are 
able to prevent acute ammonia toxicity in mice and/or glutamate neurotoxicity in 
cultured neurons. 

The protective effect of different compounds containing a trimethylamine group 
against acute ammonia toxicity is shown in Table 3. Acetylcholine and carbachol 
prevented ammonia-induced death of mice at very low doses, e.g. injection of 0.55 
mmol/kg of acetylcholine prevented death of 71 % of mice. For camitine, betaine, 
TMAO, choline, acetylcamitine and isovalerylcamitine, the doses required were larger, 
but all of them prevented death of 60-86% of mice. Acetylcamitine affords significant 
protection when injected at 4-8 mmol/kg, but not at lower or higher doses. A similar 
effect was found for isovalerylcamitine, which only prevents ammonia-induced death of 
mice when injected at 4-6 mmol/kg (42). 

These results indicate that compounds sharing the trimethylamine group also 
share the capacity to prevent acute ammonia toxicity in mice, although the doses 
required to afford protection varied widely for the different compounds. 

It was then tested whether these compounds prevent glutamate toxicity in primary 
cultures of cerebellar neurons. The protective effect of different concentrations of carbachol, 
choline, acetylcamitine, TMAO, acetylcholine and betaine against glutamate neurotoxicity 
is shown in Fig. 1. All these compounds prevent glutamate toxicity nearly completely 
when used at suitable concentrations. The results shown in Fig. 1 reveal two kinds of 
responses. Acetylcholine, choline and acetylcamitine afford partial protection at very low 
concentrations; 0.2 nM acetylcholine, choline or acetylcamitine prevent death of 45-50% 
of neurons. There is a plateau in the protection afforded by these compounds up to 0.1 
to 1 JLM and then the protective effect increases again. Carbachol, TMAO and betaine 
did not afford protection at concentrations lower than 1 JLM and prevent completely glutamate 
toxicity at 0.1 to 1 mM concentrations. 

These results suggest that at least two different mechanisms would be involved 
in the protective effect of trimethylamine-containing compounds against glutamate 
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neurotoxicity. One mechanism would be activated by very low (less than 1 nM) concentrations 
of acetylcholine, choline or acetylcarnitine, and would be active only in abouth one half 
of the neurons. The second mechanism would be activated in all neurons by carbachol, 
TMAO, betaine, acetylcholine, choline and acetylcarnitine. The underlying signal transduction 
pathways involved in each molecular mechanism remain to be clarified. 

7. Carnitine and trimethylamine-containign compounds prevent glutamate but not NMDA 
toxicity in primary cultures of neurons 

Glutamate toxicity in cerebellar neurons in culture is mediated by activation of 
NMDA receptors and is completely prevented by preincubation with MK-801, an antagonist 
of NMDA receptors. 

As mentioned above, the protective effect of carnitine against glutamate neurotoxicity 
seems to be mediated by increased activation of metabotropic receptors. Glutamate can 
bind to both NMDA and metabotropic glutamate receptors; however, NMDA can not 
bind to metabotropic receptors. It is then likely that camitine could prevent glutamate 
but not NMDA-induced neurotoxicity. 

The protective effects of carnitine and of other trimethylamine-containing compounds 
against glutamate and NMDA neurotoxicity is shown in Table 4. NMDA toxicity was 
completely prevented by MK-801, an antagonist of the receptor. Trans-ACPD, an agonist 
of metabotropic glutamate receptors also prevent NMDA toxicity, confirming that activation 
of metabotropic receptors prevent NMDA-induced neuronal death. Acetylcholine did 
not afford any protection againstNMDA neurotoxicity. Camitine, choline, acetylcamitine, 
betaine and carbachol afford only a very slight protection. Only TMAO affords a significant 
protection against NMDA toxicity (Table 4). These results indicate that trimethylamine
containing compounds are very efficient in preventing glutamate-induced but not NMDA
induced neuronal death, supporting the idea that their protective effects could be mediated 
by increased activation of metabotropic glutamate receptors by glutamate. 

Table 4. Effects of trimethylamine-containing compounds on neuronal death induced by 
glutamate or NMDA 
Primary cultures of cerebellar neurons were used for assays of glutamate toxicity 9-12 days after 
seeding. Monolayers were washed three times with Locke's solution without magnesium. The 
compounds to be tested were then added. The concentrations used were the following: carnitine 
5 mM; betaine 1 mM; TMAO 1 mM; choline 1 mM; acetylcholine 1 mM; carbachol 1 mM; 
acetylcarnitine 1,uM ; trans-ACPD 0.1 mM and MK-801 20 nM. Neurons were incubated with 
these compounds for 15 min and then 1 mM glutamate or 0.5 mM NMDA was added to all plates. 
Neuronal survival was determined four hours later. Survival in control neurons not exposed to 
glutamate was 84 ± 4%. Data from reference 42. 

COMPOUND Glutamate NMDA 
Surviving neurons (% of total) 

None 20 ± 8 28 ± 7 
Carnitine 70 ± 8 47 ± 8 
Betaine 69 ± 7 46 ± 5 
TMAO 75 ± 4 64 ± 12 
Choline 65 ± 5 41 ± 5 
Acetylcholine 68 ± 4 23 ± 11 
Carbachol 73 ± 3 40 ± 6 
Acetylcamitine 69 ± 3 48 ± 8 
Trans-ACPD 84 ± 6 65 ± 5 
MK-801 80 ± 5 83 ± 6 
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Figure 1. Pl'otective effects of different concentrations of acetylcarnitine, acetylcholine, choline, 
carbachol, betaine and TMAO against glutamate toxicity in primary cultures of neurons. Primary 
cultures of cerebellar neurons were used 9-12 days after seeding to assess the protective effect 
of acetylcamitine, acetylcholine, choline, carbachol, betaine and TMAO, against glutamate 
neurotoxicity. Monolayers were incubated with the indicated concentrations of the above 
compounds for 15 min. Then, 1 mM glutamate was added to all samples and incubation was 
continued for 4 hours. Cell viability was then assayed. From (42). 
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8. The protective effect of trimethylamine-containing compounds is prevented by 
antagonists of metabotropic glutamate receptors or of muscarinic cholinergic receptors 

It was tested whether, as is the case for carnitine, the protective effect of the 
above trimethylamine-containing compounds is prevented by the antagonist of 
metabotropic glutamate receptors AP-3. As shown in Table 5, none of the compounds 
tested prevent glutamate neurotoxicity after preincubation with AP-3, which also prevents 
the protective effect of tACPD, an agonist of metabotropic glutamate receptors. 

Some of the compounds tested (e.g. acetylcholine, carbachol) act as agonists 
of cholinergic receptors. To assess whether the protective effect of these compounds 
is mediated by activation of cholinergic receptors, we tested if atropine, an antagonist 
of muscarinic cholinergic receptors, prevents the protective effect against glutamate 
toxicity. As shown in Table 5, the protective effects of acetylcholine, carbachol, choline, 
betaine and carnitine are abolished by pretreatment with atropine. The protective effects 
of acetylcarnitine and TMAO are reduced in the presence of atropine. 

These results indicate that both antagonists of metabotropic glutamate receptors 
or antagonists of muscarinic receptors prevent the protective effect of trimethylamine
containing compounds against glutamate neurotoxicity. It is not clear, at this moment, 
how antagonists for both type of receptors can prevent the protective effect. In control 
experiments we found that atropine does not interfere with the activation of metabotro"pic 
glutamate receptors; also, AP-3 does not interfere with muscarinic receptors. It seems 
that it could be an interplay betWeen the signal transduction pathways stimulated by 
both type of receptors. 

Table 5. Prevention by AP-3 and atropine of the protective effect of trimethylamine
containing compounds against glutamate neurotoxicity 
Primary cultures of cerebellar neurons were used for assays of glutamate toxicity 9-12 days 
after seeding. Some plates were preincubated with AP-3 (0.2 mM) for 30 min or with atropine 
(20 nM) for 10 min. The compounds to be tested were then added. The concentrations used 
were the following: camitine 5 mM; betaine 1 mM; TMAO 1 mM; choline 1 mM; acetylcholine 
1 mM; carbachol 1 mM; acetylcarnitine 1 pM and trans-ACPD 0.1 mM. Neurons were incubated 
with these compounds for 15 min and then 1 mM glutamate was added to all plates. Survival 
in control neurons not exposed to glutamate was 84 ± 4%. Data from reference 42. 

COMPOUND 

None 
Carnitine 
Betaine 
TMAO 
Choline 
Acetylcholine 
Carbachol 
Acetylcarnitine 
Trans-ACPD 

PREINCUBATION WITH 
Nothing AP-3 Atropine 

Surviving neurons (% of total) 

20 ± 8 
70 ± 8 
69 ± 7 
75 ± 4 
65 ± 5 
68 ± 4 
73 ± 3 
69 ± 3 
84 ± 6 

40 ± 9 
41 ± 7 
48 ± 7 
35 ± 14 
33 ± 3 
44 ± 7 
52 ± 3 
45 ± 6 
28 ± 5 

26 ± 7 
43 ± 3 
38 ± 6 
64 ± 6 
38 ± 6 
36 ± 7 
43 ± 6 
50 ± 7 
26 ± 4 
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9. Atropine prevents the protective effect of some trimethylamine-containing compounds 
against acute ammonia toxicity in mice 

As atropine prevents the protective effect against glutamate neurotoxicity of 
most of the trimethylamine-containing compounds tested, and we believe that the 
protective effect of these compounds against acute ammonia toxicity in mice is due 
to prevention of glutamate neurotoxicity, we tested whether injection of atropine into 
mice prevents the protective effect of trimethylamine-containing compounds against 
ammonia-induced death of mice. 

As shown in Table 6, atropine did not prevent the protective effects of betaine 
or carnitine, but reduced significantly the protective effect of acetylcholine and abolished 
the protection afforded by carbachol, choline and acetylcarnitine against ammonia toxicity 
in animals. These results indicate that primary cultures of cerebellar neurons can be 
a useful model to study the molecular mechanism of ammonia toxicity and of its 
prevention. These studies could allow to propose possible protective agents against 
ammonia toxicity in animals. 

Table 6. Effect of previous injection of atropine on the protective effect of different 
compounds against acute ammonia toxicity 
Groups of mice were injected with the indicated compounds with or without previous injection 
of atropine (100 JLglkg of body weight, i.p., 10 min before the compound tested). The indicated 
compounds were injected intraperitoneally. The doses injected were, in mmolJkg of body weight: 
0.55 for acetylcholine; 1.6 for choline; 16 for carnitine; 0,0028 for carbachol; 8 for betaine and 
6 for acetylcarnitine. 14 mmol/kg of ammonium acetate were injected i.p. fifteen min later. 
The number of animals surviving and injected are given. Asterisks indicate the compounds 
for which the protective effect is significantly reduced by previous injection of atropine. Data 
from reference 42. 

COMPOUND ATROPINE SURVIVAL 
Survivors/injected % 

NONE NO 12/78 15 
YES 11/ 40 27 

ACETYLCHOLINE NO 16/23 69 
YES 8/26 30* 

CHOLINE NO 23/37 62 
YES 5/30 16* 

CARNITINE NO 17/20 85 
YES 18/19 94 

CARBACHOL NO 13/28 46 
YES 4/28 14* 

BETAINE NO 14/20 70 
YES 18/22 82 

ACETYLCARNITINE NO 8/12 67 
YES 1/ 12 8* 
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INTRODUCTION 

It has been repeatedly described that plasma or CSF tryptophan concentrations 

increase in experimental animal models of liver impairment and in patients suffering from 

hepatic encephalopathy or hepatic coma (Hirayama, 1971; Curzon et al. 1973; Sourkes, 

1978; ONO et al. 1996). It has also been demonstrated that the administration of large doses 

of tryptophan to patients affected by hepatic disorders or to dogs with a portocaval shunt 

may lead to coma (Sherlock, 1975; Rossi-Fanelli et al. 1982). On the basis of the widely 

agreed assumption that increased brain tryptophan concentrations signify increased 50H

tryptamine turnover, several years ago, a number of investigators proposed that an increased 

stimulation of 50H-tryptamine receptors plays a key role in the neurological and psychiatric 

symptoms associated with liver diseases (Cummings et al. 1976). Tryptophan may be 

metabolized not only into 50H-tryptamine, but also into quinolinic or kynurenic acids, 

neuroactive compounds which are able to interact with glutamate receptors of the NMDA 

type (see: Stone, 1993 for a review). Approximately ten years ago, we observed that 

quinolinic acid was indeed increased in the rat brain with portocaval anastomosis or in 

patients who had died in hepatic coma (Moroni et al. 1986; Moroni et al. 1986a). We 
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therefore proposed that " .. quinolinic acid should be added to the list of compounds possibly 

involved in the pathogenesis and symptomatology of brain disorders associated to liver 

failure." Other groups have recently confirmed that quinolinic acid is indeed increased in the 

blood and brain of rat models suffering from either acute or chronic liver failure. The 

concentration of quinolinic acid in the brain, however, does not seem to correlate with the 

neurological symptoms observed in these liver disorders. Furthermore, it is possible that 

quinolinic acid synthesis occurs mostly in macrophages or other peripheral tissues, 

suggesting that its importance in the pathogenesis of hepatic encephalopathy may be 

"minor" (Bergquist et al. 1995; Basile et al. 1995). 

In the last several years, our group has been particularly interested in understanding 

the role that the above-mentioned tryptophan metabolites may have in physiology or 

pathology, and we have been investigating the regulation of the activities of a number of 

enzymes responsible for quinolinate or kynurenate formation in the mammalian brain 

(Moroni et al. 1984; Moroni et' al. 1986; Moroni et al. 1988; Moroni et al. 1991). We 

characterized several selective inhibitors of most of the enzymes involved in the kynurenine 

pathway which are responsible for the biosynthesis of quinolinic acid and then of NAD. 

These inhibitors were quite potent in vitro, but we noticed that they were not able to 

significantly decrease quinolinic acid formation when administered to rats or mice in vivo. 

Such results could be explained by assuming the existence of unknown metabolic pathways 

which lead to the synthesis of 3-0H anthranilic acid, the direct precursors of quinolinic acid 

through kynurenine independent pathways (Carpenedo et al. 1994; Chiarugi et al. 1995: 

Chiarugi, et al. 1996). In order to uncover such metabolic pathways, we administered indole 

derivatives to rats and mice and we then evaluated the formation of anthranilic and 3-0H 

anthranilic acid. In the course of these studies, we noticed that the administration of 

oxindole (2-indolinone) (20-200 mg/kg i.p.) had profound neurodepressant effects, while 

similar doses of the isomer 5-hydroxyindole caused convulsions and death. 

Research in old literature and discussion with a chemist who was involved in studies 

on tryptophan metabolism for several decades (Dr. Allegri, Padua, Italy) informed us that 

oxindole was being administered to mice, rats, hamster, rabbits, cats, dogs and humans in 

the early sixties and that its potent neurodepressant action was observed and described 

(Orcutt et al. 1964). The convulsant actions of 5-hydroxyindole have not been previously 

reported. It has, however, been recently demonstrated that this compound may modulate the 

function of 5HT3-receptors (Kooyman et al. 1993; Kooyman et al. 1994). The possibility 

that oxindole or 5-hydroxyindole could be present in mammalian tissues in physiology or 
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Figure 1. Proposed pathway of tryptophan metabolism. 

pathology was never mentioned in any of these previous studies since both compounds were 

considered by products of tryptophanase activity, a bacterial enzyme not found in 

mammalian tissues «King, et a1. 1966; van Pee and Lingens, 1984). In view of the potent 

pharmacological effects observed after oxindole or 5-hydroxyindole administration, we 

thought it important to clarify: 1) the behavioral effects and the pharmacological properties 

of these indole derivatives; 2) whether or not such neuro-active molecules are present in 

mammalian tissues; 3) whether or not they accumulate in the course of hepatic 

encephalopathy; 4) what the mechanism is of their pharmacological actions. 

We report here a series of preliminary results on these issues. Unfortunately, the 

basic mechanism of the phamlacological action of oxindole and of 5-0H-indole remains to 

be clarified. 

STUDIES ON THE BEHAVIORAL EFFECTS OF OXINDOLE AND 5-

HYDROXYINDOLE 

Spontaneous locomotor activity of mice or rats was evaluated using an Animex 

activity meter apparatus (model LKB FARAD). The number of interruptions of photocells 

was then monitored for 20 min after placing each animal in a clean cage. Blood pressure was 
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Table 1. Effects of intraperitoneal administration of oxindole on locomotor activity and 

blood pressure in the rat 

Locomotor activity Blood pressure 
Counts/20 min mmHg 

Saline 580±15 178±1O 

Oxindole 10 387±42* 160±13 

Oxindole 30 144±20* 146±5* 

Oxindole 100 5±2* 135±10* 

In order to measure locomotor activity, oxindole was injected 20 min before placing the animals in clean 

cages. Similarly, maximal blood pressure was measured 20 min after oxindole administration. Doses are 

mglkg Lp. Values are mean± S.E. of at least 6 animals; P< 0.01 (ANOVA and Dunnett's t test). 

Table 2. Anti-convulsive effects of intraperitoneal administration of oxindole 

PTZ 

STRYCHNINE 

PICROTOXlNE 

B-MERCAPTO 
PROPIONATE 

CONTROLS 

5/5 

5/5 

5/5 

21125 

OXlNDOLE30 OXlNDOLE 100 

2/5 0/5* 

3/4 

0/5 

5/15* 0/5 

Data represent the number of animals showing seizures (clonic or tonic) relative to the total number of animals. 

Doses are mglkg Lp. Doses of the convulsants were: pentametilentetrazole 100 mg/kg; (3-mercaptopropioniate 

30 mglkg; strychnine 1.6 mglkg. 

Table 3. Convulsive effects of intraperitoneal administration of 5-hydroxyindole 

CLONIC TONIC DEATH 

5-0H indole 50 0/6 0/6 0/6 

5-0H indole 80 3/5* 0/5 0/5 

5-0H indole 100 4/5* 4/5* 4/5* 

Data represent the number of animals showing seizures (clonic or tonic) or death relative to the total number of 

animals. Doses are mg/kg Lp. 2X test, P<O.OI. 

60 



l 
o 10 0 10 min 

Figure 2. HPLC analysis of oxindole standard and of material extracted from the brain. 

A is an HPLC tracing of the standard (50 picomoVIOO Ill) and B of the brain extract. Mobile phase was a 0.05 

M acetate buffer plus 15 % acetonitrile. The column was a 25 cm long, CIS reverse phase. 

evaluated in the rat tail with a blood pressure recorder (Basile, Varese, model 8006). As 

reported in table 1, animals treated with oxindole (10-100 mg/kg i.p.) had significantly 

reduced locomotor activity; they were calm and easy to manage and at 100 mg/kg their 

righting reflex was completely abolished for approximately two hrs. Blood pressure was also 

significantly decreased. 

Besides reducing blood pressure and causing sedation and coma, oxindole (30-100 

mglkg i.p.) prevented chemically-induced tonic convulsions. As reported in table 2, the 

convulsions induced by chemicals affecting the GABA system were antagonized by doses of 

oxindole (30 and 100 mg/kg) which were inactive against convulsant agents acting on the 

glycine system. A significant protection from convulsant-induced death was also observed. 

When 5-hydroxyindole (30-100 mg/kg) was administered i.p. to rats or mice, the 

animals had tonic-clonic convulsions which started between 5 and 10 min after its 

administration and at the larger dose lasted until the animal death (Table 3). 

IDENTIFICATION AND MEASUREMENT OF OXINDOLE IN MAMMALIAN 

TISSUES 

Experiments were performed in male Wistar rats, male white Swiss mice and male 

guinea pigs. The animals were decapitated and the blood or other organs (brain, liver, 

kidney) were rapidly removed, weighed and frozen. Approximately 1 g of each tissue was 

then homogenized in 2 volumes of 0.4 N HCI04 (or HCI04 1 N for the blood). The 
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supernatants collected by two successive centrifugations were then mixed with 8 ml of 

chloroform. The chloroform layers were collected and evaporated under a stream of 

nitrogen. The residue was resuspended in HCI04 0.4 N and a portion of it was injected into 

the HPLC apparatus. Detection was performed either with a spectrophotometer or with a 

coulometric detector. Several mobile phases were used. 

In selected experiments, 1.5 ml of HPLC eluate, manually collected at the retention 

time of the oxindole peak, was dried down and a portion of it was injected into a Saturn 4D 

GCIMS quadrupole ion trap. The system is capable of time-programmable isolation of 

selected parent ions followed by collision-induced dissociation (CID) of specific product 

ions. Saturn version 5.2 software was used for data acquisition and Toolkit software was 

used for the application of multiple scan functions in a given chromatographic run (MSIMS 

and MSIMSIMS experiments). The gas chromatograph was a Varian Star 3400 CX equipped 

with a temperature programmable it*ctor which permits large volume injection. 

The first identification of oxindole was performed by comparing the retention times 

of the standard with those of one of the peaks present when purified homogenates of 

mammalian organs were injected into the HPLC. The V.V. absorbance at 255 nm was 

recorded. As shown in the figure, such retention times were identical and this occurred no 

matter of the mobile phase used. Spiking experiments were performed using different mobile 

phases and confirmed that the peak present in the homogenates and that of the standard had· 

identical retention times. In most of our determinations, we used V.V. detection since the 

method is simpler yet has sufficient sensitivity for determining oxindole content in a single 

rat brain. Figure 2 shows the HPLC chromatographic pattern obtained when standards or 

brain samples were injected. When the collected HPLC eluate fractions from rat brain 

homogenates were dried, resuspended in acetonitrile and injected into the GCIMS, presence 

of the oxindole peak was definitively confirmed. Figure 3 (top) reports the proposed 

fragmentation pattern of authentic oxindole and Figure 3A shows the total ion 

chromatogram (TIC) and the extracted ion chromatogram ofmlz 133 obtained from rat brain 

homogenates: a peak at the same gas-chromatographic retention time of authentic oxindole 

was recorded on mlz 133 trace. The corresponding EI mass spectrum (Figure 3B) was 

identical to that of oxindole. It is interesting to note the reduction in chemical noise due to 

the matrix used under different analytical conditions. While a peak at the retention time of 

oxindole is not clearly evident, in the TIC trace of the full scan MS acquisition, in MSIMS 

acquisition mode (figure 3C) and in the MSIMSIMS acquisition mode (Figure 3E), a distinct 
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Figure 3, GelMS identification of oxindole 

The proposed fragmentation pattern of authentic oxindole (top). Figure 3A, 3C and 3E report the total ion 

chromatograms (above tracing) and the extracted ion chromatograms (bottom tracing) obtained by injecting 

the biological sample (extracted and purified as described in the text) into a Saturn 4D quadrupole ion trap and 

recording the results obtained using GC/MS, GCIMS/MS and GCIMSIMSIMS modes respectively. B, D and F 

are the mass spectra corresponding to the peaks indicated by the arrows and are identical to the peaks obtained 

by injecting authentic oxindole. 
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Brain 

Liver 

Kidney 

Blood 

Table 4. Oxindole content in rat tissues 

42±5 

113±8.2 

llO±13 

78±8.7 

Values are picomollg wt or picomollml and are mean ± S.E. of at least ten determinations. These values were 

obtained using HPLC with U.V. detection. 

peak appears. Comparing the mass spectra obtained in the three different acquisition modes 

with those of authentic ox indole, we confirmed the presence of this molecule in brain 

homogenates (Carpenedo et al 1996). In a further series of experiments, we compared the 

peak areas of the standard passed through the entire procedure with that of brain 

homogenates in order to have a semi-quantitative confirmation of the data obtained in the 

HPLC. The results are in line with the quantitative data we report in Table 4. However, the 

variability of the biochemical and chromatographic procedures does not allow precise 

quantitative measurements of oxindole with the GCIMSIMSIMS approach without suitable 

internal standards. 

As reported in table 4, the HPLC method with U.V. detection allowed measurement 

of the content of oxindole in several organs of the rat and in the brain of other commonly 

80 7000 
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EJ 60 5000 
'0 
E 50 4000 
C-
Q) 40 3000 
'0 
"C 
c: 30 2000 

'x 1000 0 20 
0 

0 200 400 600 800 1000 1200 0 5 10 15 20 25 30 35 

mg/kg i.p. tryptophan mg/kg Lp. indole 

0 Brain • Blood /:; Liver 

Figure 4. Effects of the administration of indole or of tryptophan on the content of oxindole 

in brain and other rat tissues. 

Each point is the mean ± S.E. of at least 6 animals per group. 
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used laboratory animals. In the rat brain the concentration of oxindole was similar to that in 

blood, while larger concentrations were found in the liver and kidney. The brain of mice con

tained relatively elevated concentrations of oxindole (90±8 picomoVg), while guinea pigs had 

brain oxindole concentrations (4.4±1.1) one order of magnitude lower than those of the rats. 

When tryptophan was administered to rats, a dose dependent increase of oxindole was found 

in the liver, blood or brain, thus confirming that the amino acid may be the precursor of 

oxindole (see figure 4). Figure 4 also reports that systemic administration of indole causes a 

much larger increase of oxindole in various organs, supporting the possibility that most of 

oxindole formation occurs through indole oxidation. 

MECHANISMS OF THE PHARMACOLOGICAL ACTIONS OF OXINDOLE AND 

OF 5-HYDROXYINDOLE 

As previously mentioned, th!,! administration of oxindole (20-200 mg/kg) to rats or 

mice caused a profound reversible coma, while similar doses of 5-hydroxyindole caused 

convulsions and death. In order to clarify the mechanism of action of these indoles, we 

tested them in binding studies and in simple electrophysiological paradigms. Binding 

experiments were performed in order to evaluate possible interactions of oxindole with 

GABAa, GABAb, BDZ, or strychnine binding sites. Unfortunately, as reported in table 5 the 

results were negative. 

Table 5. Lack of effects of oxindole on the binding of different ligands 

eH] Strychnine eH] Flunitrazepam 

GABAa GABAb 

Oxindole (100 /-lM) 100±2 97±5 87±4 98±4 

Diazepam (10 /-lM) 11O±7 75±6 o 

GABA (100 /-lM) o o 91±5 145±12 

Values are mean percentage ± S.E .. Binding conditions: I) GABAa binding was performed by utilizing whole 

brain membranes, 3nM of the ligand and 100 11M of GAB A in order to evaluate the non-specific binding; 

GABAb binding: whole brain membranes, 5 nM of the ligand, 40llM of isoguvacine and 100 11M baclofen for 

non-specific binding; 2) eHlStrychnine (2nM), spinal cord membranes and I mM of glycine; 3) 

eHlflunitrazepam InM, cortical membranes and diazepam (lOIlM). 
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Other experiments were performed in order to study oxindole action on glutamate 

receptors of AMP A and NMDA types. Cortical wedges were prepared as previously 

described (Mannaioni et al. 1994; Lombardi et al. 1994) and superfused with oxindole 

concentrations of up to 300 11M. Oxindole did not change depolarization caused by AMP A 

or NMDA, suggesting that ionotropic glutamate receptors are not involved in the oxindole 

neurodepressant action. Similar results were also obtained in a different electrophysiological 

set-up: in in vitro hippocampal slices. In this model, test pulses (80-110 IlS duration; 0.017-

0.05 Hz) were delivered through bipolar nichrome electrodes positioned in the CAl stratum 

radiatum. Evoked extracellular potentials were recorded with glass microelectrodes (2-10 M 

Q) filled with 3 M NaCI and placed in the pyramidal cell layer of the CAl area. 

Stimulus/response curves were constructed at the beginning of each experiment by gradually 

increasing the stimulus strength. The test stimulus pulse was then adjusted to produce a 

population spike at an amplitude of 50 % of the maximum and, unless otherwise stated, was 

kept constant throughout the experiment. Population spikes and excitatory post-synaptic 

potentials were then measured as the peak-to-peak amplitude of the first negative phase of 

the response. No changes in the population spikes or excitatory post synaptic potentials 

were found in this preparation during the application of oxindole (30-300 11M). On the 

contrary, as reported in Figure 5, 5-0H-indole significantly increased the population spike 

amplitude. The dentritic potentials were also increased and this effect was easily reversible 

upon washing the preparations. 

These experiments suggest that 5-hydroxyindole improves synaptic transmission in 

the CAl area, possibly explaining the convulsant action of the molecule. The superfusion of 

the preparation with 5HT3 antagonists did not change the potentiation of the synaptic 

responses described above, thus ruling out the involvement of 5HT3 receptors in the 

electrophysiological effects of 50H indole in the CAl area. Experiments are currently in 

progress in order to better understand the basic mechanism of this interesting modulation of 

synaptic activity. 

CHANGES OF BRAIN OXINDOLE CONTENT IN FULMINANT HEPATIC 

FAILURE 

It is widely accepted that gut derived compounds are largely responsible for the 

neurological symptoms present in the course of liver diseases (Jones et al. 1984; Fraser and 

Arieff, 1985; Jones et al. 1993). Among gut originated, neurologically active compounds, 

particular attention has been devoted to ammonia, mercaptans, GABA, octoparnine or other 
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Figure 6. D-galactosamine-induced increase in brain oxindole concentrations 

Each point represents oxindole brain content. Closed circles are animals without signs of neurological damage. 

Empty circles are rats showing signs of fulminant hepatic failure due to the reported dose ofD-galactosamine 

administered 48-60 hrs before the sacrifice. 
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amines. Blood accumulation of such molecules may affect central nervous system function. 

However, GABA does not increase in plasma or CSF of hepatic coma patients (Moroni et al. 

1987), amines do not easily cross the blood brain barriers, mercaptans do not lead to coma 

and ammonia administration causes convulsions and death, but not a reversible coma. In the 

last few years, other substances have been added to the list of compounds possibly 

responsible for the neurological symptoms of hepatic encephalopathy. Several laboratories 

focused their attention on endogenous benzodiazepine receptor ligands (endozapines) 

(Olasmaa et al. 1989; Basile et al. 1990). It is now accepted that the concentrations of 

compounds able to displace eH]diazepam binding from the benzodiazepine receptors 

increase in the blood or brain of experimental models of hepatic encephalopathy, and 

administration of benzodiazepine receptor antagonists reduces the neurological symptoms in 

selected patients in hepatic coma (Basile et al. 1991). 

We now report that the administration of low doses of oxindole to rats causes loss of 

the righting reflex, hypotension, reflex modifications and a reversible coma with features 

commonly observed in patients affected by hepatic encephalopathy. We therefore measured 

oxindole content in the blood and brain of galactosamine treated rats, one of the available 

models of FHF (Zeneroli et al. 1982). Figure 6 reports that the brain concentrations of 

oxindole increased by 10-20 fold in animals having neurological symptoms of hepatic 

encephalopathy. 

It is reasonable to assume that at least one step of oxindole synthesis requires the 

function of an enzymatic activity (tryptophanase) which is particularly abundant in bacteria; 

therefore, gut flora may be important in the accumulation of blood and brain oxindole. 

Tryptophan could be metabolized into indole by bacterial enzymes. It is then absorbed and 

metabolized into oxindole in the brain or in other peripheral tissues. Under basal conditions, 

oxindole may be further metabolized (into 5 OH oxindo1e which may be then conjugated 

with glucuronic acid or with sulphate) and excreted, but when liver function is impaired, its 

accumulation in blood and brain may be partially responsible for CNS depression. 

CONCLUSIONS 

Hepatic encephalopathy IS associated with a 10-20 fold increase in the brain 

concentration of oxindole (see figure 5), a neurodepressant agent. It is reasonable to propose 

that this compound originates from tryptophan metabolism and that one of the enzymes 

leading to its formation is tryptophanase, which is particularly abundant in bacteria. This 
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enzyme leads to the production of indole which is then absorbed from the gut and probably 

metabolized in the liver. Under physiological conditions, the amount of oxindole or of 5-

hydroxyindole present in the blood or brain is quite low (10-7 M). When liver function is 

impaired, sufficient concentration of indole may reach systemic circulation and may be 

oxidized into both oxindole or 5-hydroxyindole in several tissues. An elevated concentration 

of oxindole in CNS causes a profound neurodepressant syndrome or coma. Elevated 

concentrations of the convulsant agent 5-hydroxyindole may also participate in altered CNS 

function of patients affected by FHF. The basic mechanism of the sedative oxindole action is 

still unknown. Similarly, the convulsant action of 5-hydroxyindole has not yet been 

described and is due to a still unknown interaction with brain functions. We ruled out effects 

of these molecules on ionotropic glutamate receptors of AMP A and NMDA types, and we 

are currently evaluating oxindole and 5-hydroxyindole interaction with other receptor types 

or ion channels. Oxindole does not displace labeled GABA from its GABAa or GABAb 

receptors or labeled flunitrazepam from the BDZ binding sites; therefore, we assume that 

these sites are not involved in its mechanism of action. However, the GABA receptor 

complex may certainly have other recognition sites that could be affected by they two indole 'f.

metabolites we have identified in mammalian tissues. The experiments on the anticonvulsant 

actions of oxindole seems to point to the GABA receptors as the site of its pharmacological 

effects. 

In conclusion, oxindole should be considered one of the main components of the 

already long list of molecules whose accumulation is responsible for the neurological 

symptoms observed when the liver function is impaired. 
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INTRODUCTION 

There are currently two primary hypotheses regarding the pathogenic mechanisms 
contributing to the development of hepatic encephalopathy (HE). Ammonia has been 
implicated in the pathogenesis of the encephalopathies associated with hepatic failure since 
the 1950's I. While challenged by other hypotheses over time, the ammonia hypothesis of the 
pathogenesis of HE has remained dominant. The other main hypothesis postulates a role for 
increased GABAergic neurotransmission in the development of HE, a concept supported by 
a large body of evidence that has been accumulating since 19802. Over the years, these 
hypotheses have had a uneasy, and apparently mutually exclusive relationship. However, 
recently reported information now makes it appear possible that both elevated levels of 
ammonia and increased GABAergic neurotransmission are involved in the pathogenesis of 
HE3,4. Thus, it now appears that these two hypotheses are not mutually incompatible, but 
essential for the development of the encephalopathy. Furthermore, the new findings suggest 
a concept that unifies both hypotheses. 

THE AMMONIA HYPOTHESIS 

Originally, there were three components to the ammonia hypothesis, First, elevated 
plasma levels of ammonia occur in liver failure. Studies of cirrhotics ingesting arnmoniagenic 
compounds, such as amino acids, urea, and ammonia releasing resins I, suggested that 
ammonia accumulation and HE are associated. Encephalopathies develop in parallel with 
hyperammonemia in congenital defects of urea cycle enzymes and valproate hepatotoxicitY,6. 
However, the plasma ammonia concentrations that occur in these syndromes are higher than 
those usually associated with acute or chronic liver failure. In addition, CSF levels of the 
ammonia metabolites glutamine and a-ketoglutaramate correlate well with the clinical 
severity of HE7,8. Moreover, therapies which decrease intestinal ammonia absorption are 
often followed (after several hours) by an amelioration of HE in patients with cirrhosis9• 
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Nonetheless, plasma ammonia levels do not correlate well with the occurrence or severity of 
HElo. A variety offactors may contribute to this variability, including ammonia production 
by contracting muscle, differential ammonia tolerance, altered ammonia compartmentation 
resulting from pH and electrolyte imbalances, and technical problems associated with taking 
proper blood samples II. Indeed, plasma ammonia levels may be normal in liver failure in the 
presence of elevated CNS levels of ammonia12• Finally, hemodialysis of patients in hepatic 
coma due to acute or chronic liver failure improves neurological function in less than 50% of 
the patients i3 • 

Secondly, ammonia can readily enter the brain. Early studies of the difference in 
arterio-venous concentrations of ammonia across the brain suggested that there was no 
ammonia uptake, possibly due to the inability of the ammonium ion to cross the blood-brain 
barrierl4. Subsequent investigations where the pH of the ammonia probe was carefully 
maintainedl5 indicated that ammonia entered the CNS primarily in its gaseous (non-ionized) 
formI6•17• In the CNS, ammonia is fixed by conversion to glutamine by astrocytic glutamine 
synthetase, with a concomitant reduction in brain levels of the primary substrate of glutamine 
synthetase, glutamatel8. This may result in altered glutamatergic neurotransmission, which 
is presently a field of intense study l9. 

Finally, a major component of the ammonia hypothesis is based on 
unequivocal evidence that ammonia is neurotoxic20. A well known manifestation of this 
toxicity is the ability of ammoI)ia to induce seizures. In congenital hyperammonemias, 
plasma ammonia concentrations are typically in the range of 0.5-2 mM, and the associated 
behavioral changes can be classified as a preconvulsive state, or seizures. In contrast, plasma 
ammonia concentrations are usually in the range of 0.1-0.4 mM in HE, and the associated 
behavioral changes are consistent with a global increase in neuronal inhibition. Insights into 
the role that ammonia plays in these two behavioral syndromes may be gained by considering 
the electrophysiological effects induced by different concentrations of ammonia. At 
concentrations of 4-8 mM, ammonia inhibits EPSP formation and axonal conductance 
through a depolarization bloclCl. However, these concentrations of ammonia are so high that 
they are pathophysiologically irrelevant. At the sort of concentrations (0.5-3 mM) that occur 
in congenital hyperammonemias, ammonia inactivates Cl" extrusion pumpS22. The resulting 
elevation of intracellular Cl" concentration blocks the formation of the hyperpolarizing 
inhibitory post-synaptic potential (IPSP), impairing postsynaptic inhibitory processes 
throughout the brain21 ,23. Ultimately, the resting membrane potential increases, depolarizing 
neurons, and transiently inducing excitatory phenomena such as seizures. This behavioral 
effect not only contrasts with the manifestations of HE, but with the lethargy and EEG 
slowing induced by the acute administration of ammonia, which, if the infusion is continued, 
is followed by seizures and post-ictal coma24. Furthermore, cats with portacaval shunts appear 
to have normal IPSPs, despite chronically elevated plasma ammonia concentrations21 . This 
observation has been attributed to the development of CI· pump tolerance to the persistently 
increased levels of ammonia21 . However, a change in Cl" pump activity has never been 
confirmed by direct measurement, and the CNS becomes more sensitive to when exposed to 
acute ammonia rechallenges21. These observations argue against the development of neuronal 
CI· pumps tolerance under conditions of chronic ammonia excess. While seizures are 
common in congenital hyperammonemia syndromes25, they are unusual in HE associated with 
chronic liver failure. Thus, currently available data do not adequately explain why the initial 
failure of IPSP formation following ammonia administration causes lethargy, rather than 
seizures. Furthermore, there is a paucity of information on the neuroelectrophysiological 
effects of ammonia at the concentrations commonly observed in HE (0.1-0.4 mM), and 
whether they can enhance inhibitory neurotransmission 

In summary, the above evidence indicates that ammonia is a key factor in the 

pathogenesis of HE. A significant body of information indicates that brain and plasma 
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Figure 1. Postulated interrelationships between elevated brain concentrations of ammonia and increased 

GABAergic neurotransmission in the pathogenesis of HE. GABAergic neurotransmission may be enhanced 
by the presence of endogenous BZ receptor agonists, the increased availability of GABA in synaptic clefts due 
to ammonia-induced abnormalities in glial function, leading to decreased glial GAB A reuptake, loss of 
presynaptic feedback inhibition of GABA release due to a decrease in GABAB receptors, and/or increased 
blood-to-brain transfer of GABA. Recent investigations also suggest that ammonia directly enhances 
GABAergic neurotransmission. 

ammonia levels are elevated in liver failure, and that ammonia can modulate neuronal 
function. However, evidence that hyperammonemia is solely responsible for the development 
of HE is lacking. Moreover, the precise nature of the relationship between elevated brain 
levels of ammonia and HE remains unclear, as are the mechanisms by which ammonia can 
contribute to HE. The primary discrepancy is that the clinical features of HE (impaired motor 
function and decreased consciousness) appear to be most consistent with a global increase in 
inhibitory neurotransmission rather than a net increase in excitatory neurotransmission. 

THE GABAERGIC NEUROTRANSMISSION HYPOTHESIS 

In order to address whether ammonia can alter inhibitory neurotransmission, thereby 
contributing to the manifestations of HE, it is necessary to consider the GABAergic 
neurotransmission hypothesis. This is necessary because GABA is the principal inhibitory 
neurotransmitter of the mammalian brain and increased GAB A-mediated neurotransmission 
impairs motor function and decreases consciousness, two of the cardinal clinical features of 
HE. That an increase in GABAergic tone associated with hepatic failure contributes to HE 
is supported by at least four lines of evidence (Figure 1), most of which occur independent 
of the presence of ammonia. 

Elevated levels ofbenzodiazepine (BZ) receptor agonists are one mechanism by which 
GABAergic neurotransmission is increased in hepatic failure. The concentrations of BZ 
receptor ligands with agonist properties are elevated in the brain, plasma and cerebrospinal 
fluid of several animal models of HE due to fulminant hepatic failure (the thioacetarnide-
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Figure 2. Summary ofthe levels ofN-desmethyldiazepam (DM), diazepam (DZ) and total BZ receptor ligand 
acti'(ity in the brains of rats, rabbits, and humans with fulminant hepatic failure. Concentrations are in absolute 
nglg tissue wet weight for DM and DZ (determined by mass spectroscopy), and in ng/g of DZ equivalents for 
total BZ receptor ligand activity (determined radiometrically). BZ levels in HE were significantly greater than 
control values (animal models: * = p<O.05; ** = p<O.OI Students t-test; humans * = p<O.05, Mann-Whitney U 
test). 

treated rat, and galactosamine-treated rat and rabbiti6 (Figure 2). Similarly, elevated levels 
ofBZ receptor ligands have been found in human plasma and brain26•27 • These ligands have 
the pharmacological properties of agonists at the BZ receptor, and some have been identified 
as the 1,4 substituted benzodiazepines N-desmethyldiazepam and diazepam, although the 
identity ofthe bulk ofthese agents remains unknown26•27 • Moreover, there is some evidence 
that these ligands arise from gut flora28 • The concentrations of the BZ receptor agonists are 
such that approximately 20% of the BZ receptors are occupied in the rabbit with 
galactosamine-induced fulminant hepatic failure. That degree of receptor occupancy is 
sufficient to protect against grand-mal seizures26• Indeed, in rats with thioacetarnide-induced 
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Figure 3. Scatchard plots illustrating the binding of [lH]GABA to GABAs receptors in cerebral cortical 
membranes from control rats (0) and rats with acute HE due to thioacetamide-induced fulminant hepatic failure 
(e). From reference 32, by permission. 

fulminant hepatic failure, there is a substantial decrease in the seizure threshold to convulsants 
such as 3-mercaptoproprionic acid29. Moreover, the motor deficits associated with hepatic 
failure in thioacetamide-treated rats are ameliorated by the administration of BZ antagonists 
at doses that have no effect on the motor activity of normal rats26• Additional evidence that 
BZ receptor agonists contribute to the pathogenesis of HE by increasing GABAergic 
neurotransmission is provided by the ability of BZ receptor antagonists to rapidly «15 min) 
improve HE in 40-60% ofthe humans with this syndrome26,30,31. 

Another mechanism by which GABAergic neurotransmission can be increased in 
hepatic failure would be an increase in the amount of GABA in the synaptic cleft. This may 
occur due to increased neuronal GABA release. Many GABAergic synapses regulate 
neurotransmitter release by negative feedback involving presynaptic "autoreceptors". 
Neurotransmitter (GAB A) is released from the presynaptic bouton to the extent that it may 
flow out of the immediate environs of the synaptic cleft. At this time, the neurotransmitter 
will encounter GABA receptors on the outer sides of the presynaptic terminal and bind to 
them. Activation of these receptors results in the suppression of further neurotransmitter 
release. A recent study of radioligand binding to the GABAs receptors in the cerebral cortex 
of rats with TAA-induced fulminant hepatic failure indicates that the density of GABAs 
receptors was decreased to 30% of normal in the model (Figure 3) by unknown mechanisms32. 
These receptors are known to presynaptically modulate the release of a number of 
neurotransmitters, including glutamate and GABA. Thus, the levels of GAB A in the synaptic 
environment may be increased as a result of increased synaptic release. 

Free GABA levels in the extracellular fluid of the CNS can also be increased by transfer 
across a leaky blood-brain barrier'3. There is evidence for increased GABA concentrations of 
gut origin in the plasma of some patients with hepatic fail ure34. In order to determine if this 
material could enter the CNS in hepatic failure, the brain uptake index of GABA in a rabbit 
model of fulminant hepatic failure was measured. The data were corrected for the rapid 
metabolism of the tracer and slow brain washout and recirculation. The brain uptake index 
for GABA was higher in animals with stage II or III HE than in controls, and was 
significantly higher in stage III than stage II HE. Thus, with the progression of acute liver 

79 



A 

H' 

p, 

+ 

c 

Nl 

+ 
PI 

2,.v L 
100m"!; 

41'vL 
200msec 

B 

+ 

o 

+ 

Nl 

PI 

N1 

P1 

Figure 4. Mean composite VERs from normal rabbits (A), galactosamine-treated rabbits with Stage IV HE (B), 
normal rabbits administered pentobarbital © or ammonium chloride (D). Note the similarity in VER patterns 
of the rabbit with HE and the pentobarbital treated rabbit, with a significant increase in P, amplitude and loss 
of the P, component. Ammonia had no effect on P, amplitude. 41lV voltage calibration applies to panels B-C., 
21lV calibration to panel A only. From references 28,39, by permission. 

failure in the model studied, there was an increased transfer of GAB A from plasma to brain 
extracellular fluid. 

In contrast to the above mechanisms for increasing the levels of GABA, there is some 
evidence that ammonia may be involved in a fourth mechanism for enhancing GABAergic 
neurotransrnission. Ammonia is known to impair astrocytic function, leading to the 
development of type II astrocytes35• There is evidence that GABA uptake by cultured 
astrocytes decreased 26% following exposure to 2 or 10 mM ammonia concentrations for 4 
days36. Furthermore, a microdialysis study indicates that GABA release is either increased, 
or its reuptake is decreased in portacaval shunted rats37. Following neuronal activation by the 
infusion of KCI through the microdialysis probe, GABA levels increased in the shunted 
animals to 2 fold above control levels. This phenomenon may be attributable to the higher 
concentrations of ammonia observed in the portacaval-shunted animals. While this 
mechanism provides an indirect way by which ammonia can increase GABAergic 
neurotransmission, the question arises whether ammonia, at pathophysiologically relevant 
concentrations, can be implicated in mechanisms responsible for directly increasing 
GABAergic neurotransmission? 

