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1 GENERAL INTRODUCTION

The aim of the present thesis is to elucidate the pathogenesis of

acute hepatic encephalopathy (HE). In order to study acute HE,

plasma and brain concentrations were measured of ammonia,

aminoacids, lactate and polyamines as well as brain energy rich

phosphates. In addition new techniques of brain research were

developed and applied.

As an introduction to these studies, a review of the relevant

literature is given.

- 1 -



1.1 Possible Pathophysiological Mechanism Of Acute Hepatic

Encephalopa thy

1.1.1 Introduction -

Hepatic Encephalopathy (HE) is a neuropsychiatric syndrome which

develops when the liver function becomes so deteriorated that

normal brain function is not maintained. As a result,

abnormalities in personality and mentation, level of

consciousness and motor function (tremor, asterixis, paratonic

rigidity, hyperactive deep tendon reflexes) are found in varying

proportions in men (Duffy et al., 1982). Although this syndrome

can occur during long-standing liver insufficiency (chronic HE),

during acute developing liver insufficiency (acute HE) and after

precipitation by sedatives, hypokalemia or hyponatremia in

chronic liver insufficiency (cirrhosis), it does not seem clear

whether the same pathogenetic mechanism(s) take place. In the

present review, special attention is given to acute HE.

The following pathogenetic mechanisms are supposed to occur in

the brain during acute HE:

I - Abnormalities in brain energy metabolism

II - Abnormalities in neurotransmission

III - Abnormalities in neurotransmitters

IV - Morphological changes in the brain

V - Other mechanisms

No single toxin has yet been found responsible for these changes.

However, since the work of the Pavlov group at the end of the
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19th century (see for historical review: Conn et al., 1979, de

Bruin, 1986), ammonia has been nominated as one of the putative

toxins. More recent studies seem to confirm this idea. During

acute HE, blood as well as brain ammonia concentrations have been

found to increase significantly during acute HE. For blood, see

Roche-Sicot et al. (1974), Degos et al. (1974), Opolon et al.

(1976), Blitzer et al. (1978), Bloch et al. (1978), Mazziotti

et al. (1981), Peignoux et al. (1982), Denis et al. (1983),

Shiota, (1984) and for brain, see Siesjo et al. (1971), Holmin,

(1976), Mans et al. (1979), Zeneroli et al. (1982), Denis et

al. (1983), Shiota (1984).

1.1.2 Abnormalities In Brain Energy Metabolism -

As early as in the 50's (Bessman et al., 1955), it was suggested

that alteration of the cerebral energy state could be the primary

cause of HE. This suggestion was based on the assumption that

cerebral detoxification of ammonia occurs by an increase of

glutamine and glutamate synthesis with a subsequentional relative

depletion of alpha ketoglutarate. This process might then lead

to a diminishing turnover of Krebs cycle intermediates and

finally to a decreased production of adenosine tri-phosphate

(ATP). In this hypothesis, failure of cerebral energy metabolism

is due to a depletion of alpha ketoglutarate, but this has never

been confirmed during acute HE (Zieve et al., 1975 - 20-30 h

after total hepatectomy in dogs, Holmin, 1976 - 4 h after total

hepatectomy in the rat).

A decrease of the phosphocreatine (PCr) concentration and an

unchanged ATP concentration has been found in the brains of rats,
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4 h after hepatectomy (Siesjo et al., 1971, Holmin, 1976).

Unchanged PCr and an increased ATP concentration were found 4 h

after hepatectomy (Holmin et al., 1983) and an unchanged PCr and

ATP concentration have been observed 6S{ h after the induction of

acute liver ischemia (Funovics et al., 1978). These studies did

not take into account the occurence of different metabolic pools

or localized concentration changes. A definite answer to the

question, whether the cerebral energy state is really impaired

during acute HE has not yet been given.

1.1.3 Abnormalities In Neurotransmission -

Both in animals and human beings, the EEG is progressively

changing during the development of HE (Degos et al., 1974,

Blitzer et al., 1978, Popken et al., 1983, de Groot et al., 1985,

Livingstone et al., 1977, van der Rijt et al., 1984) as well as

the evoked responses (Zeneroli et al., 1982b, de Groot et al.,

1985, Jones et al., 1987, Levy et al., 1987), suggesting abnormal

neurotransmission during HE.

