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The field of hepatic encephalopathy (HE) has seen major changes over the last decade. Accordingly, this is a perfect time to publish an update on this topic.


After the editors highlight some of the new perspectives on HE in the first article, Dr Jones expands on the pathogenesis of HE especially as it relates to the newer hypotheses. Dr Sakamoto and colleagues from southern California describe the assessment of HE in a very comprehensive fashion. Description of minimal HE or now-called covert HE is dealt with in great detail by Dr Kappus and Dr Bajaj from Virginia. The relatively new area on the whole spectrum of brain imaging alterations seen in patients with HE is contributed by Dr McPhail and colleagues of London, England.


The following articles describe the overall management of overt and covert HE. Dr Khungar and Dr Poordad cover the overt HE management area in detail, whereas the management of covert HE as a less developed area of therapeutics is discussed by the editors.


The article on sarcopenia or loss of lean body mass is quite unique. Lean body mass reduction is thought to modulate the expression of overt HE. Dr Periyalwar and Dr Dasarathy describe in detail our current understanding of the regulation of lean body mass in cirrhotics. Dr Riggio and colleagues in Rome have great experience in HE after the TIPS procedure and describe the current approach to this specific issue.


The last two articles in this issue touch on very important topics. These are the extent of reversibility of HE after liver transplantation and finally the relationship of HE to health-related quality of life. These articles by Todd Frederick from northern California and Giampaolo Bianchi and colleagues from Bologna, Italy finish out this update on HE.









Clinics in Liver Disease, Vol. 16, No. 1, February 2012


ISSN: 1089-3261


doi: 10.1016/j.cld.2012.01.001








New Perspectives in Hepatic Encephalopathy




Kevin D. Mullen, MD, FRCPI *, Ravi K. Prakash, MBBS, MD, MRCP (UK) ,





Division of Gastroenterology, MetroHealth Medical Center, Case Western Reserve University, 2500 MetroHealth Drive, Cleveland, OH 44109, USA


* Corresponding author.


E-mail address: kevin.mullen@case.edu







Abstract


The terminology of hepatic encephalopathy (HE) remained poorly defined for decades. One major problem was the lack of definition of what constituted acute versus chronic HE. Chronic HE caused more confusion because it was proposed to signify any bout of HE in patients with chronic liver disease, whereas others thought it denoted a protracted period of loss of consciousness. Numerous other versions were rampant. This mass confusion was solved by the report of the Hepatic Encephalopathy Consensus Group at the World Congress of Gastroenterology in 1998. This new multi-axial definition led to standardization of diagnosis and explosion in the field of research in HE.
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The terminology of hepatic encephalopathy (HE) remained poorly defined for decades. One major problem was the lack of definition of what constituted acute versus chronic HE.1,2 Many physicians assumed acute HE was a term used for the fast onset of a bout of alteration in consciousness in patients with underlying cirrhosis. Others thought acute HE was the encephalopathy seen only in patients with acute liver failure. Chronic HE caused even more confusion because it was proposed by some to signify any bout of HE in patients with chronic liver disease, whereas others thought it denoted a protracted (length of time specified) period of loss of consciousness. Numerous other confusions were rampant; at times, articles were being turned down by journals because of inexact terminology when, in fact, standardized terminology had never been established.


This mass confusion was solved, to a significant extent, by the report of the Hepatic Encephalopathy Consensus Group at the World Congress of Gastroenterology in Vienna in 1998. This report led to an entirely new multiaxial definition for the terminology of HE (Fig. 1).





[image: image]

Fig. 1 Multiaxial classification of HE. This classification system was introduced by the Hepatic Encephalopathy Consensus Group at the World Congress of Gastroenterology meet in Vienna (1998). The term minimal HE is now replaced by covert HE as shown here.




As noted, 3 broad types of HE were defined. Type A signified the HE associated with acute liver failure. Type B was designated to represent the rare form of HE associated with portosystemic bypass in the absence of any intrinsic liver disease. Finally, type C HE referred to the encephalopathy associated with chronic liver disease, which is primarily cirrhosis. Under the categories of type B and C HE, there are further terms subdividing HE into episodic HE, persistent HE and subtle form called minimal HE.


As it turned out, the recommendation of the term minimal HE, along with acceptable diagnostic criteria for this form of HE, had a major impact on the field of HE. Multiple articles have appeared using this terminology and diagnostic criteria.3 Minimal HE is now known to be associated with the reduction in quality of life4,5; reduced driving skills6-8; reduced ability to hold certain kinds of employment9,10; and, most importantly, predicts the subsequent onset of overt HE.11 Such has been the impact of these findings that consideration is being given to treat patients with minimal HE before overt HE has ever occurred. Before that can be endorsed, some other issues need to be considered.


The spectrum of neurocognitive impairment in cirrhosis (SONIC) is a term coined by Bajaj and colleagues12 to describe the prevailing status of brain function in patients with cirrhosis (Fig. 2). As noted, this concept views the spectrum as a continuum rather than as discrete, separate entities. There is good evidence for the evolution from normal mental status through minimal HE to overt HE and even potentially to hepatocerebral degeneration. Recently the term covert HE has been introduced, which encompasses the area formerly designated as minimal HE and is usually diagnosed by a psychometric test battery. However, because of the difficulty in getting standardization of what is stage I HE of New Haven scale, the authors have chosen to include this stage within the term covert HE.13 The hepatic encephalopathy scoring algorithm and low-grade/high-grade HE distinctions have also attempted to address the problem of the subjective scoring of stage I HE on the old New Haven scale.14,15
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Fig. 2 Spectrum of neurocognitive impairments in cirrhosis. The range of cognitive impairments that are encountered with patients with cirrhosis from normal at one end to covert, overt, and severe irreversible stages, such as hepatocerebral degeneration, at the other. This spectrum is a continuum, and patients can fluctuate between various stages of HE based on several factors. However, development of hepatocerebral degeneration is usually irreversible.