During the 1980's, attempts were made to determine whether the altered 
neuroelectrophysiology associated with HE was similar to that induced by ammonia. This 
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was done by comparing the patterns of visual evoked responses (VER) recorded from either 
rats or rabbits with HE due to hepatotoxin-induced fulminant hepatic failure with 
corresponding patterns in control animals with normal livers that had been rendered 
hyperammonernic or had been treated with GABAergic agents24.38.39. These studies indicated 
that the abnormal VER patterns recorded from animals in stage IV HE ( coma) bore a very 
close resemblance to those of animals treated with comagenic doses of pentobarbital or 
diazepam (Figure 4). However, hyperammonemia in animals with normal livers resulted in 
an altered VER pattern that did not closely resemble that observed in HE. 

There seem to be several potential reasons why a possible enhancement of ammonia on 
GABAergic neurotransrnission may have been missed in these studies. First, there was no 
attempt to reproduce ammonia levels in animals with normal livers that closely corresponded 
to those that occur in liver failure. The reason for this was the failure to see any significant 
changes in either overt behavior or the EEG at ammonia concentrations less than " 1.5 
mM24.39. Thus, the VER may not be a sufficiently sensitive tool to detect an ammonia-induced 
enhancement ofGABAergic neurotransmission. Moreover, the ammonia levels achieved in 
these studies were in the range observed in congenital hyperammonemias25 and employed in 
the electrophysiological studies that defined the excitatory properties of ammonia21 . Indeed, 
slight additional increases in the dose of ammonium chloride resulted in the development of 
seizures in a majority of the animals tested. Thus, the VER changes recorded in association 
with hyperammonemia in these studies may reflect the development of the excitatory 
component of hyperammonemias. Second, VERs, like other evoked potentials, are a 
summation of the inhibitory and excitatory potentials of large populations of neurons in 
response to a given (photic) stimulus. It is not possible to infer from the VER the degree of 
excitation or inhibition of specific neurons. Consequently, the VER may not accurately reflect 
the neuroelectrophysiological events at the level of individual neurons. It has been 
subsequently found that in order to observe the direct effects of ammonia on GABAergic 
neurotransmission it is necessary to record the currents in single, isolated neurons under 
conditions where the ammonia concentrations are closely controlled. Electrophysiological 
measures of the effects of pathophysiologically relevant concentrations of ammonia on the 
activity of individual neurons in situ in neural tissue or oflarge neuronal populations in the 
intact animal are subject to interference by anesthetics and other neurotransmitter systems. 
Moreover, the techniques used (such as EEG) may not be sufficiently sensitive to detect 
relatively small, but pathophysiologically important enhancements in GABAergic 
neurotransrnission that may be caused by ammonia that may contribute to the manifestations 
of HE, particularly in its pre-comatose stages. 

CONCLUSIONS 

The cumulative weight of evidence acquired through basic scientific studies and clinical 
observation indicate that elevated levels of ammonia and increased GABAergic 
neurotransmission play important roles in the pathogenesis of HE. There are many pathways 
by which both ammonia and GABAergic neurons can act independently to contribute to the 
manifestations of HE and other hyperammonemic syndromes. However, there is now 
accumulating evidence to show that ammonia can act to enhance GABAergic 
neurotransmission by both indirect and direct means. Examples of the former include 
decreased astrocytic reuptake of GABA, and the latter the direct interaction of ammonia with 
the GABAA receptor. The employment of sensitive electrophysiological and biochemical 
(e.g., positron emission tomography) techniques in well planned studies of neuronal function 
in the intact CNS should yield additional information regarding the extent of ammonia-GABA 
interaction during the early phases of encephalopathy. Not only may such studies provide 
better procedures for the diagnosis of HE, but also insights into its pathogenesis which may 
lead to the development of new therapeutic modalities for treating this syndrome. 
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INTRODUCTION 

Ammonia (NH/) has been implicated since the 1950's as the primary pathogenic agent 
contributing to the encephalopathies associated with hepatic failurel. NH/ is clearly 
neurotoxic, but the molecular mechanisms by which ammonia exerts its toxic actions remain 
the subject of active investigation. Because the primary neurologic manifestations of these 
encephalopathies are consistent with central nervous system depression, increased activity of 
neuronal pathways using the principle inhibitory neurotransmitter, y-aminobutyric acid 
(GABA) appeared likely to contribute to the pathogenesis of these syndromes. Despite ample 
evidence for the presence of both increased GABAergic neurotransmission and elevated NH/ 
concentrations in the brain during hepatic failure, these two pathogenic mechanisms appear 
to be mutually exclusive. However, recent investigations suggest that these two pathogenic 
mechanisms are linked, in that NH4+ may enhance GABAergic neurotransmission by directly 
interacting with the GABAA receptor at pathophysiologically relevant concentrations. These 
new findings not only have important implications for the mechanisms contributing to the 
encephalopathies associated with hepatic failure and congenital hyperammonemia syndromes, 
but may provide a locus for the development of new treatment modalities. 

ACTIONS OF NH/ ON NEURONAL ELECTROPHYSIOLOGY 

Early studies of the effects ofNH/ on neuronal electrophysiology were performed on 
neurons in relatively intact preparations2.3. The first study of the effects of NH/ on the 
function of single neurons reported a reduction in the amplitude of inhibitory post-synaptic 
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Figure 1. Concentration-response relationship for the enhancement of 10 ~M GABA-gated ICI by NH/ (Panel 
A). Dissociated cortical neurons were maintained at a holding potential of -50 mY, and were pretreated for 60 
sec with increasing concentrations ofNH;. The concentration-response relationships for the amplitude of the 
GABA-gated ICI of dissociated cortical neurons in the presence or absence of 1 mM NH4 + are shown in panel 
B. All currents were normalized to the peak current amplitude induced by 1 0 ~M GABA. Panels A and B from 
reference 9, by permission. 

potentials (lPSP) at normal resting membrane potentials in cat spinal motoneurons2• Because 
cr is the principle ion carrying the IPSP current in mammalian neurons, these results 
suggested that the intracellular cr concentration increased in the presence of NH4 +. 

Subsequent investigations4 indicated that NH/ (lmM) blocked the active extrusion of cr. 
Blocking this pump increases intracellular cr concentrations, reducing the concentration 
gradient for cr entry into the neuron, and thereby suppressing the IPSP amplitude. As a 
result, the neuron is not hyperpolarized (or depressed) by a typical inhibitory stimulus. 
However, it should be noted that the ability of NH4 + to block neuronal IPSPs shows 
considerable regional variabilitY. The second effect of NH/ is to depolarize neurons at 
concentrations greater than 2 mM3. This effect results from the potassium-like actions of 
NH4 +, such that increased extracellular NH4 + levels are the electrophysiological equivalent of 
an elevation in extracellular potassium, which subsequently depolarizes neurons. These NH4 + 

-induced depolarizations are further enhanced by the ability of NH4 + to inhibit potassium 
uptake by astrocytes, thereby directly increasing extracellular potassium concentrations. 
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Figure 2. Modulation of radio ligand binding to benzodiazepine receptors in cerebral cortex by ammonium 
tartrate. Ammonium tartrate (5-500 !1M) increased eH]flunitrazepam (0) binding by 32%, with an ECso value 
of 98 jlM. Further increasing the ammonium tartrate concentration from 500 jlM to 2.5 mM reduced 
rH]flunitrazepam binding to baseline levels, with an ICso of733 jlM. In contrast, ammonium tartrate did not 
significantly alter the binding ofrH]flumazenil (D) or rH]Ro 15-4513 (e, Em",,: 6 and 5%, respectively). From 
reference 10, with permission. 

Although it is clear that NH4 + has the ability to suppress IPSP fonnation and depolarize 
neurons, the question remains if and when these events occur during the evolution of hepatic 
and hyperammonemic encephalopathies. The changes in neuronal electrophysiology reported 
above were observed following the application of 1-5 mM concentrations of NH/. In 
contrast, plasma and CSF NH4+ levels in patients with clinically significant and animals with 
behaviorally relevant manifestations of encephalopathy secondary to liver failure or 
congenital hyperammonemia syndromes range from 70-850 )lM, and only occasionally exceed 
1 mM6-8. In addition to the relatively high concentrations ofNH/ used in these preparations, 
little effort was taken to detennine whether NH4 + had any direct effect on the function of 
neurotransmitter receptors. This issue becomes increasingly important given that the 
manifestations of hepatic encephalopathy at NH4+ concentrations below 1 mM (e.g., lethargy) 
are inconsistent with neuroexcitatory actions ofNH4 + reported above. 

An insight into the depressant actions of NH4 + at pathophysiologically relevant 
concentrations was provided by a study of isolated cortical neurons maintained in culture9• 

The use of isolated neurons in this investigation is particularly important, since the 
concentrations of NH4 + can be precisely detennined in this preparation, and the potentially 
conflicting influences of multi synaptic excitatory and inhibitory circuits on the neurons under 
study can be eliminated. GAB A- gated cr currents were recorded from these neurons in the 
presence of 0.75-10 mM concentrations ofNH/ using whole cellc1amp techniques. NH/ 
(in the fonn of ammonium acetate) alone had little effect on membrane currents. However, 
the cr current induced by 10 )lM GABA was enhanced to a maximum of approximately 
120% by 1 mM NH/, with an ECso of 200 )lM (Figure lA). The potency of GAB A in gating 
the cr currents in these neurons was increased 15% by 1 mM NH4 + (ECso: 8.5 vs 10 )lM) 
without altering the maximum current (Figure IB). This effect ofNH/ was selective for 
GABA, as NH/ had no effect on currents induced by glycine or glutamate. Moreover, in 
these experiments, NH4+ had no effect on the reversal potential of the GAB A-gated cr 
current. This indicates that NH/ had no effect on the intracellular cr concentration, and thus, 
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Figure 3. Ammonium tartrate increases eHjflunitrazepam binding by decreasing the Kd, as illustrated in these 
Scatchard-Rosenthal plots. The Kd and Bm", for eHjflunitrazepam binding under basal conditions (0) were 2.4 
nM and 1.7 pmollmg protein, respectively. In the presence of 500 JlM ammonium tartrate (A), the K. was 
significantly reduced to 1.1 nM, without altering the Bm", (1.5 pmollmg protein). Raising the ammonium tartrate 
concentration to 2.5 mM (_) caused the Kd to increase to 1.9 nM, while the Bm", was not significantly altered 
(1.7 pmollmg protein). All Kd and Bm", values were determined using non-linear regression analysis. From 
reference I 0, with permission. 

the activity of the cr extrusion pumps. In conclusion, these results suggest that 
pathophysiologically relevant concentrations ofNH/ can selectively enhance GABA-gated 
cr currents in individual neurons by increasing the affinity of GABA for the GABAA 

receptor. 

DIRECT ACTIONS OF NH/ ON THE GABAA RECEPTOR 

The ability of NH/ to significantly enhance GABA-gated cr currents led to an 
investigation of the direct actions of NH4 + on radioligand binding to components of the 
GABAA receptorlO • These studies were performed using standard radioligand binding 
techniques for the GABAA and benzodiazepine receptors derived from the cerebral cortex and 
cerebellum of normal Sprague-Dawley rats. [3H]Muscimol and eH]flunitrazepam were used 
as the principle radioligands for the GABAA and benzodiazepine receptors, respectively. 
Neutral ammonium salts (ammonium tartrate and acetate) were used as NH/ sources. 

Ammonium salts caused a biphasic increase followed by a decrease in the binding of 
the agonist eH]flunitrazepam to the benzodiazepine receptor in the cerebral cortex (Figure 
2). NH4 + increased the maximal binding of [3H]flunitrazepam by 31 %. In contrast, NH4 + had 
no significant effect on the binding of the benzodiazepine receptor antagonist eH]flumazenil 
or the partial inverse agonist [3H]Ro 15-4513 (Figure 2). As the concentration ofNH4 + salts 
was increased above 500-750 IlM, the precentage enhancement of agonist ligand binding to 
the benzodiazepine receptor in the cerebral cortex declined until no significant increase in 
ligand binding was observed at an NH4 + concentration of 2.5 roM (Figure 2). Saturation 
analysis indicated that the enhancement of [3H]flunitrazepam binding induced by ammonium 
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Figure 4. GABA enhancement of ammonium tartrate-induced increases in ['H]flunitrazepam binding to 
benzodiazepine receptors in the cerebral cortex (Panel A). The potency of ammonium tartrate (0, Ee50 = 113 
flM) in increasing [,H]flunitrazepam binding was significantly increased in the presence of 20 flM GABA (_, 
Ee,o = 37 flM). Similarly, GABA shifted the Ie,o for ammonium tartrate to the left (228 vs 725 J,lM, +/- 20 flM 
GAB A, respectively). The Em"" was not altered (24 vs 22%, +/- 20 flM GABA, respectively). Reciprocally, 
ammonium tartrate enhances the potency of GABA in increasing [3H]flunitrazepam binding (Panel B). 
Ammonium tartrate (500 J,lM, .... , Ee50 = 420 nM) increased the potency of GAB A-enhanced ['H]flunitrazepam 
binding (0, Ee50 = 1.6 flM), without altering the Em"", (60% and 62%, control Vs. ammonium tartrate, 
respectively). Raising the ammonium tartrate concentration to 2.5 mM (_), returned the Ee50 for GABA
enhanced [3H]flunitrazepam binding to controllevels (1.6 flM), and significantly decreased the Em"" (37%). 
From reference 10, with permission. 

tartrate was manifested as an increase in the affinity of eH]flunitrazepam for the 
benzodiazepine receptor (Figure 3). The Ku of [3H]flunitrazepam for the benzodiazepine 
receptor was reduced by approximately 60% in the presence of 500 )lM ammonium tartrate, 
without any significant change in the density (Bmax) of [3H]flunitrazepam binding sites. Both 
NH4 + and GABA interacted with the benzodiazepine receptor to increase eH]flunitrazepam 
binding. The potency of ammonium salts in enhancing CH]flunitrazepam binding to the 
cortex could be further increased 2.5-3.5 fold in the presence of20 )lM GABA (Figure 4A), 
without altering the Emax' Conversely, discrete concentrations of NH/ increased the potency 
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Figure 5. Enhancement of [3H]muscimol binding to the GABAA receptor by ammonium tartrate (Panel A). 
Ammonium tartrate significantly increased the Emax of 500 nM [3H]muscimol (0) binding above control levels 
(33%), with an ECso = 40 JlM. Increasing the ammonium tartrate concentration (500 JlM to 2.5 mM) lowered 
the binding of 500 nM eH]muscimol to controlleveIs (ICso = 725 JlM). In contrast, ammonium tartrate did not 
significantly modulate the binding of [3H]SR 95-531 (_, Emax < 10%). Representative Scatchard-Rosenthal plots 
of the changes in [3H]muscimol binding in the presence of 0 (e) and 500 JlM (_) ammonium tartrate (Panel 
B). In the absence of ammonium tartrate, [3H]muscimol bound to sites with high (Kd = 12 nM, Bmax = 880 
finol/mg protein) and low affinities (Kd = 180 nM, Bmax = 3400 finol/mg protein). In the presence of 500 JlM 
ammonium tartrate, the high affinity eH]muscimol binding site disappeared, with the remaining eH]muscimol 
binding displaying a Kd= 180 nM. The density of eH]muscimol binding to the remaining low affinity site was 
significantly increased by 47%, with the Bmax = 5000 finol/mg protein. From reference 10, with permission. 

of GAB A-enhanced [3H]tlunitrazepam binding to a maximum of5-fold (500 ~ ammonium 
tartrate, Figure 4B). Finally, there was a regional difference in the maximal efficacy of 
ammonium tartrate in enhancing [3H]tlunitrazepam binding to benzodiazepine receptors. The 
Emax for ammonium tartrate-induced enhancement of CH]tlunitrazepam binding 10 
benzodiazepine receptors in the cerebellum was 46% lower than that for the binding to the 
cortex or hippocampus. 

Ammonium tartrate also increased the Emax of agonist ligand binding to the GABAA 

receptor (Figure 5A). Ammonium tartrate increased the binding Emax of the agonist 
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Figure 6. The effect of pentobarbital on rH]GABA (25 nM) binding to whole rat brain synaptosomes. From 
reference 16, with permission. 

eH]muscimol (500 nM), but had no significant effect on the binding of the GABAA receptor 
antagonist [3H]SR 95531 (Figure 5A). Saturation analysis of eH]muscimol binding in the 
presence of discrete concentrations of ammonium tartrate indicated that the high affinity 
component of CH]muscimol binding was lost, while the Bmax for the low affinity 
[3H]muscimol binding site increased 27% {Figure 5B). Further increasing the ammonium 
tartrate concentration to 2.5 mM not only resulted in the loss of the high affinity binding site, 
but also decreased the Bmax for the low affinity binding site by 20%. 

The ability of ammonium salts and benzodiazepine receptor ligands in combination to 
modulate [3H]muscimol binding was also investigated. Ammonium tartrate further increased 
ability of both flunitrazepam to enhance (Emax = 90%), and DMCM (a p-carboline inverse 
agonist) to inhibit (lmax = 37%) [3H]muscimol binding. Reciprocally, flunitrazepam (10 !LM) 
increased the maximal enhancement of 500 nM [3H]muscimol binding by ammonium tartrate 
by 97%. In contrast, DMCM reduced the ECso for ammonium tartrate enhancement of 
[3H]muscimol binding by 57%. Ro 15-1788 had no significant effect on ammonium tartrate's 
enhancement of [3H]muscimol binding. Finally, ammonium tartrate was significantly more 
potent (189%) in enhancing eH]muscimol binding to GABAA receptors in the cerebellum 
than in the cortex or hippocampus. 

IS NH/ AN ENDOGENOUS BARBITURATE? 

Many of the effects ofNH/ on radioligand binding to the GABAA receptor and GABA
gated cr currents resemble those induced by barbiturates. Barbiturates increase 
benzodiazepine binding to its receptor by enhancing its affinity 2.6 fold11 •12• Moreover, 
barbiturates increase the Bmax of [3H]muscimol binding 58%13, and cause the loss of high 
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Figure 7. Ammonium tartrate modulation of [3H]flunitrazepam binding to two constructs of the GABAA 

receptor. HEK-293 cells were transiently transfected by calcium phosphate precipitation with cDNAs encoding 
ai' ~2 and/or y, subunits of the rat GABAA receptor. These cells were prepared for binding assays within 48 
hrs after transfection by scraping from culture plates, homogenizing then washing 5 times. Ammonium tartrate 
enhanced [3H]flunitrazepam binding to the al~2Y2 construct approximately 155% (.). This enhancment of 
eH]flunitrazepam binding by NH/ is lost in cells expressing the a l Y 2 construct (D). 

afftnity binding sites I4,15. Interestingly, pentobarbital has been reported to have a biphasic 
action on the binding of CH]GABA to the GABAA receptor, initially enhancing ligand 
binding by about 30%, then reducing ligand binding to control levels (Figure 6)16. In 
addition, there are significant regional differences in NH4 + modulation of ligand binding to 
the GABAA receptor (which is composed of a, ~, and Y subunits) 17. Heterogeneity in the 
subunit configuration of the GABAA receptor may account for these differences. Studies of 
recombinant GABAA receptors indicate that barbiturates require the ~ subunit to positively 
modulate ligand binding to GABAA receptors I 8. Using human embryonic kidney (HEK) cells 
transiently transfected with al~2Y2 or alY2 constructs of the GABAA receptor, we found that 
NH/ modulation ofligand binding to the benzodiazepine receptor also requires the presence 
of the ~ subunit (Figure 7). The maximal enhancement of [3H]flunitrazepam binding by 
NH/ observed in cells expressing al~2Y2 constructs (whose pharmacology and relative 
abundance most resembles that of the native GABAA receptor)19 is approximately 2.5-fold 
greater than that observed in homogenates of cerebral cortex (Figure 7). In contrast, NH4 + 

had no effect on CH]flunitrazepam binding to HEK cells expressing a l Y2 subunits. This 
suggests that both NH/ and barbiturate-induced modulation ofGABAA receptor function is 
dependent on the presence of a ~ subunit. 

These data indicate several similarities between the effects of barbiturates and NH4 + on 
ligand binding to the GABAA receptor complex, there are nonetheless some important 
differences. Barbiturates enhance GABA-gated cr currents 7-10 fold20 , while NH/ 
enhances these currents by 120%9. Unlike barbiturates, NH4 + cannot directly induce CI 
currents, but modestly increases the amplitude of pentobarbital-induced currents (112.5%t 
Finally, while NH4 + is less potent in enhancing agonist binding to benzodiazepine receptors 
in the cerebellum, barbiturates are less efftcacious in increasing [3H]diazepam binding to 
cerebellar benzodiazepine receptors21. Thus, it is still not clear whether NH4 + has a unique 
binding site on the GABAA receptor complex, or if it shares a site with barbiturates. 
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CONCLUSIONS 

The data presented from both electrophysiological and neurochemical studies clearly 
indicate that pathophysiologically relevant concentrations ofNH/ (100 /lM-1 mM) directly 
enhance GABA-ergic neurotransmission. The magnitude of the enhancement ofGABAergic 
neurotransmission by NH/ is not of the same magnitude as that induced by barbiturates or 
neurosteroids, but is very similar to that induced by benzodiazepine receptor agonists. The 
relatively limited magnitude of GABAergic enhancement by NH4 + may account for many of 
the neurological manifestations of early stages of hepatic encephalopathy, including 
confusion, depression, incoordination, analytical slowing, drowsiness, lethargy, and ataxia, 
but alone may be insufficient to cause coma. Instead, the direct actions ofNH4 + on the GABA 
receptor may act synergistically with the other mechanisms by which GABAergic 
neurotransmission is increased in hepatic failure21 to contribute to the development of coma. 
While the data clearly indicate that benzodiazepine receptor antagonists would be ineffective 
in ameliorating a purely hyperammonemic encephalopath!'IO, it may be possible that other 
agents, such as the excitatory barbiturates (+)-MPPB or CHEB 12, or the neurosteroid 
antagonist pregnenolone sulfate23, may be highly effective in selectively reversing the increase 
in GABAergic neurotransmission that accompanies hyperammonemic states. Studies of the 
effects of such agents on the manifestations of hepatic encephalopathy in animal models may 
pave the way for the development of new therapeutic modalities for the treatment of hepatic 
encephalopathy in man. 
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INTRODUCTION 

Hepatic encephalopathy (HE) represents one of the most common events in terminal liver 
failure. Acute HE (fulminant hepatic failure, FHF) presents with the abrupt onset of delirium, 
seizures, and coma, and has a mortality rate of about 90%. The principal cause of death in 
FHF is brain edema associated with increased intracranial pressure. Chronic HE, sometimes 
referred to as portal-systemic encephalopathy, most often occurs in the setting of cirrhosis and 
is characterized by change in personality, altered mood and behavior, diminished intellectual 
capacity, abnormal muscle tone and tremor (asterixis), stupor and coma. For reviews, see 
(Rothstein and Herlong, 1989; Lockwood. 1992 ). 

While the mechanism responsible for HE remains controversial (see below), numerous 
studies have clearly shown that astrocytes and anlillonia are critically involved. It is the intent 
of this article to briefly review the role of astrocytes, with particular emphasis on new data 
implicating the peripheral benzodiazepine receptor and associated neurosteroids in the 
pathogenesis of this disorder. 

ASTROCYTES IN HE 

Astrocytes are the most numerous cells in the central nervous system (CNS). Their 
cytoplasmic processes fill mUCh of the interstices of the CNS and are intimately positioned at 
such critical sites such as around the synaptic complex and at the node of Ranvier. These 
dynamic cells have critical metabolic supportive functions involved in the maintenance and 
regulation ofthe extracellular microenvironment. They are involved in K+ buffering and in the 
homeostasis of other ions including H+ and Ca2+ (Walz, 1989; Ransom and Sontheinler, 1992; 
Kimelberg, et aI., 1993), osmoregulation (Walz, 1989), development and regulation of the 
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blood-brain barrier (Janzer and Raff, 1987; Risau and Wolburg, 1990), provision of nutrients 
and neurotransmitter precursors to neurons (Westergaard, et aI., 1995), detoxification of 
ammonia, drugs and hormones (Norenberg, 1983; Abramovitz, et aI., 1988), metabolism of 
CO2 (Anderson, et al., 1984), free radical scavenging (Makar, et al., 1994), metal s~questration 
(Sawada, et al., 1994), uptake and release of neurotransmitters and neuromodulators 
(Schousboe, 1981), inflammatory/immune responses (Hertz, et al., 1990), and neurotrophism 
(Rudge, 1993; Rutishauser, 1993). Increasing evidence strongly indicates that astrocytes 
significantly influence neuronal excitability and neurotransmission (Nedergaard, 1994; 
Parpura, et al., 1994; Keyser and Pellmar, 1994; Mennerick and Zorumski, 1994). In view of 
these critical CNS functions, it is reasonable to assume that dysfimction of these cells would 
result in major neurological deficits. 

The notion that astrocytes are critically involved in the pathogenesis of HE derives largely 
from pathological findings. The studies of Adams and Foley (1953), Norenberg (1981) and 
Martin et ai. (1987) clearly show the consistent presence of abnormal astrocytes (Alzheimer 
type II change) in chronic HE. Moreover, there is a positive correlation between the severity 
of HE and the degree of Alzheimer type II astrocytosis. Almost all animal models of HE show 
the same astroglial change (Norenberg, 1981). In fulminant hepatic failure, astroglial swelling 
dominates the microscopic picture in human disease (Kato, et aI., 1992) as well as in the 
majority of experimental animal studies (Norenberg, 1977; Voorhies, et aI., 1983; Traber, et 
aI., 1987; Swain, et aI., 1991). Considering the important role for ammonia in HE, it should 
be noted that glutamine synthetase, the principal enzyme involved in ammonia metabolism is 
principally located in astrocytes (Norenberg, 1979), and that humans and animals with 
hyperamrnonemia, as well as ammonia-treated cultured astrocytes show Alzheimer type II 
changes. Furthermore, there is growing evidence of abnonnalities in glutamatergic neuro
transmission in HE (Rao, et aI., 1992; Szerb and Butterworth, 1992) where astrocytes are 
likely playa key role (Bender and Norenberg, 1996; Norenberg. 1996). Lastly, astrocytes 
may also be involved in the benzodiazepine/GABA hypothesis via the peripheral benzo
diazepine receptor, a concept that will be developed in this article. 

While the significance of the astrocyte response in HE is still not clear, we have strongly 
advocated the view that HE represents a primary "gliopathy" in which a disturbance in critical 
astrocytic functions (such as neurotransmitter uptake and ion homeostasis) can result in 
neuronal dysfunction that lead to CNS derangements (Norenberg, et aI., 1992). 

MECHANISTIC CONSIDERATIONS 

The pathogenetic mechanisms involved in HE are still unknown. Two views currently 
dominate: 1) the toxin/ammonia hypothesis, and 2) abnormal GABAergic neurotransmission 
related to the presence of endogenous benzodiazepines (BZDs). 

To date, ammonia is the cmldidate that can best explain the clinical, pathological and 
neurochemical features of HE (Norenberg, 1981; Cooper and Plum, 1987; Record, 1991; 
Butterworth, 1991). Anlmonia has many effects on the CNS (Cooper and Plum, 1987; Raabe, 
1989; Szerb and Butterworth, 1992). The mechanisms of ammonia toxicity, however, are 
poorly understood. Views have ranged from altered bioenergetics, neuronal electro
physiological effects, changes in intracellular pH, and inhibition of various enzymes 
(Norenberg, 1981; Cooper and Plum, 1987). Anlmonia also exerts many effects on astrocytes 
including decreases in glial fibrillary acidic protein (GFAP) and GFAP mRNA, which are 
consistent with the loss of GF AP observed in humans with HE (Sobel, et aI., 1981). It 
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decreases the cAMP response to ~-adrenergic agonists, Ca2+ influx, protein phosphorylation, 
glycogen levels, and GABA uptake. It also causes cell swelling and alterations in energy and 
amino acid metabolism (Murthy and Hertz, 1987; Hertz, et al., 1987; Fitzpatrick, et al., 1988) 
(for review, see Norenberg, 1995). 

The second major pathogenetic view deals with the role of heightened GABAergic 
neurotransmission in HE (Jones and Schafer, 1986; Basile, et al" 1991). Proponents of this 
view suggest that elevated GABA levels, hypersensitivity of the GABAA receptor, or excessive 
allosteric modulators of the GABAA receptor (e.g., benzodiazepines, BZDs) are significant 
factors in HE. Since GABA is the major inhibitory neurotransmitter in brain (Macdonald and 
Olsen, 1994), this seems like a plausible point of view. The GABAA receptor contains a 
modulatory binding site for BZDs ("central" BZD receptors) which exert their anxiolyticl 
sedative effects by increasing GABAA receptor-mediated chloride currents (Olsen and Tobin, 
1990). The rank order potency of BZDs for this binding site is clonazepam> diazepam> R05-
4864. While the GABAlBZD hypothesis is controversial (Butterworth, 1992), it nonetheless 
has substantial support and represents a major point of interest among investigators at the 
present time. 

PERIPHERAL BENZODIAZEPI,NE RECEPTORS 

One aspect of the GABAlBZD hypothesis that has so far been little explored is the 
potential involvement of the "peripheral-type" benzodiazepine receptor (PBR), so named 
because it is found in many peripheral tissues. PBRs are found in especially high levels in 
steroidogenic organs such as adrenal cortex, testes, and ovary. In the CNS they are chiefly 
confined to glial cells (McCarthy and Harden, 1981; Schoemaker, et al., 1982; Bender and 
Hertz, 1985; Itzhak, et al., 1993) and have been found in high concentration in the choroid 
plexus, pineal, and ependymal cells (Benavides, et al., 1983; Schoemaker, et aI., 1983; 
Moynagh, et al., 1991). While astrocytes clearly have PBRs, microglia appear to possess these 
receptors as well (Myers, et al., 1991; Stephenson, et aI., 1995; Park, et al., 1996). 

In contrast to the central BZD receptor that is present on the plasma membrane as part of 
the neuronal GABAA receptor complex, the PBR is primarily located on the outer 
mitochondrial membrane (Anholt, et aI., 1986), although it has also been found in other 
subcellular components (O'Beime, et al., 1990). The PBR has a different rank order of binding 
affinities from the central BZD receptor: PK 11195 (not a BZD but an isoquinoline 
carboximide) > R05-4864 > diazepam» clonazepam (Parola, et al., 1993). Diazepam binding 
inhibitor (DBI) binds eqmilly to both the central and peripheral receptors (Guidotti, et al., 
1983). The PBR has distinct binding domains. Using the photoaffinity ligand PK 14105, the 
"PK" binding site has been identified as an 18 kDa protein (Garnier, et al., 1994; Antkiewicz 
Michaluk, et al., 1988). This site appears to be associated with two other proteins of32 and 
30 kDa size which have been identified as the voltage-dependent anion channel (VDAC; 
mitochondrial porin) and the adenine nucleotide carrier, respectively (McEnery, et al., 1992). 
It is unclear if BZDs bind to~the same protein as PK 11195 or to other related proteins 
(Sprengel, et al., 1989; Garnier, et al., 1994). The isoquinolinelPK binding site gene has been 
cloned (Sprengel, et al., 1989). 

The PBR has been implicated in cellular proliferation, inhibition of neurite outgrowth, 
inhibition of mitochondrial respiratory control, monocyte chemotaxis, immune function, 
enhancement of protooncogene expression, lipid metabolism, calcium homeostasis, and 
intermediate metabolism (Verma and Snyder, 1989; Parola, et aI., 1993). However, the best 
studied function of the PBR is the regulation of steroid biosynthesis (Krueger and 
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Papadopoulos, 1992; Papadopoulos and Brown, 1995). The PBR serves as the rate limiting 
step in steroid synthesis since it is required for the transfer of cholesterol from the outer to the 
inner mitochondrial membrane (Krueger and Papadopoulos, 1990). Cholesterol is subsequently 
converted to pregnenolone, the parent compound for all neurosteroids, by the action of 
cytochrome P450scc (Mukhin, et aI., 1989). 

NEUROSTEROIDS 

The capability of brain for de novo synthesis of steroids was described in the pioneering 
studies of Baulieu (1991) who showed that dehydroepiandrosterone (DHEA) and pregneno
lone, as well as their sulfate and fatty acid esters, occurred in brain at levels that were 
independent of peripheral (i.e., adrenal or gonadal) sources. Such brain-derived steroids are 
referred to as neurosteroids. The brain can further oxidize pregnenolone to progesterone. The 
subsequent reduction of progesterone to tetrahydroprogesterone (THP; allopregnanolone; 3a
OH-5a-pregnan-20-one) via 5a-reductase and 3a-hydroxysteroid oxidoreductase has been 
shown in brain, brain slices and retina, as well as in mixed cultures of neurons and glia (Purdy, 
et aI., 1991; Mellon and Deschepper, 1993; Korneyev, et aI., 1993; Guarneri, et aI., 1994) (Fig. 
1). Tetrahydrodeoxycorticosterone (THDOC; 5a-pregnan-3a-21-diol-20-one) has not yet been 
definitively shown to be synthesized in brain. However, a recent report documents its 
synthesis in retina (Guarneri, et aI., 1994). CNS contains significant amounts of steroid 
precursors such as cholesterol and its sulfate, and it clearly has the enzymatic machinery 
similar to steroidogenic tissues required for the synthesis of most neuroactive steroids. For 
reviews see (Baulieu, 1991; Lambert, et aI., 1995). 

Neurosteroids, particularly THP, alter neuronal excitability and have potent CNS 
depressant effects. Intravenous administration of THP produces anesthetic effects in mice 
(Mok, et aI., 1991); intraventricular and intraperitoneal administration produces anxiolytic 
effects in rats (Bitran, et aI., 1991) and mice (Wieland, et aI., 1991); while intraperitoneal 
administration to mice has potent anticonvulsant activity (Belelli, et aI., 1989). In contrast to 
the well known genomic effects of 
steroids, neurosteroid effects are 
mediated through direct actions on 
membrane receptors and channels. 
The 3 a-reduced neurosteroids, THP 
and THDOC, are the most potent 
positive modulators of GABAA 

receptor known (Majewska, et aI., 
1986; Harrison, et aI., 1987; 
Lambert, et aI., 1987), resulting in 
enhanced GAB A-mediated chloride 
currents. 

Specific steroid binding sites 
have been identified on the GABAA 

receptor which appear to be distinct 
from the BZD and barbiturate 
binding sites (Turner, et aI., 1989). 
While pregnenolone, the parent 
molecule for neurosteroids IS 
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thought to be inactive at the GABAA receptor (Gee, 1988), its sulfated derivative, 
pregnenolone sulfate (PS), has potent effects on the GABAA receptor (Majewska, 1992). The 
binding of PS to brain membrane preparations indicates the existence of 3 binding sites 
associated with GABAA receptor: high affInity (5-500 nM); moderate affInity (20 IlM); and 
low affinity (200-300 IlM) (Majewska, et al., 1990). The high affinity binding sites (nM) 
correspond to sites that positively modulate the GABAA receptor, whereas the lower affinity 
sites (1lM) mediate the negative modulatory effect of PS (Gee, 1988; Paul and Purdy, 1992). 
Indeed, several studies have demonstrated that nanomolar concentrations (levels ofTHP found 
in brain), are suffIcient to activate the GABAA receptor (Gee, 1988). Certain neurosteroids, 
such as DHEA and its sulfated analogue DHEAS, have negative modulatory effects, but only 
at micromolar concentrations (Gee, 1988; Paul and Purdy, 1992). The physiological relevance 
of the antagonistic action of DHEA, DHEAS and PS on the GABAA receptor is unclear as 
relatively high concentrations are required for this effect. 

While the focus of neurosteroid action has been on the neuronal GABAA receptor, there 
are data suggesting that neurosteroids may act directly on glia as well. DHEA and DHEAS 
increase astrocyte differentiation and decrease astrocyte proliferation in culture (Bologa, et al., 
1987) and inhibit gliosis in vivo (Garcia-Estrada, et al., 1993). Gonadal hormones have potent 
effects on astrocytes by influencing their shape, intermediate filament content and distribution 
(see Garcia-Segura, et al., 1994; J\lllg-Testas, et aI., 1992; Garcia-Estrada, et aI., 1993, and 
references therein). 

Most of the neurosteroids appear to be synthesized in glial cells following stimulation by 
DBI or other agonists of the PBR. It should be emphasized that DBI is an agonist of the PBR, 
in contrast to its action at the central BZD receptor where it appears to act as an inverse 
agonist. While it was originally believed that oligodendrocytes were the principal source of 
neurosteroids (Hu, et al., 1987; Jung-Testas, et aI., 1989), there has been increasing evidence 
that astrocytes are also involved in their synthesis. Neurosteroid synthesis has been described 
in cultured astrocytes (Romeo, et al., 1992), and in C6 glia after treatment with DBI (Robel, 
et aI., 1991; Papadopoulos, et al., 1992; Guarneri, et aI., 1992; Komeyev, et aI., 1993). In 
astrocyte cultures, Mellon and Descheppers (Mellon and Deschepper, 1993) definitively 
showed cytochrome P450scc and P450scc mRNA, which are required for the conversion of 
cholesterol to pregnenolone. Astrocytes also possess 5a-reductase most of the 3a-hydroxy
steroid dehydrogenase (Krieger and Scott, 1989; Melcangi, et al., 1994), and have been shown 
to make abundant quantities ofTHP (Krieger and Scott, 1989; Kabbadj, et al., 1993). Figure 
2 depicts glial-neuronal interactions mediated by neurosteroids that are generated by the action 
ofBZDs on the PBR. 

THE PBR IN HEIHYPERAMMONEMIA 

Since prior studies had focused on the characterization of PBRs in whole membrane 
preparations and peripheral organs, we then focused our studies on characteristics ofPBRs in 
cultured astrocytes. Saturation and competition binding experiments were performed in 
homogenate preparations of cultured astrocytes using tritium-labeled R05-4864 and PK 11195 
(Itzhak, et al., 1993). Results indicated that R05-4864 and PK 11195 labeled one common 
binding site, while PK 11195 labeled an additional site that was less susceptible to binding by 
R05-4864. Subcellular fractionation studies indicated, however, that the binding of both PK 
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Figure 2. Glial-neuronal interactions mediated by neurosteroids that are synthesized in astrocytes by the action 
of BZDs on the PBR. Activation of the glial PBR may thus lead to increased GABAAergic activity. CBR, 
central benzodiazepine receptor; GABA-R. GABA receptor; NSB, neurosteroid binding site. 

11195 and R05-4864 was associated primarily with the mitochondrial fraction of astrocytes. 
This study indicated the existence of non-overlapping PBR binding sites in astrocytes and thus 
suggests the existence of PBR receptor subtypes. 

We had previously observed that ammonia (2-5 mM) caused an increase in the affinity of 
R05-4864 (Ducis, et aI., 1988; Ducis, et aI., 1989). Since R05-4864 and PK 11195 labeled 
non-overlapping binding sites (Itzhak, et aI., 1993), we therefore examined the effect of 
ammonia on the binding parameters of FH]PK 11195 (Itzhak and Norenberg, 1994b). Cells 
treated with 2, 5 and 10 mM ammonium chloride for 24 h ammonia showed a 25,48 and 44% 
increase in the Bmax of FH]PK 11195, respectively. These results demonstrate that ammonia 
causes upregulation ofPK 11195 binding sites, while the same treatment causes primarily an 
increase in the affinity ofR05-4864 to the PBR receptors. Using a cDNA probe of the PBR 
based on the sequence of Sprengel et al. (1989), Northern blot analysis showed that ammonia 
(5 mM) resulted in a 40% increase in PBR mRNA in cultured astrocytes, which is in good 
agreement with our binding data (unpublished observations). 

Increased numbers of PBR receptors have been found in human postmortem tissue from 
encephalopathic patients (Lavoie, et aI., 1990), and in portacaval-shunted rats (Giguere, et aI. , 
1992). We have investigated whether the administration of ammonium acetate or the 
hepatotoxin, thioacetarnide (T AA), to mice could also modulate PBRs in brain (Itzhak, et aI., 
1995). Treatment for 3 days with ammonium acetate or TAA showed a 34-55% increase in 
both the affinity and number of FH]R05-4864 binding sites (Table 1). Similarly, an 85% 
increase in the affinity and 38-46% increase in the number of FH]PK 11195 binding sites were 
observed in the ammonia- and T AA-treated animals as compared to control. 

100 



Table 1. Effect oD-day treatment with thioacetamide (100 mg/kg) and ammonium acetate 
(5 mmollkg) on PBRs in mouse brain 

[JHJRo5-4864 [JH]PK 11195 

Kd Bmax Kd Bmax 

Control 5.I±OA 241±19 2.5±O.2 435±38 
TAA 2A±O.2 (-53%)* 322±23 (+34%)* 1.4±O.I(-44%) * 602±72 (+38%)* 
NH4 acetate 2.3±0.3 (-55%)* 351±38 (+45%)* 1.5±O.I(-40%)* 638±55 (+46%)* 

Results represent the mean ± S.E.M of 3 experiments. Kd, dissociation constant in nM. Bmax, maximal 
number of binding sites in finol/mg protein. *p<O.02. (From Itzhak, et aI. , 1995, with pennission). 

PK 11195 is an antagonist of the PBR. We reasoned that if the PBR was upregulated in 
hyperammonemia, blockage of this receptor might exert a protective effect in hyper
arnmonemic states. We therefore examined the effect of PK 11195 in hyperammonemia 
(Itzhak and Norenberg, 1994a). Administration of ammonium acetate (8-15 mmoilkg, i.p.) to 
Swiss Webster mice resulted in a dose-dependent increase in mortality. Pretreatment with the 
"central" benzodiazepine receptor agonist clonazeparn, or the "central" antagonist Ro 15-1788 
(flumazenil) (7 mg/kg each, i.p.) had no 
significant effect on the lethal response to 10 
mmollkg ammonium acetate. However, pretreat
ment with the putative antagonist of the PBR, 
PK 11195 (10 mg/kg, i.p.), reduced animal 
mortality from 50% to 10% (see Fig. 3). 

We had speculated that the generation of 
positive modulators of the GABAA receptor 
derived from pregnenolone might have a causal 
role in HE, while negative modulators might be 
beneficial. To test this idea, we examined the 
effect of pregnenolone sulfate, an agent with 
negative modulatory effects on the GABAA 

receptor. Pregnenolone sulfate (PS; 20 mg/kg, 
i.p.) reduced animal mortality from 50 to 25% 
(Fig. 3). This dose of PS gives rise to approxi
mately 1 flM ofPS in brain, which is within the 
range required for the negative modulatory effect 
on the GABAA receptor. 
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Figure 3. Effect of benzodiazepine ligands and 
pregnenolone sulfate (PS) on ammonia-induced toxi
city. (Modified from Itzhak and Norenberg, 1994a, 
with permission). 

NEUROSTEROIDS IN HEIHYPERAMMONEMIA 

The above studies implicated the PBR in the pathogenesis of HE. Since the principal 
function of the PBR appears to be the generation of neurosteroids, we next investigated 
whether neurosteroids were also involved in HE (ltzhak, et aI., 1995). Pregnenolone (the parent 
compound ofneurosteroids) levels were determined in brain extracts from hyperammonemic 
mice, and mice treated with T AA by RIA. As shown in Fig. 4, brain pregnenolone levels 
from anunonia- and TAA-treated mice were elevated by 81 and 70%, respectively. The levels 
obtained in the membrane preparation, 50 pg/mg protein, correspond to ~15 nM. We also 
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determined the total concentration of 
pregnenolone in whole brain homogenates (i.e., 
without centrifugation) of control, TAA and 
ammonium acetate-treated mice. Under these 
conditions, a higher concentration (50-60 nM) of 
pregnenolone was detected. Blood levels of 
pregnenolone were not elevated. 

Since pregnenolone synthesis is dependent 
on the integrity of the PBR, we investigated the 
effect ofDBI, an endogenous ligand of the PBR, 
on the rate of pregnenolone synthesis in the P-2 
(mitochondrial) fraction obtained from hyper
ammonemic animals and animals treated with 
TAA (Itzhak, et aI., 1995). DBI (5-10 nM) 
caused a 45-50% increase in pregnenolone 
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Figure 4. Pregnenolone levels in brain of 
mice treated with ammonium acetate and in 
T AA -treated animals with liver failure. 

synthesis. These findings suggest that brain is the source of the elevated neurosteroids found 
in hyperammonemiaJHE. 

To extend these pregnenolon\! studies, we have recently measured THP, THDOC, and 
DHEA levels in brains ofT AA and ammonia-treated mice. Animals were treated as described 
above for the PBR studies and steroids were analyzed by HPLCIRIA. The results indicate that 
T AA treatment resulted in a marked (4- and 2-fold) increase in THDOC and THP, respectively 
(Table 2). Ammonia treatment caused a marked rise in THP but had only a minimal effect on 
THDOC level (Table 2). The concentration ofTHP detected in the brain ofTAA-treated mice, 
939 pg/mg protein, equals approximately 295 nM, a concentration which is known to produce 
maximal enhancement of GABAA receptor function (Lambert, et aI., 1995). By contrast, 
DHEA level remained relatively unchanged following treatment with either T AA br ammonia. 
The concentrations ofDHEA detected (117-125 pglmg protein) equal approximately 35-38 nM 
which are insufficient to exert a negative modulatory effect on the GABAA receptor. These 
preliminary findings support our hypothesis that HE is associated primarily with an increase 
in brain levels of neurosteroids that positively modulate the GABAA receptor. Zaman (1990) 
and Costa and Guidotti (1991) have also suggested the possibility that neurosteroids may be 
involved in HE. Coupled with the upregulation of PBRs observed in the same animals, our 
[mdings strongly suggest that neurosteroid elevation is caused by an upregulation of the PBR. 