Unchanged affinity but changed number of receptors for

neurotransmitters have been observed after galactosamine- induced

hepatic encephalopathy in rabbits (Jones et al., 1984, Ferenci et

al., 1984). Increased number has been found for the receptors of

the inhibitory neurotransmitters: GABA (Schafer et al., 1983)

and glycine and decreased number have been found for the

receptors of the excitatory neurotransmitters: glutamate and

aspartate (Jones et al., 1984).. These changes may be a

consequence of altered concentrations of these neurotransnitters

in the synaptic cleft during acute HE and could potentiate neural
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inhibition (Jones et al., 1983, Ferenci et al., 1984, Jones et

al., 1984).

1.1.4 Abnornalities In Neurotransaittecs -

The most abundant excitatory neurotransmitters in brain are

glutamate and aspartate and the most abundant inhibitory

neurotransmitter is gamma-amino-n-butyric acid (GABA). The total

brain concentrations of these neurotransmitters have been studied

extensively during acute hepatic encephalopathy in animals.

L-Glutamate is also the most abundant amino acid in the brain and

can be synthesized by the following reactions (Kruk et al., 1979,

Cooper et al., 1987):

alpha-ketoglutarate + NH + NAD(P)H + H
3

+
<-> L-glutamate + NAD(P) + H O

2

L-aspartate + alpha-ketoglutarate

<-> L-glutamate + oxaloacetate

L-glutamine + H 0 — > L-glutamate + NH
2 3

[1]

f2]

[3]

Reaction 1 is catalysed by glutamate dehydrogenase, reaction 2 is

catalysed by aspartate aminotransferase and reaction 3 is

catalysed by glutaminase. Brain glutamate concentration was

found to have decreased in rats 4 h (Holmin et al., 1976) and 18

h (James et al., 1982) after total hepatectomy and 6 h after the

induction of acute liver ischemia (Biebuyck et al., 1975).
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However, other studies in rats, did not find changes in the brain

glutamate concentration, 4-7 h (Mans et al., 1979) and 10 h (Zaki

et al., 1984) after the induction of acute liver ischemia or

48-72 h after D-galactosamine induced hepatic failure (Zaki et

al., 1984).

L-Aspartate is formed in the brain by the aspartic acid

aminotransferase reaction which catalyses the transfer of the

amino group of glutamate to oxaloacetate [reversed reaction 2].

A decrease of the brain aspartate concentration has been reported

4 h (Holmin et al., 1983) and 18 h (James et al., 1982) after

total hepatectomy and 6 h (Biebuyck et al., 1975) and 4-7 h (Mans

et al., 1979) after the induction of acute liver ischemia but

there is no valid explanation for that matter.

GABA is formed by decarboxylation of L-glutamate, catalysed by

glutamic acid decarboxylase (GAD) (Kruk et al., 1979). An

increase of the brain GABA concentration has been found 4-7 h

after the induction of acute liver ischemia in rats (Mans et al.,

1979), but unchanged brain GABA concentrations were observed in

comatous rats after galactosamine induced hepatitis (Zeneroli et

al., 1982a), 6 h after acute liver ischemia in rats (Biebuyck et

al., 1975) and 4 h after total hepatectomy in rats (Holmin et

al., 1983). A decrease of GAD activity was observed by Zeneroli

et al. (1982a), but was not observed by O'Niell et al. (1979).

Whole brain GABA concentration measurements (and in general all

biochemical measurements) do not take into account the occurrence

of different pools of GABA in the brain (astrocytes, neurons).

The observed decrease of the GAD activity might be an "expression

of a derangement in GABA synthesis at the GABAergic nerve
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terminals" (Zeneroli et al., 1982a). However, GABA uptake is

increased in astrocytes and not in synaptosomes of rats with

acute HE, induced by thioacetamide (Albrecht et al., 1985). The

arguments for an abnormality in GABA mediated neurotransmission

are mainly based on the altered number of GABA receptors (Roberts

et al., 1984, see section 1.1.3), but its effects might not be

important for the pathogenesis of acute HE, since muscimol, a

potent GABAergic agonist, accelerates the development of acute HE

(Rzepczynski et al., 1986). When bicuculline or picrotoxin,

GABAergic antagonists, was given to rats with acute HE after

liver ischemia, no changes were observed in the course of the

acute HE induced by acute liver ischemia in the rat (Rzepczynski

et al., 1986). These experiments suggest that changes in GABA

concentrations or GABA mediated neurotransmission are not an

important determinant in the pathogenesis of acute HE.