The authors briefly mentioned the hepatocerebral syndromes (as shown in Fig. 2) that represent an extreme form of HE.16 Essentially evidence of brain atrophy and microcavitation in some patients is very pronounced. Despite the damage to brain tissue, this neurodegenerative disorder does seem to be reversible, to a degree.17 One spectacular case of brain regeneration is published in the literature, but generally far less prominent restoration of brain anatomy is noted.18


Conventionally, for purity sake, it is stated that patients with prior bouts of overt HE should not be classified as minimal or covert HE. This definition is only an operational definition. With the advent of the concept of SONIC and widespread psychometric testing of patients with cirrhosis, we are more likely to encounter patients who have covert HE with or without a history of prior bouts of overt HE. There is some concern that patients with prior overt HE have persistent cognitive impairments.19 However, for all practical purposes, they should be labeled as overt, covert, or normal depending on their cognitive performance at the time of testing.
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Abstract


The earliest hypothesis of the pathogenesis of HE implicated ammonia, although effects of appreciable concentrations of this neurotoxin did not resemble HE. Altered eurotransmission in the brain was suggested by similarities between increased GABA-mediated inhibitory neurotransmission and HE, specifically decreased consciousness and impaired motor function. Evidence of increased GABAergic tone in models of HE has accumulated; potential mechanisms include increased synaptic availability of GABA and accumulation of natural benzodiazepine receptor ligands with agonist properties. Pathophysiological concentrations of ammonia associated with HE, have the potential of enhancing GABAergic tone by mechanisms that involve its interactions with the GABAA receptor complex.
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A normally functioning liver is necessary to maintain optimal brain function. The syndrome of hepatic encephalopathy (HE) or portal-systemic encephalopathy (PSE) is a complication of hepatocellular failure associated with a variable degree of shunting through portal-systemic venous collaterals.1 Theoretically, HE may occur as a consequence of (1) reduced synthesis by the failing liver of substances necessary for normal brain function; (2) synthesis by the failing liver of encephalopathogenic substances or their precursors; and/or (3) reduced extraction and/or metabolism by the failing liver of encephalopathogenic substances or their precursors. Most research on the pathogenesis of HE has focused on the last of these possibilities.


For many centuries a relationship between the liver and mental function has been recognized.2 However, it was not until the advent of clinical science in the mid–twentieth century that the syndrome of HE was described as a reversible metabolic encephalopathy characterized by a wide variety of neuropsychological abnormalities, including progressive impairment of consciousness, which occurred as a complication of acute or chronic hepatocellular failure.3,4 Initially, an attempt was made to explain how increased portal-systemic shunting might contribute to the development of HE in a patient with decompensated cirrhosis. It was suggested that, in normal subjects, neuroactive substances that originate in the intestine are absorbed and subsequently metabolized by the liver. In contrast, in patients with decompensated cirrhosis, it was assumed that there would be increased delivery of such neuroactive substances to the systemic circulation as a consequence of their inadequate metabolism by the failing liver and their bypassing the liver through intrahepatic and extrahepatic portal-systemic venous collaterals. It was also assumed that increased levels of neuroactive substances in the systemic circulation (if nonpolar and lipid soluble), would facilitate their passage across the blood-brain-barrier and access to the brain where they might induce a cerebral disturbance (Fig. 1).5 In recent years, experience with transjugular intrahepatic portal-systemic shunts has reemphasized the importance of portal-systemic shunting in the pathogenesis of HE in patients with cirrhosis.6 In general, the larger the diameter of a shunt and the greater the degree to which portal flow is less hepatopetal and more hepatofugal, then the greater the risk or severity of HE.
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Fig. 1 The mechanism of portal–systemic encephalopathy, as envisioned in 1954 by Sherlock et al. See text for a description of the principal relevant concepts.


(From Sherlock S, Summerskill WHJ, White LP, Phear EA. Portal-systemic encephalopathy: neurological complications of liver disease. Lancet 1954;264:453–7; with permission.)





Increasing familiarity with the syndrome rapidly led clinicians to recognize factors that tend to precipitate HE in patients with cirrhosis (Table 1). Knowledge of such factors is of crucial importance in the management of patients with liver disease. However, the precise relationships between most of these factors and the mechanisms by which they contribute to HE are poorly understood. Definitive clarification of how specific factors act to precipitate HE may provide new insights into the pathogenesis of HE.


Table 1 Factors that may precipitate HE






	Oral protein load
Upper gastrointestinal bleed
Constipation

	Act through gut factors






	Diarrhea and vomiting
Diuretic therapy
Abdominal paracentesis

	Dehydration, electrolyte and acid/base imbalance (eg, hypokalemic alkalosis)






	Hypoxia
Hypotension
Anemia
Hypoglycemia

	Adverse effects on both liver and brain






	Sedative or hypnotic drugsa
Azotemiab
Infectionc
Creation of portal-systemic shunt General surgery

	 







Abbreviation: GABAA, γ-aminobutyric acid type A.


a Includes drugs acting on the GABAA/benzodiazepine receptor complex.


b Blood urea is a source of intestinal ammonia.


c May cause dehydration and increased release of nitrogenous substances.


The pathophysiologic events that mediate HE occur in the brain. Originally, the neuroactive substances postulated to be involved in HE were classified as neurotoxins, but their toxic effects on the brain were not specified. No serious attempt was made initially to define which specific neural mechanisms might be responsible for mediating the clinical features of HE,1 and the extent to which altered brain function in HE may occur as a consequence of an increase or decrease in specific neuronal mechanisms mediated by physiologic substances (neurotransmitters) did not receive serious consideration.