Table 2. Neurosteroids in brain extracts of control, thioacetamide and 
ammonium acetate treated mice (pg/mg protein) 

Control 
TAA 
NH4Ac 

THDOC 

50 
217 (434%) 
58 (116%) 

THP 

451 
939 (208%) 
636 (141%) 

DHEA 

117 
125 (107%) 
121 (103%) 

Since cultured astrocytes exposed to ammonia results in an increase in PBR binding sites 
(Itzhak and Norenberg, 1994b) (see above), we examined whether this receptor upregulation 
was associated with an increase in the production of pregnenolone (Norenberg, et aI., 1995). 
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We determined the basal and DBI-stimulated levels of pregnenolone in control and ammonia
treated cultured astrocytes. Following 24 h exposure to 5 mM ammonium chloride, cell 
membranes were incubated with mevalonolactone (10 mM) and DBI (10 flM) for 15 min at 
37°C, steroids subsequently extracted with n-hexane, and pregnenolone levels were determined 
by RIA. Results presented in Fig. 5 indicate that DB! alone resulted in an 86% increase in 
pregnenolone synthesis; however, when added to ammonia-treated cells, DBI caused a 193% 
increase in pregnenolone synthesis. These findings, coupled with the ammonia-induced PBR 
upregulation, further supports a correlation between the elevated production of pregnenolone 
and the increase in PBR binding sites. 

If neurosteroids are indeed involved in HE, we 
investigated whether the administration of THP and 
THDOC to mice can produce HE-like symptoms and 
histopathology. THP and THDOC solutions (20 
mg/kg, each) were prepared in DMSO: ~-cylodextrin 
(45%): water (1:2:1) (vehicle). The dose of THP 
used was calculated to achieve a brain level 
approximating that observed in animal models of HE 
(200-300 nM, based on results presented in Table 2) 
that is within the pathophysiol0gical relevant 
concentrations known to have a maximal effect on 
the GABAA receptor (Lambert, et aI., 1995). For 
comparison, we also examined the effect of T AA 
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(100 mg/kg) which was prepared in the same Figure 5. Pregnenolone levels in cultured 
vehicle. Control animals received vehicle only (0.1 astrocytes treated with ammonia and DB!.. 

mll10 g). All drug solutions were administered for 
3 consecutive days. Stage of encephalopathy was graded by the criteria of Gammal et aI. 
(1990) and the results are summarized in Table 3. Our findings demonstrate that THP produces 
potent sedative effects in mice, and following the third injection, 2 out of 4 animals were in 
coma that lasted 2-3 h. The sedative effects of THP are long lasting since 24 h after the 
administration of the third injection animals remained in stage 3 encephalopathy. THDOC 
was found to be less potent, and the maximal stage observed was 3 in 2 out of the 4 animals 
tested. The most pronounced effects produced by T AA were observed 24 h after the adminis
tration of the third TAA injection. The maximal stage recorded was 3. The delayed response 
to T AA, as opposed to THP, is due to the fact that TAA first has to produce liver toxicity, 
which then leads to HE. THP, however, has immediate direct effects on GABAA receptor. 

Table 3. Effect ofTHP, THDOC and TAA on animal behavior 

Day I Day 2 Day 3 

15 min 24h 15 min 24h 15 min 24h 

Control 0 0 0 0 0 0 
THP 2-3 I 4 1 4-5 3 
THDOC I 0 2 0 2-3 I 
TAA 0 I 3 3 3 

Behavior was scored on a 5-stage scale, 15 min and 24 h after daily drug administration: 0 = normal behavior 
(moving about the cage, sniffing and rearing); I = lethargy; 2 = mild ataxia; 3 = lack of spontaneous activity, 
but normal righting reflex; 4 = loss of righting reflex; 5 = coma. N=4 for each condition. 
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In addition to animal behavior, motor coordination was also examined by measuring the 
time that animals stayed on a metal bar (50 cm long x 0.9 cm diameter) without falling (normal 
mice were able to maintain balance for more than 10 sec). Results presented in Table 4 show 
once again that THP is a much more potent CNS depressant than THDOC. The highest 
impairment of motor coordination produced by T AA was evident 24 h after the third injection 
of T AA. Taken together, the results observed suggest that THP produces CNS depressant 
effects similar to the outcome of exposure to the hepatotoxin, T AA. In a previous study 
(ltzhak and Norenberg, 1994a), we injected pregnenolone sulfate (20 mglkg), a negative 
modulator of the GABAA receptor, and no behavioral changes were observed. 

Table 4. Effect ofTHP, THDOC and TAA on motor coordination 

Day 1 Day 2 Day 3 

15 min 24h 15 min 24h 15 min 24h 

Control >10 >10 >10 >10 >10 >10 
THP 1.5±0.5* 4.5±0.5* 0* 3.2±0.3* 0* 1.5±0.5* 
THDOC 5.5±0.5* 8.0±2 4.5±1 * 6.5±1 3.5±0.5 5.5±0.5* 
TAA 8.0±2 5.0±1* 4.5±0.5* 2.5±0.5* 3.0±1 * 1.5±0.5* 

Results are presented as the mean ±SEM time (seconds) spent on a bar, 15 min and 24 h after daily drug 
administration. *P<0.05. 

Morphological studies 

Brains of mice treated with neurosteroids were fixed by immersion in 10% formaldehyde 
and processed routinely for hematoxylin and eosin staining. As shown in Fig. 6, 3-day 
treatment with THP resulted in Alzheimer type II-like changes in astrocytes, characterized by 
enlarged pale nuclei, and chromatin margination. Increased numbers of astrocytes were 
apparent as evidenced by the frequency of paired and triplet nuclei. The changes were seen 
throughout the CNS including cerebral cortex, basal ganglia, thalamus, brainstem and 
cerebellum (Bergmann glia). They were particularly striking in the basal forebrain, and 
striatum and less evident in the white matter. No changes were observed in neurons or other 
cellular elements. These histological findings, which constitute the classic changes observed 
in human and experimental HE, correlated with the level of encephalopathy (Tables 3 and 4). 
TIIDOC showed similar changes but were of lesser magnitude than THP. These results show 
that neurosteroids are capable of inducing alterations in brain that correspond with changes 
described in patients with HE. 

BZDs AND ASTROCYTE SWELLING 

Astrocyte swelling is the dominant morphologic change in acute HE. The importance of 
astrocyte swelling lies in its mass effect resulting in increased intracranial pressure and in a 
reduction in cerebral blood flow by compression of the cerebral microvasculature. Another 
important effect of swelling is its impact on glial function. 

The factors responsible for glial swelling are poorly understood. Swelling correlates well 
with levels of ammonia (Swain, et al., 1992; Ganz, et al., 1989), and cell culture studies have 
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Figure 6. A. Normal striatum with inconspicuous astrocytes (arrows). B Striatum from mice treated with 
THP showing numerous Alzheimer type II-like astrocytes (arrows), characterized by enlarged pale nuclei 
and marginated chromatin. (H and E, x300). 

shown that 3-day treatment with ammonia results in glial swelling (Norenberg, et ai., 1991). 
More recently, we have found that co-treatment of cells with ammonia and glutamate caused 
a rise in cell volume as early as one hour (unpublished observations). The mechanism for 
ammonia-induced glial swelling is not known, although recent studies have suggested that the 
generation of glutamine during the ammonia detoxification process may generate excessive 
intracellular osmoles leading to the influx of water and cell swelling (Takahashi, et ai., 1991). 

We have investigated the possibility that BZDs and neurosteroids may also be involved in 
influencing glial cell volume (Norenberg and Bender, 1994). Our studies indicated that the 
PBR agonist R05-4864 (10 f.lM) 
enhanced the ammonia-induced swell
ing in cultured astrocytes by 20%, while 
the PBR antagonist PK 11195 (10 f.lM) 
attenuated such swelling by 23% (Fig. 
7). These findings suggest that BZDs 
exacerbate ammonia-induced astroglial 
swelling which may contribute to the 
morbidity of acute HE. 

We have also examined the effects 
of various neurosteroids on cell volume 
and on ammonia-induced , astrocyte 
swelling. Three day treatment with 
neurosteroids at 1-10 f.lM slightly 
increased cell swelling. However, 
ammonia-induced swelling was poten
tiated by 60% (Fig. 8). 
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Figure 7. Effect of PK 11195 (PK) and Ro5-4864 (Ro) on 
ammonia-induced astrocyte swelling. (Modified from 
Norenberg and Bender, 1994, with permission) . 
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SUMMARY 
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Figure 8. Effect of neurosteroids on astrocyte cell volume. 

Ammonia and astrocytes are inextricably involved in the mechanism of HE. We propose 
that ammonia, by upregulating the astrocytic peripheral benzodiazepine receptor, results in the 
production of neurosteroids that exert a positive modulatory effect on the GABAA receptor 
which contributes to the neuroinhibition and neurologic dysfunction associated with hepatic 
encephalopathy. In support for this hypothesis, we, and others, have shown: 1) that the PBR 
is upregulated in animal models of hyperammonemialHE as well as in ammonia-treated 
astrocyte cultures; 2) that PK 11195, a specific blocker of the PBR, ameliorates ammonia 
toxicity in vivo; 3) that the synthesis of pregnenolone, the parent compound for all 
neurosteroids, is increased in ammonia-treated astrocyte cultures and in in vivo models of HE; 
4) that levels of THP and THDOC, pregnenolone-derived neurosteroids with positive 
modulatory effects on the GABAA receptor, are elevated in animal models of HE; and 5) 
neurosteroids exert behavioral and neuropathologic changes similar to HE. This hypothesis 
integrates the two currently dominant pathogenetic views of HE, namely, ammonia 
neurotoxicity and excessive GABAergic tone. 

The PBRIneurosteroid hypothesis also incorporates the pathogenetic role of astrocytes, the 
cells in brain principally affected in HE. The presence of the PBR on astrocytes as well as the 
identification of astrocytes as major sources of neurosteroids serves again to highlight their 
critical role in the pathogenesis of HE, a disorder which we have viewed for some time as a 
primary gliopathy. 

The potential role oCPBR upregulation resulting in increased neurosteroid production 
offers the potential for exciting novel therapeutic approaches to HE through modulation of 
neurosteroid effects. 
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1. INTRODUCTION 

L-Omithine:2-oxoacid aminotransferase (OAT) is a mitochondrial matrix enzyme, 

present in most tissues (1). It catalyses the transfer of the terminal (B) amino group ofL-or

nithine (2,5-diamino-pentanoic acid) (Om) to 2-oxoglutarate, producing glutamic acid semi

aldehyde and glutamic acid (2). It has been suggested many years ago that OAT competes 

with L-ornithine carbamoyltransferase (OCT) for the intramitochondrially available Om, and 

thus decreases the rate of urea formation via the urea cycle (3). In favor of this suggestion 

are protective effects of large doses of Om and arginine (Arg) in acute ammonia intoxication 

(4,5). Administration of these amino acids is assumed to enhance mitochondrial Om concen

trations and thus increase due to the improved substrate availability the rate of both reacti

ons, citrullin (Cit) formation and transamination. Inhibition of OAT and the consequent in

crease of Om concentrations in liver appeared to be a potential alternative to the adminis

tration of Om . 

In 1988 the racemic mixture of 5-(fluoromethyl)ornithine (5FMOm; 5-fluoro-2.5-

diaminohexanoic acid) (Fig. 1), the first selective inactivator of OAT, was synthesized (6). 

It became possible to observe in vivo metabolic and physiologic consequences of the near

complete inactivation of OAT in the vertebrate organism. Transamination turned out to be 

the major catabolic pathway of Om in all tissues. In the absence of active OAT the mamma

lian organism appears unable to eliminate Om at a sufficient rate, and its massive accumulati

on in organs and tissues is observed (6,7). Since even long-term administration of5FMOm 

did not produce toxic effects (8) it seemed logical to ask whether acute or chronic inactivati

on of OAT would be of therapeutic use, in particular as a method to enhance the detoxifica-
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Fig. 1. Structural formulae of 5-(f1uoromethyl)oruitbine, ornithine and canaline. The asterisks indicate 
asymmetric centers. 

tion of excessive ammonia in diseases with elevated blood and tissue ammonia concentra

tions. 

In the present review ammonia (NH3) and ammonium (NH4 +), the protonated form 

ofNH3, is used synonymously, keeping in mind, however, that at (physiological) pH 7.4, 

1.7% of NH3 is in equilibrium with 98.3 % of its protonated form (9). 

2. BIOCHEMICAL ASPECTS OF ORNITHINE METABOLISM 

Om and the inhibitory neurotransmitter, 4-aminobutyric acid (GABA), have certain 

features in common: They are not incorporated into polypeptides and their major catabolic 

pathways are initiated by the transfer of the ffi-arnino groups to 2-oxoglutarate. These reac

tions are catalyzed by similar pyridoxal phosphate-dependent aminotransferases. Both amino 

acids are present in all tissues of the vertebrate organism, though at different concentrations: 

In accordance with its neurotransmitter function GABA is highest in brain (10), whereas the 

highest Om concentration is found in liver (8,11), in agreement with its role in urea forma

tion. Owing to its well established physiological function all aspects of GABA metabolism 

have been extensively studied (12), and several inhibitors of 4-arninobutyrate:2-oxogluta

rate aminotransferase (GABA-T) were synthesized. One of these became an antiepileptic 

drug (13). In contrast, Om was nearly entirely neglected during the last decades. Hence, dis

regarding its function as substrate of the urea cycle, our knowledge of physiological and 

pharmacological aspects of Om is incomplete. 

In liver Om is at the crossing of three major metabolic pathways (Fig. 2): 

(a) Catalyzed by OCT, Om reacts with carbamoyl phosphate to form Cit. The final 

product of the urea cyle, Arg, is hydrolyzed by arginase to form Om and urea. Cit formation 

occurs nearly exclusively in liver. In most other organs OCT activity is low or absent. How

ever, most tissues contain arginase. In muscle Om is mainly formed by transfer of the amidi

no group of arginine to glycine (11) (Fig. 2). 
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(b) Om is decarboxylated by ornithine decarboxylase (ODC) to form putrescine 

(1,4-butanediamine). This reaction is the initial, highly regulated step of polyamine forma

tion. The transformation of putrescine to spermidine, and the formation of spermine from 

spermidine is catalyzed by specmc synthases, and requires decarboxylated S-adenosyl-L

methionine as substrate. The latter is formed by decarboxylation of S-adenosyl-L-methio

nine. The enzyme that catalyzes this reaction (S-adenosyl-L-methionine decarboxylase), and 

ODC are inducible enzymes. In many instances they limitate the rate of polyamine formation 

(14,15). 

Arg 

~Cit 
2-0xoglularate 

Carbamoyl phosphate 
Glutamate 

t 

Spermine 

Glu 

! 
~~ 

GABA - - - ...... Homocarnosine 

2-0xoglutarale 

Glutamate 

Proline 

SSA .. SA 

Fig. 2. Major metabolic reactions of ornithine. 
Abbreviations: Enzymes: OAT ornithine: 2-oxoglutarate aminotransferase; OCT ornithine: carbamoyl
transferase; ODC ornithine decarboxylase; GAD glutamic acid decarboxylase; GABA-T 4-aminobutyric 
acid: 2-oxo-acid aminotransferase. Metabolites: Arg arginine; Cit citrulline; Gly glycine; Glu glutamic 
acid; GluSA glutamic acid semialdehyde; GABA 4-aminobutyric acid; dAdoMet decarboxylated S-adeno
sylmethionine 
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(c) The OAT-catalyzed reaction of Om with 2-oxoglutarate occurs in all tissues, 

predominantly in liver. Products of the reaction are glutamic acid and glutamic acid semial

dehyde. The latter is mainly transformed to glutamic acid, but it is also a precursor of proli

ne, which may be formed via ALpyrroline 5-carboxylic acid (11,16) (Fig. 2). 

From the organ distribution of the enzymes involved in Om metabolism it is evident 

that its role as precursor of putrescine is general, whereas its function within the urea cycle is 

nearly exclusive for liver. The relative rates of the three reactions of Om, decarboxylation, 

carbamoylation and transamination, change with physiologic and pathologic conditions. The 

activity ofliver OAT is affected by several factors among which hormones and diet are most 

important. An example of the pathologic modification of Om metabolism is the following: In 

malignant liver tumors, the activities of both OCT and OAT are reduced, whereas ODC acti

vity is enhanced (17). Increased activities of ODC and enhanced formation of putrescine 

are usually signalling the increase of proliferation rates of both normal cells, (e.g. during em

bryonal development and regenerative processes), and tumor cells (18). 

The analysis of the OAT gene suggests one expressed gene and several pseudogenes 

(19 - 21), but there are observations in favor of the existence of more than one form of 

OAT: Drejer and Schousboe (22) found an OAT with a considerably higher affinity for Om 
in cultured cortical intemeurons of mice (KM 0.8 ±0.3 mM) than in cerebrellar granule cells 

(KM 4.7±0.9 mM) and astrocytes (KM 4.3±2.2 mM). The fact that 10 - 20 % of the OAT 

activity in liver and brain is resistant to inactivation by 5FMOm, and exhibit kinetic proper

ties different from those of the major activity in the respective organs (23) may indicate the 

general occurrence of multiple forms. However, the purification of isoenzymes will be neces

sary in order to prove the existence of multiple forms. 

OAT was purified from several sources (mol. wt. 43 - 45 kDa). Physical properties 

have been studied early on (2,24). A preliminary X-ray diffraction study of human recombi

nant OAT has recently been reported (25), the amino acid sequence, including that of the 

active site of the enzyme is known (26,27), and the quaternary structure of the enzyme from 

pig kidney has been explored by high-resolution electron microscopy (28). 

3. INHmITORS OF ORNITHINE AMINOTRANSFERASE 

As has been mentioned, OAT is a pyridoxal phosphate-dependent enzyme (2), there

fore, the non-specific inhibition of OAT by carbonyl reagents was predictable. For example 

0.2 mM aminooxyacetic acid inhibits almost completely OAT from rat liver mitochondria 

(29). This compound is, however, known to inhibit also GAB A-T, and many other transami

nases and glutamate decarboxylase. L-Canaline [(S)-2-amino-4-amino-oxybutyric acid] (Fig. 

1) also reacts as a pyridoxal phosphate scavenger (30). Owing to its close structural relati

onship with Om it is nevertheless a rather potent and selective inhibitor of OAT (31) . Inac

tivation by canaline is not restricted to the natural S-enantiomer, however, the inactivation 

rate by the R-enantiomer is considerably slower (32). Although selective in vitro, L-canaline 
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is not well suited for in vivo studies. It appears to be rapidly metabolized. Consequently high 

doses are required, and inhibition is relatively short lasting (7,32). 

Based on the fact that the key step of Om transamination is the abstraction of the 

pro-S hydrogen atom at C5 (33), the synthesis of an enzyme-activated irreversible inhibitor 

of OAT was conceived. Enzyme-activated irreversible inhibitors (mechanism based inactiva

tors) are relatively unreactive molecules which require structural similarity to the natural 

substrate, in order to allow competition for binding within the active site of the enzyme. 

Moreover, they have to react within the active site in a manner similar to the natural sub

strate, in order to become transformed into a reactive molecule which is capable to inactivate 

the enzyme (34,35). Owing to these requirements, enzyme-activated irreversible inhibitors 

are usually selective. The close relationship between GAB A-T and OAT is documented by 

the fact that most enzyme-activated irreversible inhibitors ofGABA-T (4-amino-5-hexynoic 

acid; 4-amino-5,6-heptadienoic acid; 5-amino-l,3-cyclohexadienyl carboxylic acid (Gabacu

line)) are potent inactivators of OAT, both in vitro and in vivo (36 - 38). Since 3-aminopro

pionic acid and 4-aminobutyric acid with fluoromethyl- or difluoromethyl-groups attached to 

their terminal carbon atoms had been identified as potent inactivators of GABA-T (39) the 

structural analog of Om with a fluoromethyl group at C5 (6-fluoro-2,5-diaminohexanoic 

acid, 5-(fluoromethyl)ornithine, 5FMOm) (Fig. I) was synthesized in the form of a racemic 

mixture, which contained the four enantiomers in equal amounts. This compound turned out 

to be a higly selective and potent inactivator of OAT, both in vitro and in vivo (6). It does 

not inactivate GAB A-T or any other enzyme for which Om is a substrate. Among the four 

enantiomers of 5FMOm only one, namely (2S,5S)-5-fluoro-2,5-diaminohexanoic acid, re

acts with of OAT (32). The three other enantiomers do not compete effectively with the ac

tive isomer, nor do they exert any measurable pharmacologic or toxic effects in rodents at 

the doses which were active in acute and chronic experiments. The key observations made 

with the racemate were confirmed by the selective synthesis of the active enantiomer of 

5FMOm, and its pharmacologic evaluation (40). All observations with 5FMOm reported in 

this chapter have been obtained with the racemate, but there is no doubt that one can expect 

to obtain very similar results by using (2S,5S)-5-fluoro-2,5-diaminohexanoic acid, the active 

enantiomer, at 25% of the dose of the racemate. 

4. BIOCHEMICAL EFFECTS OF ORNITHINE AMINOTRANSFERASE 

INHmITION BY 5-(FLUOROMETHYL)ORNITHINE 

In agreement with the properties of an enzyme-activated irreversible inhibitor (me

chanism-based inhibitor) 5FMOm inactivates OAT in vitro in a concentration- and time

dependent manner (Fig 3). The inactivation rate is reduced in the presence ofOrn, indicating 

competition for binding within the active site of the enzyme. The reaction mechanism of 

5FMOm has not been fully clarified. The spectral changes of OAT during reaction with 

5FMOm are similar to those observed during reaction with Om: The maximum of the pyrid-
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oxal band at 420 run disappears, and concomitantly the pyridoxamine band at 330 run in

creases. In a second step a slow shift of the absorption maximum from 330 run to 458 run 

was observed. The chromophore corresponding to this band was not removed by extensive 

dialysis. Based on these findings a reaction scheme was formulated (32). 5FMOm forms 

within the active site of OAT a Schiff-base with pyridoxal phosphate The release of F

causes the formation of a reactive intermediate, which after rearrangement binds irreversibly 

to Lys292, the same Lys residue in the active site of the enzyme, to which pyridoxal phos

phate is normally attached. The chromophore with the maximum at 458 run is the result of 

the slow hydrolysis of an imino group of the inactivation complex; it is not essential for the 

inactivation of the enzyme. 
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Fig. 3. Time and concentration-dependent inactivation of ornithine aminotransferase (OAT) by 
5-(fluoromethyl)ornithine (5FMOrn). Data from Ref. 32. 

If administered to mice the compound causes a dose- and time-dependent decrease 

of OAT activity in all tissues. Table 1 summarizes data on OAT activity and Om concentra

tions in liver and brain of mice 16 h (the time of maximal Om concentrations) after a single 

intraperitoneal dose of 5FMOm. A dose of25 mg·kg-1 produced maximal (80 - 90%) inac

tivation between 16 and 24 h. The compound is also orally active and can be conveniently 

administered with the drinking fluid. The extent of OAT inhibition is organ dependent. 

It has already been mentioned that a certain fraction of OAT activity present in most 

tissues is refractory to inactivation by 5FMOm, but this residual activity is competitively in

hibited by 5FMOm. Canaline, gabaculine, amino-oxy acetic acid and 4-amino-5-hexynoic 

acid are inhibitors of the 5FMOm-refractory OAT (23). The fact that tissue Om concen

trations increase with increasing doses of 5FMOrn, even when maximal inactivation of OAT 

has been achieved (6) is due to the competitive inhibition of the 5FMOm-refractory OAT. 

During the time of maximal OAT inactivation, Om concentrations increase dramatically in 

all organs, including the brain, but decline after partial recovery of the enzyme, as is shown 

for liver in Fig. 4. The time-concentration changes of Om after a single dose of 5FMOm are 

typical for the inhibition of enzymes which are present in large excess. Their activity is made 
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Table 1. Ornithine aminotransferase (OAT) activity and ornithine 

(Om) concentration in liver and brain ofmice16 h after a single in

traperitoneal dose of 5-fluoromethylornithine (5FMOm) 

5FMOm Liver 
i.p. dose OAT activity Om 

1J.1ll01·kg- l 1J.1ll01·g-1.h-l 1J.1ll01·g-1 

o 
4.2 

10.5 
21.0 
31.5 
42.0 
84.0 

17l±2 
86±10* 
62±7* 
28±7* 
30±11* 
31±2* 
16±3* 

0.3±0.08 
0.6±0.2 

1.1±O.3* 
1.5±0.5* 

4±2* 
4±2* 
11±3* 

Brain 
OAT activity Om 
1J.1ll01·g-1.h-l nmol·g- l 

22.4±0.3 
1O.4±0.8* 
7.5±0.4* 
6.9±0.4* 
5.7±0.7* 
S.2±0.4* 
4.8±0.3* 

18±6 
5l±18* 

14S±36* 
208±78* 
262±86* 
3S1±127* 
6S9±84* 

Mean value ± S.D. (n = 3); The asterisks indicate a statistically signifi
cant difference (p < 0.01 between control and treated mice; (multiple 
range and multiple F-tests).Data from ref. 51. 

rate limiting only when inhibition is near-complete, since even a fraction of the physiological

ly available enzyme activity is sufficient to control normal steady state levels of the substrate. 

Long-term administration of SFMOm causes a gradual increase of Om in all organs to reach 

a new stady state level after about 4 or 5 days of treatment (Table 2). The dramatic accu

mulation of Om in all tissues indicates that the cells of the vertebrate organism have the ca-

Table 2. Ornithine concentration in organs of mice after oral administration of 

daily 40 mg· kg-l of 5-fluoromethylornithine (5FMOm) (mean values ± S.D.; 

nmol·g- l of tissue) 

Days of treatment with 5FMOm 
Tissue 0 1 4 13 

Liver 689±21 2300±230 6200±960 7170±2670 
Kidney 41±12 450±130 1367±215 922±62 
Spleen 62±12 246±43 318±8 281±60 
Lung 158±23 268±47 342±85 345±50 
Skeletal muscle 50±21 215±26 472±136 432±53 
Eye 88±26 648±49 1067±167 855±217 
Brain: 
Hemispheres 3l±9 679±57 1065±105 1249±136 
Brainstem 18±2 1027±250 1725±268 1783±129 
Medulla 20±3 1239±289 1625±340 1530±151 
Cerebellum 25±6 972±162 1659±164 1221±296 

Female C57BL mice (n = 4) received a solution of 0.036% of5FMOm in tap water as drinking 

fluid The average fluid intake corresponded to a daily drug intake of about 40 mg' kg-l 

(168 lJ.1llol·kg- l ). Data from ref. 8. 
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pacity to store Om and that transamination is the major catabolic pathway. In the absence of 

active OAT the cells of the vertebrate organism lack the ability to remove excessive Om by 

an alternative mechanisms (e.g. by release) at a rate sufficiently high to avoid Om accumula-

tion. 
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Fig. 4. Time-effect relationship of a single intraperitoneal dose of 42 J1moI.kg-l (10 mg.kg-l) 
S-(fluoromethyl)ornithine (SFMOrn) on ornithine aminotransferase (OAT) activity and ornithine 
(Orn) concentration in mouse liver. The error bars indicate ± S.D. Data from ref. 47. 

Even after long-term administration of 5FMOrn brain GABA concentrations were 

unaffected, demonstrating the lack of an effect of the drug on GABA-T. However, in brain 

carnosine and homocarnosine, and in skeletal muscle anserine concentrations decreased sig

nificantly after chronic dosing of 5FMOrn (8). One potential explanation for this finding, the 

substitution of histidine by Om in these dipeptides, could not be substantiated. Thus the bio

chemical basis and the physiological significance of the effect of 5FMOrn administration on 

formation and metabolism of the histidine-dipeptides is still unclear. 
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5. ORNITHINE, GYRATE ATROPHY OF THE CHOROID AND RETINA, AND 

5-(FLUOROMETHYL)ORNITBINE 

Owing to the selectivity and potency of 5FMOm as an inhibitor of OAT it was ex

pected that the compound would be useful to establish an animal model of hereditary OAT 

deficiency. However, even the chronic administration of 5FMOm to adult mice at daily in

traperitoneal doses of 10-20 mg/kg, or by oral administration (with the drinking fluid) at an 

average daily dose of 40 mg/kg did not produce any apparent toxic effects or behavioral 

changes (8). Specific attention was paid to the visual system since it appears to be general 

consensus that the elevated Om concentration in the eye is a major pathogenetic factor in 

gyrate atrophy of the choroid and retina. This assumption was based, among others, on the 

observation that visual function in children with hereditary OAT deficiency improved fol

lowing reduction of plasma Om by diet (41), and injections of Om into the eye of adult rats 

produced retina degeneration (42). The latter approach is, however, inappropriate. The ob

served effects can be explained by the fact that the transamination of each molecule of Om 

produces two molecules of glutamate, a well known excitotoxic amino acid (43). Glutamate 

formation from Om does not occur in the absence of OAT activity. This may explain the 

lack of any effect of elevated intraocular Om concentrations on the retina of adult mice in 

the presence of 5FMOm (8). 

The above mentioned effects of chronic elevation of Om concentratio.nson carno

sine, homocamosine and anserine metabolism (8) demonstrate that our knowledge of the 

biochemical consequences of chronically elevated Om concentrations in the vertebrate orga

nism is insufficient. 5FMOm is a tool that may allow us to explore metabolic aspects of 

chronic OAT deficiency which have hitherto not been considered as potential pathogenetic 

factors of hereditary OAT deficiencies. It is interesting to note in this context that in new

born mice with hereditary OAT deficiency a paradoxical hypoornithinemia and retinal dege

neration was observed (44), suggesting the importance of developmental events in retinal 

degeneration. 

6. DETOXIFICATION OF AMMONIA BY INACTIVATION OF ORNITHINE 

AMINOTRANSFERASE 

A logical consequence of the long-term blockade of OAT is the channelling of Om into the 

remaining pathways. From the metabolic scheme (Fig. 2) the enhanced formation of putres

scine was predicted. This could indeed be observed. In brain, which is a nearly closed system 

with regard to polyamine metabolism, the increase of Om concentrations caused only a mar

ginal increase of polyamine concentrations, but instead, polyamine turnover and elimination 

rates were enhanced (45) - a consequence of the homeostatic regulation of polyamine meta

bolism. 

121 



Therapeutic applications of enhanced polyamine formation are presumably tissue re

generation and repair, because these processes require an increased access to polyamines 

(8). Enhancement of liver regeneration in the presence of excessive amounts of Om plays 

presumably a role in the protective effect of SFMOm in thioacetamide (T AA)-induced en

cephalopathy (46) (see below). Disregarding this aspect in the present review the enhance

ment of polyamine formation will not be considered further. 

6.1. PROTECTION AGAINST ACUTE AMMONIA INTOXICATION 

In addition to a generally enhanced putrescine formation, in liver the enhanced for

mation of Cit is to be expected from the selective elevation of Om concentrations (Fig. 2). In 

agreement with this expectation a single dose of20 mg·kg- l SFMOm to normal mice caused 

an increase ofliver Cit concentrations from 43 to 190 nmol·g- l , and the urinary excretion of 

this amino acid was more than doubled (46). This observation indicates that under physiolo

gical conditions liver OCT is not saturated with Om, and that urea formation can be enhan

ced by the increase of intramitochondrial Om concentrations, even though the increase of 

urea concentration in blood and liver was marginal. (Since Om is a matrix enzyme, elevation 

of Om concentrations due to OAT inhibition occur first intramitochondrially). 

Urinary orotic acid excretion by healthy mice was not significantly reduced by 

SFMOm administration, indicating that under physiological conditions the intramitochondri

ally formed carbamoyl phosphate was not an important source for orotic acid formation. If, 

however, excessive orotic acid formation was induced in mice by administration of an am

monium salt, pretreatment with SFMOm nearly completely normalized the excessive urinary 

orotic acid excretion (47). The exorbitant increase of urinary orotic acid in hyperammonemic 

states is a consequence of excessive carbamoyl phosphate formation, and a functional (not 

absolute) deficiency of Om or Arg (48). The above mentioned observations clearly demon

strate that a functional deficiency of Om can be compensated by preventing its catabolism. 

Excessive carbamoyl phosphate formation in hyperammonemic states is a consequence of 

the activation of carbamoyl phosphate synthetase, presumably by acetylglutamate (49), and 

the enhancement of the synthesis rate due to saturation of the enzyme by its substrate ammo

nia. In addition, ammonia appears to have a direct stimulatory effect on Cit formation in a 

model system containing OAT, OCT, glutamate dehydrogenase, and carbamoyl phosphate 

(SO). 

More impressive than the effects on biochemical parameters appears the protection 

by SFMOm against lethal intoxication with ammonium salts. In Tab. 3 the dose - effect rela

tionship for intraperitoneal SFMOm doses between O.S mg· kg-l and 20 mg·kg- l (given 16 

h before intoxication with ammonium acetate) are shown. Pretreatment with 10 mg·kg- l of 

the drug before administration of a lethal dose (13 mmol·kg- l ) of ammonium acetate is suf

ficient to protect during more than ten hours 90% of the animals from death (SI). The oral 

administration of the drug is nearly as efficient as its injection. 

Protection by SFMOm is not a direct effect of the drug. It is most probably correla

ted with the liver Om concentration. If ammonium salts are given at times when tissue Om 
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Tab. 3. Protection of mice against a lethal dose of ammonium 

acetate by pretreatment with 5-(tluoromethyl)ornithine (5FMOm) 

5FMOm Percent animals 
i.p.dose With loss of With tonic Surviving 

Iffilol' kg- I righting reflex seizure 

0 100 100 0 

2.1 100 80 20 

4.2 90 50* 50* 

10.5 80 50* 60* 

21.0 70 50* 70* 

31.5 70 20* 80* 

42.0 50* 10* 90* 

84.0 60* 10* 90* 

Each treatment group consisted of 10 female CD I mice. 5FMOrn was 

administered 16 h before the intraperitoneal injection of 13 mmol'kg- l 
ammonium acetate. the asterisks indicate a statistically significant dif
ference (p < 0.05) between the control and a treated group (Fischer's 
exact probability test). Data from ref. 51. 

concentrations are submaximal, the protective effect is diminished concomitantly, and no sig

nificant protection against ammonia intoxication is achieved within the first hour after 

5FMOm administration, i.e. at the time of highest drug concentration in tissues. 
The KM for Om of rat liver OCT is reported to be 0.4 mM at pH 7.7 (52) and 1.82 

mM at pH 7.5 (53); the KM for carbamoyl phosphate is very low (22 - 26 J..lM) (52 - 53). 

The total Om concentration in mouse liver is around 0.3 mM; 16 h after the administration 

of 10 mg·kg-1 (42 J..lmol.kg-1) 5FMOm it increased to about 40 mM (Table 1). The effec

tive intramitochondrial Om concentration is not known, but it is evident that at 40 mM Om 

the OCT is saturated with its substrate. Hence a further increase ofliver Om concentration 

by higher doses of 5FMOm does neither improve the rate of Cit formation nor the protec

tion against ammonia intoxication. 

6.2. Enhancement of the Protective Effect of 5-(Flnoromethyl)ornithine Against 

Acute Ammonia Intoxication 

Starting forty years ago with the work of Greenstein and his colleagues (4) until 

present, amino acids and other compounds expected to enhance urea formation, and to im

prove detoxification of ammonia by other pathways, were tested in animal models of acute 

ammonia intoxication, and clinically in patients, mostly with liver cirrhosis (Table 4). 

Some of the compounds found earlier to be efficient in antagonizing acute ammonia 

intoxication, were tested together with 5FMOm in CD 1 mice, with the aim to identity syn

ergistically acting drug combinations. The most conspicuous results are summarized in Table 
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5. In order to achieve a protective effect by injections of Om and Arg against a subcutane

ous dose of 13 mmol·kg-1 ammonium acetate, 10 mmol·kg-1 of the amino acids have to be 

injected. Citrullin was more effective, but the protection by amino acids and the compounds 

shown in Table 5 lasts only 1 to 2 h. Pretreatment with 5 Ilmol·kg-1 5FMOrn, a partially 

protective dose against intoxication with 13mmol·kg-1 ammonium acetate enhanced the pro

tective effect of all other drugs, except that ofN-acetyl-L-glutamate. With one exception, 

namely the combined treatment with 5FMOm and Arg, the drug combinations prevented the 

enhancement of brain ammonia concentration more efficiently than the individual drugs (54). 

Table 4.Amino acids and other compounds suggested as protective agents 

aga inst intoxication with ammonium salts, or as treatments of hyperammonemic 

states 

Compound Experimental model Ref. No. 

Ornithine Ammonia intoxication 5 
Arginine Ammonia intoxication 4,95 
Citrulline Ammonia intoxication 5,96 
N-Acetylglutamate Ammonia intoxication 97 
N-Carbamylglutamate Ammonia intoxication 49,97,98 
a-Methylglutamate Ammonia intoxication 99 
Branched-chain amino Exercise-induced 100 
acids hyperammonemia 
L-Carnitine Ammonia intoxication 56,59 
MK801 Ammonia toxicity 101 
Ornithinelbranched Treatment of portal sys- 69 
chain amino acids temic encephalopathy 
Ornithine or Arginine/ Ammonia intoxication 102 
N-carbamylglutamate 
Ornithine/aspartate Ammonia intoxication 102, 103 

Clinical trial in liver 104 
cirrhosis 

Ornithinelbenzoate Ammonia intoxication 102 
Treatment of inborn errors 105 
of urea synthesis 

Alone, as well as in combination with a submaximal dose of 5FMOrn, none of the 

amino acids and drugs were effectively protecting against death, if the intraperitoneal dose 

of ammonium acetate was elevated to 15 mmol·kg-1 (Table 5). Even pretreatment with a 

maximal dose of5FMOm, and administration of the amino acids at 5 or 10 mmol·kg-1 did 

not protect against this elevated dose of ammonium acetate. However, 5FMOm showed sig

nificant protective effects in combination with carnitine, acetylcamitine and MK-801, (Table 

5), i.e. with those compounds, which do not act by improvement of the saturation of urea 

cycle enzymes, but by different mechanisms. 

In acute intoxications with high doses of ammonium salts protection against death 

by 5FMOm and by substrates of urea cycle enzymes relies on the prevention of the accumul-
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Table 5. Effect of treatment with 5-tluoromethylornithine in combination with amino 
acids and related compounds known to protect against acute ammonia intoxication. 
Comparison of effects after intoxication with 13 mmol·kg-1 and 15 mmol·kg-1 am
monium acetate 

Amino acid 
or 

Drug 

Dose 

mmo1.kg-1 

Ammonium acetate 
13 mmo1.kg- 1 15 mmo1.kg-1 

Percent surviving animals 

A. Single drug treatment (no pretreatment with 5FMorn) 
None 0 0 
L-Ornithine 10 90 10 
L-Arginine 10 90 0 
L-Citrulline 0.75 40 0 

5 100 0 
N-Acetyl-L-glutamate 5 10 0 
L-Carnitine 15 10 0 
L-Acetylcarnitine 15 30 0 
MK 801 0.006 80 0 

B. Pretreatment with 5 pmol.kg-l 5FMOrn, a submaximally protecting dose. 
None 40 0 
L-Ornithine 10 100 0 
L-Arginine 10 90-100 0 
L-Citrulline 0.75 80* 0 
N-Acetyl-L-glutamate 5 20 0 
L-Carnitine 15 60* 0 
L-Acetylcarnitine 15 100* 0 

C. Pretreatment with lOa pmol.kg-l 5FMOrn, a maximally protecting dose. 
None 90-100 0 
L-Ornithine 10 90-100 20 
L-Arginine 10 90-100 0 
L-Citrulline 5 100 0 
N-Acetyl-L-glutamate 5 90-100 0 
L-Camitine 15 90-100 60* 
L-Acetylcarnitine 15 90-100 60* 
MK 801 0.006 90-100 60* 

Each treatment group consisted of 10 female COl mice (20 ± 2 g). Pretreatment with 5FMOrn 
(intraperitoneal injection) was 15 h before the subcutaneous administration of the drugs. One 
hour after drug administration ammonium acetate was given by intraperionea1 injection.The 

asterisks indicate a statistically significant difference (p<0.05) between groups treated with a 
single drug and the combination of the drug with 5FMOrn. (Fischer's exact probability test). 
Data from Ref. 54. 

ation of a lethal concentration of ammonia in the brain. This is indicated by the results shown 

in Table 6. Neither Cit nor glutamine was significantly affected by the pretreatment with 

5FMOm, but brain ammonia concentration was considerably below that found in non-trea

ted mice. 
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Table 6 . Accumulation of ammonia in blood and brain of mice 10 min after the admini

stration ofS mmol·kg- l ammonium acetate. Effects of pretreatment with 100 Ilmol·kg-l 
5-(fluoromethyl)ornithine 16 h before ammonium acetate administration 

Blood Brain 
Ammonia Ammonia Ornithine Citrulline Glutamine 

Treatment Ilmol·ml-l Ilmol·g-l nmol·g- l nmol·g-l Ilmol·g-l 

None 0.17±0.05 1.l±0.1 19±3 13±3 6.3±0.6 
5FMOm 0.14±0.04 1.21±0.03 703±S5 16±5 6.0±0.S 

NH4+ l.S±0.5 7±2 40±22 19±5 11±3 

5FMOm 0.9±0.2* 3.3±0.9* 960±400 16±4 11±2 

+NH4+ 

5FMOrn and anunonium acetate (NH4 +) were administered by intraperitoneal injections. The asterisks 

indicate statistically significant differences (p = 0.05) between anunonium acetate-treated groups due to 
treatment with 5FMOrn. (Multiple range anad multiple F-tests). Data from Ref. 5 L 

After a dose of 13 m,mol· kg-l ammonium acetate the removal of ammonia from the 

circulation by saturation of the urea cycle with the appropriate substrates is sufficiently fast 

and avoids the accumulation of lethal concentrations in brain. However, the maximum rate 

of urea formation after 15 mmol·kg- l is obviously insufficient to counteract the accumulati

on of lethal brain ammonia concentrations. Death of the intoxicated mice could be preven

ted only by activating other, independent supportive mechanisms. The observed synergistic 

effects of 5FMOm with carnitine, acetylcarnitine and blockers of the N-methyl-D-aspartate 

(NMDA) receptors, of which MKSOI is an example, could become of practical importance 

in the therapy of hyperammonemic states. Unfortunately our knowledge of the mechanisms 

underlying the protective effects of these compounds is insufficient. The blockade of central 

NMDA receptors is, of course, the obvious basis of the effects of MK SOl and related 

NMDA receptor blockers. However, in view of the ubiquity ofNMDA receptors in the ver

tebrate brain a more detailed mapping of the involved neuronal systems will be necessary in 

order to allow us to talk about specific mechanisms. It appears that NMDA antagonists do 

not exert an anticonvulsant effect but selectively prevent a lethal effect of ammonia, presu

mably respiratory arrest. While mice intoxicated with a lethal dose of ammonium acetate 

usually die after the first tonic convulsion, pretreatment with three different NMDA antago

nists, including MK SO 1, prevented death, but the animals exhibited series of tonic hind limb 

extensions (51). 

It has been repeatedly shown that carnitine and acetylcamitine administration lowers 

the amount of ammonia accumulating in the brain in acutely intoxicated experimental animals 

(54 - 56). For the mode of action of carnitine and acetylcarnitine in ammonia intoxication no 

firmly established explanation exists at present. From the high doses required, metabolic ef

fects are likely. Thus it has been proposed that the carnitine-induced intramitochondrial 

generation of reducing equivalents would overcome the ammonia-induced blocking of the 
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maleate-aspartate shuttle, leading to increased ATP production, and owing to an increase in 

acetylCoA levels the formation of N-acetyl-L-glutamate would be enhanced (57 - 59). N

Acetyl-L-glutamate is considered to be the physiological regulator of carbamoyl phosphate 

synthase (60). The experiments of Ratnakumari et al. (61) with chronically hyperammon

emic sparse-fur mice are in support of an improvement of the state of energy metabolism in 

brain and liver. In agreement with previous results (62) they found as the most important ef

fect ofL-carnitine administration enhanced ATP and CoA pools in these mice. Matsuoka et 

al. (56) also point out the importance of the amelioration of brain energy metabolism. They 

also believe that cholinergic effects ofacetylcarnitine (63,64) could contribute in addition to 

the protective effects. Felipo et al. (65) found that the exposure of neuronal cultures to L

carnitine increases the affinity of glutamate for the quisqualate receptors and prevents gluta

mate neurotoxicity by preventing excessive Ca2+ influx. 

6.3. Effects of 5-(Fluoromethyl)ornithine in animal models of chronically elevated 

ammonia 

Two animal models of chronically elevated blood and tissue ammonia concentrations 

were used to study effects of 5FMOrn: 

(a) Rats with portacaval anastomoses (66) 

(b) Mice with a hereditary abnormal ornithine carbamoyltransferase (67). 

Administration of 5FMOrn at concentrations which were effective in protecting mice 

against acute intoxication with ammonia reduced OAT activity equally well in the liver of 

shunted and sham operated rats, and liver Om concentrations were increased to the same 

extent. However, the treatment had no significant effect on ammonia detoxification and urea 

formation in rats with portacaval anastomoses. Likewise, a series of other pathological 

symptoms of portacaval shunting (plasma and brain amino acid patterns, plasma enzyme ac

tivities, locomotor behavior, etc.) were not significantly shifted toward normal values by 

treatment with 5FMOm. These observations leave us with the following tentative explanati

on: Owing to the shunt, the blood flow through the liver is reduced to such an extent that 

the capacity of the apparently normal, though "small" liver is ~ufficient to form urea from 

the ammonia present in the fraction of blood which perfuses the liver from collaterals. The 

presence of an excessive amount of Om in the shunted liver is, as in normal liver, of no im

portance for urea formation, siIlce there is no functional deficit of Om. This idea is suppor

ted by the fact that the ammonia content of the liver of shunted rats was not significantly 

different from that of sham operated animals. In contrast, in normal mice intoxicated with an 

ammonium salt, the liver ammonia concentration was enhanced proportionately with the 

blood concentration, irrespective of pretreatment with 5FMOrn (47). 

It is known that in human cirrhotic liver the specific activities of urea cycle enzymes 

are reduced (68). Nevertheless, Herlong et al. (69) observed an improvement of the clinical 

grade of encephalopathy by infusion of ornithine salts of branched chain oxoacids. In porta

caval shunted rats infusion of ornithine aspartate did not improve the clinical grade of ence-
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phalopathy, even though plasma and brain ammonia concentrations were reduced by 3S% 

due to the treatment (70). 