Several amino acids are precursors of neurotransmitters in the

brain. Serotonine synthesis is directly influenced by the brain

tryptophan concentration, since the rate-limiting enzyme

tryptophan hydroxylase is unsaturated with substrate at normal

brain tryptophan concentrations (Mans et al., 1979, Jonung et

al., 1985). Increase of the brain tryptophan concentration has

been found 4-7 h after the induction of liver ischemia in rats

(Hans et al., 1979) and 6-8 h after the induction of liver

ischemia in pigs (Curzon et al., 1973) and 18 h after total

hepatectomy in rats (Jonung et al., 1985). Increase of the brain

serotonine concentration was observed 18 h after total

hepatectomy in rats (Jonung et al., 1985).

I
1
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Tyrosine is a precursor of dopamine in the brain and was found to

have increased 4-7 h after the induction of acute liver ischemia

(Mans et al., 1979), 18 h after total hepatectomy (Jonung et al.,

1985) and 8 h after acute liver ischemia, induced in pigs (Bloch

et al., 1978). Octopamine and phenylethanclamine, which can

displace noradrenaline and dopamine from their receptors and/or

interfere with their metabolism, have been found to have

increased 8 h after acute liver ischemia in the pig (Bloch et

al., 1978) and during acute HE, induced by the repeated injection

of thioacetamide in rats (Hilgier et al., 1985). Unchanged brain

levels of dopamine were found after 18 h hepatectomy in rats

(James et al., 1982) and a decrease of the dopamine concentration

was found 8 h after liver ischemia in the pig (Bloch et al.,

1978). Decrease of the norepinephrine concentration was observed

18 h after hepatectomy in rats (James et al., 1982) or 8 h after

liver ischemia in the pig (Bloch et al., 1978). Although these

changes were found during acute HE, decrease of the brain

dopamine or norepinephrine concentration, induced by octopamine

did not effect the alertness of normal rats (Zieve et al., 1977).

1.1.5 Morphological Changes In The Brain -

Astrocytes or in general glia cells are the cells that modulate

neuronal function and they "protect" the environment of the

neuron (Norenberg, 1981).

The functions of astrocytes, defined by Norenberg (1981) are:

1. Regulation of water and ion transport

2. Detoxification of ammonia

3. Regulation of neurotransmitter metabolism

- 8 -
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Histopathological examination of the brain during acute and

chronic HE shows the development of Alzheimer type II astrocytes.

These astrocytes are larger, have a chromatin-poor, vacuolated,

enlarged and frequenly lobulated nucleus and contain sometimes

glycogen inclusions. In principle they are found in the grey

substance of the brain and they are most prominent in the deepest

layers of the cerebral cortex. Alzheimer type II astrocyte

development occurs mainly when brain ammonia concentration has

increased. Histopathological changes in neurons have never been

described (see for review: Norenberg, 1981).

1.1.6 Other Mechanises -

Inhibition of Na+/K+-ATPase activity has beer, described 43-53 h

after D-galactosamine induced acute HE in racs (Gove et al.,

1984). Inhibition of Na+/K+-ATPase could result in an high

intracellular sodium content, impairment in membrane ion

transport and finally in brain oedema (Gove et al., 1984).

However, Albrecht et al. (1985) found an increase of the

Na+/K+-ATPase activity in astrocytes and not in synaptosomes from

rats with mild HE, induced by thioacetamide. A minor increase in

the tissue water content was only observed during severe

galactosamine induced HE in rabbits (Traber et al., 1986).

During acute HE, hyperventilation can be observed. This

hyperventilation has been assumed to elicit by acidosis via

central chemo receptors by unknown mechanisms (Siesjo et al.,

1971). Although the brain lactate concentration has increased 4

h following hepatectomi in rats (Holmin, 1976, Siesjo et al.,

1971), brain acidosis has not been observed, suggesting an
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increase of the NADH/NAD+ ratio (see section 1.2.2).