This article concentrates on classic, uncomplicated, overt HE. It does not discuss minimal or subclinical HE, the mechanisms of which may not necessarily be identical to those responsible for overt HE. In addition, in patients with cirrhosis, neurologic complications of chronic PSE, which, in contrast with classic HE, are irreversible, such as transverse myelitis and nonwilsonian hepatocerebral degeneration,7 are not included. Complications of acute hepatocellular failure, such as increased intracranial pressure and cerebral edema,8 are also not included, because factors not involved in the pathogenesis of HE may contribute to their development. Furthermore, aberrant findings obtained using animal models that do not meet acceptably strict criteria for defining HE are not discussed, such as the portacaval-shunted rat.9





The ammonia hypothesis


The first and best-known theory postulates a causal relationship between increased levels of ammonia and the development of HE.10 Ammonia is a normal physiologic product of intermediary metabolism. Major sources of plasma ammonia are the gastrointestinal tract and skeletal muscle. It is converted into urea and glutamine in the liver and into glutamine in skeletal muscle and the brain.11,12


In 1896, dogs with a surgically induced Eck fistula (portal-systemic shunt) were reported to exhibit neuropsychological changes that correlated with impaired detoxification of ammonia by the liver.13 In the 1950s, an association between HE and increased blood ammonia levels was confirmed,14,15 and the precipitation of HE in patients with cirrhosis and ascites by treatment with ammonium ion exchange resins was reported.16 Such treatment would be expected to increase blood ammonia levels, but might also induce constipation, one of the recognized precipitating factors of HE (see Table 1). Early observations that were considered to support the ammonia hypothesis included not only the tendency for plasma ammonia levels to be increased in patients with chronic hepatocellular failure,14,15 but also the recognition that ammonia mediates neurologic effects, which include convulsions,17 and (being nonionic and lipid soluble) traverses the blood-brain barrier readily.18 This hypothesis stimulated several elegant clinical studies of ammonia metabolism in patients with liver disease.18-20


However, for many years after this hypothesis was first postulated, the neural mechanisms by which ammonia might contribute to the manifestations of HE remained undefined. It seems likely that progress in characterizing such mechanisms might have been promoted by early resolution of several issues of concern. These included (1) plasma ammonia levels correlate poorly with the severity of HE10,15; (2) in contrast with the manifestations of increasingly severe HE, progressive acute intoxication with ammonia is characterized by a lethargic preconvulsive state, seizures, and postictal coma21; (3) seizures rarely occur in patients with chronic hepatocellular failure10; (4) in patients with chronic hepatocellular disease, EEG changes induced by administering ammonium acetate are not typical of those associated with HE22; (5) the neuroelectrophysiologic changes induced by ammonia in normal animals differ from those that occur in animal models of fulminant hepatic failure (FHF; ie, acute liver failure with HE)21,23,24; (6) hemodialysis, which reduces plasma ammonia levels, is associated with inconsistent ameliorations of HE25; (7) many of the neurologic effects of ammonia occur at concentrations substantially higher than those observed in humans with HE17; and (8) ammonia intoxication is not associated with the subtle changes in personality and mental function and inverted sleep rhythm that are characteristic features of early HE (stages 0–II) complicating chronic hepatocellular failure.1,26








Variants of the ammonia hypothesis





Synergistic Neurotoxins


It was proposed that HE might arise as a consequence of the synergistic actions of more than 1 neurotoxin on the brain; those specified were ammonia, mercaptans, and fatty acids.27 However, the abnormal patterns of visual evoked potentials (VEPs) that develop in a rabbit model of FHF did not resemble those induced in normal animals by administering a mixture of the synergistic neurotoxins specified.21,23 The validity of this hypothesis is difficult to prove and convincing evidence that supports it has not materialized.








Decreased Cerebral Energy Metabolism


Evidence consistent with the occurrence of decreased cerebral energy metabolism in HE has been reported and it has been suggested that increased ammonia levels in hepatocellular failure may depress cerebral energy metabolism.28,29 Hyperammonemia has been shown to be associated with changes in cerebral energy metabolism.11,30 However, such changes may not contribute directly to HE and may be secondary phenomena.











Other hypotheses


For many years after the emergence of the ammonia hypothesis, attempts to postulate causal relationships between specific hepatocellular failure–associated changes in peripheral metabolism and HE were popular; such changes included those relating to colonic metabolism of nitrogenous substances. In contrast with the ammonia hypothesis, many attempts to implicate a variety of other individual substances in the pathogenesis of HE have been proposed, but have not yet led to the development of any robust new theory that merits serious experimental evaluation.








Theories that implicate altered neurotransmission


In the 1970s and the early 1980s, the main thrust of research on the pathogenesis of HE began to undergo significant changes. Increasing emphasis began to be directed toward elucidating the changes associated with hepatocellular failure that occur in neuronal mechanisms in the brain, the end organ of HE. This evolution in the approach to research on HE was associated with an increasing trend to supplement neurochemical findings with behavioral and electrophysiologic data. The new era in research on the pathogenesis of HE was summarized in an article entitled, In hepatic coma, the problem comes from the colon, but will the answer come from there?31








False Neurotransmitters and Amino Acid Imbalance


Hypotheses were proposed that implicated false neurotransmitters and the central effects of amino acid imbalance in the mediation of HE.32-34 These hypotheses were important because they raised the possibility of a particular neural mechanism in the brain being involved in the pathogenesis of HE, specifically altered dopaminergic neurotransmission. They led to the introduction of drugs that act as agonists at dopamine receptors in the brain, in particular levadopa and bromocriptine, as well as branched-chain amino acids, as potential new therapies for HE. However, the efficacy of these proposed therapies in the management of HE was not established,35,36 and none of them has a place in the current management of HE. Furthermore, experimental evidence that provides strong support for these hypotheses has not been forthcoming.