Mice with X-chromosome sparse-fur (spf) mutation have an abnormal form of liver 

OCT (71). Both, in spfmice and in human hereditary OCT deficiency (72), ammonia detoxi

fication via urea formation is impaired. Therefore, plasma and tissue ammonia levels are 

chronically elevated, and massive amounts of orotic acid are excreted. OCT of spf mice has 

a different pH - sensitivity, and its affinity for Om has been reported to be 0.6 mM, compa

red with 0.2 mM for the normal enzyme (71). Human OCT deficiencies are heterogenous. 

Based on their enzyme kinetics and immunological properties, at least five groups of muta

tions were distinguished. Among these two were similar to spf and sparse-fur with abnormal 

skin and hair (spf-ash) mouse mutants (72). The similarity of the kinetic properties of OCT 

in spf mutant mice and the human hereditary disease, and the similarity of the major meta

bolic aberrations - chronic elevation of ammonia in plasma and tissues, and excessive uri

nary excretion of orotic acid - make spf mice an interesting model for therapy experiments. 

Administration of SFMOm with the drinking fluid (20 mg/IOO ml; daily drug con

sumption 1.3-1.6 mg per mouse) caused a decrease of urinary orotic acid concentration from 

about 3000 nmol·mg- 1 creatinine to 140-1S0 nmol·mg-1 creatinine (Fig. S). These values 

are only insignificantly higher than those observed in untreated normal males (120 ± SO 

nmol·mg-1 creatinine) (67). Likewise, plasma and tissue amonia concentrations were re

duced by this treatment close to normal values (Fig. 6). Once again it was observed that nei

ther urinary orotic acid excretion, nor ammonia concentration of normal male controls was 

diminished to a significant extent by administration of SFMOm. The amelioration of hyper

ammonemia by SFMOm is also documented by the reduction of the pathologically high 

blood glutamine levels to control values, the increase of citrulline concentration (which is far 

below normal values in spf mice) and the general normalization of the abnormal amino acid 

pattern in blood (Fig. 7). During and shortly after the treatment period of the animals gained 

weight and appeared less jittery, although their locomotor and exploratory behavior was not 

significantly changed (67). Administration of high doses of Om was also able to reduce pa

thological manifestations ofspfmice (73), but the effect was less impressive than in the case 

of SFMOm administrations. 

The effect of SFMOm on orotic acid excretion by spfmice was, as expected, rever

sible. Surprisingly, however, low urinary orotic acid concentrations were still observed S 

days after termination of drug administration (Fig. S), although after single doses of the 

drug normal tissue Om concentrations are observed already at about 48 h, i.e. at a time 

when OAT was only recovered by about 30 % (Fig. 4). A satisfactory explanation for the 

long-lasting effect of SFMOm on orotic acid excretions by spf mice is presently not avai

lable. 

With regard to the availability of Om within the mitochondria, there is a principal dif

ference between exogenously administered Om and the enhancement of Om concentrations 

by inactivation of OAT. This difference may contribute to the long-lasting effect of SFMOm 

in spfmice and is, therefore, briefly discussed. If OAT is inactivated, the increase of Om oc-
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curs first intramitochondrially. It will continue until the rate of inward and outward flow of 

Om is the same. Unfortunately the equilibrium concentrations are not known. In contrast, 

elevation of extramitochondrial concentrations of Om will not increase intramitochondrial 

concentrations above a certain limit, irrespective of the extramitochondrial Om concen

tration, because the uptake of Om by mitochondria is carrier-mediated, and therefore satu

rable. Thus exogenous Om available for Cit formation is limited on one hand by the rate of 

uptake, and on the other hand by the activity of OAT. Since the latter has a normal activity 

in the liver of spf mice, a major portion of the intramitochondrial Om is transaminated. 

Consequently its accumulation to a degree which is utilizable by the abnormal OCT with 

reduced affinity is hampered. In addition one may speculate that in the absence of active 

OAT losses of Om from the intramitochondrial pool are slower than from extramitochon

drial compartments. 

7. OAT INHmITION AND THIOACETAMIDE-INDUCED HEPATIC ENCE

PHALOPATHY 

The biochemical, physiological, and histological consequences of intoxications with 

thioacetamide (TAA) are extremely complex (74). Steatosis, and centro-lobular necrosis, fi

brosis, cirrhosis and haematoma are chronic lesions of the liver, and two different modes of 
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cell death, apoptosis and necrosis, are induced (75). In spite of the ill defined processes that 

lead to the development of the symptoms, intoxications with T AA were nevertheless widely 

used as a model of hepatic encephalopathy. Mostly in rats, a variety of biochemical, physio

logical, pharmacological, and behavioral apects of this syndrome were studied (76 - 85). 

The model was also used to test drugs (86 - 87). 

After administration of single intraperitoneal doses of600 mg·kg-1 TAA, 90 - 100 % 

of male CD 1 mice died within 48 h. The toxicity of T AA turned out to be very much depen

dent on strain and body weight of the mice, therefore, only CD 1 mice with a narrow body 

weight range were used. Administration of a single dose of 20 mg·kg-1 of 5FMOrn either 

shortly before or after T AA administration protected about 90 % of the animals from death 

during the first 24 h, but the mice died subsequently. However, if the first dose of5FMOrn 

was given within the period between 30 min before and 30 min after T AA administration, 

and a second dose 24 h after T AA, a higly significant protective effect was achieved (Fig. 

8) (88). In this model, as well as in a less acute mouse model, in which 100 mg.kg-1 doses 

of T AA were given repeatedly at 24 h intervals, treatment with 5FMOrn diminished all pa

thological symptoms of the intoxication: Liver haemorrhage was less important, plasma en

zyme levels (LDH, GOT) were reduced, pathologic amino acid patterns in blood, liver and 

brain were shifted towards normal values (46,88), and the TAA-induced reduction of loco

motor and exploratory activity was enhanced close to normal behavior. In an in vivo liver 

function test the rate of 14C02-respiration after injection ofD-[ 1_14C]-galactose increased 

from 45-61 % to 86-91% of control, ifTAA-intoxicated mice were treated with 5FMOrn 

(46). This, together with the mentioned reduction ofliver haemorrhage suggested that the 

amelioration of the symptoms was due to a less damaged liver. 
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Fig.S. Cumulative mortality of CDl mice after a single intraperitoneal dose of 600 mg.kg-l thioacet

amide (TAA). Protective effect of two 20 mg'kg-1 doses of S-(fluoromethyl)ornithine (SFMOm) injected 
intraperitoneally. The first dose was given IS min, the second 24 h after TAA. The bars at 24 h indicate 
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The protection by 5FMOm of T AA-induced liver damage is not well understood. In 

the acute model (600 mg·kg-1 TAA) the time between intoxication with a lethal dose of 

T AA, the gradual deterioration of liver function, and the development of symptoms of ence

phalopathy, ending with death, is for most mice less than 24 h. Maximal Om concentrations 

in brain and liver after 5FMOm administration are observed around 16 h (Fig. 4). Protec

tive effects of 5FMOm were restricted to a short period from about 30 min before, until 30 

min after T AA administration (88). Especially the fact that pretreatment with 5FMOm seve

ral h before administration of T AA was ineffective, and that a second dose of the drug 24 h 

after intoxication was necessary, seems to indicate that highly elevated Om concentrations 

were required for effective protection between about 10 and 18 h of the development of 

the syndrome, and for the period between 24 and 48 h after T AA administration. 

About 6 h after TAA administration, ODC activity (89), and putrescine concentrati

ons (90,91) start to increase and are maximal between about 10 h and 24 h in the intoxicated 

liver. The increase of spermidine and spermine concentrations (91), the enhancement of 

RNA metabolism (89,92,93) and the initiation of DNA synthesis and mitosis of hepatocytes 

(94) are events that follow 24 to 48 h after T AA administration. These changes are indica

tions of regenerative processes. One may, therefore, consider the enhancement of putresci

ne concentrations as the initial step of a cascade of events that are induced to antagonize the 

pathological process initiated by T AA, and to restore normal liver function. 

As was discussed in a previous section the enhancement of Om favors the formation 

of putrescine and of polyamines. Thus in T AA-induced hepatic encephalopathy the support 

of regenerative processes by an increase of the rate of putrescine formation in liver due to 

the improvement of Om availability is currently the best explanation for the protective effect 

of 5FMOm. Even though CNS effects of T AA intoxication are considerably ameliorated by 

5FMOm (46) it appears not likely that the enhancement of brain polyamine metabolism con

tributes to the protective effect of this drug. 

8. CONCLUSIONS 

The enhancement of tissue Om concentrations by inactivation of OAT improved the 

removal of ammonia from the body of experimental animals in acute and chronic hyperam

monemic states. In comparison with Om, Arg, Cit, and carnitine the effect of 5FMOm is 

longer lasting, and requires only low doses of the drug. Synergistic effects were achieved by 

combinations with drugs, such as carnitine and NMDA receptor antagonists, that do not act 

via saturation of urea cycle enzymes. Thus OAT inactivation appears to have promises in the 

therapy ofhyperammonemic states. 

The most important human illnesses characterized by elevated blood or cerebrospinal 

fluid ammonia concentrations are summarized in Table 7. In principle all these diseases may 

be targets for therapy with inactivators or inhibitors of OAT. An extrapolation from the ani-
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mal models to human illnesses is, however, difficult. In view of the fact that spfmice have a 

very similar abnormality as was described for some human OCT deficiencies (namely an 

OCT with a low affinity for Om), and in view of the profound recuperation of the major pa

thological manifestations of spf mice by low oral doses of 5FMOrn, it appears likely that the 

administration of 5FMOm would have comparable effects in the analogous human hereditary 

OCT deficiencies. 

Table 7. Human illnesses and therapeutic interventions which are associated 

with elevated blood or cerebrospinal fluid ammonia concentrations * 

Hepatic encephalopathy (106,107) 
Fulminant hepatic failure (108) 
Alzheimer's disease (109 - Ill) 
Urinary tract (bladder) (112,113) 
infections 
Congestive heart failure (114) 
Pulmonary emphysema (115) 
Shock (116) 
IgD multiple melanomas (117) 
Hereditary deficiencies (118; 119) 
of urea cycle enzymes 
Reye's syndrome (120,121) 

* Reference No in parenthesis 

Systemic camitine deficiency (122) 
Hyperomithinemia, hyperam- (123) 
monemia, homocitrullinemia 
syndrome 
Nonketotic hyperglycinemia (124) 
Progressive neuronal degene- (125) 
ration of childhood (Alper 
syndrome) 
Ureterosigmoidostomy (126 - 128) 
Complications of hemodialysis (129) 
Valproate therapy (130 - 132) 

Since a certain capacity of the liver to form urea is a prerequisite for the efficacy of 

the method, those diseases which do not imply a severely impaired liver function may be the 

most favourable targets for OAT inhibitors. Among these Alzheimer's disease is the most 

frequent disease and deserves, therefore, especial consideration. Reduction of brain ammo

nia concentrations in Alzheimer patients is expected to diminish cognitive deficits and to re

duce the progression rate of the disease by reducing ammonia-induced excitotoxic mecha

nisms (133) 

Protection against lethal T AA intoxications by 5FMOm suggests the activation of 

regenerative processes in the liver due to the elevated Om concentrations. In view of this 

possibility it may be of interest to examine the therapeutic potentials of OAT inactivation in 

liver cirrhosis, even though in rats with portacaval anastomosis this approach was not suc

cessful as a method to enhance the removal of ammonia. 

The development of 5FMOm as a potential drug is still at an early stage. However, 

the chemical synthesis of the active enantiomer of 5FMOm has been solved (40), and the 

most important characteristics of the compound are known, and appear favourable. More

over, OAT - inactivation is not only a new therapeutic target, but has, in contrast to most 

drugs, a clear mechanistic basis. Somewhat premature speculations concerning its major are

as of potential applications may, therefore, be justified, the more so since in these therapeu

tic areas new appoaches are urgently needed. 
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SPARSE-FUR (spO MOUSE AS A MODEL OF HYPERAMMONEMIA: ALTERATIONS 
IN THE NEUROTRANSMITTER SYSTEMS 

I.A. Qureshi and K.V. Rama Rao 

Division of Medical Genetics, Hopital Sainte-Justine 
Montreal, Quebec, H3T 1C5, Canada 

INTRODUCTION 

Literature on sparse-fur (spf) mutant mouse, as an animal model of congenital 
hyperammonemia has been reviewed earlier1.4. Our current estimates indicate that over one 
hundred full-fledged articles have been published on spf mice since 1976, when the X-linked 
hepatic ornithine transcarbamylase (OTC; E.C. 2.1.3.3.) deficiency associated with the sparse-fur 
mutation was described for the first time5. An allelic form, the spr (abnormal skin and hair) 
mutation, having a somewhat different phenotype to spf mouse, was also shown to have a 
quantitative deficiency of the hepatic OTC6• These publications have covered various aspects of 
the expression of the spf gene, including the clinical pathology, neurochemical pathology, 
behavior, experimental carcinogenesis and pharmacogenetics. Moreover, the spf mouse is now 
established as an animal model to study the effects of transgenic and viral-mediated gene 
therapl12. As indicated in Figure. 1, this has brought in a dramatic increase in new research 
studies on the spf and spf""h mice, a big majority of which were initiated from our laboratory. It can 
be said that the spf mouse is now established as the most appropriate model to study the pathology 
and therapy of chronic hyperammonemic encephalopathy, particularly of hereditary origin. In the 
following text, we shall briefly review the nature and expression of the spf mutation, at the hepatic 
and intestinal levels, and its similarity to the human OTC deficiency. Particular emphasis shall be 
given to the neurochemical pathology in the spf mouse, from the point of view of metabolic and 
neurotransmitter abnormalities. _ 

INHERITED ABNORMALITY IN THE SPARSE-FUR MOUSE 

Nature of the Mutation 

The X-linked spf mutation arose spontaneously in the progeny of an irradiated male at Oak 
Ridge National Laboratories, where it was maintained on various genetic backgrounds5. The mice 
originally used in our laboratory, in the study of their suitability as animal models of congenital 
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Figure 1. 20 year.; of research on spf mouse model . 

hyperammonemia13, were the progeny of +/Y males (22 A stock) and spf/+ female heterozygotes 
derived from SPFCP strains and bred at Oak Ridge. The characteristic phenotype of young spf/Y 
males born from the above stock was their small size, absent or relatively sparse fur and wrinkled 
skin. These traits were clearly discernible at 7 to 10 days. Hemizygous affected spf/Y males had an 
excitable hyper-reactive temperament. Furless males were frequently observed to be somnolent. 
The behavior of the heterozygous spf/+ females is not distinguishable from normal Iittermates, 
although a few show hyper-reactivity. Except for abnormal skin appearance, gross lesions in spf/Y 
males are not remarkable. Some hemizygous males have urinary bladder stones composed of orotic 
acid. 

Various biochemical and enzymolo~ical studies had predicted that the spf mouse could 
have a single point mutation. Veres et aI., 4 have now verified a single base substitution in the 
complementary DNA for OTC from the spf mouse, by means of techniques for rapid mutation 
analysis. The OTC gene in the spf mouse contains a C to A transversion that alters a histidine 
residue to an aspargine residue. 

Breeding of the Mutant OTC gene in spf Mice 

To obtain viable affected males for breeding, it was necessary to transfer the spf gene to a 
suitable genetic background. Demars et al.,5 transferred the spf gene to C57BL6J strain. In our 
laboratory, we have used CD.::1 outbred albino males (Canadian Breeding Farms and Laboratories, 
St-Constant, Quebec) to transfer the gene by alternate matings of +/Y x spf/+ females and viable 
spf/Y males x +/+ females. Eighty percent of the new spf/Y males are now fully furred at weaning. 
The mortality has been reduced from 80% to 20% and the breeding capability of surviving males is 
normal. 

Consequent to the transfer of the spf gene to the new genetic background, it has also been 
possible to generate viable spf/spf homozygous females. The spf/spf females are bred with +/Y 
males or spf/Y males to give spf/Y males that could be seperated from the female progeny by 
simple sexing4. 
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HEPATIC AND INTESTINAL EXPRESSION OF MUTANT OTC IN spf MOUSE 

The chemical lesions of the spf mouse are the important distinguishing features. Besides a 
decreased activity of hepatic and intestinal OTe (Table 1), there are significant increases in the 
urinary orotic acid excretion, serum ammonia and glutamine in spf/Y males and to a lesser extent 
in spf/+ females. In affected mice, orotate excretion is correlated to the decreased hepatic and 
intestinal OTC activity and increased serum ammonia and glutamine. The etiology of congenital 
hyperammonemias in spf mice may be linked to the structural mutation in the OTC molecule] to 
limit its capacity to catalyze the formation of citrulline from carbamyl phosphate and ornithinel~. A 
recent study by Batshaw et a1./ using lSN stable isotopes, has shown that the production of hepatic 
urea is also compromised in spf mice. Excess mitochondrial carbamyl phosphate volatilizes to 
ammonia or shifts into cytosol to form orotic acid by an induction of the pyrimidine pathway. 
Ammonia being a neurotoxin, is the cause of neurological symptoms associated with 
hyperammonemia. The spf"'h mouse has a somewhat different phenotype to that of spf mouse. The 
hepatic OTC activity is 5 to 10% of normal as compared to 13% in spf mice but the enzyme is 
kinetically nortna1. A comparison of spf and spf"'h strains6 had shown that although the deficiency 
of hepatic OTC is comparable, the excretion of orotate is lower in the spf"'h mouse. 

Studies conducted by several investigators have indicated that although the 
immunoreactive OTe protein levels increased, the translatable mRNA of the hepatic OTe gene in 
spfmice was only 26-58% of the normal expression (Table 1)16,19 

SIMILARITY OF THE spfMOUSE TO HUMAN OTC DEFICIENCY 

Primary Deficiency of the OTC enzyme 

The human deficiency of OTe, the second enzyme of the urea cycle, was first described, in 
196220. Evidence for its X-linked dominant inheritance was presented in 197321 • Affected male 
hemizygote infants generally die in the first few weeks after birth, due to acute hyperammonemic 

Table 1. Percent residual activity and mma abundance of hepatic and intestinal 
ornithine transcarbamylase (otc) in the congenitally hyperammonemic spf
mouse 

Liver 
12 
10-20+ 
11 
10 
10 
4.5 
20 
22 
10 
25 
4 
160 

Intestine 
14-38 
N.D 
11 

N.D 
N.D 
N.D 
N.D 
N.D 
N.D-

N.D 
N.D 
N.D 

pH Reference 
7.5 Qureshi et al., (1979 & 1985)13;23 
7.5 Gushiken et al., (1985)79 
7.5 Malo et aI., (1986)80 
7.5 Ohtake et al., (1987i7 

7.5 Ratnakumari et aI., &1992)33 
7.5 Selier et al., (1994)8 
7.5 Robinson et aI., (1995is 

7.6 Demars et al., (1976i 
7.7 Bachmann and Colombo (1984)49 
8.0 Briand et al., (1983i6 

8.0 Monastiri et al., (1993l2 

9.5 Briand et al., (1983i6 

mRNA ABUNDANCE 
58 N.D Briand et aI., (1983)16 
67 N.D Ohtake et al., (1987f 
74 81 Dubois et aI., (1988)18 
26 N.D Mawal et al., (1996i 9 

Percent residual activity and mRNA expression of OTC were calculated by comparing with the 
corresponding control mice. N.D indicates not determined. 
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coma although chronic cases are now known. There is a wide spectrum of clinical manifestations 
in heterzygote females, from an aversion of protein foods to recurrent hyperammonemic episodes 
resulting in death. This disease is the most common hereditary urea cycle disorder in children. 

Briand et al.,22 compared the enzyme activity, kinetics and immunochemistry of mutant 
mouse OTe with liver samples from human males with OTe deficiency. They found that the spf 
and spf'lSh mouse strains corresponded with two of the five groups of mutations seen in humans. 
OTe deficiency is also expressed in small intestine and colon of the spf mice23• A highly 
significant (p<0.00l) correlation is seen with the enzyme activity from all segments of the intestine 
and that of the liver. The pH dependence and kinetics of mucosal OTe are similar to the liver 
enzyme. This similarity of OTe deficiency provides a basis for the use of mucosal biopsies to 
confirm the human disease. 

Blood and Urine Chemistry 

Similar to human patients of OTe deficiency, the spf/Y males given normal protein diets 
show plasma ammonia levels 2 to 3 times higher than normal (Table 2), whereas no differences 
were seen with a low protein diet24• There is an absolute increase in liver pyrimidine synthesis, 
which causes the down-regulation of the activity of the orotate-metabolizing enzyme complex25. 
There is an increased synthesis of pyrimidine nucleotides in spf mouse livers26, similar to that of 
human patients of congenital hyperammonemii7. Our laboratory has tested the values of urinary 
orotate as a clinical parameter to distinguish the female carriers of OTe deficiency28. In a pure bred 
population of spf!+ heterozygotes (crosses of +/Y x spf!spf), a wide variability was seen in liver 
OTe activity and orotate excretion, which overlapped the normal distribution curves of +1+ and 
spf/Y groups. These correlation studies indicated that urinary orotate as an index of hepatic 
enzyme deficiency is valuable only for heterozygotes having an OTe activity less than 50% of 
normal. This is similar to the situation in human female heterozygotes of OTe deficiency, who 
have to be given an allopurinol loading test to verify the orotate and orotidine· excretion as the 
current test for confirming heterozygosity. 

Serum Amino Acids 

Besides studying the levels of serum glutamine, various authors have measured the levels 
of other amino acids in the serum samples obtained from congenitally hyperammonemic spf mice 
(Table 3). In adult spf mice, except for serum tryptophan and glutamine levels of all the other 
amino acids are significantly reduced. In Table 4, these results are being correlated with the levels 
seen in the brains of spf mice and shall be discussed in detail in the section on neurochemical 
pathology. As predictable, there is also a significant reduction in the urea cycle amino acids in the 
serum e.g. arginine, ornithine and citrulline. 

Secondary Carnitine Deficiency 

Our clinical studies at the Sainte-Justine hospital, had indicated that various patients of 
congenital hyperammonemia have a tendency to develop a secondary carnitine deficiency of 
plasma and urinary free carnitine and an excess of esterified carnitines, particularly when being 
given a sodium benzoate therapy29. We have found similar results in spf mice. Our detailed studies 
of muscle and liver free carnitine and various acyl-carnitine groups have indicated that spf/Y mice 
develop a secondary carnitine deficiency of total, free and short & medium chain acyl-carnitines 
ranging from a 30 to 60% depletion3o•31 . Since more than 90% of the body carnitine reserves reside 
in the muscle and liver, this finding is quite significant. As such the spf mouse may also be 
considered as a model of secondary carnitine deficiency, caused by chronic hyperammonemia. 
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NEUROCHEMICAL PATHOLOGY IN THE spfMOUSE 

Metabolic Abnormalities 

Cerebral ammonia and glutamine (Table 2). The neurochemical abnonnalities in 
congenitally hyperammonemic spf mice may primarily be due to the elevated levels of cerebral 
ammonia and glutamine. As a result of OTC deficiency at the hepatic level, the synthesis of urea 
and thus the detoxification of blood ammonia is compromised in spf mice. Since the blood and 
brain ammonia levels are in dynamic equilibrium, elevated blood ammonia rapidly diffuses into 
the brain. Inoue et al.,32 reported high ammonia levels in the brains of spf mice, in which 
hyperammonemia was prominent immediately after weaning (30-40 days) and the levels of brain 
ammonia decreased at 60-80 days of age. Based on this observation, they called the fonner age to 
be the hyperammonemic stage (HA) and the later age as an adaptive stage (Ad). They also 
observed that the levels of ammonia during the adaptive stage almost reached the control values. In 
our laboratory, however, all the neurochemical studies perfonned in spf mice during the adaptive 
stage33,36 showed that the cerebral ammonia levels, although lower than the HA stage, remained 
significantly higher as compared to the control CD-l mice. One possibility for this discrepancy 
could be the various methods of brain isolation and the biochemical estimation of cerebral 
ammonia, employed in these studies. 

Hyperglutaminemia is a consistent phenomenon in spf mice32.34• Our studies reported a two 
fold increase in the brain glutamine levels during the adaptive stage of the spf mice and this was 
consistent with the earlier reports of Inoue et al.,32 and Batshaw et al.,37. In brain, glutamine 
synthesis is the major pathway for the removal of ammonia, due to a compromised urea cycle. 
Under hyperammonemic conditions, higher brain ammonia levels would be followed by an 
enhanced synthesis of brain glutamine as a reaction to the excess ammonia. The enhanced 
glutamine synthesis in spf mice is akin to the human congenital OTC deficienc~, wherein a 2 to 3 
fold increase in brain glutamine was reported by proton MR spectroscopy 8. The ammonia
induced glutamine accumulation in astrocytes of the congenitally hyperammonemic patients was 
suggested to be resrJOnsible for the cerebral edema and astrocytic modifications called 'Alzheimer 
type II astrocytosis ,39. 

Table 2. Plasma and brain ammonia and glutamine levels in the congenitally 
hyperammonemic spf-mouse 

AMMONIA GLUTAMINE 
PLASMA BRAIN PLASMA BRAIN REFERENCES 

(% OVER CONTROL) 

+70 N.D +43 N.D Qureshi et al., (1981)1 
+167 N.D N.D N.D Spector et aI., (1983i4 

+190 N.D N.D N.D Gushiken et al., (1985),9 
+94 N.D N.D N.D Chaouloff et aI., (1985)50 
+197 N.D +75 N.D Batshaw et aI., (1987)2 
+131 +127 +33 +169 Inoue et aI., (1987)32 

+159 N.D +40 +54 Batshaw et aI., (1988t 

+59 +55 +451 +110 Ratnakumari et aI., (1992)33 

+225 +70 N.D +56 Seiler et aI., (1994)81 

Percentage changes are calculated comparing the corresponding control mice. N.D indicates 
not determined. 
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Cerebral neutral amino acids (Table 3). In addition to the enhanced accumulation of 
cerebral glutamine, various reports have also indicated an increase of large neutral amino acids 
such as tyrosine, phenylalanine and tryptophan in the brains of spf mice32. These reports also 
suggested that the increased accumulation of cerebral glutamine could be responsible for the influx 
of large neutral amino acids into the brain, since the efflux of cerebral glutamine is mediated by the 
large neutral amino acid carrier, and this condition could cause disturbances in the neurotransmitter 
synthesis. 

Our studies on the cerebral amino acid grofiles in spf mice have also indicated significantly 
increased levels of brain alanine and aspartate . Increased brain alanine in spf mice could possibly 
be due to an ammonia-induced inhibition of pyruvate oxidation and subsequent shunting of the 
pyruvate carbons through the transaminase pathway. Increased cerebral aspartate levels in spf mice 
were in contrast to those observed in acquired hyperammonemic models of chronic liver disease40, 

where the cerebral aspartate levels are reduced. However, ammonia-induced inhibition of the 
malate-aspartate shuttle could possibly result in the suppression of aspartate aminotransferase 
which could cause accumulation of cerebral aspartate. Thus, increased aspartate levels in spf mice 
may be responsible for seizure activity often encountered in OTe deficiency. 

Urea cycle amino acids and cerebral creatine. Our studies have shown decreased levels 
of cerebral arginine, ornithine and citrulline which may be a reflection of the depletion of the 
serum levels of these amino acids in spf mice (Table 3). Our previous report41 in spf mice, had 
indicated depleted serum levels of arginine, ornithine and citrulline, as a consequence of OTe 
deficiency in the intestinal mucosa which exports the citrulline required for the synthesis of 
arginine. Our studies also indicated a depletion of cerebral levels of guanidinoacetic acid and 
creatine in spf mice for which arginine is a precursor36• This arises due to the fact that, in brain, 
creatine synthesis depends absolutely on the availability of arginine which is derived from 
intestinal citrulline. Since OTe mutation is also expressed in the intestine, the availability of the 
circulating citrulline is compromised, leading to a metabolic arginine deficiency in spf mice. This 
condition could further compromise not only the cerebral creatine levels but also the synthesis of 
cerebral nitric oxide (NO). The synthesis of NO is mediated by the enzyme nitric oxide synthase 
(NO syntha!!e), whose activity was also found to be decreased in spf mice36• Depleted cerebral 
creatine due to arginine deficiency in conjunction with increased alanine concentration, due to the 
inhibition of pyruvate oxidation would certainly exert a deleterious effects on the cerebral 
mitochondrial energy metabolism. 

Mitochondrial Energy Metabolism 

Studies on the peripheral type benzodiazepine receptor densities as a parameter of 
mitochondrial membrane functions. As a part of the series of experimental studies performed in 
spf mice to identify the neurochemical abnormalities, our studies on the peripheral type 
benzodiazepine receptors (PTBRt2, which are markers on the mitochondrial membrane, indicated 
significantly higher densities (number of binding sites) in brain and in peripheral organs such as 
liver, kidney and testis. In brain, PTBRs are preferentially associated with the astrocytic 
mitochondria43• Since the OTe deficiency is characterized by astrocytic proliferation leading to 
Alzheimer'S type II astrocytosis, we suggested that the ammonia-induced alterations in the PTBR 
densities in spf mice could be an index of the disturbances in the mitochondrial membrane 
function. This could subsequently lead to alterations in the cerebral mitochondrial energy 
metabolism. 

Alterations in the cerebral energy metabolites. The primary neurochemical abnormality 
as a conse.auence of high ammonia levels may be its interference with the brain energy 
metabolism . Our studies on the congenitally hyperammonemic spf-mouse model33 indicated 
significantly higher levels of cerebral glucose, lactate and a-KG, while levels of pyruvate, 
glutamate and ultimately the levels of ATP were decreased. These alterations in the cerebral energy 
metabolites severely affected the ratios of the reducing equivalents in which the cytosolic 
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Table 3. Amino acid levels in serum and brain of congenitally 
hyperammonemic spf-mouse 

AMINO ACIDS SERUM BRAIN REFERENCE 
% OVER CONTROL 

Nel!tr;Y !l!Dino acid:! 
Tyrosine -35 +117 Inoue et al., (1987)36 
Phenylalanine -25 +123 
Methionine +66 
Valine -32 
Leucine -21 
Isoleucine -27 
Threonine -58 
Serine -43.' 
Alanine +42-80 Ratnakumari et al (1994f5 
Tryptophan +74 Bachamann & Colombo 

(1984)49 
+35 +28 Chaouloff et al., (1985~ 
+36 +44 Batshaw et al., (1988)3 
N.D +100 Inoue et al., (1989il 

Basis; lYllino acids 
Histidine +140 Inoue et al., (1987)32 
Ur~ ~c1e amino acids 
Arginine -56 -65 Inoue et al., (1987)32 

-64 Batshaw et al., (1988i7 

-55 -65 Seiler et al., (1994tl 

N.D -40 Ratnakumari et al., (1996i6 
Ornithine -45 -19 Batshaw et al., (1988i7 

-18 +50 Seiler et al., (1994)81 
N.D -41 Ratnakumari et al., &1996i6 

Citrulline -80 B.D Inoue et al., (1987)3 
-82 B.D Batshaw et al., (1988i7 

-80 -22 Seiler et al., (1994tl 

N.D -33 Ratnakumari et al., (1996i6 
Neurotransmitter amino acids 
Glutamate N.D Inoue et al., (1987)32 

N.D -33 Ratnakumari et al., (1994)35 
GABA N.D +20-40 Ratnakumari et al., (1994i5 

Aspartate N.D +55-66 Ratnakumari et al., (1994t 
Percentages are calculated comparing with the corresponding control mice. _ denotes no 
change. + denotes % increase in the concentration while - denotes % decrease in the 
concentration. N.D indicates not determined, while B.D indicates a value below detectable 
range. 

149 



NADHlNAD+ ratio was elevated, subsequently depleting their ratio in the mitochondria. Cerebral 
levels of CoA-SH and acetyl-CoA were also decreased in spf mice45• 

The abnormalities in cerebral energy metabolites could be implicated in a direct effect of 
hyperammonemia on the glycolytic and citric acid cycle pathways. The increase observed in the 
cerebral glucose levels could be due to its decreased consumption in the brain. The increased 
cerebral lactate levels could be explained on the basis of an ammonia-induced inhibition of the 
pyruvate dehydrogenase complex, while the increased a-KG levels in the brains of spf-mice could 
be due to a decreased utilization in the transamination reaction and by the glutamate 
dehydrogenase. The reduced mitochondrial energy metabolism in spf mice is similar to that of 
acute hyperammonemic animal models46,47, which further confirms that ammonia per se could be 
responsible for the compromised energy metabolism. The decreased levels of pyruvate could 
probably be the result of increased conversion to lactate and/or its reduced production by alanine 
aminotransferase. Our results on the increased cerebral alanine levels in spf mice, as discussed in 
the previous paragraphs, would support this concept. 

Defective respiratory chain enzymes. Our studies on the increased cytosolic 
NADHlNAD+ ratios and subsequent depletion of the same in mitochondria prompted us to further 
study the status of the electron transport chain, including the activities of respiratory chain 
complexes in spf mice 45. These results indicated a progressive decline in the cytochrome C oxidase 
(COX; complex IV) activity in different cerebral regions of spf mice. The degree of reduction was 
non-significant at pre-weaning (3 weeks) stage, while it became significant in 6 weeks old mice 
with a 26 ± 3% reduction as compared to the normal CD-l controls. At 40 weeks the spf mice 
showed a further decline (36-48%) in the activity of cerebral COX. In order to elucidate the cause 
of the decreased COX activity, we have studied the quantitative expression of the whole brain 
mRNA corresponding to sub-unit I of COX in mutant spf mice and the normal CD-l controls. 
The relative abundance of COX I sub-unit mRNA showed a tendency to decrease in spf mice, 
subsequent to a decline in the cerebral ratios of mitochondrial NADHlNAD+. 

The observed decline in the COX activity in our present studies could be due to multiple 
synergistic effects of hyperammonemia, leading to a cascade of dysfunctions at the level of 
cerebral mitochondrial energy metabolism. In brain, the reducing equivalents generated in the 
cytosol, are preferentially transported into mitochondria by the malate-aspartate shuttle, which 
plays an important role in the transfer of reducing equivalents48• Several lines of evidence have 
indicated that excess ammonia directly interferes with malate-aspartate shuttle, via the inhibition 
of cytosolic malate dehydrogenase and aspartate aminotransferase, which would result in the 
accumulation of reducing equivalents in the cytosol and the depletion of the same in the 
mitochondria47• This metabolic block in the transfer of reducing equivalents could further 
compromise the mitochondrial ATP production, possibly through substrate-depleted inhibition of 
the respiratory chain enzymes and subsequent feedback effect on the transcription e.g. cytochrome 
C oxidase. 

The ammonia-induced metabolic abnormalities in spf mice, epecially the alterations in the 
cerebral amino acid profiles and the levels of energy metabolites, would directly or indirectly lead 
to disturbances in the synthesis, maintenance and functioning of various neurotransmitters in the 
brain, which could result in a ca.scade of neuronal dysfunctions at the synaptic level. 

Neurotransmitter Abnormalities 

Alterations in the cerebral transport of tryptophan. A precursor for serotonin. 
Published results have repeatedly indicated that the cerebral levels of tryptophan, and its 
metabolite 5-hydroxy indoleacetic acid (5-HIAA), which are the precursors for the 
neurotransmitter serotonin, are elevated in brains of spf mice. Bachmann and Colombo 49 reported 
enhanced levels of tryptophan and 5-HIAA in forebrain, brain stem and in the striatum of 28 days 
old spf mice. They also reported a flux through increase of serotonin synthesis using probenecid, 
an inhibitor of 5-HIAA efflux from the brain, which suggested that the increased transport of 
tryptophan and 5-HIAA could directly be responsible for the excess synthesis of cerebral 
serotonin. This is because of the fact that, tryptophan hydroxylase is never saturated in vivo at the 
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ambient tryptophan concentrations. Chaouloff et al.,so· reported a similar increased transport of 
tryptophan into brain in spf mice, while Inoue et al.,51 reported enhanced levels of both 
catecholamines, such as norepinephrine, dopamine and dihydroxyphenyl-acetic acid (DOPAC), 
and tryptophan, 5-HIAA and serotonin in different cerebral regions of spf mice. It was commonly 
implicated that the ammonia-induced excessive synthesis of cerebral glutamine in congenitally 
hyperammonemic spf mice, could be responsible for increased transport of tryptophan and the 
subsequent enhanced synthesis of cerebral serotonin. Our further studies52 on the activities of 
monoamine oxidases (MAOA and MAOB), which are the enzymes of serotonin catabolism, 
indicated a decrease in the MAO A activity in cerebellum and brain stem of spf mice, with a 
concomitant increase in the MAOB activity. In brain, MAOA utilizes serotonin and norepinephrine 
as substrates and is predominantly present in neurons, while the MAOB utilizes B-phenylamine 
and is localized in astrocytes. Our report52 further suggested that the increased levels of 5-HIAA, 
previously observed in spf mice, could be of astrocytic origin rather than of neuronal serotonin 
oxidation. Our results also suggested that a prolonged inhibition of neuronal MAOA activity in spf 
mice brain, could have an impact on the excessive stimulation of serotonin receptors and a further 
down regulation of the same in spf mice. 

Alterations in serotonin receptors. Our collaborative studies with Robinson et al.,53, 
indicated significant alterations in the agonistic binding sites of both serotonin2 and serotonin1A 
receptors in the spf mice. Using eHjketanserin (for serotonin2) and 8-eHj-hydroxy (di-n
propylamino)tetralin (8-0H-DPAT) (for serotonin1~' it was reported that the number of binding 
sites (Bmax) for the serotonin2 receptors were decreased, with a concomitant increase of the 
serotonin1A binding sites in brains of spf mice. No significant differences were observed in the 
affinities for both receptor SUbtypes. Studies were also conducted on the behavioral responses 
mediated by these receptors, in which spf mice when injected with quipazine, an agonist for the 
serotonin2 receptors, showed a significantly reduced head twitch-response, a phenomenon 
mediated by the serotonin2 receptors. Similarly, hypothermia elicited by the administration of 8-
OH-DPAT studied as a response mediated by the serotonin1A receptors, increased significantly in 
spf mice. These data further provided support for the link between congenital hyperammonemia 
and alterations in the serotoninergic system in spf mice, which is akin to the patients of congenital 
urea cycle disorders. The symptoms associated with anorexia and sleep disturbances, often shown 
by the children with urea cycle disorders, are believed to be due to alterations in the serotoninergic 
neurotransmission54. 

Excitotoxicity of Quinolinate. A metabolite of tryptophan. Quinolinic acid, a tryptophan 
metabolite is also increased in the brains of spf mice 55 and in the CSF of children suffering from 
congenital urea cycle disorders56. Quinolinate is a known excitotoxin that acts at the N-methyl
D-aspartate (NMDA) sub-type of glutamate receptors to cause a persistent stimulation. Studies in 
the spf mouse brain, indicated significantly elevated levels of quinolinate following an increase in 
the cerebral tryptophan and glutamine55. A severe loss of medium-spiny neurons was also reported 
in the striatum of spf mice. This is similar to the pathological conditions identified by Batshaw et 
a1.57, in patients of urea cycle disorders. It is well known that a persistent stimulation of NMDA 
receptors opens up a cascade of excitotoxic mechanisms, leading to a calcium-mediated neuronal 
degeneration in brain. Batshaw et al.,56 suggested that enhanced quinolinic acid levels in 
congenitally hyperammonemic children could be responsible for the severe neuronal loss and 
alterations in the astrocytic morphology. 

Developmental deficiency of the cholinergic system. The patients of ornithine 
transcarbamylase (OTC) deficiency are characterized clinically by occasional seizures and 
impairment of cognitive functions, accompanied by a progressive cerebral atrophy and alterations 
in the normal morphological structure of astrocytes, leading to Alzheimer's type II astrocytosis58. 
The survivors of neonatal hyperammonemic coma, progressively develop mental retardation and 
cognitive dysfunctions. It is weII known that, in brain, cholinergic mechanisms playa crucial role 
in the cognitive processes59• Based on this hypothesis, we undertook a series of neurochemical 
studies of the cholinergic system in the spf mouse model. These studies were conducted at various 
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developmental stages to elucidate the ammonia-induced pathological changes in the cholinergic 
neurotransmission. The results of our study60, indicated no significant changes in the choline 
acetyltransferase (ChAT) activity in spf mice upto 21 days of age. However, beyond 21 days, a 
generalized delay in the development of the ChAT was observed in spf mice with a reduction of 
upto 63% in the cortex, 53% in the thalamus, 36% in the striatum, 25% in brain stem and 26% in 
hippocampus, as compared to the age-matched CD-1 controls. The high affinity choline uptake, 
which is supposed to be involved in the synthesis of acetylcholine, also showed a developmental 
decrease in spf mice as compared to the control mice. No significant developmental changes were 
observed in the acetylcholinesterase activities in spf mice. The possible explanation for the delayed 
development of cholinergic system in spf mice could be due to an ammonia-induced inhibition 
and/or a loss of trophic factors to mediate the differentiation and maintain the normal number of 
cholinergic neurons. It has already been reported that nerve growth factors (NGFs) play an 
important role in the differentiation and survival of forebrain cholinergic neurons61 • In order to 
clear this concept, we attempted to determine the levels of 6-NGF in different cerebral regions of 
spf mice. These data indicated significantly reduced levels of 6-NGF in most of the brain regions 
of spf mice, parallel to the decreased ChAT activity, confirming that ammonia-induced depletion 
of the nerve ~wth factors could be responsible for the delayed development of ChAT activity. 
Batshaw et al./ have recently reported behavioral abnormalities in spf mice. These results also 
correlate well with the behavioral abnormalities and mental retardation exibited by the children 
suffering from urea cycle disorders. Using passive avoidance learning tests, they reported that the 
spf mice had less ability to perform this task with respect to the normal controls. These results also 
strongly pointed out the possibili'ty of an impaired synthesis of neurotransmitter acetylcholine in 
spf mice and a subsequent effect on the cholinergic receptors. 

Cholinergic receptor alterations. Our studies on the delayed development of cholinergic 
parameters prompted us to further probe into the fate of the cholinergic receptors in the spf mouse 
model. We performed in vivo quantitative receptor autoradiographic studies62 on the central 
muscarinic cholinergic Ml and M2 receptors using selective ligands, eH]pirenzepine (MJ receptor 
ligand) and eH]-AFDX 384 (M2 receptor ligand), in different cerebral regions of spf mice. These 
data indicated a selective increase in Ml receptors with a concomitant decrease in the M2 receptor 
densities in brains of spf mice as compared to the CD-1 controls. The degree of increase in Ml 
sub-type of receptors was between 24-54%, while the degree of reduction in M2 receptors was up 
to 60%. In brain, M2 sub-type of cholinergic receptors are supposed to be present in the pre
synaptic neurons, while the localization of MJ sub-type is predominantly on the post-synaptic 
neurons. This pattern of decreased pre-synaptic M2 receptors and our earlier studies of reduced 
ChAT activity in the brains of spf mice are well correlated. The concomitant increase in the MJ 

post-synaptic binding sites in our spf mouse model could be due to the up-regulation in response 
to the loss of pre-synaptic M2 binding sites. However, these results together, pointed towards the 
assumption that there could be an ammonia-induced selective loss of presynaptic cholinergic 
neurons in the spf mice. 

Evidence of cholinergic neuronal loss. Our parallel studies to establish if there was any 
selective cholinergic neuronal loss in the spf mice, revealed a loss of choline acetyltranferase 
(ChAT) positive neurons throughout the cerebral cortex, septal area and diagonal band of spf 
mice63• These studies were performed by immunohistochemical technique using a monoclonal 
antibody for ChAT in the selective areas mentioned above. The results clearly showed a decreased 
ChAT-positive neuronal cell count in spf mice brains as compared to CD-1 controls. Our studies 
on spf mouse model were similar to the neuropathological studies done in human OTC deficiency, 
which consistently revealed a significant neuronal loss in cerebral cortex, basal ganglia and 
thalamus while relatively sparing the cerebellum and brain stem regions64,65. However, the 
pathophysiological mechanisms responsible for a selective neuronal loss in congenital 
hyperammonemias have not been definitely established. The correlation between the degree of 
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brain damage and duration of hyperammonemia, rather than the peak ammonia levels in both spf 
mice and in patients of OTC deficiency60·66, strongly supports the hypothesis that a metabolite of 
ammonia rather than ammonia per se, could be responsible for the excitotoxic neuronal damage in 
both these cases. The other alternative in this regard could be quinolinic acid, a known excitotoxin, 
which was reported to be elevated both in spf mice55 and in patients of urea cycle disorders56. It has 
been reported that intrastriatal injections of quinolinic acid lead to a decreased ChAT activity in a 
dose-dependent manner. Whatever the mechanism, our observations conclusively indicated a 
cholinergic neurotransmitter dysfunction in spf mouse model which was similar to that of the 
patients of OTC deficiency .. 

Alterations in the tissue glutamic acid levels. Our studies on the regional amino acid 
changes in spf mice35 indicated a reduced glutamate level, only in the cerebral cortex, but not in 
any other regions. During the process of ammonia detoxification, brain utilizes tissue glutamate 
and cellular ATP for the synthesis of glutamine, which could lead to a depletion of tissue glutamate 
pools. However, lack of significant depletion of brain glutamate, except in cerebral cortex, could 
be explained on the basis of glutamate metabolism which is highly compartmentalized in brain, 
with a relatively small portion of tissue glutamate being available for glutamine synthesis. The 
selective depletion of glutamate levels in cerebral cortex, could possibly be as a result of a loss of 
glutamatergic neurons as a consequence of ammonia-induced, energy depletion-mediated 
excitotoxicity in spf mice. Cortical neuronal loss is characteristic in patients of OTC deficiency64.65. 
Moreover, we have also reported a chplinergic neuronal loss in the forebrains of spf mice63. Our 
current studies are, therefore, focussed on studying the mechanisms of a possible excitotoxic 
neuronal loss in spf mice. 

