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Neurochemistry of hepatic encephalopathy

Since the first biochemical descriptions of hepatic encephalo-
pathy several unifying aetiological hypotheses have been
developed that could account for the main clinical and
biochemical features of the condition. Initially the concept of
portosystemic encephalopathy was developed. This pos-
tulated the origin of a nitrogenous product in the gut that
reached the cerebral circulation because of defective hepatic
clearance by the diseased liver. Ammonia was the prime
candidate neurotoxin and several studies were undertaken to
determine the value of amino acid infusions, particularly
glutamic acid and arginine, to stimulate urea cycle activity
and hepatic urea synthesis.' Catharsis, gut sterilisation, and
later lactulose, designed to diminish ammonia production by
the colon, were the therapeutic consequences that were
widely promoted and used. The mercaptan hypothesis
followed, later modified to include synergism between
ammonia short chain fatty acids and mercaptans,2 but
subsequent studies3'4 using elegant trapping techniques' were
negative.
The next phase was characterised by the false neuro-

transmitter hypothesis.6 High plasma concentrations of
aromatic amino acids were recognised in liver failure and
thought to be associated with the synthesis of derivatives
such as octopamine which interfered with neurotransmission.
Because of the competition between aromatic and branch
chain amino acids for transport into the brain, amino acid
infusions rich in branch chain varieties were introduced,7
designed to impede cerebral uptake ofprecursor amino acids,
tyrosine and phenylalanine, and thus decrease false trans-
mitter formation in the brain. The concept of modulation of
neurotransmission was extended by the finding of arousal
after the administration of the dopamine agonist L dopa8
and various studies showed decreased brain catecholamine
concentrations in animal models of encephalopathy,
although these were not subsequently confirmed in man.910
The leucine degradation product, isovaleraldehyde, was
increased in hepatic encephalopathy but no important role
could be attributed to this product in man."

5 Hydroxytryptamine (5HT) acts as a central neurotrans-
mitter, so excess 5HT activity could account for the neuro-
inhibition of hepatic encephalopathy. Increased concentra-
tions of the degradation product 5 hydroxy-indoleacetic acid
(5HIAA) has been a consistent finding in the brain of animal
models'2 and in the cerebrospinal fluid'3 and frontal cortex'4
of patients with fulminant hepatic failure, although in the
latter brain 5HT concentrations were normal.'4 The findings
were similar in prefrontal cortex and caudate nucleus of
cirrhotic patients dying of hepatic coma.'° In the portacaval
shunted rat, however, when compared with controls, there
was increased 5HT turnover as shown by the 5HIAA:5HT

ratio but no further alteration in the ratio was observed when
deep coma was precipitated by ammonia administration.'5
Thus, the changes in 5HT metabolism are probably the
result of increased tryptophan availability in the brain'416
owing to the high plasma tryptophan concentrations
observed in acute'4 and chronic liver disease7 rather than
representing a primary abnormality.

The gamma amino butyric acid hypothesis
When the gamma amino butyric acid (GABA) hypothesis
was first formulated it was suggested that excess activity of
this neuroinhibitory transmitter in the brain caused the
development of somnolence. GABA was thought to arise
from bacterial action in the gut and reach the brain because of
defective hepatic clearance and increased permeability of the
blood brain barrier.'" Increased concentrations of GABA in
the blood of patients with hepatic encephalopathy were
described, perhaps associated with abnormalities of brain
GABA receptors, which were increased in a rabbit model of
acute encephalopathy induced by galactosamine. However,
it was not possible to show penetration of the brain after
intravenous administration of GABA.'8 More recent studies
have found that brain GABA receptors, particularly in man,
are normal in number and affinity'920 while in the portacaval
shunted rat, quantitative autoradiographic studies ofGABAA
receptors are also normal.2' Furthermore brain GABA con-
centrations at necropsy in cirrhotic patients with encepha-
lopathy were not significantly different from control values.22
Although brain GABA rises within one hour of death,23 when
samples from patients dying of acute liver failure were
collected within this period concentrations were still identical
to those found in control subjects.'4 More recently, cerebro-
spinal fluid GABA values in man24 and in encephalopathic
dogs with congenital portacaval shunts were normal,25 while
brain GABA concentrations in dogs'8 and the thioacetamide
rat model were normal or significantly decreased rather than
increased, as would have been expected if GABAergic
transmission were enhanced.26 The hypothesis has now been
modified to include modulation of GABA transmission by a
benzodiazepine agonist.

The benzodiazepine hypothesis27
Interest in the role of benzodiazepines in hepatic encepha-
lopathy first developed because of the close association of the
benzodiazepine and GABA receptors in the brain and the
finding that binding sites were increased in galactosamine
induced acute liver failure.28 29 Much greater interest followed
early reports ofa striking arousal effect ofthe benzodiazepine
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antagonist flumazenil in hepatic encephalopathy in man.30
Subsequent reports showed beneficial results in animal
models,2931 while cerebellar Purkinje neurones from the
rabbit galactosamine model were hypersensitive to GABA
and benzodiazepine receptor agonists.32 On the other hand,
alterations in GABA benzodiazepine receptors were not
found in the brains of rats with chronic encephalopathy as a
result of portal vein and bile duct ligation33 or in cirrhotic
patients dying of encephalopathy.'9 Furthermore, quantita-
tive autoradiography has shown that benzodiazepine
receptors in the galactosamine rabbit model are within
normal limits.34
The benzodiazepine hypothesis of hepatic encephalopathy