γ-Aminobutyric Acid–mediated Inhibitory Neurotransmission


The γ-aminobutyric acid type A (GABAA) receptor complex is the principal inhibitory neurotransmitter system of the mammalian brain (Fig. 2).37 That increased GABA-mediated inhibitory neurotransmission might contribute to the manifestations of HE was first suggested by the finding that the abnormal patterns of VEPs in an animal model of FHF resembled those induced in normal animals by administration of drugs that act by enhancing GABAergic tone (GABA-mediated inhibitory neurotransmission),23,38 such as a barbiturate or a central benzodiazepine (BZ) receptor agonist.37 The hypothesis did not depend on any particular change in the status of receptors on the GABAA receptor complex. The functional status of this complex has been studied more extensively in models of HE than any other neurotransmitter system.39 The hypothesis implicating this system38 provided a potential explanation for neuropsychiatric manifestations of HE; specifically, an increase in GABA-mediated inhibitory neurotransmission is associated with decreased consciousness and impaired motor function, 2 of the classic features of the clinical syndrome of HE.1 In contrast, a net decrease in GABA-mediated inhibitory neurotransmission is associated with increased neural excitation and the risk of seizures.40 The GABA hypothesis raised 2 important questions. First, is there evidence that supports an increase in GABAergic tone in HE, and, second, if there is, what mechanisms could be responsible for this phenomenon?
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Fig. 2 The GABAA/benzodiazepine receptor-chloride ionophore complex. Receptors are depicted for GABA, barbiturates and benzodiazepine ligands. GABA receptor agonists (e.g. GABA, muscimol), and GABA receptor antagonists (e.g. bicuculline) bind to GABA g receptors; barbiturates are thought to bind to specific recognition sites near the chloride ionophore; benzodiazepine receptor agonists (e.g. diazepam), benzodiazepine receptor antagonists (e.g. flumazenil), and benzodiazepine receptor inverse agonists (e.g. 6,7 dimethoxy-4-ethyl-3-carbomethoxy-fl-carboline) bind to benzodiazepine receptors. A: shows the receptor complex in an inactivated state with the C1- channel closed. B: shows the receptor complex in an activated state with the C! channel open. Activation is induced by GABA or GABA agonists binding to GABA receptors, or by barbiturates. Activation of the receptor complex is associated with conformational changes and the opening of the Cl channel. Consequent entry of C1- into the neuron results in hyperpolarization. The frequency of chloride channel opening in the presence of GABA is increased by BZ receptor agonists.


(From Jones AE, Basile AS, Mullen D, et al. Flumazenil: Potential Implications for Hepatic Encephalopathy. Pharmac Ther 1990;45:331–43; with permission.)








Evidence Supporting Increased GABAergic Tone in HE






1. 3-Mercaptoproprionic acid (MPA) is an inhibitor of L-glutamate decarboxylase, which catalyzes the synthesis of GABA from glutamate. A rat model of FHF had increased resistance to the induction of seizures by the central administration of MPA.41 Similarly, a rabbit model of FHF had increased resistance to the induction of seizures by the administration of the GABAA receptor antagonist, bicuculline.42




2. The abnormal patterns of VEPs in animal models of FHF are similar to those induced in normal animals by encephalopathogenic doses of drugs that act by augmenting GABAergic neurotransmission,23,24,42 such as a barbiturate, a central BZ receptor agonist, or a GABAA receptor agonist.37




3. The spontaneous activity (discharges per second measured using a rate meter) of individual Purkinje neurons in situ in cerebellar slices from a rabbit model of FHF and control rabbits were recorded during exposure to different concentrations of the GABA agonist, muscimol. The sigmoid-shaped concentration-response curve for Purkinje neurons from the model was shifted to the left of that for controls, indicating that, in HE, neurons exhibit increased sensitivity to depression by a GABA agonist.43




4. Antagonists of the GABAA-BZ receptor complex, such as the GABAA receptor antagonist bicuculline, and the GABAA receptor Cl− channel blocker isopropylbicyclophosphorothionate, ameliorate behavioral and neuroelectrophysiologic deficits in a rabbit model of FHF.42,44 In this model, in which, electrophysiologically, there was a consistent increase in the magnitude of the first negative wave of the VEP, P2, the central BZ receptor antagonist, flumazenil, not only induced behavioral ameliorations of HE but also normalized the pathologic increase in the amplitude of P2.42




5. In a rat model of HE, increased neuronal synthesis of GABA has been shown; such synthesis involves the indirect pathway, including the tricarboxylic acid cycle, which is stimulated by ammonia. Increased synthesis of GABA by cocultures of neurons and astrocytes exposed to ammonia was also shown.45 These observations are consistent with HE being associated with increased GABAergic tone (discussed later).





Summary


Thus, in animal models of HE, 5 distinct observations are compatible with increased GABAergic tone: (1) increased resistance to drugs that decrease GABAergic tone; (2) abnormal VEP patterns that resemble those induced by drugs that enhance GABAergic tone; (3) increased sensitivity of central nervous system neurons to depression by a GABA agonist; (4) behavioral and electrophysiologic ameliorations of encephalopathy induced by antagonizing individual components of the GABAA receptor complex; and (5) increased neuronal synthesis of GABA.











Potential Mechanisms of Increased GABAergic Tone in HE





Increased synaptic availability of GABA


Normally, the permeability of the blood-brain barrier to nonlipid soluble polar substances, such as GABA, is low. However, the permeability of this barrier changes in acute hepatocellular failure. Using radiolabeled α-aminoisobutyric acid, a nonmetabolized polar amino acid, a substantial increase in plasma-to-brain transfer of this marker of GABA was shown in a rabbit model of FHF by quantitative autoradiography. The increased transfer was specific for brain gray matter and preceded the development of overt HE.46 In addition, measurements of the brain uptake index of radiolabeled GABA in the same model, using the Oldendorf technique, indicated that brain uptake was higher in stage II HE than in control animals and that uptake was substantially higher in stage III than in stage II HE, with or without correction of the data for intravascular retention of labeled GABA. The methodology adopted also minimized problems attributable to the rapid metabolism of labeled GABA and slow brain washout and recirculation of the radiolabeled tracers used in the study.47 Furthermore, decreased brain activity of GABA transaminase has been found in a rabbit model of HE,48 and increased release of cortical GABA by cerebellar cortical slices has been shown in a rat model of HE,49 a phenomenon that may be attributable to an associated loss of presynaptic feedback inhibition of the release of cortical GABA caused by loss of presynaptic GABAB receptors.50 All of these findings are consistent with increased levels of synaptic GABA in liver failure.