Alterations in the N-methyl-D-aspartate (NMDA) receptor functions. NMDA sub
type of glutamate receptors are known to playa major role in brain physiology and pathology. 
These receptors under physiological conditions, mediate the long term potentiation' of neurons, a 
phenomenon involved in learning and memory process. However, under certain pathological 
conditions, possibly including hyperammonemias of different etiologies, excess stimulation of 
these receptors opens up a cascade of calcium-mediated neuronal dysfunctions and is the cause of 
devastating consequences to the neurons, leading to their death. In order to address the causal 
relationship of neuronal loss and NMDA receptors, we have extended our studies in the spf mouse 
model to evaluate NMDA receptor densities by in vivo quantitative receptor autoradiography, 
using the selective antagonist MK-80168. These data indicated significantly decreased densities of 
MK-801 binding sites in 16 out of 17 brain regions of spf mice as compared with the CD-1 
controls. 

One possible explanation for the reduction in MK-801 displaceable NMDA binding sites, 
could be the loss of glutamatergic neurons in the brains of congenitally hyperammonemic spf 
mice. In one way, this is supported by our results on the loss of cortical and hippocampal neurons 
of upto 20% in spf mice63. The second and most likely explanation could be the down-regulation 
of these receptors in response to excessive exposure to the endogenous ligands. The endogenous 
ligands for NMDA receptors could be glutamate and/or quinolinate. Reports in the literature have 
already indicated elevated levels of cerebral quinolinic acid in spf miceS5 and in patients of OTC 
deficiency56. Although elevated quinolinic acid could probably be a likely explanation for the 
down regulation of NMDA receptors, the direct excitotoxic effects of the glutamate 
neurotransmitter in congenital hyperammonemias cannot be ruled out. This argument may arise 
due to the fact that in hyperammonemic animal models of either the aquired (portacaval 
anastomosis)69 or induced (injection of ammonium salts)70 type, increased extracellular 
concentration of glutamate is a characteristic in the brain with a concomitant loss of NMDA 
binding sites. However, in our spf mouse model, the phenomenon of increased extracellular 
glutamate, whether responsible for the down regulation of NMDA receptors or not, awaits further 
experimentation. 
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Alterations in Na+-K+-ATPase activity. Our earlier observations33•34 have demonstrated 
a cerebral depletion of ATP in spf mice. The possible explanation for such a decrease in ATP 
availability could be due to: (a) direct toxic effects of ammonia at the sites of ATP production via 
the inhibition of various enzymes of the citric acid cycle and oxidative phosphorylation, including 
the cytochrome C oxidase and/or (b) enhanced utilization of the cerebral A TP in the detoxification 
of ammonia e.g. glutamine synthesis and/or increased consumption in response to ammonia
induced hyperexcitability of the neuronal membranes. It has already been reported by in vitro and 
in vivo studies that ammonium ions can cause membrane hyperpolarization and alter the ionic 
shifts44. Na+-K+-ATPase (EC 3.6.1.3), a plasma membrane bound enzyme involved in the 
maintenance of membrane potentials in brain, accounts for upto 50% of the total brain oxidative 
metabolism71 and is coupled to various neurotransmitter functions. In view of the consistent ATP 
depletion and neurotransmitter-related changes, particularly the glutamatergic function in spf 
mouse model, we assessed the Na+-K+-ATPase activity in both congenital (spf mouse) and 
acquired (portacaval anastomosis) hyperammonemic conditions. Our results indicated a 
significantly elevated Na+-K+-ATPase activity in different cerebral regions of both spf mice and 
portacaval shunted rats72. 

The mechanism by which ammonia may cause the activation of Na+-K+-ATPase is not 
clear. One possible explanation, that has been recently proposed73, involves the calcium-induced 
protein kinase C mediated decrease in the phosphorylation of Na+-K+-ATPase. This enzyme, 
when less phosphorylated, is more active74• These findings suggest that, in the brains of both spf 
mice and portacaval shunted rats, ,Na + -K+ -ATPase is less phosphorylated and is therefore more 
active. This has been further supported by the in vitro experiments conducted by Neary et al./5 

who reported a decreased protein phosphorylation in cultured astrocytes exposed to millimolar 
concentrations of ammonia. The increased Na+-K+-ATPase activities in spf mice model could 
partially, if not completely, be responsible for the depleted ATP levels and other 
pathophysiological mechanism(s) in this animal model. 

Current work on the glutamatergic excitotoxicity and energy depletion. As mentioned, 
the exact mechanism for the neuronal loss and the down regulation of the NMDA sub-type of 
glutamate receptors in spf mice is not completely known. However, the possible factors involved 
in these abnormalities e.g. elevation of cerebral quinolinate, have already been discussed. 
Alternatively, the possible involvement of enhanced extracellular glutamate at the nerve terminals 
is also indicated. Our current research studies on the parameters of exdtotoxicity, therefore, 
include: (a) the effects of hyperammonemia on the ontogeny of the NMDA receptors in spf mice, 
(b) further evaluation of the parameters of excitotoxicity e.g. changes in the extra-cellular 
concentrations of transmitter glutamate, intracellular accumulation of calcium and the changes in 
the energy-mediated reuptake of transmitter glutamate. In addition, studies are also continuing to 
evaluate the energy availability at various points in the mitochondrial energy metabolism e.g. 
electron transport chain complexes other than complex IV, ATP transfer enzyme such as ATP
ADP translocase in spf mice, as a consequence of congenital hyperammonemia in spf mice. To 
neutralize these pathogenetic mechanisms, the effect of acetyl-L-carnitine therapy is being studied 
in detail. 

CONCLUSIONS 

Extensive studies on the spf mouse model from our laboratory, in conjunction with our 
collaborators and from those of independent research groups, provide valuable information on the 
neurochemical pathology of the congenital hyperammonemias. Most of the metabolic 
abnormalities present in the spf mouse model are found to be similar to the patients of congenital 
hyperammonemias, especially of urea cycle enzymopathies. These studies suggest that the elevated 
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brain ammonia and glutamine are the chief culprits causing various neuropathological 
abnormalities, including the brain amino acid imbalances, alterations in the mitochondrial 
membrane properties and various energy metabolites that could alter the respiratory chain enzyme 
complexes and ultimately the ATP depletion. These dysfunctions could further lead to the 
neurotransmitter abnormalities including the serotoninergic functions, cholinergic dysfunctions 
and ultimately the glutamatergic excitotoxicity. 

It is interesting to note that, from a neuropathological standpoint, many of these 
neurochemical abnormalities, observed in congenital hyperammonemias and in the spf mouse 
model, are similar to the neurodegenerative disorders e.g. Alzheimer's type dementia. Seiler76 and 
Hoyer77, have speculated that ammonia and/or its chief metabolites could also be causative factors 
in Alzheimer's type disorders. In addition, Beal78 has stated that defective cerebral mitochondrial 
function(s), leading to a decreased energy production, might result in the triggering of the 
excitotoxic mechanisms ultimately leading to neurodegeneration as seen in the Alzheimer's type 
disorders. 

Based on our studies, in conjunction with other reports on the neuropathological 
abnormalities in neurodegenerative disorders, we hypothesize that the congenital 
hyperammonemias might also be neurodegenerative disorders, induced by an ammonia-mediated 
energy depletion and amplified by excitoxicity leading to a progressive neuronal loss. 
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1. Introduction 

Autosomal recessive juvenile visceral steatosis (JVS) was discovered in C3H.OH 
mice in 1985 by Hayakawa et al. (1, 2). The mutant mice showed symptoms very similar to 
those of Reye's syndrome, such as fatty liver, hyperammonemia, hypoglycemia and growth 
retardation. About 70% of the mice died at about 30 days of age. From the symptoms, 
carnitine deficiency was postulated and verified by analysis of serum and organs. 
Concentrations of both free and acylcarnitine were found to be very low (10 to 20% of the 
controls) in every organ examined (3). No abnonnal carnitine derivatives were detected in 
the urine. These results together with the therapeutic effect of carnitine (4) indicate that the 
mice are a novel animal model of primary systemic carnitine deficiency. Thereafter, careful 
observation of JVS mice revealed cardiac hypertrophy (5), the most typical symptom in the 
human disease (6). Further studies showed that the primary defect is most probably in the 
renal carnitine transport system (7) and that the gene, jvs, is located on chromosome 11 (8). 
We analyzed the urea cycle enzymes to investigate hyperammonemia in JVS mice and 
found its pathogenesis novel and interesting (9). On the other hand, hyperammonemia is 
one of the symptoms in several inherited diseases of fatty acid metabolism (6, 10-12) and its 
pathogenesis in relation to urea cycle is not known. JVS mice can provide a means to solve 
the problem. 

2. The Urea Cycle in JVS Mice in Infancy 

We became interested in :fVS mice when we found the activities of all urea cycle 
enzymes in the liver of JVS mice reduced to low levels during development (Fig. 1): 57% 
of control at 15-17 days to 11% at 25 days in carbamoylphosphate synthetase (CPS), 86% 
to 30% in ornithine carbamoyltransferase (OCT), 56% to 23% in argininosuccinate 
synthetase (ASS), and about 70% to 40% in argininosuccinate lyase (ASL) and arginase (9). 
On the other hand, at 25 days, the concentration of N-acetylglutamate was much higher in 
the liver of JVS mice than control (134 ± 35 nmol/g liver vs. 60 ± 20 nmol/g liver, 
respectively; n = 4). Thus, the hyperammonemia in JVS mice is associated with the 
reduction of all urea cycle enzyme activities. The reduction of the activities was parallel to 
the reduction of the enzyme amounts (9). The enzyme activities of glycolysis such as 
aldolase and lactate dehydrogenase and the rate of l3-oxidation from palmitic acid in the 
homogenate supplemented with carnitine were higher in the liver of JVS mice than in the 
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Figure 1. Urea cycle enzyme activit ies in the liver of control (0) and NS ( . ) mice at 16 (15-17) 
days and 25 days of age. Values are the means :t; SO (n = 9-11). From (9). 

controls (9), indicating that the reduction of the urea cycle enzymes is not due to liver 
damage. 

We analyzed mRNA coding for urea cycle enzymes along with several other mRNAs 
expressed in the liver by Northern blot analysis (13). The mRNAs of four urea cycle 
enzymes (CPS, ocr, ASS and ASL) tested at 25 days of age were remarkably reduced in 
the liver of NS mice, as shown in Fig. 2 (13). Other liver-selective mRNAs such as 
albumin, serine dehydratase (SDH) and tyrosine aminotransferase (TAT) were low in NS 
mice but glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (13) and aldolase A (14) 
were high. Time-course experiments on the mRNA levels in the liver showed that CPS and 
ASS mRNAs increased during infancy in control mice but not in NS mice (13, 15). The 
differences were significant at 15 days (see Fig. 5). 

Run-on assay showed that the transcription of the urea cycle enzyme genes is 
suppressed (13). The suppressed transcription can account for the reduced mRNA levels of 
CPS, ASS and ASL, although some other factors seem to be necessary for the reduced ocr 
mRNAlevel. 
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Figure 2. Northern blot analysis of total RNA from the liver of NS and control mice. Total RNA 
(20 I-1g) isolated from mouse liver at 25 days of age was analyzed by Northern blot hybridization 
with probes; CPS, ocr, ASS, ASL, albumin, SOH, TAT, PEPCK, aldolase B, GAPOH and 1'\
actin. From (13). 
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Figure 3. Effect of carnitine administration on CPS and aldolase B mRNAs revealed by Northern 
blot analysis and on lipid concentration in the liver. Total RNA (20 JAg) isolated from mice treated 
with camitine (+) or saline (-) for 5 or 9 days from 10 days af1er birth was applied to each lane. 
From (4). 

3. The Effect of Carnitine Administration 

Administration of camitine at a dose of 1 mg per day from 10 days of age for 9 days 
caused complete normalization of CPS mRNA level (Fig. 3), although the lipid content in 
the liver was not normalized (4). This was probably due to the difference in the dose of 
camitine necessary for normalization of gene expression and fatty liver. Since none of the 
camitine-administered mice died, this was found to be a good way of breeding NS mice. 
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Figure 4. Relative amounts of glucocorticoid receptor protein and its intracellular localization in 
the liver of NS and control mice at 25 days. Glucocorticoid receptor protein in cytosolic (C) and 
nuclear (N) fractions was determined after treatment with dexamethasone (Dex) or saline (-) for 30 
min in control and NS mice. In each experiment, 30 fLg of protein of each fraction was 
electrophoresed on 7% SDS-polyacrylamide gel and immunoblotting with anti-GR antibody. From 
(16). 
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4. Signal Transduction Pathway of Glucocorticoid 

Since all the mRNAs suppressed in the liver of JVS mice were known to be inducible 
by glucocorticoid, we examined the components of the glucocorticoid signal transduction 
pathway (16). The serum cortisol concentration in JVS mice was significantly higher than 
in control mice (2.23 ± 0.05 vs. 1.03 ± 0.04 ng/dl, respectively; P < 0.01). Glucocorticoid 
receptor detected by Western blot analysis was lower in the cytosolic fraction of liver from 
JVS mice but higher in the nuclear fraction than control, suggesting the activation of the 
pathway in JVS mice (Fig. 4). Administration of dexamethasone caused induction of CPS 
and TAT mRNAs in JVS mice and an elevation of immunoreactive GR in the nuclear 
fraction of control mice (16). These results suggest that there is no gross abnormality in the 
glucocorticoid signal transduction pathway of JVS mice. 

5. Transcription Factors Related to the Gene Expression of the Urea Cycle Enzymes 

The steady-state mRNA levels of the transcription factors involved in liver-selective 
gene expression were compared in control and JVS mice by Northern blot analysis at 25 
days, when CPS mRNA was very low in JVS mice (15). The mRNA contents of HNF-4 
in the liver of JVS mice were lower than control, and C/EBP- a was approximately half of 

the control level, but C/EBP-~ and HNF-3a were slightly higher. There was no difference 
in HNF-1 between the two groups of mice. Figure 5 shows the developmental changes of 
the transcription factor mRNAs by slot blot analysis. CPS and the transcription factor 
mRNAs tested increased in the control liver during development but aldolase B mRNA did 
not. HNF-4 and C/EBP-a mRNA increased more slowly in JVS mice and were 
significantly lower in JVS mice than control at 25 days, while CPS mRNA in JVS mice was 
already significantly lower at 15 days. C/EBP-~ mRNA content in the liver of JVS mice 
was higher than the control (but not significant), and there was no difference in 
developmental changes in HNF-l and aldolase B mRNAs between the two groups. These 
results suggest that reduced amounts of C/EBP-a and HNF-4 may play a role in the 
decreased expression of the genes for urea cycle enzymes in infancy. 
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Figure 5. Developmental changes in the contents of CPS, aldolase B and liver-selective 
transcription factor mRNAs. Total RNA was isolated from livers of NS (. ) and control (0) mice 
at the ages indicated. The mRNA content was quantitated by slot blot hybridization analysis. 
Values are presented as means ± SD (n=6) in relative abundance units taking the control at 5 days 
as 1. .p < 0.05, •• p < 0.01. From (15). 



6. Enhanced Expression of Proto-oncogenes, c-jun and c-fos, and Activation of AP-l 
DNA Binding Activity in the Liver of JVS Mice 

During the experiments, we noticed that the disordered gene expression (suppression of 
liver-selective genes and activation of glycolytic enzyme genes) in the liver of NS mice is 
similar to that in cancer or cancer-bearing liver. We observed that mRNA levels of proto-
oncogenes, c-jun and c-fos, were high in NS mice (14). a-Fetoprotein and aldolase A 
mRNA levels were also high (14). As shown in Fig. 6A, DNA binding activity of AP-l, 
the product of c-jun and c-fos genes, were markedly higher in NS mice than in control at 7 
days of age and increased till at least 25 days during development of NS mice (16). 
Treatment of NS mice with one mg of L-carnitine twice a day for 2 days caused a 
significant decrease in AP-l activity, and treatment for 5 days caused a dramatic decrease 
to the same level as in control mice (Fig. 6B). These results together with the the results 
shown in Fig. 3 indicate that AP-l activation and the expression of urea cycle enzymes are 
inversely proportional and that the change of AP-l activity precedes the change of urea 
cycle enzyme expression. 

7. Urea Cycle in Adulthood of JVS Mice and Effect of Starvation 

JVS mice show growth retardation recognizable from 2 weeks and remarkable at 4 
weeks, with concurrent reduction of urea cycle enzymes. As described previously, about 
70% of NS mice die by 5 weeks,. but the rest survive the crisis. They begin to gain body 
weight rapidly and reach the control level at 46 days of age (15). They show urea cycle 
enzyme activities comparable to those of the controls, indicating that the reduction of the 
urea cycle enzymes is reversible and also suggesting that the symptoms such as 
hyperammonemia and growth retardation are limited to infancy. 

To test whether NS mice suffer from any disorder in the urea cycle in adulthood, we 
forced 8-week-old NS mice to starve for 48 h and compared several parameters between 
fed and starved conditions (15). The liver of fed NS mice looked less fatty at 8 weeks than 
at 4 weeks and was a little heavier than the control. On the other hand, 48 h starvation 
caused about 50% loss of liver weight in control mice and almost no change in JVS mice. 

[8) JVS Control 

2d 5d 

Figure 6. Changes in AP-1 DNA binding activity during development (A) and effect of carnitine 
administration on AP-l DNA binding activity (B) determined by gel mobility-shift assay. Liver 
nuclear extracts from NS and control mice at 7, 14 and 25 day (A), and from NS mice at 15 days 
of age treated with carnitine (+) for 2 days or 5 days or saline (-) for 5 days before sacrifice (B) 
were incubated with 32P-labeled oligonucleotide containing AP-l binding site. (P), probe only. 
From (16). 
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Table 1. Effects of starvation for 48 h on hepatic lipid content and blood hormone 
levels in control and NS mice at 8 weeks 

Control NS 

Fed Starved Fed Starved 

Hepatic lipid (mg/g) 46.1 ± 5.2 42.1 ±2.9 107.9 ± 35.3 a 309.6 ± 71.7 b, c 
Insulin (nglml) 1.38 ± 0.37 < 0.38 a 1.05 ± 0.65 <0.38 
Glucagon (pg/ml) 81.5 ± 22.8 92.3 ± 29.7 93.3 ± 29.1 159.5 ± 71.4 
Cortisol (""g/dl) 1.24 ± 0.32 1.49 ± 0.14 1.34 ± 0.24 1.95 ± 0.48d 

Data are expressed as the mean ± SD. a P < 0.05 compared with fed control mice; 
bp < 0.01 compared with fed JVS mice; C P < 0.01 compared with starved control mice; 
d p < 0.05 compared with starved control mice. From (15). 

The color of the liver of NS mice changed from reddish in fed mice to whitish in starved 
mice. The hepatic lipid concentration of control mice was not altered by the starvation 
(Table 1). On the other hand; the lipid concentration of NS mice was twice that of the 
control mice under fed conditions, and was remarkably increased by the starvation. The 
level under starvation was comparable to that at 15 days (4). There were no significant 
differences in the concentrations of serum insulin, plasma glucagon and serum cortisol 
under fed conditions between control and NS mice. The starvation caused a large decrease 
in the insulin concentration and no significant change in the glucagon concentration in both 
groups of mice. The cortisol concentration was significantly increased in NS mice but did 
not change in control mice (Table 1). 
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Figure 7. Serum free fatty acid concentrations of NS ce) and control (0) mice during 
development and effect of starvation. Serum was taken from NS and control mice at various ages 
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As shown in Fig. 7, serum free fatty acid concentration in JVS mice increased during 
development and reached three times the control level at 4 weeks. At 8 weeks, however, 
the fatty acid fell to the control level under fed conditions. Starvation for 48 h caused a 
great elevation of the free fatty acid concentration in JVS mice, almost to the level at 4 
weeks, but no change in control mice (15). 

CPS, ASS and GAPDH mRNA levels in the liver of fed JVS mice were comparable to 
those of the control mice at 8 weeks (Fig. 8). Starvation for 48 h doubled the CPS and ASS 
mRNA concentrations in the liver of control mice, but the effect was not significant in the 
liver of JVS mice. On the other hand, GAPDH mRNA increased under 48 h starvation in 
both groups, but more markedly in JVS mice. Thus, JVS mice show expression of urea 
cycle enzyme genes comparable to that in control mice in fed states, but the expression is 
insensitive to starvation stress. 

The HNF-4 mRNA content under fed conditions was the same in control and JVS 
mice, and increased about four-fold in control mice and two-fold in JVS mice after the 48 h 
starvation (Fig. 8). The HNF-4 mRNA of starved JVS mice was significantly lower than 
that of control. Very similar results were observed for the C/EBP-!3 mRNA of control and 
JVS mice. On the other hand, there was no significant difference in C/EBP-u mRNA 
content between control and JVS mice and no significant change after the starvation. 
These results indicate that HNF-4 and C/EBP-!3 as well as urea cycle enzymes are less 
sensitive to starvation in JVS mice and suggest that the low response of these two 
transcription factors may be in part responsible for the low or zero response of urea cycle 
enzyme genes during starvation. 

As described previously, AP~1 DNA binding activity increased in the liver of JVS 
mice during development (16), accompanied by increased c-jun and c-fos mRNA 
concentration (14). Figure 9 shows that AP-l binding activity was low in the nuclear 
extracts from the liver both of control and JVS mice under fed conditions. The starvation 
stimulated AP-l binding activity remarkably in JVS mice and slightly in control mice. 
There were no differences and no changes in Sp-l DNA binding activity under fed and 
starved conditions of control and JVS mice. Northern blot analysis showed no difference in 
the mRNA level of c-jun, a component of AP-l, between control and JVS mice under fed 
conditions (data not shown). The starvation doubled the levels in both groups, but there 
was no difference between the groups. Again, activated AP-l DNA binding activity were 
inversely related to the low response of the urea cycle enzyme genes. 
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Figure 8. Effect of 48 h starvation on the contents of CPS, ASS, GAPDH, HNF-4, and C/EBP-u 
and -13 mRNAs in the liver of NS and control mice at 8 weeks. The mRNA contents in fed (open 
boxes) and starved (hatched boxes) mice were quantitated by slot blot hybridization analysis. 
Values are expressed as means ± SD (n = 8 or 9) in relative absorbance units taking the control 
under fed conditions as 1. From (15). 
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Figure 9_ Effect of 48 h starvation on AP-1 and Sp-1 DNA binding activities in the nuclear extract 
from livers of JVS and control mice. DNA binding activities were assayed as described in Fig. 6. 
(P), probe only. 

8. Long-Chain Fatty Acids as a Candidate for the Suppressor of Glucocorticoid 
Induction of Urea Cycle Enzyme Genes 

All these results suggest that long-chain fatty acids, which cannot be metabolized 
properly in camitine-deficient NS mice and which accumulate in the sera of infant and 
starved adult JVS mice, may be a suppressor of glucocorticoid induction of urea cycle 
enzyme genes. We tested this possibility by using rat primary cultured hepatocytes (17). 
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Figure 10. Effect of oleic acid and carnitine on induction by dexamethasone and dibutyryl cAMP 
of CPS, ASS, PEPCK and GAPDH mRNAs in the primary cultured rat hepatocytes. The mRNA 
contents were quantitated by slot blot hybridization analysis and values are presented as means ± 

SD in relative abundance with dexamethasone (Dex) as 100. Concentrations of reagents used are 
0.5 mM oleic acid (OA), 10 nM Dex, 1 mM carnitine (Cn), and 10 J-tM dibutyryl cAMP (cAMP). 
Numbers in figure denote numbers of experiments. Statistically significant differences between the 
groups with and without oleic acid or carnitine are shown in figure; *P < 0.05 and **P < 0.01. 
From (17). 
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We examined the effect of oleic acid on CPS, ASS, phosphoenolpyruvate 
carboxykinase (PEPCK) and GAPDH mRNAs in the primary cultured hepatocytes with and 
without dexamethasone and dibutyryl cAMP (Fig. 10). Addition of 0.5 mM oleic acid 
(OA) to the medium caused almost no changes in mRNA amounts. Addition of 10 nM 
dexamethasone (Dex) caused approximately 30cfold, 5-fold and 2-fold increases in CPS, 
ASS and PEPCK mRNAs, respectively. Further addition of oleic acid (Dex + OA) 
suppressed the induction by dexamethasone of CPS and ASS mRNAs, and enhanced that of 
PEPCK mRNA. Addition of 1 mM carnitine to the system (Dex + OA + Cn) relieved the 
suppression by oleic acid of CPS and ASS induction and relieved the enhancement of 
PEPCK induction. Oleic acid showed no effect on the induction of CPS, ASS and PEPCK 
by 10 !LM dibutyryl cAMP. In the case of GAPDH, dexamethasone caused a slight 
decrease in the mRNA content and dibutyryl cAMP caused a slight increase. Oleic acid 
caused a slight increase in the content irrespective of dexamethasone and dibutyryl cAMP. 
TAT mRNA increased like CPS and ASS mRNAs (data not shown). Thus, oleic acid 
specifically suppresses the induction by glucocorticoid of a group of genes. These changes 
in the mRNA of the enzymes caused by oleic acid seem to mimic those in the liver of NS 
mice (13, 18). 

We tested the specificity of fatty acids (Fig. 11). The induction of CPS mRNA by 
dexamethasone was not influenced by the addition of saturated medium-chain fatty acids 
(carbon-chain length less than 14). Saturated fatty acids having a carbon chain longer than 
16 showed suppressive effects and the presence of double bonds enhanced the suppressive 
effect. With all fatty acids, addition of 1 mM carnitine reversed the effect almost 
completely. This suggests that the dfect of fatty acids results partly from the shortage of 
carnitine in the primary cultured hepatocytes (19) causing the accumulation of fatty acids 
and that the addition of carnitine stimulates the metabolism by converting the fatty acids 
into fatty acylcarnitine. Addition of 0.5 mM lauric acid (12:0) or salicylic acid which were 
noneffective but may compete with an effective fatty acid for CoA to be further 
metabolized did not have any effect on the suppression (data not shown). All these results 
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Figure 11. Effect of various fatty acids, carnitine, clofibrate and phorbor ester on induction by 
dexamethasone of CPS mRNA in the cultured hepatocytes. Fatty acids indicated with numbers of 
carbon and double bond or phorbor ester (TP A) were added to the medium with 10 nM 
dexamethasone (Dex) at the concentration indicated without (-) or with (+) 1 mM camitine (Cn). 
Values are presented as means ± SD. Numbers in columns denote numbers of experiments. 
Statistically significant differences from the value of Dex only (100 ± 11.7; n=8) are shown in 
figure, 'P < 0.05 and "P < 0.01. From (17). 
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suggest that free fatty acids, but not their metabolites, are the mediators. The spectrum of 
fatty acids affecting the induction seems to be similar to that for protein kinase C activation. 
Unsaturated long-chain fatty acids such as oleic acid and arachidonic acid have been 
reported to activate protein kinase C (20, 21). TPA (0.2 1-lM), a potent protein kinase C 
activator, suppressed glucocorticoid induction of CPS (Fig. 11). We do not have 
conclusive information on this mechanism, because protein kinase C inhibitors showed no 
consistent results (data not shown) and the suppression was caused by saturated long-chain 
fatty acids such as palmitic acid and stearic acid which have been reported not to activate 
protein kinase C (20, 21). Addition of clofibrate, a peroxisome proliferator, had no effect 
on the induction of CPS. 

We assayed the AP-1 DNA binding activity by gel shift analysis of the nuclear 
fractions from the cultured hepatocytes under the conditions described in Fig. 12. AP-1 
DNA binding activity observed under basal conditions was reduced by the addition of 
dexamethasone (Dex). Addition of oleic acid with dexamethasone (Dex + OA) enhanced 
the activity at 12 h but the effect was not clear at 24 h. Further addition of carnitine (Dex + 
OA + Cn) reduced the effect of oleic acid partially at 3 h (data not shown) and completely 
to the level of dexamethasone (Dex) at 12 h. Oleic acid only (OA) caused almost no 
change in the DNA binding activity. Sp-1 DNA binding activity was not affected by these 
treatments. These results suggest that the activated AP-1 DNA binding activity mediates 
suppression of urea cycle enzyme genes by fatty acids in cultured hepatocytes, although the 
AP-1 DNA binding activity was not so remarkably activated as in NS mice in vivo. 
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Figure 12. Effect of oleic acid (OA) on AP-l and Sp-l DNA binding activities in the nuclear 
extract of the cultured hepatocytes in the presence and absence of dexamethasone (Dex) and 
camitine (en). From (17). 

9. Effect of Overexpression of c-jun on Glucocorticoid Induction of 
Carbamoylpbospbate Synthetase in Reuber H-35 Rat Hepatoma Cells 

To test the direct effect of activated AP-1 DNA binding activity on induction of urea 
cycle enzyme genes by glucocorticoid, we used Reuber H-35 rat hepatoma cells which 
express CPS gene. The cells were transfected with a vector expressing rat c-jun cDNA 
(pCAGGS/c-jun) under cytomegalovirus enhancer and /3-actin promoter elements (22). 
Fig. 13 shows the results of Northern blot analysis. Treatment with 1 nM dexamethasone 
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for 15 h induced CPS mRNA in the cells transfected with a vector not carrying c-jun 
(pCAGGS) about 7-fold from the basal level. On the other hand, the induction levels of 
CPS mRNA by dexamethasone in the cells transfected with pCAGGS/c-jun were about 
50% those of the cells transfected with pCAGGS. These results again strongly suggest that 
the product of proto-oncogene c-jun, AP-l, causes the suppression of glucocorticoid 
induction of urea cycle enzyme genes. 
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Figure 13. Effect of c-jun overexpression on dexamethasone induction of CPS in Reuber H-35 
cells. Cells (106) were transfected by calcium-phosphate coprecipitation with 10 J.tg of expression 
vector carrying rat c-jun cDNA (pCAGGS/c-jun) or vector (pCAGGS) DNA only. After 
transfection, cells were washed and refed with serum-free medium containing 1 nM 
dexamethasone (Dex). After 15 h incubation, RNA was isolated and analyzed by Northeru blot 
hybridization analysis. 

10. Mechanisms of Suppression of Urea Cycle Enzyme Genes in JVS Mice 

The expression of urea cycle enzyme genes is governed by a number of liver-selective 
transcription factors (23). Binding sites for the transcription factors have been sought to 
explain the liver-selective expression of the urea cycle enzymes: HNF-4 binding sites were 
found in OTC (24, 25) and CPS (26) genes; and C/EBP binding sites in OTC (24), CPS 
(27) and arginase (28, 29) genes. Nisbiyori et al. (30) demonstrated that HNF-4 and 
C/EBP-!3 are important for the activation of the OTC gene. An imperfect CRE and half
sites of GRE have been found in the enhancer region of the CPS gene, and substitutional 
mutations in these sites strongly affected hormone-induced expression (26). The urea cycle 
enzymes, however, are induced by glucocorticoid with delayed onset which depends on de 
novo protein synthesis (31), suggesting that the glucocorticoid receptor does not act directly 
on the genes. Gotoh et al. (28) reported that C/EBP binding sites are present in the delayed 
glucocorticoid-responsive enhancer of the arginase gene. Matsuno et al. (32) showed that 
C/EBP-!3 is induced by glucocorticoid and glucagon, and suggested that the accumulated 

C/EBP-!3 protein is involved iii secondary activation of target genes such as the urea cycle 
enzyme genes in response to the hormones in the liver. 

Low mRNA levels of the liver-selective transcription factors, HNF-4 and C/EBP-a, at 

infancy, and low response of HNF-4 and C/EBP-!3 mRNAs to starvation in adulthood are 
probably involved in the suppressed expression of the urea cycle enzyme genes. But the 
CPS and ASS mRNA levels changed earlier and more remarkably than the transcription 
factors, and AP-l DNA binding activity decreased earlier than the CPS mRNA increase 
after carnitine administration. These results suggest that AP-l is involved more directly in 
the regulation of the urea cycle enzyme gene expression. 
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The results presented in this paper suggest that the mechanisms of suppression of urea 
cycle enzyme genes in NS mice are as follows: NS mice cannot utilize long-chain fatty 
acids but accumulate them in serum because the mice are carnitine-deficient owing to 
defective renal carnitine reabsorption. Fatty acid accumulation is remarkable in infancy 
and during starvation in adulthood when fatty acids are the major energy source. Long
chain fatty acids mediate a signal to activate AP-1, which causes suppression of 
glucocorticoid induction of urea cycle enzyme genes together with other liver-selective 
genes such as albumin and TAT. The cross coupling between glucocorticoid receptor and 
AP-1, suggested by Yang-Yen et al. (33) and Schule et al. (34, 35), may be a possible 
mechanism for the suppression of the glucocorticoid-responsive gene expression. The 
enhanced glucocorticoid induction of PEPCK by fatty acids, however, can not be explained 
by the cross coupling between glucocorticoid receptor and AP-1. Recent experiments on 
glycolytic and gluconeogenic enzymes revealed that PEPCK mRNA levels in NS mice are 
significantly higher than control at 2 weeks of age (18). Besides glucocorticoid receptor, 
some transcription factor(s) which also interact with AP-1 must take part in the altered gene 
expressions in NS mice. 

We do not know now whether long-chain fatty acids can account for all the activated 
AP-1 DNA binding activity in the liver of NS mice at infancy which is much more 
remarkable than in the cultured hepatocytes. We do not know either how long-chain fatty 
acids activate AP-1. Most probably protein kinase C mediates the signal, since phorbor 
ester showed a similar effect on the induction of CPS mRNA, but we have no explanation 
as to why saturated long-chain fatty acids which have been reported not to activate protein 
kinase C also suppressed glucocorticoid induction of CPS in cultured hepatocytes and why 
we did not get consistent result's with protein kinase C inhibitors. 

Further analyses are under way to elucidate the mechanism of the fatty acid effect on 
gene expression and to examine its connection with the pathophysiology of NS mice in 
vivo. 

As described in the Introduction, the pathogenesis of hyperammonemia in NS mice is 
novel. We suggest that the pathogenesis of hyperammonemia seen in a number of disorders 
in fatty acid oxidation may be the same as in carnitine deficiency. 
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HYPERAMMONAEMIA WITHOUT PORTAL SYSTEMIC SHUNTING 
DOES NOT RESEMBLE HEPATIC ENCEPHALOPATHY 

Robert A.F.M. Chamuleau and Birgit A.P.M. Vogels 

Laboratory of Experimental Internal Medicine 
Academic Medical Center 
University of Amsterdam, The Netherlands 

INTRODUCTION 

During our experimental studies on the role of ammonia in the pathogenesis of hepatic 
encephalopath/ we did the interesting observation: a 20 times increased blood ammonia 
concentration caused no symptoms of encephalopathy in SHAM-operated rats, but it did 
definitely in portacaval shunted (PCS) rats. 

Increased ammonia levels were obtained by ammonium-acetate bolus infusion (0.5 mmol 
per kg bw) followed by a maintenance infusion (2.8 mmol per kg bw!hr) during 6 hours. SHAM
operated rats with ammonium-acetate infusion (AI- NORM rats) needed a higher dose of 
ammonium-acetate infusion (6.5 mmollkglbw!h) than PCS rats (AI-PCS) to maintain the same 
high blood ammonia concentration (Fig 1). 

Diagnosis and grading of encephalopathy were based on clinical grading (Table r and Fig 
2) and a more objective measure like quantitative changes in the EEG power density spectrum: the 
so called left index (Figure 3) and the mean dominant frequency (MDF, Fig 4)? 

The striking difference in encephalopathy symptomatology between the two experimental 
models (AI-NORM versus AI- PCS) prompted us to further analysis of their blood, cerebral 
cortex and cerebral spinal fluid (CSF) concentrations of ammonia and amino acids. 
Ammonia was measured by use of the blood ammonia checker 2 (Kyoto Daiichi Kagaku Co Ltdf 
Amino acid concentrations were measured in plasma by HPLC analysis as described by van Eik et 
al.4 

By means of a cisterna magna canula5,6 CSF was obtained and intracranial pressure (rCP) 
measured. Finally brain water content was calculated by subtracting dry from wet brain weight 
after sacrificing the animals. 

Statistical analysis was performed by means of repeated measurement analysis of variant 
(ANOVA) for blood ammonia concentrations, clinical grading and EEG activity, and Student's t
test for blood ammonia concentration at the start of the infusion, brain and CSF ammonia 
concentrations, amino acid concentrations, ICP and brain water content. P values < 0.05 were 
considered to be significant. 
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Table I. Stages in experimental hepatic encephalopathy 

clinical grade 0 normal behaviour 

clinical grade I mild lethargy 

clinical grade 2 decreased motor activity, poor gesture control, 
diminished response to pain stimuli 

clinical grade 3 severe ataxia: no spontaneous righting reflex 

clinical grade 4 no righting reflex to pain stimuli 

clinical grade 5 no reaction to pain stimuli 

i .:-
c 1400 
.2 
~ 1200 

C 1000 .. ... , 
c , 

800 
, 

0 , ... , , 
600 

, .. , 
';: 

, , 
0 

, 
E 400 - , , , 
E , , .. 200 " "1:1 

, 
0 0 0 
iii 0 2 3 4 

Time (hrs) 

AIPCS 

AINORM 

5 6 

Figure 1. Blood ammonia concentration in AI- PCS rats and AI-NORM rats (mean:!: scm). 
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Figure 2. Clinical grade of encephalopathy in AI-PCS rats and AI- NORM rats (mean ± sem). 
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Figure 3. EEG left index in AI-PCS ralS and AI-NORM ralS (mean:!: sem). 

RESULTS AND DISCUSSION 

At the end of the experiments, when the difference in ecephalopathy was greatest the 
following interesting results were obtained, when comparing AI-PCS and AI-NORM rats at T=6 
hrs. 

1. A significant increase in plasma tyrosine concentration of AI-PCS rats (Table 2). 

2. Significantly higher cerebral cortex concentrations in AI-PCS rats of Gin, Tyr, Phe and 
Trp (Table 3). 

3. Significantly higher increases of CSF concentrations of Asp, Glu, Gin, Tyr, Phe, and Trp 
in AI-PCS rats (Table 4). 

4. Significantly higher increases in brain water content and rcp in AI-PCS rats (Table 5). 
From these data it is obvious that hyperammonaemia is not the sole factor causing 

encephalopathy and that PCS has an important and probably essential contribution to its 
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Figure 4. Mean dominant frequency (MDF) in AI-peS ralS and in AI-NORM ralS (mean :!: sem). 
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Table 2. Plasma amino acid concentrations in AI-PCS rats and AI-NORM rats at 
the start of the ammonium-acetate infusion (t=O hrs) and at the end of the infusion 
(t=6 hrs). Values are expressed in mM, as mean ± sem 

t=O hrs t=6hrs 
AI-NORM AI-Pes AI-NORM AI-PCS 
n=10 n=8 n=lO n=8 

Asp 17.32±1.78 18.77±1.36 10.91 +1.16' 13.48±O.80c 

Glu 62.94±6.36 76.56±11.10 44.95±5.16' 58.15±6.39 
Gin 512.1±24.0 678.6±25.8° 848.4±80.3° 954.2±39.ro 
Tyr 54.36±1.31 98.88±4.60° 48.90±4.56 70.90±3.25Doe 

Phe 49.75±2.18 82.79±2.69D 89.23±4.43° 99.42±3.03DO 

Trp 58.58±1.43 93.04±4.94D 63.77±6.94 61.59±3.41° 

a: p<0.05 AI -NORM at t=6hrs versus AI -NORM at t=Ohrs 
b: p<O.Ol AI-Pes at t=O or 6hrs and AI-NORM at t=6hrs versus AI-NORM at t=Ohrs 
c: p<0.05 AI-Pes at t=6hrs versus AI-PCS at t=Ohrs 
d: p<O.Ol AI-Pes at t=6hrs versus AI-PCS at t=Ohrs 
e: p<0.05 AI-PCS at t=6hrs versus AI-NORM at 1=6hrs 

pathogenesis. However, the question remains: what is the mechanism of encephalopathy in AI
PCS rats and how does pes contribute to this mechanism? 

For the time being our hypothesis is given in Fig 5. 
In agreement with others we have attributed an important role to increased brain glutamine 

concentrations. 
Based on our experimental data we propose the following sequence of events.The 

significantly higher increase of cerebral cortex and CSF glutamine concentrations in AI- PCS rats 
results in higher concentrations of both cerebral cortex aromatic amino acids Phe, Tyr, Trp (taken 
together as AAA) and CSF concentrations of AAA, Glu and Asp. Increased cerebral cortex AAA 
concentrations can contribute to changes in neurotransmission as has been postulated by the false 
neurotransmitter hypothesis.8,9 

Furthermore the extra large increase of intracellular cerebral cortex glutamine concentration 
will promote osmotic cell swelling by exhaustion of compensatory mechanisms of cell volume 
regulationlO,ll and will induce increased concentrations of extracellular Glu and Asp which in tum 

176 

Table 3. Cerebral cortex amino acid and ammonia (NH3) concentrations in AI-PCS 
rats and AI-NORM rats at the end of the infusion (t=6 hrs). Values are expressed in 
mmoVg wet weight, as mean ± sem 

- AI-NORM AI-PCS 
N=10 N=8 

Asp 1.16±0.08 1.30±0.07 
Glu 7.91±0.17 7.76±0.23 
GIn 23.99±0.68 27.26±0.86& 
Tyr 0.100±0.005 0.184+0.010° 
Phe 0.159±0.OO8 0.260±0.OUo 
Trp 0.031±0.003 0.047±0.003° 
NH3 3.33±0.46 3.53±0.17 

a: p<0.05 AI -PCS versus AI -NORM 
b: p<O.Ol AI-peS versus AI-NORM 
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v. in the indicated dosage at T = 1 hr. 

[lay be responsible for overstimulation of the NMDA receptor. Such an overactivity of the NMDA 
eceptor might also contribute to the process of cell swelling due to an increased influx of ions 
Na+,Ca2+, Cr).12,13 

Positive arguments that NMDA overstimulation plays a role in hyperammonaemia induced 
:ncephalopathy were obtained by studying the effect of memantine. 

Memantine has been used in neurological diseases like Parkinsonism, dementia and 
:erebral coma.14,17 The therapeutic effect of memantine is due to selective blocking of the open ion 
:hannel of the NMDA receptorl 2,13 in a non-competitive way and its fast kinetics and voltage 
lependency are probably responsible for the lack of side effects at a therapeutically used dosage. It 
:eemed therefore worthwhile to study this lipophylic drug with high affinity for the central nervous 
:ystem in experimental encephalopathy. If NMDA receptor overactivity does playa role in the 
>athogenesis of hyperammonaemia induced encephalopathy, blockade of the NMDA receptor 
:ould be able to attenuate encephalopathy in such a model. 

Memantine was administered intravenously or intraperitoneally to AI-PCS rats at t=l hr, 
",hen stable high plasma ammonia concentrations had been obtained (Fig 6). 

In agreement with our hypothesis, both i.p. and i.v. administration of memantine in AI
'CS rats attenuated the clinical manifestations of encephalopathy significantly, suggesting that 
>ver-stimulation of the NMDA receptor activity is implicated in the pathogenesis of 
Iyperammonaemia- induced encephalopathy. In addition, the improvement in EEG after NMDA 
'eceptor blockade suggests that NMDA receptor activation is associated with changes in EEG 
lctivity. Indications of excitatory amino acids induced alterations in EEG activity have been 
eported by Kuchiwaki et al. 18 

There was a significant effect on clinical grade, EEG left index, and MDF in comparison to 
\1- PCS rats receiving saline (Fig 7). This was associated with a significant decrease of CSF Glu 
Fig 8) and prevention of the increase in ICP and brain water content (Table 5). 

Despite high blood ammonia concentrations, brain water content and ICP were 
:ignificantly decreased in AI- PCS rats after memantine administration. This suggests that the 
mprovement and clinical manifestations of encephalopathy in AI-PCS rats may be at least 
>artially due to a reduction in cell swelling. 
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Table 4. CSF amino acid and ammonia (NH3) concentrations in AI-PCS rats and AI
NORM rats at the start of the ammonium-acetate infusion (t=O hrs) and at the end of 
the infusion (t=6 hrs). Values are expressed in mM, as mean:!: sem 

t=O hrs t=6 hrs 
AI-NORM AI-Pes AI-NORM AI-Pes 
N=5 N=5 N=5 N=5 

Asp 2.86:!:0.53 4.82:!:0.65' 9.93+0.45" 18042:!:2.66°ce 

Glu 7.05:!:1.47 28.98:!:0.65' 36.99:!:4.13" 120.9:!:17.62oee 
GIn 469.2:!:30.1 2543:!:494.0' 2651:!:643.0" 9164+914.8ooe 

Tyr 5.57:!:Oo4l 25.90+4046' 13.23+0.92° 31.19:!:2046° 
Phe 4.24:!:Oo46 18.32+2.70' 20.63:!:0.90° 32.96:!:3.33,ce 

Trp 1.02:!:0.21 404O:!:Oo4l 3.85:!:0.50D 8.04:!:Oo4I Dcll 

NH3 24.6:!:3.28 1 72:!: 13.7 535:!:75D 552:!:37DO 

a: p<0.05 AI-PCS at t=O or 6hrs versus AI -NORM at t=Ohrs 
b: p<O.Ol AI-PCS at t=O or 6hrs and AI-NORM at t=6hrs versus AI-NORM at t=Ohrs 
c: p<0.05 AI-PCS at t=6 hrs versus AI-PCS at t=O hrs 
d: p<O.Ol AI-PCS at t=6 hrs versus AI-PCS at t=O hrs 
e: p<O.OS AI-PCS at t=6 hrs versus AI-NORM at t=6 hrs 
f: p<O.Ol AI-PCS at t=6 hrs versus AI-NORM at t=6 hrs 

Furthennore, memantine treatment resulted in a smaller or even no increase in CSF Glu 
concentrations. This can be explained by the fact that stimulation of NMDA receptor activity also 
promotes glutamate release, which is in agreement with the data of Bustos et al.19 They showed that 
addition of NMDA to the dialysate induced a release of Glu and Asp to the extracellular 
compartment, measured by in vivo brain dialysis in rats. After administration of MK 801, another 
non-competitive NMDA receptor antagonist, the increase of Glu and Asp in brain 
dialysate was inhibited, indicating that NMDA receptor activity enhances the release of Glu and 
Asp. 