During acute HE, an increase of the permeability of the

blood-brain barrier has been found for inulin and sucrose, 10 h

after the induction of acute liver ischemia as well as 48-72 h

after D-galactosamine induced hepatic failure in rats (Zaki et

al., 1984) and 18 h after hepatectomy in rats (Livingstone et

al., 1977). However, these changes seem to occur in the later

phases of acute HE, as unchanged permeability for inulin has been

found 4 h after the induction of liver ischemia in rats

(Crinquette et al., 1982).

Within 2 h after the induction of acute liver ischemia, a small

increase of the mean intracranial pressure was found, which

continued to rise until the death of the pig (Trewby et al.,

1978). During galactosaraine induced HE in rabbits, a mild

increase of the intracranial pressure was only observed in severe

stages of HE and in the period, preceding death because of HE

(Traber et al., 1986). These changes during acute HE possibly

take place at a severe stage and therefore it is not the primary

trigger in the development of acute HE.

1.2 Ammonia induced Pathophysiological Abnormalities In The

Brain

1.2.1 Introduction -

In the previous section (1.1), a description was given of the

metabolic and neurophysiological changes in the brain during

acute HE. During acute HE, brain ammonia concentration is

- 10 -



increased (section 1.1.1) and since ammonia can play an important

role in all five mechanisms, mentioned in section 1.1.1, special

attention will be paid to the pathophysiolological abnormalities

of the brain, induced by ammonia.

1.2.2 Abnormalities In Brain Energy Metabolism -

It has been suggested (Bessman et al., 1955; that ammonia

intoxication could finally lead to a decrease of the brain alpha-

ketoglutarate concentration (see section 1.1.2). However, the

brain concentration of alpha- ketoglutarate was found to be

either normal or increased after (sub)acute ammonia intoxication

(Hindfelt et al., 1971b - acute ammonium acetate ip in rats, Lin

et al., 1985 - subacute ammonium acetate in 30 min in cats),

sustained ammonia intoxication (Hindfelt, 1972 - rats, a 7 days

continuous exposure to ammonia gas) and subacute ammonia

intoxication in cats (Raabe et al., 1984 - iv ammonium acetate at

slow rate).

After (sub)acute ammonia intoxication (Lin et al., 1985 -

subacute ammonium acetate in 30 min in cats), no changes were

observed in the cortical ATP and PCr concentration (Schenker et

al., 1967, Hawkins et al., 1973 - acute ammonium acetate ip in

rats). However, a decrease of PCr concentration was observed

after acute ammonia acetate ip in rats (Hindfelt et al., 1971b)

and mice (McCandless et al., 1981) and a decrease of ATP

concentration in the brain stem was observed by Hawkins et al.

(1973) (acute ammonium acetate ip in rats). A decrease of PCr

concentration was also observed after ip acute ammonia acetate

intoxication in porta caval shunted (PCS) rats and a decrease in

- 11 -



ATP concentration was observed, when the animals were in deep

coma (Hindfelt et al., 1977). After acute ammonia intoxication,

a decrease of ATP and PCr concentrations was observed in the

brain stem (Schenker et al., 1967, Hindfelt et al., 1971b - acute

ammonium acetate ip in rats), but not in the spinal cord (Lin et

al., 1985 - subacute ammonium acetate in 30 min in cats).

Sustained ammonia intoxication induces no changes in PCr and ATP

concentrations (Hindfelt, 1972 - a 7 days continuous exposure to

ammonia gas).

Most of these studies were performed after (sub)acute ammonia

intoxication and the question remains, whether these changes will

also occur during long standing ammonia intoxication. Finally,

Raabe et al. (1984) investigated changes after subacute ammonia

intoxication in crnts (iv ammonium acetate at slow rate) and they

found no change of PCr, ATP, ADP, AMP concentrations during the

period of changed postsynaptic inhibition (see section 1.2.3).

The difference in the results, found during acute and subacute

ammonia intoxication prevent a consensus of opinion.

During high brain ammonia levels, glutamine concentration

increases. This could be caused by an increase of the glutamine

synthesis by stimulation of glutamine synthetase, a ATP consuming

reaction (Schenker et al., 1967). However, in astrocytes,

ammonia does not stimulate glutamine synthesis (Yu et al., 1984)

and does not change ATP concentration (Yudkoff et al., 1986). In

fact, it is suggested that the brain glutamine increase during an

increased brain ammonia concentration is caused by inhibition of

glutaminase (Cooper et al., 1987).