Accumulation of natural benzodiazepines


Binding of an agonist ligand to the central BZ receptor induces conformational changes in the GABAA receptor complex that potentiate the action of GABA (see Fig. 2).37


That BZ receptor ligands with agonist properties may contribute to increased GABAergic tone in HE was originally suggested by anecdotal observations of ameliorations of clinical and electrophysiologic manifestations of HE in patients with cirrhosis or FHF induced by the intravenous administration of flumazenil (Ro 15-1788), a central BZ receptor antagonist with weak partial agonist properties.51,52 The ability of flumazenil to induce partial transient clinical and electrophysiologic ameliorations of HE in patients with HE secondary to acute or chronic hepatocellular failure was confirmed.53-55 This finding raised the possibility that, in HE, central BZ receptors are occupied by agonist ligands that contribute to the manifestations of HE by enhancing the action of GABA.56,57 The effect of flumazenil in this context would be to dysinhibit neurons, thereby increasing their spontaneous activity, as a consequence of displacement of agonist ligands from central BZ receptors.


Central BZ antagonists with partial inverse agonist properties, specifically sarmazenil (Ro 15-3505) and Ro 15-4513, at doses that induce minimal behavioral and neuroelectrophysiologic effects in normal animals, have been shown to induce more complete ameliorations of HE than flumazenil in animal models of FHF.58,59 These observations also suggest that central BZ receptor agonist ligands are present in HE. However, another mechanism that could contribute to a central BZ receptor antagonist with partial inverse agonist properties ameliorating HE is suggested by the demonstration in cultured hippocampal neurons that Ro 15-4513 inhibited increased GABA activity mediated by allopregnenolone, a neurosteroid that is a positive allosteric modulator (agonist) of the GABAA receptor60 (discussed later).


An understanding of the characteristics of flumazenil-induced ameliorations of HE is necessary to appreciate the significance of this phenomenon in relation to the pathogenesis of HE. The short duration of flumazenil-induced ameliorations of HE is consistent with the pharmacokinetics of the drug. A lack of response of encephalopathy associated with liver disease to flumazenil can be attributed to any of several different potential explanations, such as application of inappropriate criteria to diagnose HE, use of an inappropriate animal model of HE, presence of encephalopathies other than HE, development of increased intracranial pressure and/or cerebral edema, and/or progression of liver disease to terminal hepatocellular failure.61 In addition, a partial response of HE to flumazenil may be attributed to its weak partial agonist properties and to the likelihood that the presence in the brain of natural BZ agonist ligands is only 1 of the causes of increased GABAergic tone in HE. Failure to be aware of these potential explanations for different types of response of encephalopathy associated with liver disease to flumazenil is liable to lead to misinterpretations of results of studies of the effects of this drug on HE.


Brain extracts from a rat model of FHF were found to be 3 times more potent in inhibiting radiolabeled flumazenil binding to central BZ receptors than corresponding control extracts. GABA significantly enhanced the potency of extracts from the model in inhibiting radiolabeled flumazenil binding (positive GABA shift), indicating that these extracts contained central BZ receptor ligands with agonist properties.62 In an autoradiographic study, binding of radiolabeled central BZ receptor ligands (flunitrazepam and flumazenil) to cerebral cortex of unwashed brain sections from a rabbit model of FHF was about 30% less than corresponding binding to unwashed control sections or washed sections from the model or control animals. Incubation with muscimol and NaCl further decreased the binding of labeled flumazenil to cortex in unwashed brain sections from the model (positive GABA shift), indicating the presence of reversible central BZ receptor ligands with agonist properties in the brain of the model.63


The concentrations of substances that inhibit radioligand binding to central BZ receptors were fourfold to sixfold higher in brain extracts from a rat model of FHF than in control brain extracts. High-pressure liquid chromatography (HPLC) revealed retention peaks in brain extracts from the model that corresponded with known 1,4-BZs. Mass spectroscopy confirmed the presence of diazepam and N-desmethyldiazepam in these extracts. Mass spectroscopy and radiometric techniques indicated that the concentrations of diazepam and N-desmethyldiazepam were 5 to 7 and 2 to 9 times higher in brain extracts from the model than in control brain extracts, respectively.64 Corresponding findings in a rabbit model of FHF were similar.65 In patients, who died of FHF caused by acetaminophen overdose and who had not received pharmaceutical BZs, chromatographic analysis of frontal cortex revealed 4 to 19 peaks of substances that inhibited the binding of radiolabeled flumazenil to central BZ receptors, and several of the peaks had HPLC retention times that corresponded with known 1,4-BZs. Ultraviolet and mass-spectroscopic analysis confirmed that 2 of the HPLC peaks represented diazepam and N-desmethyldiazepam. A proportion of the patients had total brain BZ receptor ligand concentrations that were twofold to tenfold higher than those in control brains.66 Thus, brain concentrations of substances that inhibit the binding of radiolabeled flumazenil to central BZ receptors are increased in some patients with FHF.


The sources of nonpharmaceutical BZs associated with HE are unknown. Intestinal bacteria seem to synthesize precursors of BZs67 and BZs have been shown to be present in low concentrations in a variety of foods.61 The adjective natural, rather than endogenous, has been applied to nonpharmaceutical BZs that do not seem to be synthesized in the mammalian body. The potential contribution of natural BZ receptor ligands to increased GABAergic tone in HE has recently been reviewed in detail.61


Studies of the effects of GABAA receptor and central BZ receptor ligands on the spontaneous firing rate of individual Purkinje neurons in situ in cerebellar slices from a rabbit model of FHF and control animals (single neuron in situ electrophysiology) have provided additional insights into the status of the GABAA receptor complex in HE. In these experiments, the calcium and magnesium ion contents of the medium were adjusted to inhibit evoked synaptic activity. Not only do neurons from the model of HE exhibit increased sensitivity to depression of their spontaneous activity by muscimol, they also exhibit increased sensitivity to depression of their spontaneous activity by a central BZ receptor agonist (flunitrazepam).43 This phenomenon at the cellular level seems to be analogous to the finding that patients with cirrhosis and impaired hepatocellular function exhibit hypersensitivity of the brain to the neuroinhibitory effects of a central BZ receptor agonist (triazolam).68 When Purkinje neurons from the model of HE were exposed to central BZ receptor antagonists (flumazenil or Ro 14-7437) there were striking concentration-dependent increases in their spontaneous firing rate, whereas the same drugs did not increase the firing rate of control neurons.43 Flumazenil induced a concentration-dependent decrease in the spontaneous firing rate of control neurons, because of its partial agonist properties.43 The increased spontaneous firing rate of neurons from the model of HE induced by central BZ receptor antagonists probably represents dysinhibition of neurons caused by displacement of agonist ligands from central BZ receptors. The increased sensitivity of Purkinje neurons from the model of HE to depression of their spontaneous activity by muscimol could be abolished by coexposure to a BZ receptor antagonist.43 These findings suggest that hepatocellular failure is associated with the presence of a substance that increases the sensitivity of the GABAA receptor complex to agonist ligands and with an altered functional status of components of the GABAA receptor complex.