The stimulation of Glu release by NMDA receptor activity might be mediated b may be y 
nitric oxide (N06' which is increased after NMDA receptor activity by stimulation of NO synthase. 
Montague et al? have shown that NMDA receptor mediated NO production and its diffusion into 
the extracellular compartment induces a release of Glu. Blockade of NO synthase resulted in an 
inhibition of Glu release. 

In summary, the present data indicate that overstimulation of NMDA receptor activity by 
increased extracellular concentrations of the excitatory amino acids Glu and Asp, contributes to the 
pathogenesis of hyperammonaemia-induced encephalopathy. Furthennore, the results suggest that 
non-competitive NMDA receptor antagonists like memantine are of potential therapeutic value for 
portosystemic encephalopathy in man. 

Table 5. Brain water content (in %) and ICP (mmHg) in nonnal rats (NORM), AI- NORM rats 
and AI-PCS rats. Memantine was administered to AI-PCS rats at T=lhr either i.p. 10 mglkg bw or 
i.v. 5 mglkg bw 

NORM AI-NORM AI-PCS contr AI-PCS mem ip IAI-Pes mem iv 
N=6 N=lO N=7 N-7 N-7 

CP 2.0:!:0.4 2.4:!:0.6 8.5+2.0".0 2.3+1.3 404:!:2.8 
% 80.90:!:0.07 81.39:!:0.15' 81.96:!:O.l4°·c 81.31:!:0.10° 81.24:!:0.14d 

water 

ANOVA ( one way procedure) was used for differences between the experimental groups 
a: p<0.05 AI-NORM versus NORM 
b: p<O.OOl AI-PCS versus NORM 
c: p<O.OOI AI-PCS versus AI-NORM 
d: p<0.05 versus control AI -PCS Table 5 
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Figure 7. The effect of memantine administration (Lp. 10 mglkg bw or i.v. 5 mglkg bw) in AI-PCS rats on a. clinical 
grade of encephalopatby,b. EEG left index, and c. mean dominant frequency (MDF).(Values are expressed as mean ± 
sem. Statistical analysis was performed by means of repeated measurement ANOV A. Clinical grade and EEG left index 
were significantly lower in memantine treated rats compared to controls: p<O.05. MDF was significantly higher in 
memantine treated rats compared to controls: p<O.OOOI). 
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Finally there is still an open question: why are cerebral cortex and CSF Gin concentrations 
significantly higher increased in AI-PCS rats compared to AI-NORM rats? It is well known that 
an increase in brain Gin and AAA concentrations is already present after one day PCS in rats 9,21,22 
and that the increase is even more pronounced in subacute liver failure with brain glutamine 
concentrations of 20 - 25 mM.23,26 

The following explanations are available for the rise in brain glutamine concentration after 
PCS: 

1. Increased brain glutamine synthesis by glutamine synthase (GS). 
2. Inhibition of brain glutaminase activity. 
3. Decreased glutamine efflux from brain to blood. 
The last explanation seems unlikely, since it has been suggested7 and shown27 that 

glutamine efflux is increased after portal systemic shunting. 
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rat, mean :t sem. Statistical analysis was performed by Student's T -test. CSF glutamate concentrations were 
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The other two explanations are both possible, because increased brain ammonia 
concentrations can inhibit glutaminase activity (K; = 0.6mM)28 and can stimulate GS (I(", value of 
ammonia is 180 mM)?9 But is has been suggested that GS activity is already maximal at normal 
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brain ammonia levels (0.2-0.3 mmol/kg ~ and several studies have found no change or even 
less GS activity in brain tissues of pes rats. ,31 However, GS activity is usually measured in vitro 
under <jptimal conditions with enzyme saturating concentrations. 15N_MRS studies of Kanamori 
et al?2. showed that the in vivo activity of brain GS in rats (3,5 mmol/hr/g) was only 1-2% of the 
in vitro activity (275-350 mmol/hr/g) which suggests that substrates and/or co-factors other than 
ammonia kinetically limit GS activity in vivo. 

A recent clinical study of Krieger et al.35 has shown that blood and brain concentrations of 
manganese, one of the cofactors of GS, are increased in chronic HE. Therefore, it can be concluded 
that portal systemic shunting can induce increased cerebral glutamine concentrations by inhibition 
of glutaminase through increased ammonia concentrations and by stimulation of glutamine 
synthesis through increased ammonia and GS co-factor concentrations. Unfortunately we did not 
measure brain manganese in our experimental model. Such an analysis will be the subject of future 
research. 

NOTE 
This manuscript is based on experimental data partly in press36 and partly submitted37 for 

publication. 
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INTRODUCTION 

1 
H MRS offers an interesting new noninvasive tool with which to monitor some limited 

aspects of brain chemistry in man [1]. The application of the method to the elucidation of HE has, 
in addition to the hoped for ability to demonstrate the central role of glutamine (GIn), provided two 
new insights into the disease. The first is the possible role of cerebral choline-containing 
compounds (Cho). This might have been anticipated from the role of liver in glycerophosphate and 
lipid biosynthesis. The second observation was without precedent and still awaits an explanation: 
This is the significant occurrence of cerebral myo-inositol (m!) depletion [2]. 

31 
While the sensitive 1H and P MRS provides valuable information on changes in cerebral 

metabolite concentrations under normal and pathological conditions, including acute HE of Reye's 
syndrome [3,4] , 13C and 15N, which have low natural abundance, are useful for measuring the flux 
of selected metabolites in intact brain using isotopically enriched precursors. 13C MRS has 
provided interesting information on the rate of TCA-cycle and 2-oxoglutarate-glutamate 
exchange in animal and human brains in vivo [5]. 15N MRS has proved useful for measuring the 
in vivo rates of glutamine synthetase (GS), phosphate-activated glutaminase (PAG) and glutamate 
dehydrogenase (GDH) in rat brain [6!- The second part of this Review describes findings of the 
isotope-chase method [7] and in vivo 5N and 1H_15N HMQC MRS developed in our laboratory to 
explore mechanisms of acute HE, in rats. 

HUMAN HEPATIC ENCEPHALOPATHY 

Most of our clinical studies have been designed to look for a mechanism of mI depletion, 
an explanation for its role in HE and possible implications of this new cerebral pathology for 
treatment of HE. As we have reported previously, cerebral [Cho] falls in patients with liver disease, 
or HE, and recovers, with a considerable 'overshoot' after successful liver transplantation [8]. 
Because Cho determined with 1H MRS includes two phosphorylated choline metabolites, 
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PC (phosphoryl choline) and GPC (glycerophosphorylcholine) the true nature of this 
metabolic response has had to await the development of new methods of clinical MRS. 

Method 1 

Quantitative 31P MRS was performed on a standard GE Clinical MR scanner 1.5T, using 
an external reference, and the same correction for brain water, csf volume and brain 'dry-matter' 
as was developed for 1H MRS [9,10]. Absolute concentrations of phosphocreatine (PCr), ATP, 
inorganic phosphate (Pi) and intracellular pH of patients with HE (verified by reduced mI in 1H 
MRS) were compared with age-related normal controls. 

Method 2 

Quantitative proton decoupJed 31P MRS (QPDC31p) was performed with the addition of 
a second amplifier to the otherwise standard GE Signa l.5T MR scanner, in the same subjects to a) 
separate the PC from phosphoethanolamine (PE), the other principal component of the unresolved 
phosphomonoester (PME), and GPC from glycerophosphoryl ethanolamine (GPE) in the 
unresolved phosphodiester (PDE); and b) to quantify each of these four metabolites [11]. 

Results 

Proof that mI Depletion Is a Marker for Sub Clinical Hepatic Encephalopathy. 
A blind study was undertaken to compare IH MRS vs. clinical diagnosis of HE [12]. For the 

purposes of this trial, the definition of SCHE (and of HE) was established using neuropsychiatric 
tests (NPsy) devised by previous workers in this field. mI depletion (>2 SD below mean in either 
parietal white matter or in occipital gray matter cortex) with or without the other two changes 
(namely reduced Cho; increased a- and / or b, g-glutamine plus glutamate (Glx)) was sufficient 
for a positive diagnosis of SCHE or HE in this trial. MRS appears to be sensitive to both HE and 
SCHE, and can be used with 94% sensitivity, twice that of 'clinical' (Parsons-Smith) diagnosis 
alone. It is not suggested that IH MRS alone can distinguish between SCHE and HE. Figure 1 
shows an additional feature of IH MRS, which is that metabolite changes appear to grade the 
severity of HE. 

Myoinositol as an osmolyte in HE? The evidence of mI as a cerebral osmolyte in man is 
fairly compelling, but circumstantial. Thus, in a single infant with severe hypernatremia, mI was 
twice the normal concentration at presentation, falling to near normal over 36 days, as serum 
sodium returned to normal [13]. Conversely, in a study of 10 hyponatremic adults, cerebral [mIl 
was significantly reduced, recovering slowly towards normal in the 5 individuals who were re
examined after effective treatment [14]. 

In a single case of severe hyponatremia followed by Haussinger et al. [15] the ratio of 
mVCr was reduced. However, as we saw above, [Cr] may be reduced by hyponatremia, so the ratio 
of the two metabolites must be treated with caution. 

Origin of the chanr,es in cerebral [Cho] in patients with chronic HE: Studies with 
Quantitative IH decoupled 3 P MRS. 

Parallel changes in cerebral [Cho] were noted by [13]; and by [14] in the same studies, 
suggesting that Cho also functions as a cerebral osmolyte. 

In the small number of patients with chronic HE so far examined, [PCr] was not different 
from normal. Absolute [PCr] obtained in Method 1 was used to quantify the remaining metabolites 
in Method 2. The precision of the PC and GPC assay was verified by comparing [Cho] obtained 
in IH MRS, with the sum of PC + GPC in both patients and controls. A preliminary finding is that 
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Figure 1. lH MR spectra from parietal white matter in patients with liver disease, only, subclinical hepatic 
encephalopathy (SCHE) and clinical hepatic encephalopathy (HE). Metabolites are identified from their chemical shift 
(scale in parts per million: ppm), while their concentrations are proportional to peak height and/or area; spectra are 
scaled to the Cr (phosphocreatine plus creatine) peak. Other abbreviations: NAA= N-acetyl aspartate; Glx= glutamine, 
with a contribution from glutamate; Cho= choline containing metabolites; mr= myo-inositol. Arrows indicate 
significant elevation or reduction of metabolite concentration. 

in HE, that some but not all of the reduction in cerebral [Cho] is accounted for by a significant 
reduction in [GPC); PC is well conserved (Fig 2). This finding is in accordance with a finding in 
brain in HE post-mortem in man and in brain extracts of portacaval shunt rats, analyzed by-HPLC, 
of reduced GPC [16]. 

Conclusion 

We suspect that, since GPC has been recognized previously as a renal and cerebral 
osmolyte, this new finding with QPDC31p MRS is generally supportive of the foregoing discussion 
concerning mI, that chronic human HE is in part, a disturbance of cerebral osmo-regulation. 
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Figure 2. Quantitative decoupled 31p spectra showing significant variations i~ [GPC) in patients with A) normal, B) 
decreased and C) increased total Cho by lH MRS: A) AD (average of 3 patients); B) Hepatic encephalopathy, C) 
closed head injury (single patients). 

MRS FOR STUDY OF GLU AND GLN FLUX IN VIVO 

The objective was to detennine the rates of synthesis and turnover of neurotransmitters and 
their precursors implicated in the etiology of hepatic encephalopathy (HE). This was to be 
accomplished through measurement of in vivo activities of glutamine synthetase (GS), an 
astrocytic marker enzyme, and glutamate decarboxylase (GAD), a neuronal marker enzyme, in the 
brain of hYf.erammonemic rat. A novel feature was that the measurements are perfonned by 15N 
and/or IH_l N heteronuclear multiple quantum coherence (HMQC) transfer MRS. The results were 
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expected to provide useful information on the in vivo rate of ammonia (NH3) removal and 
glutamine (GLN) synthesis in astrocytes, on the rate of GABA turnover in nerve terminals and on 
the effect of hyperammonemia on the neuronal glutamate (GLU) pool. It was anticipated that the 
results would contribute to evaluation of the following proposed mechanisms for the etiology of 
HE, viz., that hyperammonemia causes HE through (a) neurotoxic effect of NH3; (b) through 
accumulation of GLN; (c) through depletion of neurotransmitter GLU; or (d) through increased 
GABA turnover resulting in increased neural inhibition. 

In vivo GS activity 

We undertook a) measurement of in vivo GS activity by 15N and IH_15N HMQC NMR 
under various degrees of hyperammonemia; b) study of factors regulating GS activity in vivo; and 
c) correlation with neuro-hehavioral symptoms to evaluate whether ammonia toxicity or 
glutamine accumulation is responsible for ence&halopathy observed under hyperammonemia. 

Because of the relatively low [5- 5N]glutamine concentrations achieved at near
physiological [NH3], selective in vivo IH_15N HMQC observation of brain metabolites was a 
necessary prerequisite. 

Feasibility of in vivo IH_15N HMQC [17]. The amide protons of [5-15N]glutamine were 
selectively observed in vivo in the brains of anaesthetized, spontaneously-breathing rats after 
intravenous 15NH/ infusion, by phase-cycled IH_15N HMQC transfer NMR at 200 MHz for IH. 
The peak intensity of the nonlabile upfield amide proton was proportional to brain [5-
15N]glutamine concentration. The 15N-decoupled amide proton signal was observed in vivo in 2 
min of acquisition at brain [5-15N]glutamine concentration of 7.7 ± 0.4 mmol/g and in 17-34 min 
at 2.0 ± 0.1 mmol!g. Phase-cycled HMQC was shown to be effective in selective observation of 
[5-15N]glutamine amide protons in vivo with cancellation of all protons not coupled to 15N (Fig. 
3). Sensitivity of detection was substantially improved by 15N-decoupling of the amide protons, as 
predicted in our previous application. The result suggested that the method will be useful for 
kinetic study of glutamine synthesis in rat brain at near-physiological concentrations of brain 
ammonia. 

Ammonia dependence of in vivo GS activity [18]. Dependence of in vivo rate of 
glutamine synthesis on substrate ammonia concentration was studied in rat brain by IH _15N 
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Figure 3. An in vivo lH_15N HMQC spectrum of rat brain. Brain [5_15NJ GLN amide protons, Hz and HE, are 
selectively observed. 
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HMQC transfer NMR in combination with biochemical techniques. In vivo rates were measured at 
various steady-state blood and brain ammonia concentrations within the range of 0.4-0.55 mmol!g 
and 0.86-0.98 mmol!g respectively, after low-rate intravenous ISNH/ infusion to ISN-enrich 
brain glutamine, followed by I~H/ infusion (isotope chase). The in vivo rate (v) was 3.3- 4.5 
mmol/h per g of brain at blood ammonia concentrations (s) of 0.4 - 0.55 mmol/g. Linear increase 
of l/v with 1/s permitted estimation of in vivo glutamine synthetase (GS) activity at physiological 
blood ammonia level to be 0.4-2.1 mmol/h per g. The observed ammonia dependence strongly 
suggested that, under physiological condition, in vivo GS activity is kinetically limited by sub
optimal in situ concentration of ammonia as well as of glutamate and A TP. 

Correlation of neurobehavioral symptoms of encephalopathy with brain ammonia and 
glutamine concentrations and the rate of ammonia removal by GS in vivo [6]. Correlation 
among in vivo glutamine synthetase (GS) activity, brain ammonia and glutamine concentrations 
and severity of encephalopathy was examined in hyperammonemic rats to obtain quantitative 
information on the capacity of GS to control these metabolites implicated in the etiology of HE. 
Awake rats were observed for neurobehavioral impairments, after ammonium acetate infusion to 
attain steady-state blood ammonia concentration of 0.9 mmol/g (group A) or 1.3 mmol!g (group 
B). As encephalopathy progressed from grade III to IV, brain ammonia increased from 1.9 to 3.3 
mmol/g (P<0.05), then decreased to 1.3 mmol/g (P<0.01) on recovery to grade III. In contrast, 
brain glutamine concentration was 26, 23 and 21 mmol/g respectively. NH/-infused rats 
pretreated with L-methionine DL-Sulfoximine, an inhibitor of GS, reached grade IV when brain 
ammonia and glutamine were 3.0 and 5.5 mmol!g respectively. The results, summarized in [6], 
clearly show that severity of encephalopathy correlates with brain ammonia, but not ~lutamine. 

In vivo GS activities, determined from the rate of increase of brain [5- sN]glutamine 
observed by IH_lSN HMQC MRS were 6.8 ± 0.7 mmol/h/g and 6.2 ± 0.6 mmol/h/g at blood 
ammonia concentrations of 0.9 and 1.3 mmol!g respectively. Hence, the in vivo activity, shown 
previously to increase with blood ammonia over a range of 0.4 - 0.64 mmol!g, approaches 
saturation when blood ammonia reaches 0.9 - 1.3 mmol!g (Fig 4). This is likely to be the major 
cause of the observed accumulation of brain ammonia and the onset of grade IV encephalopathy. 
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Figure 4. A Iineweaver-Burk plot of in vivo glutamine synthetase (GS) activity (v) vs NH3 concentration (s). 
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Significance of the results. In hepatic encephalopathy (HE), a metabolic disease of the 
brain caused by malfunction of the liver, decreased ammonia removal in the liver results in 
hyperammonemia and diffusion of excess ammonia into the brain. Multiple factors contribute to 
pathogenesis of HE, and mechanisms responsible for the pathogenesis are unresolved. There is 
substantial evidence that primary causes are disturbances of: a) cerebral ammonia metabolism and 
b) GABAergic neurotransmission. The study reported here resolves one of the controversial issues, 
viz. whether neurotoxicity of ammonia itself, or the concomitant accumulation of glutamine is the 
major factor in the pathogenesis of severe encephalopathy observed under acute hyperammonemia. 
Ammonia is metabolized to glutamine by glutamine synthetase (GS) in the brain. Our results show 
that severity of encephalopathy correlates with brain ammonia concentration and saturation of GS 
activity in vivo, but not with brain glutamine concentration. Hence, the results support the 
ammonia neurotoxicity theory. The study, using IH_15N HMQC NMR to measure GS activity at 
metabolic steady-state in intact animals, provides, for the first time, quantitative evidence for the 
level of hyperammonemia at which GS activity levels off, reSUlting in accumulation of neurotoxic 
level of ammonia. 

The effect of hyperammonemia on neuronal GLU pool - evaluation of glutamate depletion 
hypothesis 

According to this hypothesis, hyperammonemia disturbs cerebral metabolism of the 
excitatory neurotransmitter glutamate, because ammonia removal by GS results in the loss of 
equimolar glutamate. Furthermore, ammonia-mediated inhibition of glutaminase may prevent 
replenishment of glutamate from glutamine· in nerve terminals [19,20]. As a result, the 
neurotransmitter pool of glutamate is depleted and leads to symptoms of HE [19,21,22]. Modest 
but consistent decrease in whole-brain glutamate has been found in animal models of acute and 
chronic hyperammonemia as well as in autopsied brain tissues from patients dying in hepatic coma 
[23,24]. The key question is whether the decrease occurs predominantly in select compartments 
such as astrocytes or nerve terminals, and is extensive enough to affect the neurotransmitter pool of 
glutamate which is stored in vesicles and is replenished from the cytoplasmic pool. A quantitative 
evaluation of fluxes through various pathways of glutamate formation and depletion in brain 
compartments had not becn possible because of lack of relevant information [25]. We hoped to 
contribute to a better understanding of glutamate flux through measurement of the rates of 
glutamate depletion and replenishment in an intact brain under normal and hyperammonemic 
conditions. 

Glutamate depletion from astrocytes. The rate of glutamate depletion from astrocytes 
through the GS reaction under various degrees of hyperammonemia have now been measured. 
They are summarized in Table 1. 

GLU synthesis by phosphate-activated glutaminase (pAG) [26]. PAG catalyzes the 
reaction: 

Glutamine+H20 ~ Glutamate + NH/ 
PAG is predominantly a neuronal enzyme, particularly enriched in glutamatergic nerve 

terminals. This pathway is thought to play an important role in providing the neurotransmitter 
pools of GLU and possibly of GABA. However, in vivo activity of PAG in intact brain herd not 
been measured previously. 

We measured the in vivo activity of PAG in the brain of hyperammonemic rat by 
monitoring progressive decrease in brain [5-1~]glutamine, PAG-catalyzed production of 15NH/ 
and its subsequent assimilation into glutamate, using 15N NMR. The in vivo PAG activity was 0.9 
-1.3 mmol/h/g, < 1 % of the in vitro activity. The result suggested strong in situ inhibition of PAG 
by GLU and NH3 . 
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Table 1. In vivo rates of GLU-producing and GLU-utilizing pathways 

Tissue levels (mmol/g) 
Blood NH3 Brain GLU 

Blood [NW) 
0.4 ± 0.02 
0.55 ± 0.G2 
0.64 ±0.06 
0.89 ±0.06 
1.37 ± 0.08 

Brain [GLU] 
9.2±0.6 
9.2±0.7 
9.3± 0.3 
7.5-7.8 
6.7-7.1 

In vivo rate (mmol/g/h) 
Glutamate production 

PAG 
0.9-1.3 

GDH 
0.76-1.1 
1.1-1.2 

Glutamate 
utilization 
GS 
3.3 ± 0.3 
4.5 ± 0.5 
4.8 ± 0.3 
6.8 ± 0.7 
6.2 + 0.6 

GLU synthesis by glutamate dehydrogenase (GDH) [7]. GDH catalyzes the reversible 
reaction: 

NH3 + 2-oxoglutarate + NAD(P)H -----. Glutamate + NAD(Pt 
GDH is present in both astrocytes and neurons. GDH is believed to contribute to the 

synthesis of the metabolic and neurotransmitter pools of GLU, but its in vivo activity was not 
known. The in vivo GDH activity in the direction of reductive amination was measured in rat 
brain at steady-state concentrations of brain ammonia and GLU after intravenous infusion of the 
substrate 15NH/. The in vivo GDH activity was 0.76 - 1.17 mmo1!h!g at a brain ammonia 
concentration of 0.87±0.055 mmo1!g, and 1.1-1.2 mmol/h/g at 1.0±0.1 mmo1!g. Comparison of 
the observed in vivo GDH activity with the in vivo GS and PAG activities suggested that, under 
mild hyperammonemia, GDH-catalyzed de novo synthesis can provide a minimum of 19% of the 
GLU pool that is recycled from neurons to astrocytes through the glutamate-glutamine cycle. 

Rates of glutamate synthesis and depletion in vivo---summary of results to date; 
Table 1 summarizes the rates of glutamate synthesis by PAG and GDH and of glutamate depletion 
by GS under various levels of hyperammonemia. At steady-state blood ammonia concentration of 
0.4 ± 0.02 mmol!g, the rate of glutamate synthesis was 0.9-1.3 mmol/h/g by the PAG pathway and 
0.76 - 1.1 mmo1!gIh by the GDH pathway. Hence, the combined rate of glutamate synthesis 
through the two pathways is 1.7 to 2.4 mmol/h/g. The rate of glutamate depletion through the GS 
pathway was 3.3 mmol/h/g. Thus, if PAG and GDH were the only pathways of glutamate 
synthesis, glutamate depletion at the rate of 0.9 - 1.6 mmol/h/g is expected even under mild 
hyperammonemia. Whole brain glutamate after 3-4 h of sustained hyperammonemia at this level 
was 9.2 mmol!g, only 10% lower than that in normal brain (10.2 mmol/g). Hence it is likely that 
the third pathway of glutamate synthesis, transamination from other amino acids contributes to the 
replenishment of glutamate. Measurement of the transamination rate in intact brain is now in 
progress. 

1 
Significance of the results -- in vivo regulation of GS, PAG & GDH: 15N and H_15N 

HMQC NMR studies of rat brain have provided important novel information regarding the in vivo 
rates of glutamine synthetase (GS), phosphate-activated glutaminase (PAG) and glutamate 
dehydrogenase (GDH). The in vivo rates were shown to be nearly 2 orders of magnitude lower 
than the in vitro rates measured in brain homogenates under enzyme-saturating concentrations of 
the substrates. The difference could most reasonably be attributed to subsaturating in situ 
concentrations of substrates and cofactors (GS and GDH) and strong in situ inhibition of enzyme 
activity (PAG). The results highlight the importance of measuring metabolite flux in intact brain. 

The wealth of new data in human and experimental hepatic encephalopathy arising from in 
vivo MRS techniques poses a new question. What is the relationship between events identified in 
chronic human HE, most conveniently viewed as adaptations of astrocyte metabolism and volume 
regulation, and the profound changes in glutamate, glutamine and ammonia metabolism, which 
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result from saturation of glutamine synthetase in vivo? The residual biochemical changes in treated 
patients may be the result of ammonia toxicity or the cause of heightened susceptibility to the toxic 
effects of ammonia. It seems highly likely that an examination using all of described MRS 
techniques, of the relevant enzyme rates in patients and animals with chronic HE may throw light 
on this still tantalizing question. 

Key Words: Hepatic coma, Magnetic Resonance Spectroscopy, Glutamine; Myoinositol; 
Cholines, Hyperamonemia; Nitrogen-IS, HMQC 
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INTRODUCTION 

In recent years it became clear that the regulation of cell function involves another 

important controlling parameter, i.e. the cellular hydration state. Cell hydration can 

change within minutes under the influence of hormones, nutrient supply and oxidative 

stress and such a short-term modulation of cell volume within a narrow range acts per se 

as a potent signal which modifies cellular metabolism and gene expression (for reviews 

see [1-3]). Indeed, several effects of amino acids and hormones are apparently mediated 

by alterations of cell hydration. The intracellular signalling mechanisms which link the 

osmotic water shift across the plasma membrane to cell function are understood only in 

part, however, osmosignalling pathways have been identified, whose interruption by 

suitable inhibitors leads to an uncoupling of cell swelling from the metabolic response 

of the cell. Organic osmolytes interfere with cell hydration and can modify the function 

of liver parenchymal and non-parenchymal cells. This article briefly reviews our recent 

work on osmosignalling in hepatocytes and astrocytes and the role of organic osmol~s. 

OSMOSIGNALLING IN HEPATOCYTES AND H4IIE HEPATOMA CELLS 

The hepatocellular hydration state is now recognized as an important physiologic 

determinant of cell function. Hormones and nutrients exert in part their effects on 
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metabolism and gene expression in liver by a modification of cell volume [1-3]. This 

creates an elegant control mechanism which helps to adapt cellular metabolism to altera

tions of the environment (substrate, tonicity, hormones, oxidative stress). In view of 

the multiple and potent effects of cell hydration on cell function, the question arises 

as to how cell volume changes are sensed and how the signal is transduced to the level 

of cell function. Little is known about the structures that sense the changes in cell 

hydration. Because cell volume/hydration is a physical property of the cell, sensing 

could occur physically and/or mechanically. One hypothesis is that hydration changes 

will affect the concentrations of one or more intracellular constituents, which may act 

to regulate volume-regulatory transport systems and/or intracellular signalling path-

ways. One intruiging model postulates that the extent of macromolecular crowding, i.e. 

the cytosolic protein concentration will determine the tendency of intracellular macro

molecules to associate with the plasma membrane and thereby affect their enzymatic 

activity [4,5]. Other candidates for mechanical cell volume sensing include the cytos

keleton, recently identified ion conductance regulator proteins in non-hepatic tissues 

[6] and stretch-activated cation and anion channels (for review see [7]). Recently, 

histidine kinases have been identified in yeast, which are putative integral membrane 

proteins and may act as osmosensors [8]. The signal is transduced by autophosphorylation 

and subsequent phosphate transfer to an aspartate residue in the receiver domain of a 

cognate response regulator molecule that regulates a MAP-kinase-like protein kinase 

cascade. As yet, a counterpart in liver has not been identified. 

Little more is known about the intracellular signalling events which couple changes 

in liver cell hydration to cell function, although the picture is still incomplete. 

Current interest focusses on the osmotic regulation of mitogen-activated protein (MAP-) 

kinases and related protein kinases, such as Jun-kinases (Jnk). MAP-kinases are se

rine/threonine kinases, which are activated by dual phosphorylation at threonine and 

tyrosine residues (for reviews see [9-11]). In rat hepatoma cells [12] and rat hepa-

tocytes [13] Erk-l and Erk-2, two members of the MAP-kinase family are activated in res

ponse to hypoosmotic and amino acid-induced cell swelling (fig. 1). A signal trans

duction sequence, which is initiated by the osmotic water shift across the plasma 

membrane and ultimately leads to changes in cell function, has been identified in rat 

liver cells [12,13]. Here, hypoosmotic cell swelling results within one minute in a 

pertussis-toxin, cholera toxin- and genistein-sensitive, but protein kinase C- and Ca2+ 

independent phosphorylation of the MAP-kinases Erk-l and Erk-2. This suggests that liver 

cell swelling leads to a G-protein-mediated activation of a yet unidentified tyrosine 

kinase, which acts to activate a pathway towards MAP-kinases. 

MAP-kinases have multiple protein substrates [9,10], such as the microtubule-asso

ciated proteins MAP-2 and Tau, other protein kinases, such as S6 kinase and trans-
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A Activation of Erk-l and Erk-2 in response to 
hypoosmotic cell swelling in H4IIE hepatoma cells 

-presence ofO.5rnM vanadate-

time (min) 
mosmol/l 

Erk-l 

Erk-2 

HBP 

1 5 10 60 
205 305 205 305 205 305 205 305 

B Hypo-osmolarity-induced activation of Erk-l and Erk-2 

time [min) 
[ mosmol/l) 

Erk-l 

Erk-2 

HBP 

in primary rat astrocytes 
- time course -

5 10 20 30 45 60 
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Fig. L Activation of MAP kinases following hypoosmotic swelling of H4IlE cells and 

primary rat astrocytes as determined by band shift assay and immune-complex assay. 

Cells were incubated in normoosmotic (305 msomol/l) or hypoosmotic (205 mosmolll) 

media for the time periods indicated. Erk-l and Erk-2 are activated within minutes of 

hypoosmotic swelling as revealed by the appearence of a second, phosphorylated protein 

band. In these band shift assays, total protein extracts were analysed in western blots 

using specific antibodies against Erk-l and Erk-2, respectively. MAP-kinase activation 

is also shown directly by immune complex assays using the myelin basic protein (MBP) as 

phosphorylation substrate and the antibody against Erk-2 as described in [12,19]. 
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;ription factors such as c-Jun. In fact, the swelling-induced activation of MAP kinases 

ls followed by an increased phosphorylation of c-Jun, which may explain -due to autore

~ldation of the c-jun gene- the increase in c-jun mRNA levels 30min after the onset of 

::ell swelling [12,14]. The functional significance of this volume-signalling pathway in 

liver is also suggested by the fmdings that both, hypoosmotic MAP kinase activation as 

well as the swelling-induced alkalinization of vesicular compartments [15,16] and sti

mulation of bile acid excretion can be inhibited at upstream events, i.e. at the G-

protein and tyrosine kinase level by suitable inhibitors such as cholera and pertussis 

toxin, erbstatin and genistein, respectively [13]. The fmding that such metabolic 

responses to hypoosmotic liver swelling are completely abolished by G-protein and tyro

sine kinase inhibitors indicates that simple dilution of intracellular substrates follo-

wing the osmotic water shifts cannot explain the cell volume-dependence of metabolism 

and suggests that cell volume signalling may start at the plasma membrane. The intracel

lular signalling cascade which is initiated in response to liver cell swelling resembles 

that triggered by growth factor receptor activation. This similarity may explain why 

::ell swelling acts like an anabolic signal in liver with respect to protein and carbohy-

drate metabolism. Although the above-mentioned osmosignalling pathway mediates the 

swelling-induced effects on bile acid excretion and vesicular acidification, other 

osmosensitive pathways, such as the expression of phosphoenolpyruvate carboxyldnase are 

apparently controlled by other, not yet known osmosignalling mechanisms which do not 

involve MAP-kinases. 

Intact microtubules are not required for the swelling-induced activation of MAP

kinases, but microtubular structures are involved in cell volume signalling at a step 

downstream of MAP-kinases. For example, disruption of microtubules by colchicine does 

not inhbit the swelling-induced MAP-kinase activation, however abolishes the swelling

induced alkalinization of endocytotic vesicles [15, 16], the inhibition of proteolysis 

[17] and the stimulation of biliary excretion [18] in liver. It remains to be establis-

hed to what extent changes in the phosphorylation of microtubule associated proteins are 

involved in the microtubule- and MAP-kinase-dependent cell volume signalling. On the 

other hand, other pathways which are activated in response to cell swelling, such as 

stimulation of glycine oxidation or of the pentose phosphate shunt are not affected 

following microtubule disruption. 

In H4llE cells, hyperosmotic cell shrinkage leads to an activation of Jun-kinases 

and an induction of CLlOO (also known as MAP kinase phosphatase-l, MPK-l). CLlOO is a 

dual-specificity protein phosphatase which inactivates a delayed hyperosmolarity-induced 

MAP-kinase signal (Schliess, Heinrich and Hiiussinger, manuscript submitted). However, 

the functional relevance of the hyperosmolarity-induced signal transduction pathway 

remains to be established. 
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OSMOSIGNALLING IN ASTEROSYTES AND C6 GLIOMA CELLS 

Like in primary hepatocytes and H4IIE hepatoma cells, also hypoosmotic exposure of 

primary astrocytes and C6 glioma cells induces MAP kinase activation [19,20] (fig. 1). 

However, the upstream signalling events, which lead to MAP kinase activation are diffe

rent. Hypoosmotic swelling of primary astrocytes leads to a biphasic Ca + + signal, which 

is characterized by an initial, transient peak being followed by a sustained elevation 

of the intracellular Ca + + concentration ("plateau ") [21,22]. The initial peak is largely 

derived from an intracellular IP3-, but not ryanodine-sensitive pool, whereas the 

plateau phase of Ca + + elevation is due to Ca + + entry from the extracellular space via 

capacitative entry and influx through nimodipine-sensitive Ca++ channels [19,23]. The 

sustained plateau-like elevation of intracellular Ca++, but not the initial peak, is 

mandatory for the hypoosmolarity-induced MAP kinase activation in primary astrocytes 

[19]. On the other hand, hypoosmotic activation of MAP-kinases is not affected by inhi

bitors of tyrosine kinases, protein kinase C or of G-proteins, but is abolished in 

presence of PI3-kinase inhibitors such as wortrnannin or following activation of protein 

kinase A [19]. All these inhibitors were without effect on the swelling-induced Ca++ 

signal in astrocytes. The findings suggest that hypoosmotic astrocyte swelling activates 

MAP-kinases in a Ras/Raf-dependent and PI3-kinase-dependent way which is initiated by a 

swelling-induced Ca++ signal. Protein kinase C, phospholipase C, tyrosine kinases and G

proteins do apparently not playa role in cell volume signalling towards MAP kinases in 

astrocytes [19]. 

Also hypoosmotic exposure of C6 glioma cells activates MAP-kinases and leads to an 

increase of the cytosolic free Ca + + concentration due to Ca + + influx from the extracel

lular space. However, in contrast to astrocytes there is no initial spike-like Ca + + 

transient [20]. Omission of extracellular Ca++ abolishes the hypoosmolarity-induced 

elevation of intracellular Ca++, however, the MAP-kinases signal is preserved. Thus, in 

C6 glioma cells the hypoosmolarity-induced increase in intracellular Ca++ is not re-

quired for osmosignalling towards MAP-kinases as it is observed in astrocytes. Like in 

astrocytes, MAP kinase activation in C6 glioma cells is abolished following protein 

kinase A activation, indicating the involvement of the Ras/Raf pathway [20]. Neither 

wortrnannin nor inhibitors of protein kinase C, phospholipase C, tyrosine kinases or G

proteins abolished osmosignalling towards MAP kinases. These data show that hepatocytes, 

astrocytes, hepatoma and glioma cells respond with an activation of the MAP-kinases Erk-

1 and Erk-2 following hypoosmotic cell swelling, however, marked differences exist with 

respect to the upstream signalling events when these cell types are compared. The data 

also show that extrapolation of findings obtained in glioma cells to the situation in 

astrocytes may be misleading. Fig. 2 summarizes our current knowledge on osmosignalling 

towards MAP kinases in hepatocytes and astrocytes. 
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Fig. 2. Cell volume signalling in hepatocytes and astrocytes. 

The scheme focusses on the upstream events involved in the swelling-induced MAP 

kinase activation as revealed by inhibitor studies. 
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anion channels and a downregulation of BGT! . 
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OSMOLYTES IN LIVER 

In addition to the ionic mechanisms of cell volume regulation (for review see [24]), 

some cell types, such as renal medulla cells and astrocytes specifically accumulate or 

release organic compounds, socalled organic osmolytes, in reponse to cell shrinkage or 

cell swelling, respectively (for review see [25-28]). Osmolytes need to be non-per-

turbing solutes that do not interfere with protein function even when occurring in high 

intracellular concentrations. Such a prerequisite explains why only a few classes of 

organic compounds, viz. polyols (e.g. myo-inositol, sorbitol), methylamines (e.g. be-

taine, a-glycerophosphorylcholine) and certain amino acids (e.g. taurine) have evolved 

as osmolytes. The osmolyte strategy (fig. 3) is used by renal medulla cells, astrocytes 

and lens epithelia. Whereas taurine is a major intracellular osmolyte in fish hepato-

cytes [29,30], little was known until recently about osmolytes in mammalian liver, 

except for a release of small quantities of myo-inositol [31] and taurine [32] from 

perfused rat liver following hypoosmotic cell swelling. More recently, betaine has been 

identified as an osmolyte in liver macrophages (Kupffer cells) [33] and mouse RAW 264.7 

macrophages [34]. Upon hyperosmotic exposure these cells strongly induce the Na+and cr 
dependent betaine transporter (fig. 4), which is encoded by the betaine-GABA-transporter 

(BGTl) gene and which functions to create intra/extracellular betaine concentration 

ratios of 500 and intracellular betaine concentrations of 10 mmolll and more. It is 

likely that a hypertonic stress responsive element in the 5' -flanking region of the BGTl 

gene, as found in studies on MDCK cells [35], is also involved in the induction of the 

transporter in Kupffer cells. Induction of betaine transport in response to hyperosmotic 

stress requires several hours and involves marked increases in BGT1 mRNA levels. Conver

sely, hypoosmotic exposure of Kupffer cells downregulates BGT1 mRNA levels and an 

almost instantaneous release of betaine from the cells [33] is probably due to an opening of 

volume-sensitive channels. Rat Kupffer cells also use taurine [36] and to a smaller 

extent myo-inositol (unpublished observation) as osmolytes. Betaine and taurine trans-

port exhibit different osmosensitivities: whereas during hyperos~otic cell shrinkage 

betaine uptake is stronger induced than taurine uptake, hypoosmotic exposure leads to a 

stronger release of taurine than of betaine. Also sinusoidal endothelial cells exhibit 

an osmosensitive regulation of BGTl mRNA levels and of the TAUT mRNA levels, which 

encodes for a Na+ -coupled taurine transporter. This strongly suggests that both betame 

and taurine function as osmolytes in sinusoidal endothelial cells (U. Warskulat, F. 

Zhang and D. Haussinger, unpublished). Rat liver hepatocytes possess a Na+ -coupled 

taurine transporter in the plasma membrane. TAUT mRNA levels are upregulated in hyp

erosmolarity and decrease following hypoosmotic exposure, whereas BGT1 mRNA levels 

are not detectable in liver parenchymal cells and H4IIE hepatoma cells [37]. 
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Fig. 5. Effect of hyperosmotic exposure on SMIT (myo-inositol tran~porter) and TAUT 

(taurine transporter) mRNA levels in cultivated rat astrocytes and C6 glioma cells. 

Cells were exposed for 12h to anisoosmolarity. Thereafter mRNA was extracted and 

subjected to Northern blot analysis. Glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA 

levels are used as standards. In both cell types SMIT and TAUT mRNA levels are regulate~ 

by osmolarity with the basal mRNA levels under normoosmotic (305 mosmolll) conditions 

being much higher in glioma cells than in primary astrocytes. 



FUNCTIONAL SIGNIFICANCE OF THE OSMOLYTE STRATEGY IN 

LIVER MACROPHAGES 

Whereas the functional significance of the osmolyte strategy employed by liver parenchy

mal cells, sinusoidal endothelial cells has not yet been established, recent data 

suggest that the osmolyte strategy in Kupffer cells is an important site of regulation 

of immune functions. 

Recent studies have indicated that prostanoid formation by lipopolysaccharide-(LPS)

stimulated rat liver macrophages strongly depends upon ambient osmolarity. Increasing 

the osmolarity from 305 to 355 mosmolll enhances prostaglandin E2 formation almost 10-

fold [38]. This is due to a strong induction and expression of cyclooxygenase-2, whereas 

hyperosmolarity does not affect the constitutively expressed cyclooxygenase-1 [38]. 

Hyperosmolarity-induced induction of cyclooxygenase-2 is abolished when betaine is 

present [33]. This finding may suggest that betaine is important for the formation of 

prostanoids in these cells. Phagocytosis of latex particles is accompanied by a release 

of betaine and taurine from Kupffef cells, which also occurs in response to hypoosmotic 

swelling of these cells [36,39]. Thus, one may speculate that these osmolytes playa 

role in the maintenance of Kupffer cell volume during ingestion of phagocytosable mate

rial. This may be important, because Kupffer cell swelling following phagocytosis might 

otherwise lead to sinusoidal obstruction. However, phagocytosis does not stimulate 

osmolyte efflux from RAW mouse macrophages. 

Hypoosmotic exposure inhibits tumor necrosis factor-a production in LPS-stimulated 

Kupffer cells, whereas hyperosmotic cell shrinkage delayed the TNF response by these 

cells [40]. This latter effect of hyperosmolarity was counteracted by betaine [40]. 

However, nothing is known yet about the effects of cell volume on the formation of other 

cytokines. 

OSMOLYTES AND THE PATHOGENESIS OF HEPATIC ENCEPHALOPATHY 

Astrocytes use myo-inositol and taurine as osmolytes (fig. 5); the respective osmo

lyte transporters are upregulated (dowmegulated) following hyperosmotic (hypoosmotic) 

cell shrinkage (swelling) and astrocyte swelling leads to a rapid release of these 

osmolytes probably through an opening of unspecific channels in the plasma membrane 

[37,41-46]. Also betaine transporter BGT-1 mRNA is present in astrocytes and exhibits 

some osmosensitivity [37]. 

Astrocytes are the only cellular compartment in the brain capable of glutamine syn

thesis [47], which is the major pathway for cerebral ammonia detoxication. Brain edema 

in hepatic encephalopathy (HE) of acute liver failure is common and eventually deter-
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mines the patients final outcome. Under these conditions astrocyte swelling due to an 

intracellular accumulation of glutamine is the most prominent neuropathological abnorma

lity [48]. Although grade I-III porto systemic encephalopathy (PSE) in chronic liver 

disease was not considered in the past to involve cell swelling in the brain, recent in 

vivo evidence suggests that disturbances of astrocyte cell volume homeostasis (without 

clinically overt increase of intracranial pressure) may be an early event in HE in 

cirrhosis [49]. This suggestion is largely based on proton-magnetic resonance-(MR)-spec

troscopic eH-MRS) studies. 

lH-MRS can be used to study metabolic abnormalities in the human brain in vivo and 

allows to pick up a myo-inositol signal, which was shown to be decreased in hepatic 

encephalopathy [50-52] and more recently identified to reflect an osmosensitive cerebral 

myo-inositol pool [49,53]. In vitro studies have shown that astrocytes contain high 

amounts of myo-inositol in contrast to neurons [54], suggesting that the myo-inositol 

signal in MRS-studies derived from whole brain is largely of glial origin. 

There is a strong depletion of brain myo-inositol in humans with hepatic encephalopa-

thy, as shown by in vivo lH-MR spectroscopy [49-52]. The loss of myo-inositol is 

accompanied by an increase of the glutamine/glutamate signal. Such alterations are also 

induced in the rat following portocaval shunting [52] and in humans following insti-

tution of a transjugular portosystemic intrahepatic stent shunt (TIPS) [49]. A high 

sensitivity and specificity of the myo-inositol signal for the diagnosis of hepatic 

encephalopathy in cirrhotics has been reported [56]. In fact, a decrease of the spect

roscopic myo-inositol signal is already found in preclinical HE [49,56]. In view of the 

role of myo-inositol as an osmolyte in astrocytes, the MR-spectroscopic findings suggest 

that the markedly decreased myo-inositol signals in patients with HE reflect a distur-

bance of cell volume homeostasis in brain, which may occur already at preclinical stages 

of HE in vivo. This disturbance of brain cell volume homeostasis in HE may at least in 

part be attributed to an intracellular accumulation of glutamine in response to hyperam

monemia, which tends to swell the cells. Indeed, cultured astrocytes swell under the 

influence of ammonia [57] and the lH-MR signal for glutamine is increased in parallel 

with the decrease of myo-inositol in both, latent and manifest HE, with the alterations 

being less pronounced in the latent stage. Apparently a volume-regulatory myo-inositol 

release occurs in response to ammonia-induced glutamine accumulation in astrocytes, 

indicating that astrocyte swelling may be an early event in HE in chronic liver disease. 

However, ammonia may not be the only mechanism by which astrocyte swelling is triggered 

in hepatic encephalopathy, because in vitro experiments indicate that astrocyte swelling 

also occurs under the influence of hyponatremia, some neurotransmitters [43], tumor 

necrosis factor-a [58] and benzodiazepines [59]. 
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Fig. 6. Hypothesis on glial swelling as a pathogenetic faclar in hepatic encephalopathy. 