- 12 -



During glycolysis, glucose is converted to pyruvate and this

results in the conversion of NAD+ into NADH. To make further

glycolysis possible, NAD+ must be regenerated. This could occur,

either by the conversion of pyruvate to lactate (energetically

less favorable) or by oxidation of NADH through the electron

transport chain. This cytosolic generated NADH must enter the

mitochondrial electron transport chain in order to regenerate

cytoplasmatic NAD+ and therefore transfer of reducing equivalents

Cytoplasma

NADH
\

Oxaloacetate

NAD
\

•> Malate

Mitochondria

NADH
\

Oxaloacetate

</-Ketoglularate

Aspcrlate

•» Glutamate •

Glutamine

Figure 1.1: The malate-aspartate shuttle between the
mitochondria and the cytosol.
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into the mitochondrion is necessary. This transport could be

mediated by the malate- aspartate shuttle, which consists of a

cytosolic and initochondrial form of both aspartate

aminotransferase and malate dehydrogenase. The malate- aspartate

shuttle is summarized in figure 1.1. Interruption of the malate-

aspartate shuttle by a decrease of e.g. an aspartate or

glutamate concentration, would result in a decreased transport of

reducing equivalents, finally leading to a decrease of oxidative

metabolism (Cooper et al., 1987).

During high brain ammonia levels, the lactate to pyruvate ratio

is high, reflecting an increased cytosolic redox state. This may

be due to a decreased flux through the malate- aspartate shuttle

in relation to the availability of glutamate and aspartate (see

above). A decrease of the brain glutamate concentration was

observed after (sub)acute ammonia intoxication in animals (normal

rats - Hindfelt et al., 1971b, in PCS rats - Hindfelt et al.,

1977), but unchanged brain glutamate concentration (Lin et al.,

1985 - cats, Hawkins et al., 1973 - rats) has also been observed.

A decrease of the brain aspartate concentration was observed

after (sub)acute ammonia intoxication in normal animals (Hawkins

et al., 1973 - rats, Lin et al., 1985 - cats) and in PCS rats

(Hindfelt et al., 1977). However, during sustained or subacute

ammonia intoxication, no changes were observed in the brain

glutamate concentration (Prior et al., 1972 - urease ip in rats,

Hindfelt, 1972 - rats, a 7 days continuous exposure to ammonia

gas, Raabe et al., 1984 - iv ammonium acetate at slow rate in

cats, Batshaw et al., 1986 - chronic urease iv in rats), although

in the early phases a small decrease was noticed (Hindfelt, 1972

- a 7 days continuous exposure to ammonia gas). Brain aspartate

- 14 -
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concentration was found to have decreased (Prior et al., 1972

urease ip in rats) or unchanged (Hindfelt, 1972 - a 7 days

continuous exposure to ammonia gas, Batshaw et al., 1986 -

chronic urease iv in rats) during sustained ammonia intoxication.

Although the increase of lactate concentrations could be a

consequence of an impaired shuttle mechanism, this is not

supported in literature by consistent data of distinct changes of

concentrations of aspartate or glutamate. We are not aware of

studies on changes in fluxes through the shuttle during HE or

hyperammonemia.

After (sub)acute ammonia intoxication both decreased, unaltered

as well as increased brain glucose concentration have been found

(acute ammonium acetate ip in rats - Schenker et al., 1967,

Hawkins et al., 1973 or mice - McCandless et al., 1981, Lin et

al., 1985 - subacute ammonium acetate in 30 min in cats). Brain

glycogen was found to have decreased (acute ammonium acetate ip

in rats - Schenker et al., 1967, Hawkins et al., 1973 or mice -

McCandless et al., 1981). However, during subacute ammonia

intoxication, no changes were observed in the glucose and

glycogen concentration of the spinal cord in cats (Raabe et al.,

1984 - iv ammonium acetate at slow rate).