Summary


Two potential mechanisms of increased GABAergic tone in models of HE are discussed in this article: (1) increased synaptic availability of GABA, and (2) accumulation in the brain of central BZ receptor ligands with agonist properties. Potential mechanisms by which ammonia may contribute to increased GABAergic tone in HE also seem to be important and are discussed later.











Glutamate-mediated Excitatory Neurotransmission


Glutamate is the principal excitatory neurotransmitter of the mammalian brain. It has been studied in models of HE more extensively than other excitatory neurotransmitters.69,70


In liver failure, increased concentrations of ammonia in the brain promote the synthesis of glutamine from glutamate, a reaction catalyzed by the astrocyte-specific enzyme, glutamine synthetase.69,70 Ammonia decreases glutamate uptake by astrocytes71,72 and, in models of HE, there seems to be increased cortical release of glutamate,73 and decreased astrocytic and neuronal reuptake of glutamate.72,74 These phenomena result in increased levels of free glutamate in brain extracellular fluid.75-78 Decreased astrocytic reuptake of glutamate is associated with decreased expression of the astroglia-specific glutamate transporter, GLT-1.72,79 An increase in synaptic glutamate levels is expected to lead to a compensatory decrease in glutamate receptors (N-methyl-D-aspartate [NMDA], KA/AMPA) and G protein-linked metabotropic receptors. In some models of HE, glutamate receptors have been reported to be reduced in certain brain regions.80-84 A decreased density of glutamate receptors in liver failure may be associated with decreased glutamate-mediated excitatory neurotransmission, a phenomenon that might contribute to a net increase in inhibitory neurotransmission, and, consequently, to the manifestations of HE. In addition, ammonia (1 mM) decreases the electrophysiologic responsiveness of postsynaptic glutamate receptors,85-87 a phenomenon that may also contribute to decreased excitatory neurotransmission.


In a rat model of FHF, administration of the competitive antagonist of a subclass of glutamate receptors (NMDA), memantine, was associated with behavioral and electrophysiologic ameliorations of encephalopathy and reduced accumulation of glutamate in cerebrospinal fluid.88 The appropriateness of the model used and the implications of these findings for human FHF are uncertain.


The occurrence of seizures during the course of FHF may result from a rapid increase in ammonia to levels that induce neuronal excitation,17 or from increased glutamatergic excitatory neurotransmission caused by increased synaptic concentrations of glutamate.








Imbalance Between Inhibitory and Excitatory Neurotransmission


Because the effects of a decrease in glutamatergic tone are similar to those of an increase in inhibitory neurotransmission, manifestations of HE could arise as a consequence of an imbalance between the activities of inhibitory and excitatory neurotransmitter systems that result in a net increase in inhibitory neurotransmission. In this context some manifestations of HE may be explained by disturbances in the functional loops of basal ganglia, which could arise from an imbalance between glutamatergic and GABAergic neurotransmission.1








Other Neurotransmitters


Roles for other neurotransmitter systems in HE have been suggested, but not yet confirmed.89-96











The ammonia hypothesis revisited


As research on the pathogenesis of HE has focused increasingly on the potential relevance of altered neural mechanisms in the brain,31 it has become relevant to assess whether the effects of ammonia on the brain include changes in the functional status of specific neural mechanisms that could potentially contribute to the manifestations of HE. In this context, the prevailing concentration of ammonia seems to be critical. An evaluation of issues of concern with the ammonia hypothesis, such as those mentioned on the ammonia hypothesis, should include an appraisal of the particular ranges of ammonia concentrations that are associated with specific phenomena, paying special attention to phenomena associated with the mildly increased ammonia concentrations, within the pathophysiologic range, that occur in patients with hepatocellular failure.97





Significance of Ammonia Concentrations


Plasma ammonia concentrations higher than those usually found in patients with chronic hepatocellular failure are associated with effects that do not mimic HE. In particular, concentrations of 0.75 to 1.5 mM have been shown to activate chloride extrusion pumps, suppress inhibitory postsynaptic potential formation, and depolarize neurons98; these effects are neuroexcitatory and their behavioral manifestations, which include seizures, do not resemble HE.39,97,99 These phenomena occur at ammonia concentrations found in patients with congenital hyperammonemias,26,97 and adequately explain the clinical features of these syndromes. The question arises whether the modestly increased plasma ammonia concentrations (0.1–0.75 mM) typically found in patients with precoma HE (stages I–III)97 enhance inhibitory neurotransmission and contribute to the cognitive and motor deficits of HE.








Direct Effect of Ammonia on the GABAA Receptor


The relative change of GABA-induced Cl− current in cultured dispersed rat cortical neurons was studied in the presence of different concentrations of ammonia. Ionic currents were recorded using a patch clamp amplifier and were monitored simultaneously on a storage oscilloscope and a thermal-head pen recorder. Ammonia alone had little effect on the current. However, in the presence of GABA (10−5 M), ammonia at concentrations of 0.1 to 0.5 mM, which have minimal effects on neuronal resting potential or polarization,98 induced a concentration-dependent increase in GABA-induced Cl− current, as a consequence of a direct interaction between ammonia and a binding site for ammonia on the GABAA receptor complex (Fig. 3).100 This effect occurred at ammonia concentrations that commonly occur in patients with precoma HE (stages I–III),97 and may be attributable to ammonia increasing the affinity of the GABAA receptor to GABA.100 This phenomenon was not modulated by flumazenil, suggesting that it was not mediated by the central BZ receptor.100 Higher concentrations of ammonia (>1.0 mM) did not increase GABA-induced Cl− current further.100 Thus, the ammonia concentrations that occur in liver failure may directly enhance the ability of GABA to depress neuronal activity by modifying the affinity of the GABAA receptor for GABA. The mechanisms underlying the direct actions of ammonia on the GABAA receptor complex resemble those underlying the actions of barbiturates.101





[image: image]

Fig. 3 Concentration-response relationship for the enhancement of 10–5 M GABA-induced chloride current by ammonium ion in dissociated rat cortical neurons. The vertical axis is the potentiation ratio. Each point is the mean of 5–9 experiments. Vertical bars indicate ± S.E.M. Neurons were pre-treated for 60 s with ammonium ion at various concentrations.