Astrocyte swelling is induced by ammonia , rumor necrosis factor , benzodiazepines and 

hyponatremia. Glial swelling activates intracellular signalling pathways and produces 

alterations of glial function . This results in a disrurbance of the glia-neuronal com

munication, triggering the clinical picture of HE. 
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It should be noted that a "deficiency" of cerebral myo-inositol per se does not 

neccessarily predict major encephalopathy symptoms [49]. The myo-inositolloss, however, 

which indicates glial swelling, may -when persistent- lead to sustained disturbances of 

cell function, with not yet known consequences for glial-neuronal communication. As a 

matter of fact, in other cell types (e.g. hepatocytes and macrophages), cell swelling, 

even when less than 10%, leads to marked alterations of carbohydrate and protein metabo

lism, gene expression, intracellular membrane flow, plasma membrane transport, protein 

phosphorylation, pH in subcellular compartments, intracellular signalling and of the 

cytoskeletal organization (for reviews see [1-3]. Thus, astrocyte swelling in PSE as 

indicated by inositol release could have important functional consequences despite the 

absence of clinically overt increases of intracranial pressure. In hepatocytes osmosig

nalling towards cell function involves at least in part a swelling-induced activation of 

the mitogen-activated protein (MAP-) kinases Erk-1 and Erk-2 [1,12,13,15,16]. Similar to 

the fmdings in rat hepatocytes, also astrocyte swelling activates MAP-kinases [19]. 

MAP-kinases are known to be central elements of growth factor signalling and have 

multiple protein substrates, ~ch as S6 kinase, cytoskeletal proteins and transcription 

factors, thereby affecting a variety of cellular functions and gene expression. Indeed, 

astrocyte swelling leads to an upregulation of peripheral type benzodiazepine receptors 

[60], affects protein phosphorylation and CaH homeostasis [61], amino acid transport 

[43], intracellular pH and the acidification of intracellular vesicular compartments 

[62]. These alterations of astrocyte function may be relevant for the development of HE 

and HE has been already earlier proposed to be a primary disorder of the astroglia [63]. 

In view of the above, it was hypothesized [49] that hepatic encephalopathy is at 

least in part the result of astrocyte swelling with subsequent alterations of glial 

function and glioneuronal communication (fig. 6). This working model could explain why 

heterogenous factors can precipitate HE, because all these factors (e.g. ammonia, TNF, 

benzodiazepines, hyponatremia etc.) augment cell swelling and may thus act synergisti

cally to trigger a common endpath, i.e. glia swelling with its functional consequences. 

Further, astrocyte swelling can trigger functional disturbances, which resemble several 

established phenomena in PSE, such as alterations of cerebral glucose metabolism, selec

tive alterations of blood-brain permeability (which is equivalent to changes in astro-

cyte membrane transport), cytoskeletal changes and the upregulation of benzodiazepine 
, 

receptors. However, further studies are required to establish the validity of this 

"swelling hypothesis" . 

PERSPECTIVE 

The complex interplay between cell hydration and the cell function may have conside

rable impact on our understanding of organ function in health and disease. These inter-
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actions not only involve problems of cholestasis [13], protein turnover [64], hepatic 

encephalopathy [49] and viral replication [65], but also organ protection and preserva

tion. Modulation of Kupffer and sinusoidal endothelial cell function by the hydration 

state, availability of osmolytes, such as betaine and taurine, and the expression of the 

respective osmolyte transporters may also have important consequences for the production 

of mediators of inflammation by these cells and could offer new potential sites for 

therapeutic intervention. It is hoped that this review will stimulate further research 

in this exciting area. 
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INTRODUCTION 

An alteration in acid-base balance has wide-ranging effects on many systems in the body. It 
has long been recognized that acid-base regulation is linked to nitrogen metabolism. 
Ammonium (NH/), which is a constituent of normal urine, is excreted in greater quantities in 
metabolic acidosis. Earlier work showed that the rise in NH/ excretion in acidosis coincided 
with a decrease in the rate of urea excretion. When it was realized that the enzyme urease was 
lacking in mammalian tissues, it was concluded that urea is not a direct source of urinary NH/. 
The discovery that the extraction of glutamine by the kidney contributed significantly to urinary 
NH4 + focused attention on the renal metabolism of glutamine. It is now well established that the 
extraction of glutamine by the kidney and the renal mitochondrial deamidation of glutamine are 
accelerated in chronic metabolic acidosis. 

However, an increase in the renal utilization of glutamine in prolonged acidosis will 
ultimately place a drain on the nitrogenous resources of the body. A significant portion of the 
extra glutamine needed by the kidney in acidosis is supplied by muscle. NH4 + is utilized in the 
liver for the synthesis of both glutamine and urea. It is logical to assume that the hepatic 
synthesis of these two nitrogenous compounds would be influenced by the rate of conversion of 
glutamine to NH/ in the kidney. Research in recent times has concentrated in trying to find the 
link between these two intriguing processes. 

Large quantities of NH/ and HCO)- are formed daily as end-products of neutral amino acid 
metabolism. HCO)- accumulation is prevented by hepatic urea synthesis, which also 
incorporates the excess NH/. A reduction in urea formation in acidosis could spare HC03- and 
thus reduce the severity of acidosis. It could also make NH/ available for hepatic glutamine 
synthesis; this glutamine may be transported to the kidney, where it could be reconverted to 
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NH4 + by renal mitochondria. Most enzymes are pH sensitive, so that an alteration in acid-base 
balance may affect the enzymatic activity of many tissues. It has been demonstrated that 
lowering the pH decreases ureagenesis l•3, thus making more NH/ available for hepatic 
glutanline synthesis. An increased release of glutamine by the perfused rat liver in acidosis has 
also been observed4• However, an alteration in acid-base balance in vivo failed to alter urea 
formation when NH4Cl was the acidifying agent used5• Factors other than enzymatic activity 
playa part in product availability. Thus NH/ and HC03-levels in the liver are dependent on the 
appropriate amino acids coming in contact with active sites on the enzymes. Prior to this the 
amino acids must be transported into the hepatocyte. Interestingly, the transport of glutamine 
across the plasma membrane is decreased at low pH6. 

Control of urea cycle activity is under complex short-term and long-term regulation7 • The 
short-term flux through the cycle is modulated by the availability of substrate, N-acetyl
glutamate8, which is an allosteric activator of carbamoylphosphate synthase (CPS)9-11 and 
ornithine I 2. Decreased synthesis of N-acetylglutanlate in acidosis could potentially explain the 
reduction of urea synthesis. There are several other steps which have been proposed as sites in 
which the main HC03--utilizing process, the ornithine cycle, can be inhibited at low pH. These 
include protonation of NH3, the true substrate for CPS, and inhibition of hepatic carbonic 
anhydrase. Urea synthesis can also be reduced at low pH by inhibition of hepatic glutamine 
degradation. Glutamine degradation is reduced at low pH, not only because of lower 
glutaminase activity, but also, as mentioned above, because glutamine transport across the 
plasma membrane is decreased \1t low pW. An additional site at which urea synthesis may be 
inhibited at low pH is at the step of hepatic amino acid transport across the plasma membrane, 
This was suggested by in vitro studies performed by Boon and Meijer7 , In contrast to the 
previously suggested sites, inhibition of amino acid uptake into the cell would not be expected to 
spare HC03- in the liver and would imply that an important regulatory role for the ornithine cycle 
in acid-base homeostasis was unlikely. 

amino acids 
i 

IliiItiIl 
<e---------+urea gin 

NH~ HCQ-4+ ~ ~ 3 

glucose -----+--l> 

Fig. 1. Relationship of kidneys and liver in acid-base homeostasis. Traditional view of acid-base balance 
holds that HC03- consumed by H+ generated by diet and metabolism is resynthesized in kidneys from 
glutamine, a process closely linked to NH4+ formation and excretion, Also shown are potential sites of 
inhibition of urea formation in metabolic acidosis. Site 1, inhibition with the ornithine cycle; site 2, 
inhibition of amino acid transport across the hepatocyte plasma membrane. Thick arrows indicate 
pathways increased in acidosis, in the presence of inhibition at site 2. GS, glutamine synthetase. From 
Boon et al 18 with permission from the American Physiological Society. 
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Long-term regulation of urea cycle activity is mainly a function of the protein intake. The 
urea cycle enzyme activities reflect the level of dietary protein. The activities of the five hepatic 
enzymes increase when dietary protein is raised and decreased with a reduced protein intakeI3-17• 

The level of dietary protein has a profound effect on the disposition of NH4 + and amino acids 
within various tissues of the body. Change in the dietary protein, with and without ammonium 
chloride (NH4CI) ingestion, is an ideal model to determine the role of ureagenesis in acid-base 
regulation. Feeding a protein-free diet eliminates HC03- derived from ingested protein. 
Simultaneous administration of NH4CI produces metabolic acidosis and also provides NH4 + for 
hepatic urea synthesis. Under these circumstances, HC03- should become the limiting factor in 
ureagenesis. 

In the present manuscript, we review data assessing hepatic amino acid uptake in acute and 
chronic metabolic acidosis and NaHC03 feeding. We also review data from studies in which the 
effect of standard and protein-free diets, with and without NH4CI, on hepatic nitrogen 
metabolism and enzyme activities was evaluated. These data have been presented in separate 
form previouslyI8-20. 

HEPATIC AMINO ACID UPTAKE IN ACUTE ACIDOSIS AND ALKALOSIS 

Anesthetized rats received 1.8 mmol HCI or NaHC03-intravenously over a three hour period 
oftimel8. Thereafter, blood was obtained from the portal vein, hepatic vein, and aorta for amino 
acid analysis and liver tissue was obtained for amino acid determinations, protein, and DNA 
analysis. During the last hour of infusion, urine was collected for NH/ and urea measurementsl8. 
After 3 hours of infusion of either HCI or NaHC03 mean blood pH was 7.1 and 7.7, respectively. 
Nitrogen excretion values are shown for this acute study in Table 1. Compared with alkalosis, 

NH4+ excretion was increased more than nine-fold and urea excretion was decreased 33% during 
acidosis. Total nitrogen excretion, estimated as the sum of NH/ and urea excretion rates, was 
not significantly different in acute alkalosis and acidosis (703 ± 89 and 635 ± 48 IlM Nih, 
respectively, p > 0.05). Plasma urea concentration was comparable during acute acidosis and 
alkalosis and averaged between 4 and 5 mM. 

No differences were observed in hepatic vein-aortic plasma concentrations of amino acids, 
individually, or total in acidosis and alkalosis. However, substantial differences were noted in 
hepatic vein-portal vein concentration differences. These differences were reduced markedly for 
many amino acids in acidosis. Uptake of alanine, which is quantitatively the most important 

Table 1. Urinary nitrogen excretion in acute acidosis and alkalosis 
Urinary excretion HCI Acidosis NaHC03 Alkalosis P 
NH/ 201± 42 23± 9 <.01 
Urea 434± 52 680± 94 <.01 

Values are means ± SD for 6 rats in each group and are expressed as Ilmol Nih. 
NH/, ammonium. Data from Boon et a118• 

amino acid for degradation in the liver, was strikingly reduced (p < 0.01) at low blood pH, as 
measured by hepatic vein-portal vein concentration differences. As shown in Table 2, total 
amino acid uptake, estimated from hepatic vein-portal vein concentration d,ifferences, decreased 
by 63% in acidosis compared with alkalosis. Hepatic vein amino acid concentrations, both 
individually and total, was approximately 45% higher in acidosis compared to alkalosis. Net 
hepatic NH4 + uptake, estimated from the concentration differences, was comparable during acute 
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acidosis and alkalosis. However, NH4 + concentration in portal vein plasma was higher and 
remained elevated in hepatic vein plasma during acidosis compared with alkalosis (p < 0.02). 

Table 2. Hepatic vein-portal vein differences in NH4 + and amino acid concentrations 

Substance HCI Acidosis NaHC03 Alkalosis 
NH/ -116 ± 12 -102 ± 23 
Alanine -35 ± 16* -129 ± 26 
Glycine -62 ± 12* -93 ± 20 
Glutamine +40 ± 22 +55 ± 35 
Threonine -9.5 ± 5 -24 ± 8 
Total amino acids -188 ± 35* -505 ± 71 

Blood sample were obtained from portal vein and hepatic vein from rats after 3-h infusion with 
HCI (acidosis) and NaHC03 (alkalosis). NH/ and amino acid concentrations are mean ± SE for 6 
rats in each group, expressed in J.lM. A (-) indicates uptake, a (+) indicates release from the liver. 
*, P < 0.05 vs alkalosis. Data from Boon et at 18. 

Extraction rates were estimated using the formula and flow rates reported by Welboume et 
apl. By this calculation total amino acid extraction was approximately 55% lower in acidosis 
compared with alkalosis, consistent with the elevated concentrations of amino acids leaving the 
liver and the hepatic vein in this condition. For example, hepatic vein alanine increased from 
120 ± 24 11M in alkalosis to 245 ± 17 11M in acidosis (p < 0.0 I; hepatic vein glycine was 114 ± 
26 and 196 ± 13 11M in alkalosis and acidosis respectively (p < 0.02). Portal vein plasma amino 
acid concentrations were also increased in acidosis compared with alkalosis, although the 
differences were less marked than for the hepatic vein; for example, total amino acid 
concentration in portal vein plasma was 20% higher in acidosis than in alkalosis (p < 0.02). 

Plasma concentration differences indicated a tendency for glutamine release from the liver but 
this difference was not significant. Moreover, release rates were not different in acidosis and 
alkalosis (Table 2). This is in contrast to the prediction from the intercellular glutamine cycle.4 

The intracellular concentrations of alanine and serine were equal under both conditions, 
whereas the intracellular concentrations of glycine and threonine were decreased in the liver in 
alkalosis (data not shown). Intracellular glutamate and aspartate concentrations were lower in 
acidosis than alkalosis; intracellular NH/ was also decreased in acidosis. Of these changes, the 
five-fold higher concentration of intracellular glutamate in alkalosis, probably due to increased 
amino acid influx followed by rapid transamination in this condition, was quantitatively the most 
important. Overall, the intracellular concentrations of readily transportable amino acids were not 
different in acidosis compared with alkalosis (p > 0.05). 

Liver intracellular branched-chain amino acid concentrations were two-fold higher in acidosis 
compared to alkalosis although the differences were not significant. Since the branched-chain 
amino acids are not catabolized in rat liver, this finding suggested that an enhanced rate of 
proteolysis occurs during acidosis. Therefore, we determined the protein and DNA content in 
liver in both conditions. The protein-to-DNA ratio was 22% lower (p < 0.05) in acidosis than 
alkalosis. This finding, together with the suggested rise in intracellular branched-chain amino 
acid concentrations, is consistent with an accelerated rate of proteolysis in acute acidosis. 

Overall these studies provide evidence in vivo confirming in vitro data published previously7 
indicating that amino acid uptake across the plasma membrane is reduced in acidosis. Since this 
occurs without a significant change in intracellular amino acid content, it is likely that the 
inhibition occurs at the level of amino acid transport across the plasma membrane. This effect of 
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acidosis appears to be due entirely to a marked decrease in transport of Na+ -dependent amino 
acids (data not shown). However, the mechanism of acidosis induced inhibition of amino acid 
uptake and transport was not elucidated by these studies. 

HEPATIC AMINO ACID CONSUMPTION IN CHRONIC METABOLIC ACIDOSIS 

The mechanism responsible for the decline in urea synthesis was studied in chronic acidosis. 
Chronic metabolic acidosis and alkalosis were induced by feeding three groups of rats HCI, 
NH4CI, and NaHC03 (8 mmol/day) for seven days l9; these substances were mixed with food 
which was provided to the animals daily in the evening. After seven days amino acids and NH4+ 
were measured in portal vein, hepatic vein, and aortic plasma, and arteriovenous differences 

were calculated. The rates of urinary NH4+ and urea excretion were also determined on the last 
day of the study. 

Animals fed NaHC03 maintained weight (mean weight change + 2.8 ± 2.0 g, I % body 
weight), whereas acidotic rats tended to lose weight. Mean weight change for HCI-fed rats was -
S.3 ± 1.8 g (2.S% body weight, p < O.OS vs. NaHC03 ), and for NH4CI-fed animals it was -1.7 ± 
1.7 g (0.8% body weight, not significant vs. NaHC03 ). After seven days of feeding acid base 
parameters and urinary NH/ and urea excretion were measured and are shown in Table 3. Mean 
blood pH and HC03- concentration were significantly lower in the groups given HCl and NH4Cl 
than those given NaHC03 .. Urea excretion, which was similar in NH4Cl and NaHCO]-fed rats, 
was reduced by about 2S% in rats given HCl (p < O.OS vs NaHC03 ). Aortic plasma urea 
concentrations were approximately 6mM and not different in the three groups of rats, indicating 
that differences in excretion rates reflected altered urea production rates. Ammonium excretion 
during the last 24 hours was similar in both HCl and NH4CI groups and was about 96% lower in 
rats fed NaHC03 (p < 0.OS)19. 

The effect of acidosis on the rate of urinary urea excretion was not consistent since estimation 
of the rate of urea excretion on the final day of chronic metabolic acidosis does not reveal the 
true picture. When rats were given 9 mmol HCl daily (mixed with food), the mean rate of urea 
excretion was significantly reduced for the 8 day period. However, when assayed on a daily 

Table 3. Urinary nitrogen excretion in chronic acidosis and alkalosis 

Urinary excretion HCI NH4Cl NaHCO] 
NH/ 3.98±0.22* 3.84±0.34* 0.14±0.OS 
Urea 7.S4±0.36* 9.82±0.70 10.l±0.70 

Values are as shown in Table 1 for HCI (n=6), NH4CI (n=4), and NaHC03 (n=4) fed rats. 
*, P < O.OS vs NaHCOJ • Data from Boon et a1 19 • 

basis it was seen that urea excretion decreased for the first four days and returned to control 
values by the eighth day (data not shown). A similar trend occurred with NH4CI feeding, except 
that in this case the mean rate of urea excretion was unchanged for the 7 day period (Lardner and 
O'Donovan, unpublished). 

Plasma NH/ and amino acid concentrations for rats fed HCI, NH4CI and NaHC01 were 
measured in these studiesl9. Compared to the NaHC03-fed group, aortic plasma threonine, 'serine, 
glutamine, glycine, and lysine were higher in HCI and NH4CI-fed animals (p < O.OS). 
Concentrations of several amino acids were higher in the hepatic vein, portal vein, and aorta in 
the acidotic groups than in the bicarbonate-fed animals. For example, several gluconeogenic 
amino acids (glycine, threonine, and serine) and arginine were significantly higher in the NH4CI 
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animals, with similar changes (arginine was not significantly higher) in the HCl group. With the 
notable exception of glycine, the concentrations of these amino acids were also higher in portal 
vein plasma in both acidotic groups compared with alkali-fed animals. The concentrations of 
branched-chain amino acids (valine, leucine, and isoleucine) were not affected by acidosis (data 
not shown). 

Hepatic vein minus portal vein concentration differences (HV-PV) for NH/ are shown in 
Table 4. Compared with the NaHC03 group, HV -PV for NH/ was greater in HCl and was still 
greater in NH4Cl (both p < 0.05). In contrast, HV-PV was less in acidosis than in the HC03• -fed 
group for alanine, glycine, methionine, and asparagine. Glutamine was the only amino acid 
released consistently from the liver; however, no difference in HV -PV and HV -A (not shown), 
was noted between acidosis and the alkali-fed animals. The difference in total amino acid 
concentrations in HV -PV in the two acidotic groups were less than one-half that seen in the 
HC03" group; however, the differences did not reach statistical significance. 

Table 4. Hepatic vein minus portal vein differences in NH/ and amino acids: 
chronic study 

Substance HCl NH4Cl NaHC03 

NH/ -187 ± 28* -271 ± 60* -57 ± 38 
Asparagine -66 ± 9.5* -60 ± 13 -102 ± 14 
Glutamine +277 ± 47 +255 ± 95 +323 ± 123 
Glycine -159± 19* -145± 27 -239± 31 
Alanine -118 ± 34 -83 ± 12 -199 ± 40 
Methionine -10± 2* -7.3±1.9 -23± 7.3 
Total amino acids -190 ± 173 -85 ± 119 -400 ± 224 

Blood samples were obtained from portal vein and hepatic vein of rats after 7 days of HCl, 
NH4Cl, or NaHC03 feeding. NH/ and amino acid concentrations are means ± SE for 6 (HCl), 4 
(NH4Cl), and 4 (NaHC03) rats. Data are given in /!M. *, P< 0.05 vs NaHC03• From Boon et a1 19• 

Intracellular NH4 + and amino acid contents and protein/DNA ratios were also measured in 
liver tissue in the chronic study (data not shown). Except for a 20-25% lower value of the NH/ 
concentration in acidosis, and a 25-35% lower glutamine concentration in both HCl and NH4Cl 
groups (p < 0.05) relative to the NaHC03 group, no consistent difference in hepatic amino acid 
concentrations were noted among the three groups, despite minor variations in several amino 
acids. Intracellular branched-chain amino acid concentrations (valine, leucine, and isoleucine) 
were also the same in chronic metabolic acidosis and in the NHC03 group. Liver proteinIDNA 
ratios were not different for the animals fed the three different regimens. 

Glutamine synthetase (GS) and CPS mRNA was quantitated in livers from animals fed the 
three dietary regimens (Table 5). Compared to liver from HC03"-fed rats, both GS and CPS 
mRNA abundance was greater in acidosis although this difference reached statistical significance 
only in the HCl-fed animals (p < 0,.05). In data not shown, no significant difference was seen in 

mRNA 
CPS 
GS 

Table 5. Relative abundance of GS and CPS mRNA in liver 

2.1 ± 0.23* 2.6 ± 0.44 1.15 ± 0.27 
3.48 ± 0.47* 3.16 ± 0.49 1.60 ± 0.16 

The data are given as mean ± SD and expressed as /!g per /!g ribosomal RNA (measured using a 
108 bp fragment of ribosomal RNA. *, P < 0.05 vs NaHC03• Data modified from Boon et a1 2D• 
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mRNA distribution as measured by in situ hybridization nor in enzyme protein as determined by 
immunohistochemistry . 

The increase in urinary NH4 + excretion noted in chronic acidosis correlated with increased 
renal phosphoenolpyruvate carboxykinase (PEPCK) and phosphate-activated glutaminase (PAG) 
mRNA. No difference was noted in renal cortex glutamate dehydrogenase (GDH) mRNA 
content in acidosis compared to bicarbonate-fed animals (Table 6). 

Table 6. Kidney mRNA content in acidosis and alkalosis 
mRNA HCI NH4CI NaHC03 

PEPCK 2.4 ± 0.34* 1.97 ± 0.10* 0.94 ± 0.06 
PAG 1.22±0.15* 1.18±0.19* 0.53±0.07 
GDH 1.65±0.12 1.45±0.13 1.29 ± 0.05 
GS 0.76 ± 0.04 0.71 ± 0.05 0.71 ± 0.02 

Results are mean ± SE for rats fed HCI (n=6), NH4CI (n=4), and NaHC03 (n=4). *, P <0.05 vs 
NaHC03• Modified from Boon et aI 20• 

PROTEIN DEPLETION AND NITROGEN METABOLISM 

The level of dietary protein has a profound effect on the disposition ofNH4 + and amino acids 
within body tissues. The urea cycle in the liver is an effective mechanism for maintaining a low 
level ofNH/ in the blood. Glutamine synthetase in brain and skeletal muscle serves a similar 
role. 

The data in Table 7 show the effects of feeding standard (17% protein) and protein-free diets, 
with and without NH4CI for ten days, on food and fluid intake of female Sprague-Dawley rats 
(Lardner and O'Donovan, unpublished observations). NH4Cl groups were allowed free access to 
a 0.28 M NH4CI solution instead of tap water. Animals given the standard diet, with or without 
NH4CI had a constant food and fluid intake for the 10-day period. Food and fluid intake in the 
protein-free groups decreased throughout the 10-day period. Urine flow rates followed a similar 
pattern to fluid intake in all groups. 

Table 7. Effects ofNH4CI ingestion with a standard and 
protein-free diet on food and fluid intake on the 10th day 

Diet Food Intake (g) Fluid Intake (ml) 
Standard 25 ± 1.2 25 ± 1.1 
Standard + NH4CI 23 ± 0.9 24 ± 0.9 
Protein-free 12 ± 0.5 14 ± 0.4 
Protein-free + NH4CI 12 ± 0.6 8 ± 0.4 

Female rats were fed the indicated diets for 10 days. Results shown are for the final day. 
Standard (17% protein) and protein-free diets were offered ad libitum and the rats were allowed 
free access to 0.28 M NH4CI or tap water. From O'Donovan (unpublished observations). 

The body weight and weights of the liver of the kidney were reduced following ingestion of a 
protein-free diet, with and without NH4Cl. Table 8 demonstrates the activities of the hepatic urea 
cycle enzymes. The data were reported as units/g of liver, but the liver weight was reduced by 
25% in the protein-free groups. The activities of CPS ornithine transcarbamylase (OTC) and 
argininosuccinate lyase (ASL) were reduced by 60% (units/g), while their total activities 
(unitslliver) were decreased by 70% in the protein-free groups. The reduction in arginase 
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Table 8. Activities of urea cycle enzymes 
Enzyme Standard Diet Standard Diet Protein-free Diet Protein-free Diet 
(Units/g liver) + NH4CI + NH4CI 
CPS 18.4 ± 1.6 16.7 ± 0.8 6.0 ± 0.2 5.9 ± 0.4 
OTC 300±25 258±17.4 118±14.8 124.6±5.6 
ASL 4.6 ± 0.3 4.7 ± 0.3 1.8 ± 0.2 2.0 ± 0.1 
Arginase 2018 ± 71 2012 ± 68 1664 ± 69 1647 ± 89 

Effects of a protein-free diet ± NH4Cl on urea cycle enzyme activities of rat liver. Enzymes were 
assayed at the end of a 10-day feeding period. From Lardner and O'Donovan, unpublished 
observations. 

activity in the protein-free groups was only half that of the other three enzymes. Administration 
of NH4CI with the standard diet did not influence the activities of any of the four enzymes. 
Neither did it prevent the decrease in the activities of these enzymes with the protein-free diet. 

The effects of a protein-free diet with and without NH4CI on the serum urea concentrations 
are shown in Table 9. It is obvious that the feeding of a protein-free diet drastically reduced the 
serum urea level. Administration ofNH4CI to the standard and protein-free groups significantly 
increased the serum urea concentration. 

Table 9. Serum urea concentration 
Diet Serum Urea (mM) 
Standard 6.0 ± 0.3 
Standard + NH4CI 8.4 ± 0.4 
Protein-free 2.2 ± 0.1 
Protein-free + NH4CI 3.8 ± 0.2 

Effects of a protein-free diet, with and without the administration of 
NH4CI, on the serum urea concentration. From Lardner and O'Donovan 
(unpublished). 

Ingestion of a protein-free diet produced a significant degree of metabolic acidosis. 
Administration of NH4CI to this group did not further augment the extent of acidosis. A 
reduction in plasma HC03- concentration with the protein-free diet suggests that catabolism of 
dietary protein contributed significantly to the maintenance of acid-base balance. Surprisingly, 
ingestion of a protein-free diet did not influence the rate of urinary NH/ excretion or the activity 
of renal phosphate-activated glutaminase (Table 8). However, both of these parameters were 
increased when NH4CI was administered the protein-free group. The increase in glutaminase 
activity resulting from NH4CI administration to the protein-free group is noteworthy, despite lack 
of dietary protein. This indirectly confirms increased protein turnover during metabolic acidosis. 
May et at 22 reported an acceleration of whole body turnover during metabolic acidosis in rats 
given a standard diet, reflected in a 70% increase in proteolysis, a 55% increase in protein 
synthesis, and a 145% increase in amino acid oxidation. Skeletal muscle would appear to be a 
major site of protein degradation during metabolic acidosis22 • Muscle and liver branched-chain 
ketoacid dehydrogenase increases, while the activity of this enzyme decreases in the kidney in 
metabolic acidosis23 • The data in Table 10 indicate that reincorporation of degraded body protein 
into phosphate-activated glutaminase was not affected by the lack of ingested protein. 
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Table 10. Renal phosphate-activated glutaminase (PAG) and urinary NH/ excretion 

Diet PAG (Units/g kidney) NH/ excretion (mmol/day) 
Standard 8.5 ± 1.0 0.47 ± 0.Q3 
Standard + NH4Cl 
Protein-free 
Protein-free + NH4Cl 

19.0±1.4 
8.8 ± 1.1 

18.8±1.9 

2.3 ± 0.1 
0.45 ± 0.02 
4.6 ± 0.2 

Urinary NH/ excretion and renal phosphate-activated glutaminase (PAG) actlVlty in rats 
consuming a standard or protein-free diet, with and without NH4Cl ingestion, for 10 days. Data 
presented are for the 10th day. From Lardner and O'Donovan (In preparation). 

DISCUSSION 

The induction of both acute and chronic metabolic acidosis led to a significant reduction in 
urea excretion with an unchanged serum urea concentration. These findings indicate that urea 
synthesis is decreased in metabolic acidosis. However the data indicate strongly that the 
reduction in urea synthesis is due to a decreased uptake of amino acids across the hepatic plasma 
membrane rather than to an inhibitory effect somewhere in the ornithine cycle. Thus, the data 
suggest that in acute and chronic acidosis flux through the ornithine cycle is controlled by 
hepatic amino acid transport rather thah by the activity of the ornithine cycle per se. These 
findings argue against a primary role for the ornithine cycle in the regulation of acid-base 
homeostasis. Rather, amino acids not taken up by the liver in acidosis are diverted to the kidney 
for enhanced glucose and NH4 + synthesis. Since glutamine is the major substrate for renal 
ammoniagenesis, it is likely, though not proven in these studies, that some amino acid 
conversions occur, resulting ultimately in enhanced delivery and extraction of glutamine by the 
kidney. 

When animals were provided with a protein-free diet, urinary urea excretion was reduced 
compared to that of a standard diet. There was no further decrease upon feeding NH4Cl to these 
animals. An increase in renal glutaminase and NH/ excretion in protein-deprived rats consuming 
NH4Cl indicates that the renal adaptation to metabolic acidosis is not compromised by a lack of 
dietary protein. 

Taken together, these studies indicate that the liver plays a role in acid-base homeostasis. 
However, the regulatory steps reducing urea excretion in acidosis seem unlikely to occur in the 
urea cycle per se, but more likely occur at the level of amino acid entry into the hepatocyte. 
Moreover, depriving animals of protein in the diet did not have a significant effect on the ability 
of these animals to respond to an acidifying stimulus. The present in vivo experiments provide 
information clarifying the role of renal and hepatic metabolism during metabolic acidosis. The 
results do not support the hypothesis that ureagenesis is controlled in a fashion to regulate acid
base homeostasis directly. For this to be tenable, urea synthesis should be regulated within the 
ornithine cycle, or at least at a point beyond amino acid degradation and urea formation. Rather, 
it appears that the liver is important because hepatic amino acid transport is decreased in 
acidosis. As a result, amino acid availability for the kidneys is increased. 
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GLUCOSE AND INSULIN METABOUSM IN CIRRHOSIS 
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Abnonnalities in Carbohydrate metabolism in cirrhosis have been known for very ij.1any years 
and the tenn hepatogenous diabetes was coined by Naunyn in 1906 to describe those patients with 
cirrhosis where diabetes was also present. Overt diabetes is now recognised in about 30% of cirrhotics 
whereas abnonnalities of glucose tolerance occur in excess of 50% 1. 

It is not surprising that diabetes occurs in cirrhosis since the liver maintains a tight control of 
nutrient supply to the tissues, glucose being taken up during feeding for glycogen synthesis and being 
released during fasting by glycogenolysis or gluconeogenesis. The liver is also responsible for fatty acid 
and triglyceride synthesis during feeding and beta oxidation of fat and the fonnation of ketone bodies 
during fasting. Since the advent of insulin assay in the 1960s, it has been recognised that the diabetes of 
cirrhosis is paradoxically characterised by high insulin concentrations and insulin resistance. Other 
metabolic abnonnalities recognised in cirrhosis are a decrease in insulin growth factor (IGFl), an 
increase in glucagon and growth honnone concentrations, increases in non esterified fatty acids (NEFA) 
and increases in lactate pyruvate and glycerol. The branch chain amino acids, valine, leucine and 
isoleucine however are characteristically decreased 1. 

Hyperinsulinaemia is almost universal in cirrhosis but cirrhotic patients with impaired glucose 
tolerance or overt diabetes have lower levels of insulin than those with nonnal glucose tolerance 1. This 
suggests the late development of pancreatic beta cell dysfunction. There has been much controversy as 
to the mechanism of the hyperinsulinaemia in cirrhosis prior to the development of overt diabetes and an 
increase in pancreatic islet cell secretion or a decrease in hepatic degradation of insulin have been 
suggested. A decrease in hepatic degradation is suggested by the finding that the liver extracts about 40-
60% of insulin secreted by the pancreas 2 and that basal portal insulin concentrations are similar in 
cirrhotics to controls 3,6 By infusing insulin into the portal vein Nygnen et al 6 showed that the fractional 
hepatic insulin extraction was only 13% compared to 51% in controls. Portal insulin stimulated by 
glucose or arginine is lower in cirrhotics than controls 3,5, while C peptide concentrations which are not 
degraded by the liver are nonnal after oral glucose in cirrhotics suggesting nonnal insulin secretion 7. 

Other workers however have found that both basal and stimulated C peptide concentrations are 
increased in cirrhotics suggesting increased insulin secretion 8,9,10,11. Furthennore, C peptide levels 
suppressed only 54% in cirrhotics compared to 100% in controls in response to an insulin infusion 
despite similar insulin levels, once again suggesting an increase in pancreatic insulin secretion 12. 
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The shunting of portal blood into the systemic circulation in cirrhosis effectively bypassing the 
liver may also influence peripheral insulin concentrations but Holdsworth et al 13 found no change in 
glucose tolerance or insulin concentrations following the creation of a surgical portacaval shunt. This 
may have been due to the spontaneous portal systemic shunting present prior to the creation of the 
surgical shunt. In patients with normal liver function but portal vein thrombosis, peripheral C peptide 
and insulin concentrations are similar to controls 14. Such patients can have very considerable 
portasystemic shunting but the extraction of insulin from the hepatic arterial supply by the normal liver 
may compensate for the shunting of portal blood. Conversely the arterial-hepatic venous insulin 
extraction in cirrhotic patients with side to side portacaval shunts was similar to controls (51% versus 
48%; 1). This finding suggests normal hepatic degradation of insulin in cirrhosis implying shunting as 
the main cause of peripheral hyperinsulinaemia. An important role for portal systemic shunting of 
insulin is also suggested by the finding that basal peripheral insulin concentrations in cirrhotics with 
portal hypertension are greater than hepatic venous insulin levels. In controls however basal peripheral 
insulin concentrations are less than hepatic venous levels 16. 

In practice, the likely sequence of events is: 
1. A decrease in hepatic insulin degradation and/or portasystemic shunting leads to peripheral 

hyperinsulinaemia and the development of peripheral insulin resistance. 
2. The development of peripheral insulin resistance leads to impaired peripheral glucose uptake 

and high peripheral glucose concentrations stimulate further insulin secretion. Chronic hyperglycaemia 
and hyperinsulinaemia ultimately leads to beta cell exhaustion and the development of overt diabetes. 

Insulin Resistance 

Resistance to the action of insulin may be due to a decrease in sensitivity when more insulin is 
required to achieve a normal maximal response or a decrease in responsiveness when the maximal 
response which can be achieved by insulin is diminished. It is thought that a maximal insulin response is 
achieved when only 10% of insulin receptors are occupied and thus a greater than 90% loss of receptors 
would be required to lead to a decrease in responsiveness. A receptor defect is thus likely to lead to a 
decrease in insulin sensitivity and a post receptor defect a decrease in sensitivity and responsiveness. 
Some authors have found a decrease in adipose tissue receptor function in cirrhotics 11,17 while others 18 

have found that they are normal. Adipose tissue and muscle however (the principle site of peripheral 
insulin resistance) may behave differently. Whole body leucine turnover in cirrhotics 19 is normal in 
patients with cirrhosis, even in those with impaired glucose tolerance aJ and this finding suggests a post 
receptor defect for glucose intolerance since the same insulin receptor is thought to be responsible for 
the modulation of both glucose and protein metabolism. Insulin sensitivity is affected by exercise, a high 
carbohydrate diet, the development of obesity, starvation and pregnancy and we have suggested that 
post receptor insulin sensitivity may be regulated by intracellular diacylglycerol concentrations and 
protein kinase signalling 21. 

Glucose Uptake 

Glucose intolerance in cirrhosis may be due to a decrease in peripheral glucose uptake, a 
decrease in splanchnic glucose uptake or a decrease in suppression of hepatic glucose output. These may 
be due to a decrease in receptor/post receptor function, altered substrate competition between glucose 
and fatty acids (Randle Cycle) or due to abnormalities of counter regulatory hormones. Various studies 
have been undertaken to try and characterise the importance of each of these individual factors. 
Several have shown that hepatic glucose production is normal in cirrhosis and suppresses normally 
during euglycaemic hyperinsulinaemic clamps 1l,Z2,aJ • In our early studies of the uptake of oral glucose 
in cirrhotics, we found that forearm glucose uptake was normal when compared to controls 23. However 
the normal forearm uptake of glucose was only achieved by having high circulating glucose and insulin 
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Table 1. Hyperglycaemic clamp studies 26 

Forearm glucose uptake 
mg/l00 mlImin 

Basal hepatic glucose production 
(6-3H glucose infusion) 

Net splanchnic glucose uptake 
(hepatic vein catheter) 
mgikg/min 

Cirrhotics 10 

0.39±0.06 

1.84±0.12 

l.S9±0.14 

Controls' 
1.24±0.26 

1.92±0.12 

1.27±1.7 

Whole body glucose uptake 3.7±0.3 8.7±1.8 
('M' value) mg!kg/min 

Blood sugar maintained at 10 mmoVl by a variable glucose infusion 

p 
0.001 

NS 

NS 

0.004 

levels implying insulin resistance in the periphery. We subsequently undertook euglycaemic 
hyperinsulinaemia clamp studies in cirrhotics when blood glucose concentrations were maintained at 
basal levels by constant glucose infusion during the course of an insulin infusion. Under these 
circumstances the uptake of glucose in the foreamt was decreased ten fold in cirrhotics compared to 
controls 1A. This finding was subsequently confirmed by Petrides et al al when hepatic glucose output 
was also shown to suppress nonnally and furthennore, it was shown that glucose oxidation assessed by 
indirect calorimetry was nonnal. This ,suggested impaired muscle glycogen synthesis in glucose 
intolerant cirrhotics and indeed a decrease in glycogen deposition in muscle biopsies in cirrhotics was 
noted by Kruszynska et al 25. In hyperglycaemia clamp studies (blood sugar maintained at 10 mmol/l by 
variable glucose infusion), we also showed gross impainnent of peripheral glucose uptake (Table 1; 26). 
When hyperglycaemia was combined with a somatostatin infusion to block honnone secretion, free 
fatty acid concentrations were exceedingly high but when non esterified fatty acid concentrations were 
suppressed with acipimox, there was no alteration in whole body glucose uptake (Table 2) suggesting 
that the operation of the Randle cycle does not have any influence upon the development of impaired 
glucose uptake in cirrhotics 26. 

Effect of Growth Honnone and IgF1 

Growth honnone concentrations have been recognised as being increased in cirrhotics for many 
years and there is a paradoxical rise after glucose administration 1. An elevation in growth honnone 
concentration is associated with the development of insulin resistance in acromegaly, starvation and 
pregnancy. Growth honnone infusions lead to a 30-60% decrease in foreamt glucose uptake 7:1,'2S. In 
euglycaemic hyperinsulinaemic clamp studies '19 we assessed the effect of growth honnone suppression 
with somatostatin on foreamt and whole body glucose uptake. During these studies insulin and 

Table 2. Effect of nefa suppression with acipimox on glucose uptake 26 

Whole body glucose uptake 
Somatostatin 
('M' value) mgikg/min 

Cirrhotics ' 
2.49±0.10 

Whole body glucose uptake 2.42±0.12 
Somatostatin + Acipinlox 
('M' value) mg;kg(min 
Hyperglycaemic clamp at 10 mmoVl 
Somatostatin infusion to block hormone secretion 

Controls S 

2.09±0.06 

1.97±0.57 

p 
NS 

NS 
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Table 5. Insulin..,like growth factor binding protein 1 (igf-l) levels-links with 
insulin resistance 30 

Controls 6 Cirrhotics 6 p 
Growth Hormone mu/l O.5.±O.4 6.1.±O.4 <0.01 

IGF-1 nmoJ;1 36±9 16±4 <O.OS 

IGFBP-3 mgil 3.67.±OJ6 1.16.±O.22 <0.001 

IGF-1!IGFBP-3 molar OJ.±O.1 O.4.±O.l NS 
ratio 

IGFBP-1 ugil 3.2+0.2 26.8+8.4 <0.001 
Values during euglycaemic hyperinsulinaemic clamp 

Table 6. Insulin-like growth factor binding protein 1 (igf-l)-effect of growth 
hormone 30 

Controls 6 Cirrhotics 6 p 
Growth hormone mUll 2.1±1.0 1.8±0.6 NS 

IGF-1 * nmoJ;1 7S±12 46±14 NS 

IGFBP-3* 6.1±0.6 4.1±0.9 NS 

IGFBP-1 2.1+0.4 10.6+3.7 <O.OS 
Values during euglycaemic hyperinsulinaemic clamp after five days of growth hormone 
In cirrhotics change in IGFBP-1 with growth hormone correlated 
with change in insulin sensitivity 
r = 0.84; p<O.OS 

patients with cirrhosis it was possible to decrease endogenous growth hormone concentrations to a 
similar value to that in controls and this resulted in an increase in IGFI and IGFBP3 concentrations 
similar to the control group. IGFBPI levels however, although decreased by growth hormone 
administration, were still significantly elevated (Table 6). In cirrhotics the change in IGFBPI 
concentrations correlated with the change in insulin sensitivity during the clamp (R=O.84) (p<O.05). 
This su~sts an important role for IGFI and IGFBPI in the determination of insulin sensitivity in 
cirrhosis . In conclusion, high IGFBPI levels in cirrhosis diminish bioactivity of IGFI and lead to 
apparent insulin resistance. IGFBPI may be the signal from the liver to the periphery indicating an 
increased hepatic demand for available substrates. 
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1. INTRODUCTION 

"All this has been said before, 
but since nobody listened, it must be said again. " 

Andre Gide 

There is little doubt that dementia of the Alzheimer type (OAT) is a multifactorial 

disease. The existence of a major gene for OAT is equivocal, however, a genetic pre

disposition is considered to be likely from the high concordance of OAT in monozygotic 

and dizygotic twins (1), and an increased frequency of the disease in relatives of affected 

patients (2). The long arm of chromosome 21 is the locus of predisposition (3). The expres

sion of a number of genes encoding for various neuronal and non-neuronal proteins is also 

changed in OAT brains (4). 

In Table 1 suggestions regarding pathogenetic events and factors which may contri

bute to the etiology or progression of OAT are summarized. The list is still growing, and it is 

more and more difficult to decide which factors are important. Among the numerous hypo

theses the formation of neurotoxic amyloid depositions due to abnormal processing of the 

precursor protein of p-amyloid (PAPP) has attracted by far the greatest interest, because 

plaques and fibrillary tangles are hallmarks of OAT. The fact that certain mutations in the 

gene encoding PAPP are known to lead to familial forms of OAT (5) is the most convincing 

argument in favor of the p-amyloid hypothesis, although it has repeatedly been shown that 

plaque formation is not correlated with the severity of cognitive impairments in aged (6-8). 

It has been hypothesised that risk factors in OAT increase with age (9). If this is true, 

one has to consider consequences of general age-related changes in organ functions as con-
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tributing factors. Among these the impairment of the blood-brain barrier function (10) is of 

especial importance. In agreement with this idea pathogenetic effects of environmental fac

tors, such as aluminum, and infection with spirochetes (11) have been considered as a conse

quence of the dysfunction of the blood-brain barrier. 

Enhanced exposure of the organism to oxygen free radicals, e.g. due to reduced cata

lase and superoxide dismutase activities, may be another general noxious event, although di

rect evidence for the validity of this idea with respect to DAT is scarce. But oxygen free ra

dicals have nevertheless been implicated as etiological agents in the process of aging (12), 

and in several neurodegenerative disorders, including DAT (13,14). 

Table 1. Potential pathogenetic events and factors of Alzheimer disease 

Genetic predisposition 

Formation of neurotoxic f3-amyloid depositions 

Neurofibrillary degeneration (abnormal phosphorylation 
of Tau prote~) 

Impairment of neuronal functions 
Degeneration of selected neurons (cholinergic, 
serotoninergic, noradrenergic, somatostatinergic) 

Changes in receptor density and function 
(serotonin, dopamine, glutamate etc.) 

Impairment of glial functions 
Astroglia 
Microglia 

Lack of trophic factors 

Neurotoxins 
Cytokines 
Aluminum 
Radicals 
Glutamate 
Colchicin-like factor 
Ammonia 

Infections 
Treponema pallidum 
Viral agents 

(1,2, ) 

(5,38,39) 

(15) 

(16-21) 

(22 - 26) 

(27) 
(28) 

(29) 

(30) 
(31 - 34) 
(13, 14,35) 
(36,37) 
(40) 
(41) 

(11) 
(42) 

Ainmonia is the most important endogenous neurotoxic agent. It is a normal metabo

lite in all tissues, but it is also taken up from the gastrointestinal tract. In Fig. 1 ammonia 

movements in the vertebrate organism are shown. In the following ammonia and ammonium 

(salt) will be used synonymously, keeping in mind that at pH 7.4 1.7 % of ammonia is pre
sent in the vertebrate organism in non-protonated form (NH3), while 98.3 % are protonated 

<NH4+) (43). Most tissues take up ammonia from the arterial blood and release correspon

ding amounts of glutamine. Detoxification occurs in liver by urea formation. Since NH3 

easily passes cell membranes, the blood-brain barrier can be passed by diffusion. 
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Our present knowledge of ammonia in humans is mainly based on observations of 

patients with impaired liver function (fulminant hepatic failure, liver cirrhosis, etc.), and of 

children with hereditary deficiencies of urea cycle enzymes. It is evident from the course of 

these diseases that DAT is not a direct consequence ofhyperammonemia. However, hepatic 

encephalopathy and DAT have common features (see beloW). Therefore, it seems conceiv

able that chronic elevation of brain ammonia, together with other factors, may affect, or de

termine the severity and progression ofDAT. 