An increase of the brain lactate and pyruvate concentration was

observed after acute ammonia acetate intoxication in rats

(Hindfelt et al., 1971b, Hawkins et al., 1973) or mice

(McCandless et al., 1981), after subacute ammonium acetate in 30

min in cats (Lin et al., 1985), after acute ammonia intoxication

in PCS rats (Hindfelt et al., 1977) and after sustained ammonia

intoxication (Hindfelt, 1972 - rats, a 7 days continuous exposure

- 15 -



to ammonia gas) and is significantly correlated to the brain

ammonia concentration (Lin et al., 1985). An increase of lactate

concentration was also observed in the spinal cord during

subacute ammonia intoxication (Raabe et al., 1984 - iv ammonium

acetate at slow rate) and in rat brain cortical slices (Benjamin

et al., 1978). Since the arteriovenous difference in lactate

after acute ammonia intoxication doesn't change (Hawkins et al.,

1973 - acute ammonium acetate ip in rats), this endogenous

production of lactate indicates that anaerobic glycolysis is

stimulated. One explanation could be the combination of

stimulation of phosphofructokinase by ammonia (Abrahams et al.,

1971), the inhibition of the tricarboxylic acid enzyme,

isocitrate dehydrogenase and the above mentioned suggested

inhibition of the shuttle (Kvamme et al., 1983, Cooper et al.,

1987). This increase of the brain lactate might act as a

homeostatic mechanism for intracellular acid-base regulation to

counteract the increase of intracellular pH, resulting from the

influx of ammonia (Lin et al., 1985).

1.2.3 Abnormalities In Neurotransaission -

Chronic ammonia intoxication induces EEG slow wave activity,

which is related to the occurrence of histopathological changes

in the brain (Cole et al., 1972 - chronic ammonium acetate iv in

monkeys). Subacute ammonia intoxication induces a dose dependent

decrease of the hyperpolarizing action of the postsynaptic

inhibition (lies et al., 1980 - iv ammonium acetate at slow rate,

Raabe et al., 1984, Raabe et al., 1985 - iv ammonium acetate at

slow rate in cats) and is related to changes in the EEG (Raabe et

al., 1985). In brain slices, ammonia also induces a partial

- 16 -
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suppression of the frequencies of spontaneous action potentials

(Benjamin et al., 1978). It seems justified to conclude that

ammonia intoxication induces an alteration of normal

neurotransmission either by its direct effects or by its indirect

effects (Hamberger et al., 1981) (see section 1.2.4).

1.2.4 Abnormalities In Neurotransaitters -

To understand the effects of ammonia on neurotransaitter

Blood
Pre-synaplic neuron

Glutamine

Astrocyte

Glutamine

ATP

Glutamate NHNH3 Glutamate

e<-Ketoglutarate <K-Ketoglutarate

Figure 1.2: Metabolic pathways and compartimentation of ammonia
related brain metabolism.
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metabolism, it is necessary to have an insight in brain nitrogen

metabolism.

A compartmentation of neurotransmitter metabolism in either

neurons or astrocytes has been demonstrated, since the major

pools of glutamate, aspartate and probably GABA, are located in

the neuron (Benjamin et al., 1975), whereas the 'small'

compartment, localized in the astrocyte, may be more important in

the regulation of the neu rot transmitter metabolism. This

compartimentation and the metabolic pathways are summarized in

figure 1.2. E.g., this 'small' compartment contains about 7% of

the brain glutamate (Cooper et al., 1985).

Brain ammonia detoxification (both endogenous and exogenous)

takes place almost exclusively in the astrocyte with the use of

glutamine synthetase I reaction 4] (Cooper et al., 1979, Berl el

al., 1984) and this process is localized in the astrocyte

(Norenberg et al., 1979). Detoxification of ammonia in the

astrocyte by glutamate dehydrogenase [reaction 6, see below)

plays a minor role (Cooper et al., 1985).

L-Glutamate + NH + ATP — > L-Glutamine + ADP + Pi [41
3

The formed glutamine is taken up by the neuron (Benjamin et al.,

1975, Bradford et al., 1978) and with the use of the neuronal

localized enzyme glutaminase [reaction 5], backformation of

glutamate occurs. Glutamine is possibly the main precursor of

neuronal glutamate (Hamberger et al., 1979b).

L-Glutamine + H O — > L-Glutamate + NH
2 3

[5]

This glutamate is then available for neurotransmission and on
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stimulation released into the synaptic cleft. Hereafter, the

glutamate is taken up by the astrocytes (Benjamin et al., 1975,

Yudkoff et al., 1986) and the glutamate- glutamine cycle is

complete.