(From Takahashi K, Kameda H, Kataoka M, et al. Ammonia potentiates GABAA response in dissociated rat cortical neurons. Neuroscience Letters 1993;151:51–4; with permission.)











Synergistic Interaction Between Ammonia and Agonist Ligands of the GABAA Receptor Complex


Using radioligand binding assays, the effects of ammonia on the binding of ligands to the GABAA receptor complex were shown to be biphasic. Ammonia, at concentrations of 0.05 to 0.5 mM, induced a concentration-dependent increase in the maximal binding of muscimol to the GABAA receptor. Further increases in ammonia concentrations, from 0.75 to 2 mM, returned muscimol binding to control levels. Binding of a GABAA receptor antagonist was not affected by ammonia (Fig. 4).102 Ammonia at concentrations of 0.05 to 0.5 mM also induced a concentration-dependent increase in binding of the central BZ receptor agonist, flunitrazepam, to central BZ receptors, but further increases in ammonia concentrations (0.75–2 mM) returned flunitrazepam binding to control levels. GABA itself was shown to enhance ammonia-induced increases in the binding of flumazenil to central BZ receptors.102 These synergistic effects of ammonia on the binding of agonist ligands to the GABAA receptor complex are expected to enhance GABAergic tone.





[image: image]

Fig. 4 Ammonium tartrate-induced modulation of radioligand binding to the GABAA receptor on rat brain membrane preparations. Data on the binding of the GABA agonist, muscimol, and the GABA antagonist, SR 05-531, are shown. Ammonium tartrate (10–500 M) significantly (33%) increased the Emax of 500nM [3H]-muscimol binding above control levels (EC50 40 M). Increasing the ammonium tartrate concentration further (500 M to 2.5 mM) lowered the binding of 500 nM [3H]-muscimol to control levels. In contrast, ammonium tartrate did not significantly modify the binding of 500 nM [3H]-SR 95-531.


(From Ha J-H, Basile AS. Modulation of ligand binding to components of the GABAA receptor complex by ammonia: implications for the pathogenesis of hyperammonemic syndromes. Brain Research 1996;720:35–44; with permission.)











Ammonia and Brain Extracellular Concentrations of GABA


Acute exposure to ammonia and exposure to ammonia for 4 days have been shown to promote GABA release and to induce concentration-dependent decreases in GABA uptake by cultured astrocytes. Inhibition of GABA uptake was associated with a marked decrease in Vmax and a smaller decrease in the Michaelis constant (Km).103 The concentrations of ammonia that mediated these effects included those within the range associated with hepatocellular failure in patients. Thus, in hepatocellular failure, ammonia may contribute to increased synaptic availability of GABA.








Ammonia and Neurosteroids


Ammonia may enhance GABA-mediated neurotransmission in hepatocellular failure as a consequence of its effects on the peripheral-type BZ receptor (PTBR). The PTBR is located in the outer mitochondrial membrane of astrocytes.104-106 These receptors are upregulated by ammonia in cultured astrocyes,107 and they are upregulated in a model of FHF108,109 and in brain autopsy samples from patients with cirrhosis who had HE terminally.110 Upregulation of the astrocytic PTBR promotes transport of cholesterol across the mitochondrial membrane, astrocytic mitochondrial synthesis of neurosteroids from cholesterol, and subsequent release of neurosteroids into the brain extracellular space.108,111-114 Neurosteroids bind to specific sites on the GABAA receptor complex that are distinct from BZ and barbiturate binding sites.37,115-118 Neurosteroids include the most potent known agonists (positive allosteric modulators) of the GABAA receptor complex, for example, tetrahydroprogesterone (THP) and tetrahydrodeoxycorticosterone (THDOC).115,117,118 Thus, in liver failure, increased binding of neurosteroid agonists to the GABAA receptor complex may occur as a consequence of ammonia-induced upregulation of PTBRs, leading to increased synthesis and release of neurosteroids. Increased brain levels of THP and THDOC have been found in a model of FHF, and, when THP or THDOC was injected into normal mice, sedation was induced.108,114 Furthermore, increased levels of allopregnenolone, a positive allosteric modulator of the GABAA receptor, have been found in autopsied brain of cirrhotic patients who developed HE terminally.119 In addition, the endogenous neurosteroid antagonist pregnenolone sulfate,120 which antagonizes the neurosteroid binding site on the GABAA receptor complex, reduces the mortality associated with hyperammonemia or acute hepatocellular failure in mice.121 These findings raise the possibility that, in liver failure, increased concentrations of ammonia may increase PTBR-mediated astrocytic synthesis and release of potent neurosteroid enhancers of GABAergic neurotransmission, and hence contribute to HE.70,97,122-126











Summary


Ammonia and GABAergic neurotransmission seem to be interrelated factors in the pathogenesis of HE.








References





   1. E.A. Jones, K. Weissenborn. Neurology and the liver. In: R.A. Hughes, G.D. Perkin, editors. Neurology and medicine. London: BMJ Books; 1999:240-277.


   2. F.T. Frerichs. Translated by Murchison C. A clinical treatise on diseases of the liver. vol. 1. London: New Sydenham Society; 1960 p. 193–246


   3. R.D. Adams, J.M. Foley. The neurological disorders associated with liver disease. Res Publ Assoc Res Nerv Ment Dis. 1953;32:198-237.