BRAIN I 
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[ BLOOD 

~ ~.mine 
LIVER I 

t 
NH.· 
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vein 

URINE 

t 
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/ L_K_IDN_E_Y --11..} U,/_ . 
~ .. 1/ 

Fig. 1. Ammonia movements in tbe vertebrate organism 

2. EVIDENCE FOR ELEVATED AMMONIA CONCENTRATIONS IN BLOOD 

AND BRAIN IN DAT 

Owing to technical difficulties data on ammonia concentrations in blood and CSF 

show considerable variation (Table 2). The human brain values have been extrapolated from 

animal studies, since ammonia concentrations increase rapidly after death. 

Table 2. Ammonia in human brain and body fluids 

Brain 
Cerebrospinal fluid (CSF) 
Arterial blood/plasma 
Venous blood/plasma 

Data from ref. 43. 

100 - 300 nmollg 
20 - 100 nmollml 
70 - 113 nmollml 
20 - 100 nmollml 
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Ammonia has not attracted attention as a pathogenetic factor ofDAT. Therefore, no 

systematic investigations have been carried out, and direct evidence is scarce. Fisman et al. 

(44,45) demonstrated in two reports that postprandial blood ammonia levels were signifi

cantly higher in DAT patients than in matched control subjects. Some DAT patients had 

tri-phasic waves on EEG, a wave form suggestive for metabolic encephalopathy. In subjects 

with DAT, which were free of liver diseases and urinary tract infections, Branconnier et al. 

(46) found 122 ± 80 nmol ammonia per ml of plasma. The normal range in this study was 12 

- 55 nmoVml; 83 % of the patients had blood ammonia levels above the normal limit. 

Hoyer et al. (47) determined arterio-venous differences of ammonia in patients with 

advanced DAT, and patients clinically diagnosed as having incipient dementia, in all proba

bility DAT of early onset. In healthy volunteers an average ammonia uptake by the brain of 

72 ± 7 Ilglkglmin was observed. In striking contrast, 27 ± 3 Ilglkglmin of ammonia was re

leased from the brains of patients with advanced DAT. Patients with presumed early onset 

DAT released even 256 ± 162 Ilglkglmin ammonia into the blood. 

From the above cited reports it seems evident that in addition to age-related impair

ments of liver function (i.e. reduaed hepatic detoxification capacity) there are disease-related 

causes for hyperammonemia in DAT. 

3. SOURCES OF BRAIN AMMONIA, AND AMMONIA DETOXIFICATION 

MECHANISMS 

In vertebrates ammonia concentrations appear to be correlated with the functional 

state of the brain. Reduction in functional activity is associated with reduced ammonia con

centrations, and enhanced functional activity, including electrical stimulation and convul

sions, produce elevated brain ammonia levels. Hypoxic states are also a reason for enhanced 

ammonia formation (43). In Fig. 2 the major sources of ammonia in the vertebrate brain are 

summarized. A considerable proportion of the ammonia of the vertebrate organism origina

tes from the gastrointestinal tract. Deficient hepatic detoxification causes hyperammonemia, 

and since ammonia easily passes the blood-brain barrier, elevated ammonia accumulates in 

brain above normal concentrations. In hepatic encephalopathy resulting from acute or chro

nic liver disease, ammonia of gastrointestinal origin is a key pathogenetic factor (48,49). 

Bacterial infections of the urinary tract is another potential cause ofhyperammonemic ence

phalopathy (43). Proteins, nucleic acids and hexosamines have long been suggested as sour

ces of cerebral ammonia (50). Hydrolysis of glutamine and asparagine, oxidative deaminati

ons of primary amines, glycine catabolism via the glycine cleavage system, deaminations of 

purines, pyrimidines and glucosamine-6-phosphate, among others, are well known ammonia 

generating reactions, which may contribute to the steady-state level of brain ammonia (51). 

Glutamate dehydrogenase links the tricarboxylic acid cycle with ammonia. The direc

tion of the glutamate dehydrogenase-catalysed reaction appears to be regulated by the intra

cellular NAD(P)+INAD(p)H-ratio. In the absence of glucose, when this ratio is high, gluta

mate is oxidatively deaminated. In the presence of glucose, when 2-oxoglutarate is not rate 
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limiting, reductive amination of2-oxoglutarate to glutamate is favored. Paradoxically, in hy

perammonemic states the synaptic (in contrast with non-synaptic) mitochondrial glutamate 

dehydrogenase is stimulated in direction of glutamate oxidation (52). This reaction counter

acts presumably the hyperammonemia-induced decrease of cerebral 2-oxoglutarate formati

on in other metabolic pathways, and thus supports energy production via the tricarboxylic 

acid cycle. 

Hepatic urea formation is the most important ammonia detoxifying reaction of the 

mammalian organism. In brain the urea cycle is not functional. The ATP-dependent formati

on of glutamine in astrocytes, and its release into the bloodstream is nearly exclusively res

ponsible for the limitation of brain ammonia concentrations (43, 51). 

Amido groups 
of proteins 
(hydrolysis) 

Hexosamines 
(degradation) 

Nucleic acids 
(deamination 

of purines) 

Gi tract 
(bacteria;protein 
degradation etc.) 

! 

/ \ 

Exogenous sources 

Primary amines 
(oxidative deamination) 

Endogenous sources 

Fig. 2. Ammonia sources of the vertebrate brain. 
Endogenous sources denote ammonia forming reactions within the organism. Most ammonia generating 
reactions are, however, also active within the eNS. 

4. BRAIN AMMONIA METABOLISM IN DAT 

In mammals the enhancement of brain ammonia concentration with age is presumably 

a general phenomenon. The release of ammonia from the brain in DAT patients (47) sug

gests the pathologic enhancement of ammonia formation, or deficient detoxification mecha

nism, or both. 

Age-related gradual reduction of astroglial glutamine synthetase activity has been re

ported, with significantly lower activities of this enzyme in the brains of DAT patients (53, 

54). In contrast, the phosphate-activated glutaminase, the enzyme responsible for the intra

neuronal liberation of glutamate from glutamine, is unchanged in DAT patients (55). It is 

well established that ammonia is involved in the regulation of the (phosphate-activated) glu-
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taminase. Its activity is reduced in the presence of ammonia. In aged animals glutamine hyd

rolysis was found to be significantly less sensitive to inhibition by ammonia than the enzyme 

in the brains of young rats (56). Thus it appears that the reduction of glial glutamine fonna

tion, and the derangement of the intraneuronal control of ammonia release are important 

aberrations of ammonia detoxification mechanisms in the aged brain. 

A major reason for the loss of glutamine synthetase during aging is presumably the 

sensitivity of this enzyme to damage by oxygen free radiacals. This is suggested by its greatly 

reduced activity in the brains of aged gerbils (57) and the rapid loss of glutamine synthetase 

during ischemialreperfusion-induced brain injury (58). 

Whether the imbalance between glutamine fonnation and its hydrolytic cleavage is a 

sufficient explanation for an ammonia excess in the brain ofDAT patients is not known. It is 

also unknown whether any other ammonia-generating reaction is active above physiological 

level. Although speculative, one type of potential ammonia generating reaction, namely the 

oxidative deaminations of primary amines, is nevertheless briefly considered, because the un

derlying hypothesis can be tested in humans. 

Among the enzymes involved in oxidative deaminations of primary amines, mono

amine oxidase appears most important. In brain, monoamine oxidase B (MAO B) is mostly 

extraneuronally localized and represents in the human eNS over 80 % of the total MAO ac

tivity. An age-related increase of MAO B by about 50 % has been demonstrated. This in

crease was more marked in the brains ofDAT patients than in age-matched controls (59,60), 

and has been related to gliosis involving astrocytes (61). 

MAO B deaminates numerous primary amines (e.g. dopamine, tyramine, tryptamine, 

13-phenylethylamine, benzylamine) to form ammonia; hydrogen peroxide and an aldehyde 

corresponding to the amine substrate (Fig. 3). Not only hydrogen peroxide, a source of oxy

gen free radicals, but all three reaction products of MAO (and of all other oxidative deami

nations of primary amines) are cytotoxic agents. The physiologic rate of MAO B - catalysed 

reactions in brain, and rates of related oxidases is not known. The impaired blood-brain bar

rier of DAT patients (10) may allow the enhanced intrusion of substrates of the oxidases 

from the blood into the brain, and consequently oxidative deaminations may occur at a rate 

considerably above physiological rates. It appears likely that the improvement of the cog

nitive functions ofDAT patients during treatment with an inhibitor of MAO B (62) is in part 

due to the reduced fonnation of noxious metabolites of this enzyme. But other explanations 

may be as relevant (63). 

I Monoamine oxidase 

Fig. 3. Oxidative deamination of a primary amine!! and radical formation from bydrogen peroxide. 
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5. TOXIC EFFECTS OF AMMONIA AND ALZHEIMER PATHOLOGY 

In experimental animals key toxic manifestations of enhanced brain ammonia con

centrations are independent of the genesis of the state of hyperammonemia, i.e. the symp

toms are much the same after impairment ofliver function (e.g. by portacaval shunting), hy

perammonemia produced by urease injections, or by inactivation of glutamine synthetase, 

using methionine sulfoximine (64-66). They resemble pathophysiological observations in the 

brains of patients with hepatic encephalopathy and hereditary defects of urea cycle enzymes 

(48). Based on these facts, it may not surprise that the following features of hyper ammon

emic states are also observed in patients with DAT: 

Impaired cognitive functions and behavioral abnormalities 
Impaired blood-brain barrier 
Astrocytosis 
Impaired glucose utilization and energy metabolism 
Reduced glutamine synthetase activity 
Enhanced extracellular glutamate 
Loss of NMDA-type glutamate receptors 
Enhanced MAO B activity 
Impaired lysosomal processing of proteins 

5.1. Ammonia intoxication and synaptic transmission 

Based on experimental results it was calculated that a 2 - 5-fold increase of ammonia 

in brain is sufficient to disturb the major excitatory (glutamate), and inhibitory neuronal sys

tems (GABA, glycine), and to produce widespread enhanced neuronal excitability, and to 

initiate the encephalopathy related to acute ammonia intoxication (67). In view of the possi

bility that chronic exposure to ammonia may produce long-term changes in the activity of 

large populations of neurons, it seems likely that gradually progressing pathogenetic me

chanisms are initiated even at brain ammonia levels only slightly above physiological con

centrations. 

5.2. Reduced glucose utilization 

The reduced utilization of glucose with concomitantly decreased rates of energy 

metabolism is one of the most conspicuous findings in experimental and disease-related hy

perammonemic states (66,68). Analogous observations have been made in DAT: In PET 

studies cerebral glucose utilization was predominantly reduced in the parietal cortex, in 

agreement with morphological abnormalities (69-71). Overall cerebral glucose utilization 

was diminished by about 50 %, with normal oxygen consumption in early onset (72), but 

reduced oxygen consumption in late onset DAT (73). The impairment of brain energy meta

bolism in DAT, and of enzymes involved in energy metabolism was the topic of several in

vestigations (e.g. see ref 74-76). 
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5.3. Impairment of astroglia function and excitotoxicity 

Astrocytic alterations, characterised as "Alzheimer type II gliosis", are invariable cha

racteristic histopathological consequence of sustained hyperammonemia, both in experimen

tal animals (77), and in patients with hepatic encephalopathy (78). Frederickson (27) sum

marised observations supporting the idea that reactive astrocytosis may mediate neuropatho

logic events of D AT, including the facilitation of extracellular depositions of 13-AP. 

Astrocytic damage by ammonia is followed by a decrease of glutamate synthetase 

activity, as was evidenced from the reduction of the activity of this enzyme by 15 % in rats 

with portacaval shunts (79). However, this decrease in synthetase activity may cause further 

damage to astrocytes. It is well established that glutamine synthetase is critically involved in 

the regulation of intracellular ammonia and acid-base balance. Any derangement of the func

tion of this enzyme will be followed by the amplification of ammonia toxicity. Therefore, it is 

not surprising that an increased intracellular pH, and swelling of astrocytes was observed in 

hyperammonemic rats (80). 

Presumably the most conspicuous difference between the amino acid patterns of cir

rhotic (48) and DAT patients (57) is the several-fold increase of glutamine in all brain regi

ons of cirrhotics, but unchanged concentrations of this amino acid in the brains ofDAT pati

ents. Likewise, no increase of glutamine was detected in the CSF of patients with DAT (81), 

whereas the level of this amiho acid was elevated in the CSF of rats with portal-systemic en

cephalopathy (82). These finding suggest the inability of the brains of DAT patients to en

hance glutamine formation above a certain level. They may be taken as an indication for the 

sensitivity ofDAT brains even to a small increase in the rate of ammonia formation. 

Due to the loss of glutamatergic neurons the concentrations of glutamate in the 

brains of DAT patients are lower than in age-matched controls (57), but CSF levels of glu

tamate are elevated, both in DAT (81) and in portal systemic encephalopathy (82). The 

elevation of extracellular glutamate has been demonstrated in shunted rats by micro dialysis 

experiments (83). It is a major effect of ammonia-induced astrocytosis, and most probably 

due to the impairment of glutamate uptake by the functionally compromised astrocytes. In 

view of its excitotoxic properties, neuronal degeneration is the logical consequence of chro

nically enhanced extracellular glutamic acid concentrations. Based on other considerations 

several authors suggested glutamate-induced excitotoxicity as potenetial pathogenetic me

chanism in DAT (27,36,37). Excitotoxic mechanisms in the pathogenesis ofDAT are at

tractive, since they are able to explain symptoms of cortical disconnection (e.g. aphasia) and 

memory dysfunction. 

From the key observations reported in the preceeding sections the scenario schema

tized in Fig. 4 appears evident. Damage of glutamine synthetase (and of other proteins) e.g. 

by oxygen free radicals, or the impairment of astroglia function by toxins would provoke the 

reduction of the capacity of the brain to detoxify ammonia. This, in tum initiates positive 

feed-back mechanisms wich result in progressive astrocytosis and accumulation of ammonia, 

impairment of energy metabolism and disturbance of synaptic functions. Impairment of as-
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trocyte function favors the accumulation of extracellular glutamate, which may initiate neu

ronal damage mediated by glutamate receptors. 
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Fig. 4. Some possible consequences of chronic hyperammonemia. 
Positive feedback regulatory cycles are induced in states of enhanced brain ammonia concentrations, which 
may lead to progressive functional impairment of astroglia function and to neuronal damage by excitotoxic 
mechanisms. 

Reduction of glucose utilization is a possible primary event in DAT (72). The de

crease in brain energy supply is assumed to initiate analogous vicious circles, as have been 

suggested to be consequential to the impairment of ammonia detoxification (Fig. 4) 

5.4 Lysosomes, J3-amyloid precursor protein, and ammonia. 

The opinion concerning the importance of Iysosomes in the processing of f3APP has 

repeatedly changed in the past; nevertheless, several lines of evidence are in favor of a role 

of the endosomal -lysosomal system in the pathogenesis ofDAT: 

(a) f3-APP was localized in lysosomes (84-86). 

(b) Lysosomal proteinase antigens are prominently localized with senile plaques (87). 

(c) The degradation but not the secretion of f3-APP by pel2 cells was impaired by inhibi

tors of lysosomal function (e.g. by ammonium chloride and chloroquine) (85,88). 
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(d) Golde et al. (89) generated deletion mutants of CEP4b cells which produced the normal 

set of carboxyl-terminal derivatives of /3-APP, and shortened secreted derivatives were stu

died. It was shown that secretase cleaved /3-APP at a single site within the /3-amyloid region, 

and generated one secreted derivative and one non-amyloidogenic carboxyl-terminal frag

ment. In contrast, a complex set of carboxyl-terminal derivatives was produced by the endo

somal-lysosomal system that included potentially amyloidogenic forms. Exposure of the cells 

to 50 roM ammonium chloride reduced the entire set of 8 - 12 kD carboxyl-terminal deriva

tives and almost abolished the two largest forms. At the same time ammonia augmented the 

cell content of the full length /3-APP. However, treatment with ammonium chloride had no 

effect on secretase cleavage. 

From these observations it appears that /3-APP is internalized from the cell surface 

and targeted to lysosomes,where an array of potential amyloidogenic carboxyl-terminal frag

ments are generated. 

Ammonia is an endogenous lysosomotropic agent. Due to the higher permeability of 

membranes for NH3 than for ~ + - flux of ammonia follows pH gradients. Owing to their 

low pH the lysosomes are the· organelles in which ammonia will preferentially accumulate, 

even at moderately elevated concentrations. 

Ammonia and other weak bases interfere with lysosomal proteolysis (90) due to 

elevation of the intralysosomal pH. If, for example, human glia cells were exposed to gly

cosarninoglycans and ammonium acetate, they assumed the appearance of cells of patients 

with mucopolysaccharidosis (91). In hyperammonemic rats hepatic lysosomal proteolysis is 

diminished (92). 

From the above mentioned observations the gradual accumulation of certain proteins, 

including /3-APP, is to be expected in states of sustained hyperammonemia. Impairment of 

lysosomal proteolysis does not imply that hydrolysis of all proteins is equally affected since 

both, activation and inhibition of lysosomal hydrolases may occur due to ammonia-induced 

changes of their environment. 

The invasion of microglia into cortical and other brain areas with prevailing nornlal 

neuronal degeneration is a potential source of lysosomal components of senile plaques (93). 

The enhancement of the activity of a lysosomal enzyme in those areas of DAT brains 

which exhibited pre-mortem reduced glucose utilization has been demonstrated by post

mortem determination of /3-glucuronidase (69). In this connection it is also worth mention

ing that the proteolysis ofMAP-2, a protein controlling together with Tau protein the poly

merization of micro tubules, was enhanced in rats with severe hyperammonemia (94). 

Ammonia, is known to release lysosomal enzymes from cells (95,96). In DAT brains 

different classes of lysosomal enzymes have been localized in extra-lysosomal compartments 

(e.g. in the perikarya and proximal dendrites of many cortical neurons, and in senile 

plaques) (97-99). It was recently shown (100,101) that in the presence of ammonia, micro

glia cell lines reduce their phagocytic capacity. This may contribute to the accumulation of 

incompletely degraded cell constituents. In addition, the cytokine production of astroglioma 
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and immortalized microglia cells was affected by ammonia in a complex manner. Among 

other observations the enhanced release of the inflammatory and chemotactic interleukin-8 

(IL-8) was found (101). Since IL-8 is known to cause the release oflysosomal enzymes 

(102), its effect on cytokine production may be an important mechanism of the Iysosomo

tropic effect of ammonia. Inflammatory proteins have been found in the brains of DAT 

patients (103) and anti-inflammatory agents have been envisaged several years ago as a po

tential therapeutic approach to Alzheimer disease (104). 

6. POTENTIAL CONSEQUENCES OF ENHANCED BRAIN TRYPTOPHAN 

METABOLISM 

The enhanced uptake and turnover of tryptophan in hepatic failure (105) was con

sidered as a pathogenetic factor in hepatic encephalopathy (106). But hyperammonemia in 

the absence of any derangement of liver function also causes the enhancement of tryptophan 

up-take by the brain (107). The reports concerning the rate of tryptophan and serotonin 

metabolism in DAT are controversi<!1. The following considerations may nevertheless be va

lid in view of the data which support a role ofhyperammonemia in the pathogenesis ofDAT. 

Kynurenine is a toxic metabolite oftryptrophan. It is formed by oxidative cleavage of 

the pyrrole ring to N-formyl kynurenine, and enzymatic removal of the formyl residue. Qui

nolinic acid is formed from kynurenine. It is excitotoxic, similar to glutamate and kainic acid 

(108). Enhanced kynurenine concentrations in plasma, CSF and brains ofhyperammonemic 

patients (with liver cirrhosis) have been recognized as a consequence of enhanced trypto

phan levels (109). Increased quinolinic acid formation in brain seems not to be a direct con

sequence of enhanced kynurenine formation in brain. However, quinolinic acid concentrati

ons were found to be elevated in the brains of aged rats (110). Therefore, they may be a con

sequence of enhanced quinolinic acid formation in liver, and increased uptake by the brain 

due to the age-related impairment of the blood-brain barrier (10). 

Based on these informations, it is not difficult to imagine a scenario for aged subjects 

with chronic hyperammonemia, as is depicted in Fig. 4. In addition to excitotoxic damage 

generated by quinolinic acid and kynurenine, the impairment of lysosomal proteolysis by 

both, tryptophan and kynurenine (111) is a likely consequence of chronically elevated brain 

ammonia concentrations. 

7. CONCLUSIONS 

It has not been generally recognised that there is considerable evidence in favor of 

the idea that hyperammonemia may be a common feature ofDAT. Although age-related re

duction ofliver function could contribute, the derangement of the physiological ammonia de

toxification mechanisms in the brain, and the enhanced formation of ammonia in certain parts 

of the CNS are more likely causes ofhyperammonemia in DAT. 
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Hepatogenic hyperammonemias differ considerably from DAT with respect to dis

ease progression and symptoms. However, the derangement of astrocyte metabolism and 

astrocytosis, the decreased glucose utilization and energy metabolism, the enhanced forma

tion and release of excitotoxic amino acids, and the presumptive derangement of neurotrans

mission of GABAergic, glycinergic and glutamatergic neurons, together with symptoms of 

cognitive impairment and memory defects are common to both diseases, and may hint at a 

common source: ammonia. 
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Fig.5. Possible pathologic consequences of enhanced tryptophan metabolism along the kynurenine -
quinolinic acid pathway. 

A major difference between brain-born hyperammonemia, as is suggested for DAT, 

and hyperammonemia generated by liver dysfunction, are differences in regional affection of 

the brain. Brain-born hyperammonemias are expected to be localized, although ammonia 

presumably spreads out from the foci of its excessive generation. Ammonia accumulating in 

brain from peripheral sources is expected to spread more or less over the entire brain accor

ding to vascularisation and physicochemical parameters which influence its distribution in 

the brain. Another difference is that in hyperammonemias generated by liver dysfunction, not 

only ammonia, but aliphatic arnines, mercaptans and other toxins, which are generated in the 
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gastrointestinal tract, enter the brain an contribute to the pathophysiology of the disease (49, 

112). 

Most probably ammonia is not a primary cause of DAT. However, the consequences 

of elevated brain ammonia concentrations have obvious implications in several of the major 

current hypotheses concerning the etiology ofDAT: I}-amyloid formation, excitotoxic neu

ronal damage, astrocyte dysfunction, and impairment of glucose utilization. Moreover, ef

fects of ammonia on microglia function and lysosomal enzymes may contribute to the patho

logic accumulation of abnormal materials. Therefore, it seems likely that ammonia is a 

cause of manifestations and progression ofDAT. 

Considenlble efforts are presently put on the identification of targets which may 

allow the development of symptomatic and preventive therapies. In the light of the argu

ments presented in this overview, the amelioration or prevention of hyperammonemia seems 

a worth-while target. Inhibition of ornithine aminotransferase has been shown to enhance 

ammonia detoxification in experimental animals with acute or chronic hyperammonemias. A 

suitable non-toxic inactivator of ornithine aminotransferase, (S,S)-5-(tluoromethyl)ornithine, 

is at our disposal (113); it awaits clinical testing. 

In order to avoid overinterpretation of the scarce data available at present on hyper

ammonemic states in DAT, no attempt was made in this review to connect hyperammon

emia to selective vulnerability of cholinergic or other neurons, or to cognitive or behavioral 

abnormalities in DAT. If the role of ammonia in the pathophysiologic manifestations ofDAT 

will have attracted more general attention, it can be expected that refined and specifically de

signed experiments will soon provide answers to those open quenstion that are needed to 

allow one to draw a more detailed and more precise picture of the role that ammonia ap

pears to play in the etilogy ofDAT. 
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LIVING RELATED LIVER 
TRANSPLANTATION 

James B. Piper 

Westchester County Medical Center 
Macy Pavilion 
Valhalla, New York 10595 

Since 1988, there has been a rapid increase in both the number of centers performing liver 
transplantation and the number of patients being transplanted, with more than 2000 recipients 
receiving livers in 120 centers last year in the United States.l This dramatic increase is in large 
part due to the improving results seen following liver transplantation, and has resulted in a tripling 
of the number of patients on the waiting list. Despite this increase in demand, the number of 
cadaveric donors has remained stagnant over a similar time period.2 Consequently, there has been 
an increasing organ donor shortage with an alarming increase in the number of patients dying 
while awaiting transplantation. Unfortunately no adequate solutions have been identified which 
could potentially eliminate this severe shortage of donor organs. 

The pediatric population has historically been the most disadvantaged in competing for the 
limited number of organs available. This is because of the disparity between the epidemiology of 
liver disease and the conditions causing brain death in children. According to national health 
statistics data, 55% of the children born with liver disease will die before their second birthday if 
not transplanted.3 Full size liver transplants can only be used in recipients who are within 20-30% 
of the donor's weight and unfortunately the pediatric population produces very few organ donors. 
These factors historically have resulted in higher pre-transplant mortality rates in children than 
were seen in adult patients (Table 1).4 This shortage prompted many surgeons to develop 
mechanisms by which small children could be transplanted utilizing organs from larger livers. 

The surgical reduction of cadaveric grafts for use in children was first reported in 1984 by 
Bismuth and Broelsch.5,6 This technique rapidly proliferated throughout the world and resulted in 
a dramatic decrease in the pre-transplant mortality rate for children, compared with centers not 
utilizing this technique (Table 1).4 Critics of this procedure argued that graft reduction simply 
redistributed organs that would otherwise be utilized in larger individuals, suggesting that this 
would lead to a further increase in the organ donor shortage for adults. Reduced size liver 
transplants were also considered to be 'experimental' and less effective than full size grafts. This 
assumption was later proven inaccurate, as children less than one year of age have been shown to 
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Table 1. Waiting list mortality rates 

Center Year Mortality 
Pittsburgh 1981-1984 55/216J25%) 
Hannover 1982-1984 25/85 (30%) 

Los Angeles 1984-1987 9/45 (20%) 
Colorado 1981-1987 9/33 (27%) 
Pittsburgh 1987-1989 16/113 (14%1 

Los Angeles 1984-1989 18/84 (17%) 
Chicago 1986-1989 2/164 (2%) 

have improved survivals using reduced size techniques compared to children receiving full sized 
organs and older children's survivals appear to be similar whether a reduced size or full size graft is 
used.7 With increased experience in this technique, reduced size liver transplantation has now 
become the standard of care at most major pediatric liver transplant centers world wide.8,12 

Split liver transplant, the surgical division of a cadaveric graft with the transplantation of 
both sides, was first performed by Pichlmeyer in Germany and Bismuth in Paris in 1988.13,14 The 
first large series of split liver transplants was reported by Broelsch at The University of Chicago in 
1989 and then again by Emond in 1990.15 Split liver transplantation was exciting, as this was the 
first operation ever performed that created new organs that otherwise would not have been 
available for transplantation. If successful, split liver transplantation could help alleviate the 
increasing organ donor shortage. U'nfortunately, our experience at The University of Chicago, 
encompassing forty-two cases, concluded that graft and patient survivals were lower than similar 
control groups receiving full and reduced size grafts. Of great concenr was that these decreased 
survivals appeared to be persistent throughout the entire series and did not improve with technical 
advances.16 Split liver transplantation did serve a crucial role however, in proving that two livers 
could be obtained from a single organ, thus paving the way for living donor liver transplantation. 

The technical feasibility of living donor liver transplantation was first described by Smith 
in 1969,17 but it was not for almost another twenty years until the first attempt at human 
transplantation was reported by Raia in BraziL18 Although both of the recipients died from 
apparent medical complications, further supporting the technical feasibility of this exciting new 
procedure. Strong in Australia was the first to report a successful transplant using the left lobe of 
the child's mother.19 Broelsch, at The University of Chicago, was the first to report a full series of 
living donor liver transplants, where 22 grafts were transplanted into 20 recipients.20 The overall 
patient and graft survivals of this first series, 80% and 70%, were similar to that of other pediatric 
cadaveric series. In a follow-up study from The University of Chicago, the techniques of living 
donor liver transplantation had been refined and a 94% one year patient survival was reported.21 
In Japan, cadaveric transplantation is nonexistant because of Japan's lack of brain death laws. Due 
to Japan's unique needs, Tanaka established a program at Kyoto University which has now become 
the largest living donor transplant experience in the world, with survival statistics similar to that 
seen in the recent University of Chicago series.22 

Donor Evaluation 

The donor pool consists of healthy adults over the age of 18 years who are ABO 
compatible with the recipient. In the initial 20 cases only first degree relatives were considered to 
be suitable donors. Once living donor liver transplantation was accepted by our institution as the 
standard of care, distant relatives and even unrelated individuals have been evaluated and utilized 
as living donors. After a potentially suitable donor is identified, a thorough medical evaluation is 
performed by an independent physician who ensures that the potential donor has no medical 
illnesses or liver disease that would increase the surgical risk, or produce a sub optimal graft. All 

258 



patients undergo blood testing which includes serum chemistries and serologic testing to ensure the 
absence of any transmittable viral illnesses. Evaluation of the cardiovascular system and a 
psychosocial assessment are obtained. In the initial twenty cases, the protocol mandated all 
potential donors to undergo a psychiatric evaluation. A two week consent process was also 
required initially to ensure that the potential donor, and their families, fully comprehended the risks 
and benefits of the surgical procedure, and were aware of all alternative treatment options. 
Following the completion of the first twenty transplants, the evaluation process was modified, the 
two week consent process was eliminated which allowed even those children who were in urgent 
need of liver transplantation to benefit from this exciting new procedure. The mandatory 
psychiatric evaluation was also eliminated, but was offered to any potential donor whom the 
independent physician, social worker, patient or patient's family felt it may benefit. 

After the successful completion of the medical and psychosocial evaluation, an assessment 
of the graft is performed. Computed tomographic evaluation of the abdomen is obtained in order to 
rule out any lesions of the hepatic parenchyma which might produce a sub-optimal graft or place 
the potential donor at undue risk. Steatosis, a condition that would yield an unacceptable graft, can 
often be diagnosed by the computed tomography scan. A volumetric analysis of the segments to be 
removed was performed in our early series in order to judge the appropriateness of the graft size to 
the recipient's needs. We no longer require volumetric analysis, as it rarely supplied information 
that would result in the elimination of a potential donor. Small grafts have been shown to rapidly 
regenerate23 and larger grafts undergo apoptosis24 to achieve the correct size requirements of the 
recipient. Apoptosis takes days to weeks, so the recipients of larger grafts often can not be 
primarily closed because the deleterjous effects of increased intra abdominal pressure on the 
perfusion of the new graft and on peak airway pressures. The University of Chicago has recently 
published the use of temporary PTFE abdominal wall patches in order to normalize intra 
abdominal pressure during this time of apoptosis of the transplanted graft.2S 

Hepatic arteriography continues to be required in our center, as well as many other centers 
which perform living donor liver transplant. Angiography is used to identify the blood supply to 
the liver segments to be removed and to ensure that no vascular anomalies exist that would place 
the child at a higher risk of post transplant arterial complications. Some authors have suggested 
that with the use of current microsurgical techniques, angiography is no longer required since all 
anomalous vasculature can be adequately reconstructed.26 Although we concur that most 
anomalies can be reconstructed with the use of the microscope, we continue to perform 
arteriography in all donors and use it to guide the dissection of the arterial trunks in the donor 
operation. 

Liver biopsy remains a controversial test in the donor evaluation process. The University of 
Chicago currently requires that potential male donors with abnormal liver function studies and all 
women undergo liver biopsy. The rationale for requiring all women to undergo liver biopsy is that 
this is the population where steatosis is most commonly identified. There have been at least four 
patients in two centers (unpublished data) where patients have been found to have unacceptable 
grafts secondary to steatosis only after the donor operation was initiated. Retrospective review of 
the CT scans failed to show any evidence of steatosis, raising concern about the accuracy of CT 
scans in identifing this condition. Cholangiography is not routinely necessary in all donors. In 
selective cases, where the recipient has Alagiels syndrome, we will require a potential donor who 
is a first degree relative to undergo cholangiography to insure that a sub clinical form of the disease 
is not present within the graft. 

Surgical Technique 

The surgical technique has been described thoroughly in several publications.20,27 The 
procedure has had only minor revisions since its inception, and we will briefly describe the current 
technique which is shown in Figure 1. 
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Figure 1. Overview of the surgical procedure used in performing living donor liver transplantation. (A) The donor 
liver is mobilized revealing the left hepatic vein, which is encircled. (B) The hilum is exposed and (C) the left hepatic 
artery and the left branch of the portal vein are mobilized. The bile duct is divided. (0) The capsule over the umbilical 
fissure is opened and (E) is extended to the line of division to the right of the falciform ligament. (F) The parenchymal 
division is continued, achieving homeostasis with suture ligatures. (G) The vascular pedicles are clamped and the graft 
is removed. (H) The vascular pedicles are repaired and final homeostasis is achieved. 

A subcostal incision with a midline extension is used to expose the liver. The falcifonn and 
left triangular ligaments are taken down exposing the left and middle hepatic veins. The vein(s) 
feeding the segments to be removed is encircled with a vessel loop (Figure lA). The peritoneum 
surrounding the porta hepatis is opened exposing the left hepatic artery (Figure IB). Just posterior 
to this, the portal vein is identified and all small branches leading to the caudate lobe are 
individually ligated. The bile duct is divided close to the common bile duct bifurcation so that a 
single bile duct anastomosis is likely in the recipient (Figure IC). If a left lateral segment graft is to 
be obtained, the round ligament is retracted to the left and all the vascular and biliary structures 
entering segment 4 are individually divided. If a full left lobe graft is required, these structures are 
left intact. The left lateral segment is retracted medially and the capsule overlying the umbilical 
fissure is opened to the level of the left hepatic vein (Figure ID). If a full left lobe graft is to be 
perfonned, intraoperative ultrasound is used to identify the course of the middle hepatic vein, 
which is included within the graft. For a left lateral segment graft, the parenchymal dissection 
proceeds just to the right of the falcifonn ligament achieving hemostasis utilizing ligature and 
mattress sutures (Figure IE, IF). After completion of the parenchymal dissection, the vessels are 
clamped and divided (Figure IG). The graft is removed and immediately flushed with the 
heparinized preservation solution on the back table, first via the portal vein and finally via the 
hepatic artery. The vascular pedicles of the donor are then repaired, ensuring that no stenosis are 
created in the vasculature that remains in the donor (Figure IH). A segment of saphenous vein is 
harvested from the thigh in all cases, it can be used as a vascular extension graft if this is required 
in the recipient. 

Donor Complications 

The development of reduced size liver transplantation has greatly reduced the organ donor 
shortage for small children by redistributing organs from larger cadaveric donors. Because of this 
reduction in pretransplant mortality, some have questioned whether it is ethical to place a healthy 
adult at risk in order to supply a graft for transplantation. Living donor liver transplantation has 
consistently produced results that are equal, or superior, to cadaveric grafts.20,22 Living donors also 
create new grafts that would otherwise be unavailable for transplantation, helping to alleviate the 
organ donor shortage. It has been the position of The University of Chicago that living donor liver 
transplantation should be utilized routinely as long as donors are not placed in an unacceptably 
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Table 2. Major complications 

Splenectomy 
3 bile leaks 
Bile duct injury 
Brachial plexus injury 
Bleeding gastric ulcer 
Hepatic artery thrombosis 
Gastric outlet obstruction 

high risk. Internationally, there have been more than five hundred living donor hepatectomies 
performed, with only one reported death.28 

Removing the left lateral segment along with its vascular pedic1es places both segments 1 
and 4 at a theoretical risk of ischemia. Some authors still recommend removing these segments at 
the completion of the procedure to prevent abscess formation. 27 Most of the patients in our series 
had evidence of ischemia of segment 1, but none of these patients developed complications that 
could be attributed to necrosis of this segment. Segment 4 rarely looks ischemic at the completion 
of the procedure, and we do not believe that segment 4 ischemia has significantly contributed to 
any of the complications we have seen. 

The first three donors at our institution all underwent full left lobectomies that were then 
surgically reduced to left lateral segmentectomies prior to implantation, because of the concern for 
the blood supply to segment 4. All of these donors had complications which were considered 
major. The first patient required a splenectomy for a retractor injury and the next two patients both 
developed bile leaks, one of which required a reoperation. In the subsequent donors left lateral 
segmentectomies were performed, unless more parenchyma was needed to meet the recipients' 
needs. After the revision of the procedure, only 7% of the patients developed complications that 
were considered major and 7% developed complications that were considered minor. The 
complications are summarized in Tables 2 and 3. Bile leaks that required reoperation were 
considered major, and those requiring percutaneous drainage were considered minor. All bile leaks 
were from the cut edge of the liver, none were from injuries of the common or right hepatic ducts. 
The only bile duct injury in our series was recognized at the time of donor hepatectomy and was 
repaired with a Roux-en-Y choledochojejunostomy. One patient developed an hepatic artery 
thrombosis after dual arteries to the left lateral segment were removed on a common patch and the 
arteriotomy was repaired primarily. Thrombectomy and vein patch angioplasty was used to 
reestablish arterial flow to the right lobe. A patient with a gastric ulcer had been using high doses 
of non-steroidal anti-inflammatory drugs, and required a Graham patch to repair anterior gastric 
perforation. The only donor to have a lasting disability suffered a brachial plexus injury from 
positioning the arm at the time of surgery. 

Five donors developed either transient or near complete gastric outlet obstructions. Four of 
these donors had left hepatic arteries arising from left gastric arteries, suggesting that in the process 
of dissecting this common arterial variant, a partial vagotomy may result. It should be noted that 
not everyone with replaced left hepatic arteries developed gastric outlet obstruction, as this arterial 
anomoly was found in 19 of the 100 donors. 

Table 3.Minor complications 

2 Bile leaks 
Seroma 
Lymphocele 
4 transient gastric outlet obstructions 
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Table 4. Indications for liver transplantation in children 

University of National 
Chicago 

Biliary Atresia 61% 55% 
Metabolic 9% 13% 
Fulminant 7% 11% 
Other Cirrhosis 5% 7% 
I3Y lers disease 3% -
Cholestatic 2% 2% 
Malignancy 1% 2% 
Other 13% 10% 

Recipients 

Biliary atresia remains the most common indication for liver transplantation at our 
institution, as well as the nation. Because of our interest in primary familial intrahepatic cholestasis 
(Byler's disease), we have transplanted a surprising large population with this rare disorder. Table 4 
lists the indications for primary liver transplant at our institution and the nation. 

Recipient Procedure 

The recipient operation is similar to the implantation of a reduced size cadaveric liver. The 
vena cava is preserved and the right hepatic and all short hepatic veins are oversewn. The 
confluence of the middle and left hepatic vein are opened and this is extended down the vena cava 
in order to make a large triangulated opening for the anastomosis (Figure 2). The hepatic vein of 
the graft is then cut down the segment 3 branch to create a similar triangulated opening for the 
anastomosis. The hepatic vein anastomosis is then created insuring that the inferior-most aspect of 
the vena cava is anastomosed through the inferior most aspect of the cut going down the segment 3 
hepatic vein branch. This rotates the graft to the right to insure that there will be adequate outflow 
from the graft. The portal vein anastomosis is then performed. In the early series, portal vein 
conduits were used, which will be discussed in a later section. Our current technique is that of 
opening the confluence of the right or left hepatic vein and doing a direct portal vein anastomosis 
to the graft (Figure 3). The graft is reperfused, prior to the arterial anastamosis. Whenever possible, 
a direct anastomosis to the recipient hepatic artery is performed in an end-to-end fashion using 
the aid of a surgical microscope. If the recipient hepatic artery is deemed unsuitable for an 

Figure 2. The recipient vena cava is left intact. The right hepatic vein is oversewn and the confluence of the left and 
middle hepatic veins are opened. The new orifice is spatulated inferiorly to create a large triangulated orifice for the 
hepatic vein anastamosis. 
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Figure 3. The recipient portal vein is opened between the right and left branches, which leads to extra length and a 
large anastomosis free of strictures 

anastomosis, then the previously procured donor saphenous vein is used as a conduit to the 
suprace1iac aorta. The biliary anastomosis is perfonned to a Roux-en-Y jejunal conduit. By 
transecting the donor's left hepatic bile duct farther to the right in the donor operation, a single 
biliary anastomosis can now usually be perfonned. 

Portal Vein Conduits 

Living donor liver transplanta'tion, as initially described by Broelsch, resulted in the graft 
rotating approximately 45 degrees into the right upper quadrant. This required an extension of the 
portal vein of the recipient in order to allow for this rotation. There are no easily accessible vessels 
that can be obtained from the donor which would be a good size match for the recipient's portal 
vein. In order to accomplish this vein extension, the inferior mesenteric vein or saphenous vein was 
procured and reconstructed as shown in Figure 4A. 

This resulted in a conduit that had twice the diameter and half the length. This group of 
patients had a 33% early thrombosis rate which was significantly greater than a matched series of 
cadaveric grafts. In order to provide a better conduit, iliac veins were procured from cadaveric 
donors and cryopreserved. When the cryopreserved veins were utilized, the early thrombosis rate 
decreased to 8%. Iliac veins from adult donors were not good size matches for pediatric recipients, 
so these veins often required down-sizing as shown in Figure 4B. Femoral veins from adult donors 
are a much better size match for a pediatric recipient, so the next series utilized cryopreserved 
femoral veins. After we had converted to cryopreserved femoral vein conduits, we noticed a 
concerning finding in the cryopreserved iliac vein population. The late incidence of portal vein 
stenosis or thrombosis in this group was 51%, much higher than our cadaveric population. This 
raised a concern about whether the cryopreservation process resulted in a propensity for late 
strictures and resulting thrombosis. We stopped utilizing portal extension conduits unless 

A B 
Figure 4. Portal vein conduits. (A) Saphenous or inferior mesenteric vein which are opened and sewn together to create 
a conduit of larger diameter. (B) A cryopreserved iliac vein which has required downsizing to create an appropriate 
sized conduit. 
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Conduit 
Native 
CPlliac 
CPFemoral 
*p<0.02 vs other groups 
#p<0.02 vs other groups 

Table 5. Portal vein conduits 

N Early Thrombosis Late Thrombosis 
18 6(33%)* 3 (16%) 
37 3(8%) 19(51%)# 
11 1 (9%) 1 (9%) 

absolutely necessary, and in the population where it was deemed necessary, recipient internal 
jugular vein was obtained and utilized for the conduit. With further follow-up it became clear that 
the cryopreserved femoral veins did not have the same problem with late portal vein stenosis that 
was seen in the cryopreserved iliac vein population, suggesting that it was not the cryopreservation 
that resulted in the late strictures. Table 5 summarizes our data from The University of Chicago. It 
is our current recommendation that, when ever possible, no conduit should be utilized. If a conduit 
is necessary, recipient internal jugular vein or cryopreserved femoral vein should be used . 

. Table 6. Rejection episodes 

Cadaver LRD 
Number 59 40 
Survival 73% 90% 
Rejection 41 (69%) 28(70%) 
Resistant 21 (36%) 5 (13%)' 
Rejection - -

*P<0.05 

Arterial Thrombosis 

Since the initial series published at The University of Chicago, arterial thrombosis has been 
the leading cause of graft loss in our living donor transplant series. Historically, we had always 
reconstructed the hepatic artery utilizing saphenous vein conduits so that an anastomosis could be 
made to the recipient hepatic artery at the level of the gastroduodenal artery, or taken to the 
supraceliac aorta. Utilizing this technique, we have seen arterial thrombosis rates of 16%, a rate not 
statistically different from our overall pediatric population. The Kyoto group has reported excellent 
results using a direct microsurgical anastomosis between the graft hepatic artery and the recipient 
hepatic artery, which has led to an overall risk of arterial thrombosis of only 2.5%.26,27 We have 
now adopted the technique of utilizing a direct anastomosis under magnification for our last twelve 
cases without an hepatic artery thrombosis, however, it is premature to conclude this represents a 
significant decrease in the arterial thrombosis rate. 

Table 7. Patient survivals 

Patient No. Cases 
University of Chica~ 86% 100 
Kyoto 85% 70 
Nebraska 93% 14 
Hamburg 78% 23 
UCLA 90% -

264 



Rejection Episodes 

We had initially hoped that there would be an immunologic benefit in transplanting liver 
allografts from closely related individuals, even though this phenomenon had never been 
demonstrated in retrospective cadaveric series. Despite our early optimism, we showed that if there 
was a benefit of genetic matching, it played only a minimal role in outcomes following liver 
transplantation. A group a living donor liver transplant recipients were compared to a group of 
cadaveric recipients from the same time period at The University of Chicag and the incidence of 
rejection was similar in both groups. We did show that the severity of the rejection episodes, as 
measured by steroid resistance, was less in the living donor group. 29 The initial twenty living 
donor transplants, during the period living donor liver transplants were considered experimental, 
were excluded from this study, and all patients had a minimum of a one year follow up. The results 
are summarized in Table 6. 

Patient and Graft Survival 

As discussed previously, there has been an evolution of the living donor transplantation 
procedure, culminating in the current operation which is similar in most institutions. Because of 
the benefit gained from the technical descriptions described in the first series published by 
Broelsch, most recent series show patient survivals of greater than the 85%. The current survival 
rates at The University of Chicago show a patient survival of 86%, and a graft survival of 72% at 
one year. Table 7 summarizes an overview of the published experience. 

Living Donor Transplant in Older Recipients 

Most living donor liver transplants have been performed in a pediatric population where 
small children receive left lateral segment grafts. Larger children, and even adults, have been 
successfully transplanted by obtaining more hepatic parenchyma from the donor, utilizing either a 
left hepatic lobe or a right hepatic lobe grafts. If living donor transplantation can be safely 
expanded so that large children and adults could be transplanted utilizing this modality, this could 
have a major impact on the organ donor shortage. When we look at our own series, 16 patients 
five years of age or older have been transplanted using living donor left lobe grafts, with a graft 
and patient survival of 75% and 43%. The graft losses were seen early after transplantation from 
vascular thromboses. It is too early to speculate on the etiology of this increase in graft loss, but it 
causes enough concern to mandate caution whenever larger children are to be transplanted. As 
mentioned previously, another alternative which could supply increased amounts of liver 
parenchyma, is transplantation of the right lobe. This has been reported by two separate centers 
with mixed results. Because of the implications living donor liver transplantation could have on the 
adult population, further study is warranted, but only by groups that have extensive experience in 
pediatric living donor transplantation. 
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