In astrocytes (Norenberg, 1976), the flux through the glutamate

dehydrogenase reaction [reaction 6] is in favour of alpha-

ketoglutarate formation (Yu et al., 1984, Cooper et al., 1987).

Glutamate + HAD(P) + H 0
2

+
<-> alpha-ketoglutarate + NAD(P)H + NH + H [6]

3

Alpha- ketoglutarate is transported from astrocyte to neuron

(Shank et al., 1984a, Shank et al., 1984b), whereas reaction 6 is

possibly in favour of glutamate formation. Glutamate is

subsequently used for neurotransmission thus making the alpha-

ketoglutarate- glutamate cycle complete. This alpha-

ketoglutarate uptake by neurons is modulated by glutamine and

glutamate (Shank et al., 1984a), indicating a close interaction

between the glutamate- glutamine cycle and the alpha-

ketoglutarate- glutamate cycle.

Ammonia is part of these cycles [reaction 4, 5 and 6] and

therefore plays an important role in glutamate mediated

neurotransmission. Ammonia inhibits brain synaptosomal

glutaminase at a concentration of 0.7-1.0 mmol/kg ww (Benjamin,

1981). This is in contrast with the saturation of glutanine

synthetase which occurs at lower ammonia concentration (0.2-0.5

mmol/kg ww) (Benjamin, 1981). Normal brain ammonia levels are
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between 0.2-0.3 mmol/kg ww (Kvamme et al., 1983, Cooper et al.,

1987). These enzyme features could lead to a fall of the

neuronal concentration of glutamate and a dimished glutamate

neurotransmission (Benjamin, 1981) during increasing brain

ammonia concentrations.

However, during moderately increased brain ammonia concentrations

in rats, induced by 8 wks of PCS or by urease induced

hyperammonemia, glutamate dehydrogenase, glutaminase and

glutamine synthetase activities didn't change (Cooper et al.,

1985) and the glutamine formation in astrocytes was unaffected

(Matheson et al., 1975, Yu et al., 1984). Small decreases of the

brain glutamate concentration have been observed after ammonia

intoxication (see section 1.2.2), but in vivo assessment of

glutamate concentrations in either the 'small' or 'large'

glutamate compartment is not possible at this moment (Cooper et

al., 1985). These small changes in glutamate concentrations may

be located in the 'small' pool and can be the result of

substantial metabolic changes in the astrocytes (Cooper et al.,

1985) and are possibly enhanced by the increased activity of

glutamate dehydrogenase in the astrocytes after sustained ammonia

intoxication (daily ammoniated cation exchange resin) in PCS rats

(Norenberg, 1976).

Brain ammonia detoxification during increased brain ammonia

concentrations still, almost exclusively, takes place through

reaction 4 and this implicates that the brain has little capacity

to buffer excess ammonia influx (Cooper et al., 1985).

Ammonia also induces changes in the neuronal glutamate

metabolism. Glutamate biosynthesis in the releasable pool in the
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neuron, is rapidly regulated, primarily by the uptake of

glutaraine and the activation of glutaminase (Hamberger et al.,

1979c). Increased ammonia concentrations cause a reduction of

the evoked release in brain slices of glutamate (Hamberger et

al., 1979a, Hamberger et al., 1981), but not of GABA (Hamberger

et al., 1981). Ammonia also efficiently inhibits the utilization

of glutamine for glutamate synthesis in the nerve terminals

(Hamberger et al., 1981). Consequently it causes a depletion of

the glutamate pool in the nerve terminals to occur, because

glutamate is not adequately resynthetized (Hamberger et al.,

1981). In conclusion: a raised brain ammonia concentration has

a great impact on the glutamate dependent neurotransmission.

1.2.5 Morphological Changes In The Brain -

The most striking morphological changes induced by ammonia are

the development of Alzheimer II type astrocytes (see section

1.1.5). The appearance of these cells resembles cells with a

depressed energy state and may therefore be the result of a

decreased ATP concentration as a consequence of intensive ammonia

detoxification (see for review, Norenberg, 1981, Cooper et al.,

1987).