   4. E.A. Davidson, W.H. Summerskill. Psychiatric aspects of liver disease. Postgrad Med J. 1956;32:487-494.


   5. S. Sherlock, W.H. Summerskill, L.P. White, et al. Portal-systemic encephalopathy: neurological complications of liver disease. Lancet. 1954;264:453-457.


   6. W. Nolte, J. Wiltfang, C. Schindler, et al. Portosystemic hepatic encephalopathy after transjugular intrahepatic portosystemic shunt in patients with cirrhosis: clinical, laboratory, psychometric, and electroencephalographic investigations. Hepatology. 1998;28:1212-1225.


   7. A.E. Read, S. Sherlock, J. Laidlaw, et al. The neuro-psychiatric syndromes associated with chronic liver disease and an extensive portal-systemic collateral circulation. Q J Med. 1967;36:135-150.


   8. E.A. Jones, C. Lavini. Is cerebral edema a component of the syndrome of hepatic encephalopathy? Hepatology. 2002;35:1270-1273.


   9. K.D. Mullen, M. Roessle, D.B. Jones, et al. Precipitation of overt encephalopathy in the portacaval shunted rat: towards the development of an adequate model of chronic portal-systemic encephalopathy. Eur J Gastroenterol Hepatol. 1997;9:293-298.


  10. H.O. Conn, M.M. Lieberthal. The hepatic coma syndromes and lactulose. Baltimore (MD): Williams & Wilkins; 1978.


  11. A.J. Cooper, F. Plum. Biochemistry and physiology of brain ammonia. Physiol Rev. 1987;67:440-519.


  12. J.R. Huizenga, C.H. Gips, A. Tangerman. The contribution of various organs to ammonia formation: a review of factors determining the arterial ammonia concentration. Ann Clin Biochem. 1996;33:23-30.


  13. M. Nencki, J. Pavlov, J. Zaleski. Uber den Ammoniakgehalt des Blutes und der Organe und die Harnstoffbildung bei den Saugetieren. Arch Exp Pathol Pharmacol. 1896;37:26-51. [in German]


  14. L.L. Havens, C.G. ChildIII. Recurrent psychosis associated with liver disease and elevated blood ammonia. N Engl J Med. 1955;252:756-759.


  15. E.A. Phear, S. Sherlock, W.H. Summerskill. Blood ammonia levels in liver disease and ‘hepatic coma’. Lancet. 1955;1:836-840.


  16. G.T. Gabuzda, G.B. Phillips, C.S. Davidson. Reversible toxic manifestations in patients with cirrhosis of the liver given cation exchange resins. N Engl J Med. 1952;246:124-130.


  17. J.F. Iles, J.J. Jack. Ammonia: assessment of its action on postsynaptic inhibition as a cause of convulsions. Brain. 1980;103:555-578.


  18. A.H. Lockwood, J.M. McDonald, R.E. Reiman, et al. The dynamics of ammonia metabolism in man. Effects of liver disease and hyperammonemia. J Clin Invest. 1979;63:449-460.


  19. S.P. Bessman, A.N. Bessnam. The cerebral and peripheral uptake of ammonia in liver disease with an hypothesis for the mechanism of hepatic coma. J Clin Invest. 1955;34:622-628.


  20. S. Schenker, D.W. McCandless, E. Brophy, et al. Studies on the intracerebral toxicity of ammonia. J Clin Invest. 1967;46:838-848.


  21. S.C. Pappas, P. Ferenci, D.F. Schafer, et al. Visual evoked potentials in a rabbit model of hepatic encephalopathy. II. Comparisons of hyperammonemic encephalopathy, postictal coma, and coma induced by synergistic neurotoxins. Gastroenterology. 1984;86:546-551.







OEBPS/OEBPS/images/S108932611100136X_gr1.jpg
HEPATIC ENCEPHALOPATHY AND NITROGEN METABOLISM

~T7ry, CEREBRAL - DISTURBANCE

HEPATO - Food protein
CELLULAR
DISEASE Source of | Ingested blosd
NITROGEN | |,
Bacterial action

Intestine





OEBPS/OEBPS/images/S1089326112000037_fx2.jpg





OEBPS/OEBPS/images/S1089326112000037_fx1.jpg





OEBPS/OEBPS/images/S108932611100136X_gr3.jpg
12
R GABA + NH.'

R Gasa
e

01 10 100
NH.* concentration (mM)





OEBPS/OEBPS/images/S108932611100136X_gr2.jpg
Closed "GABA receptor

A
Outside
Picrotoxin
site.
Chloride
channel BZ receptor
Inside
B Bicuculine
Muscimol
Barbiturates—, GABA Benzodiazepine ligands

en"\ :Ol:g \\L 1 j—High Attinity






OEBPS/OEBPS/images/S108932611100136X_gr4.jpg
O [H]-muscimol
F @ 3H)-SR95-531

jand bound (% of control)

-5 4 3
Jog ammonium tartrate (M)






OEBPS/OEBPS/images/S1089326112000025_gr1.jpg
HE associated with
Acute Liver Failure

HE associated with
Porto-systemic
shunting with no
intrinsic iver disease.

= [TypeAHE

—=> [TypeBHE

HE assaciated with
hronic Liver Disease

——=> | TypeCHE

isodic HE

Persistent HE

i
3

nt
| pependent
HE

Covert HE







OEBPS/OEBPS/images/9781455742905_FC.jpg
ks e i

CLINICS IN LIVER DISEASE

NORMAN GITLIN

Hepatic
Encephalopathy

RAVI K. PRAKASH
KEVIN D. MULLEN

FEBRUARY 2012









OEBPS/OEBPS/page-template.xpgt
 

   
    
		 
    
  
     
		 
		 
    

     
		 
    

     
		 
		 
    

     
		 
    

     
		 
		 
    

     
         
             
             
             
             
             
             
        
    

  

   
     
  





OEBPS/OEBPS/images/S1089326112000025_gr2.jpg
Normal

Covert HE

(Minimal HE + Stage | Overt HE)

Moderate Overt HE

(Stage Il Overt HE)

Severe Overt HE

(Stage lil Overt HE)

Comatose Overt HE

(Stage IV Overt HE)

Hepatocerebral
Degeneration