is only tenable if the presence and source of endogenous
benzodiazepine like substances can be shown. The presence
of such ligands has been reported in the cerebrospinal fluid35
and brain extracts36 of animal models and also in the
cerebrospinal fluid37 38 and plasma38 of patients with hepatic
encephalopathy. The difficulty with these studies in man is
the reliable exclusion of benzodiazepine drugs, which are
readily available and have a prolonged half life. Naturally
occurring benzodiazepines may be of dietary origin.35 38 The
most compelling evidence for the benzodiazepine hypothesis
comes from the use of the specific antagonist flumazenil both
in man and experimental animals. Unfortunately, the early
enthusiastic reports for the drug have not been sustained. In
the thioacetamide model of acute liver failure flumazenil may
reverse the deficits in spontaneous motor function and
visually evoked response abnormalities but the motor deficit
usually persists after drug administration.39 No effect could
be shown in the rat hepatic ischaemia model (portacaval
shunt plus hepatic artery ligation) despite administration of a
dose sufficient to reverse benzodiazepine induced coma.' In
man, the results are even more controversial - some authors
claiming beneficial results4' in 60% of patients42 while
others,43 including a placebo controlled trial, found only a
27% response rate."

The ammonia hypothesis revisited
The modern theories for the pathogenesis of hepatic
encephalopathy do not account for the traditional and well
documented role of the gut in the development of the
condition. The precipitation of encephalopathy by protein
ingestion in the form of variceal bleeding is familiar to all in
clinical practice and any neurochemical hypothesis must take
account of such clinical observations, including the efficacy
of gut sterilisation and lactulose. Any mechanism encom-
passing the role of the gut must also be explicable in terms of
current concepts of dissordered neurotransmission. For
obvious physiological reasons any neurotransmitter sub-
stance arising from the gut will not cross the blood brain
barrier, and while blood brain barrier permeability may be
disturbed in the latter stages of encephalopathy there is little
evidence to support any change during its initial develop-
ment.58 45-I8 Ammonia arising from the gut is, however, freely
permeable to the brain, while cerebrospinal fluid values49 and
arterial concentrations30 bear a reasonable correlation with
coma grade. Ammonia taken up by the brain is incorporated
into glutamine which may deplete brain glutamate. Gluta-
mate is the principal excitatory transmitter in the brain and a
disturbance in glutamatergic transmission could account for
the neuroinhibition of hepatic encephalopathy.

Early studies of human brain amino acid concentrations in
hepatic encephalopathy showed that glutamine concentra-
tions were increased two to threefold in the frontal cortex of
patients dying from fulminant hepatic failure.'4 Increased
concentrations were then found in cirrhotic patients22 while
cerebrospinal fluid values showed a close correlation with
coma grade.495' Brain glutamate concentrations in patients
with cirrhosis and encephalopathy were decreased in several

areas22 but were normal in fulminant hepatic failure in
unventilated patients or increased in those dying after a
prolonged period of ventilation. 14 The latter finding probably
reflects brain death and equilibration with the high con-
centrations of glutamate found in the blood of the patients
studied. Glutamate is thought to be present in the brain in
several distinct pools including metabolic, GABA precurser,
astrocytic, and finally a releasable pool available for gluta-
matergic transmission. Depletion of the latter alone may be
sufficient to depress excitatory neurotransmission.

Several studies have attempted to evaluate the concentra-
tion of glutamate in vivo in animal models of hepatic
encephalopathy. The results using nuclear magnetic
resonance52 have suggested decreased concentrations, while
studies with brain dialysis have shown normal53 or increased
glutamate output in the perfusate.5 156 The latter observation
could be the result of decreased uptake of glutamate from the
synaptic cleft into astrocytes, and indeed no further gluta-
mate could be released into the brain perfusate in acute
hepatic failure when potassium was included in the perfusion
medium54 suggesting an absolute decrease in transmitter
pool. In the rat thioacetamide model brain glutamate is
significantly decreased in frontal cortex and striatum when
plasma concentrations are increased more than fourfold.26 An
ammonia induced decrease in cerebral glutamate has been
described by Hindfelt.5

Interest in the glutamate receptor has increased since the
finding that the anaesthetic agent ketamine leads to depres-
sion of the reticuloendothelial system by changing gluta-
matergic transmission.58 Glutamate receptors can be devided
into Ca++/Cl- dependent (presynaptic) and independent
(postsynaptic) classes and can be recognised by their ability
to bind n methyl D aspartate (NMDA) and quisquolate/
kainate (nonNMDA). In chronically encephalopathic dogs
with congenital portacaval shunts, NMDA binding sites in
the brain were normal or increased while kainate binding was
decreased.59 In the thioacetamide rat model Ca++/Cl[ depen-
dent and independent glutamate binding was unchanged but
this may have been because of the short duration of encepha-
lopathy in this model (about seven hours.)26 In portacaval
shunted rats (3H) glutamate binding was increased consistent
with decreased values of synaptic glutamate and up regula-
tion of the postsynaptic receptor.60 Glutamate receptor
binding in hepatic encephalopathy in man has not yet been
determined. More direct evidence for the role of disturbed
glutamatergie transmission comes from studies of the effect
of ammonia on evoked glutamate release and excitatory post
synaptic potentials. Several investigations have shown
diminished responses.6' The attraction of the glutamate
depletion hypothesis is that it accounts for many of the
original observations concerning the role of ammonia and re-
establishes the role of the gastrointestinal tract. Much work
remains to be done but ammonia is currently returning to the
forefront of hepatic neurochemistry.
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