Changes in neuronal elements were described during sustained

ammonia intoxication (daily ammonia containing gavage feeding) in

PCS rats (Pilbeam et al., 1983), but during sustained iv ammonia

acetate intoxication in monkeys, no changes were observed in

neurons, axons, myelin and blood vessels (Cole et al., 1972). No

definitive answer can be given to the question, whether neurons

are damaged by acute as well as chronic high brain ammonia

concentrations.

.;:srr ;

< ••.;•• j i



1.2.6 Other Mechanism -

Acute ammonia intoxication produces an increase of intracranial

pressure, due to a progressive vascular paralysis with the

eventual loss of cerebral autoregulation and carbon dioxide

response (Altenau et al., 1977). The literature about the

effects of hyperaramonemia on cerebral oxygen consumption (CMR02)

is rather confusing. In normal rats, acute ammonia intoxication

induced an increase of CMRO2 and cerebral blood flow (CBF)

(Hawkins et al., 1973, - Gjedde et al., 1976). In rats, 4 weeks

after portacaval shunting (PCS), no effects were measured,

whereas 8 weeks after PCS, a decrease of the CMR02 and CBF were

observed (Gjedde et al., 1976). Although decreased CMRO2 during

hyperammonemia is in accordance with an inhibited Krebs cycle, a

good explanation for all observations is lacking. Acute ammonia

intoxication does not influence intracerebral pH (Hindfelt et

al., 1971a - acute ammonium acetate ip in rats).

1.3 Aim Of The Thesis

Progress in the elucidation of the pathogenesis of acute HE has

partly been hampered by the lack of reliable quantitative

parameters of HE in animals and man. The first aim of this study

was to develop such a quantitative parameter in order to be able

to correlate biochemical and electrophysiological changes. From

literature it appeared that EEG power density spectral analysis

might be a worthwile approach and was therefore further evaluated

(chapter 2).

The second aim was to answer the question whether changes in
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cerebral energy metabolism play an important role in the

pathogenesis of acute HE. Since experiments, described in

literature and based on post-mortem tissue extraction and

biochemical analysis did not lead to definite conclusions, we

developed iji vivo brain 31P-Nuclear Magnetic Resonance (31P-NMR)

spectroscopy of the conscious rat (chapter 3) in order to perform

31P-NMR spectroscopy of the rat brain ^n vivo during the

development of acute HE (chapter 4).

The third aim was, whether changes in the balance of excitatory

and inhibitory neurotransmitters may play an important role.

Therefore these substances were studied by measuring them in

intervals over time. Plasma and brain concentrations of several

amino acids and ammonia were measured after sacrificing the

animal in subsequent time intervals (chapter 5) as well as by

'H-NHR spectroscopy (chapter 7). A correlation between these

metabolites and the severity of HE was made possible by

simultaneous EEG spectral analysis.

In addition to these studies, the question was raised whether

polyamines could play a role in the pathogenesis of acute HE

(chapter 6), since an increase of plasma polyamines was reported

in patients with acute HE (Desser, 1981). However, no reports

were available about changes in brain polyamine concentrations

during acute HE.

Finally an attempt was made to elucidate the significance of all

observations in relation to the old hypothesis that an increase

in plasma and brain ammonia plays a role in the pathogenesis of
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acute HE. For this reason, inhibition of brain glutamine

synthetase by methionine sulfoximine (MSO) and hyperammonemia by

urease administration were used as two 2 experimental models of

subacute hyperammonemia (chapter fl).

In chapter 9, these results are summarized and a hypothesis on

the pathophysiological mechanism of acute hepatic encephalopathy

will be proposed.
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2 CORRELATION BETWEEN ELECTBOENCEPHALOGRAPHIC AND BIOCHEMICAL

INDICES IN ACUTE HEPATIC ENCEPHALOPATHY IN RATS

This chapter has been partly published (Chamuleau et al., 1987).

2.1 Introduction

In spite of extensive experimental research during the last 2

decades, the exact pathogenesis of hepatic encephalopathy (HE)

has not been elucidated (Crossley et al., 1983, Editorial, 1984,

Frazer et al., 1985). Progress has been hampered partly through

lack of reliable quantitative parameters of HE (van der Rijt et

al., 1984) and partly through a 'confusion' of observations of

acute and chronic HE (Frazer et al., 1985). Quantitative

measurement of the severity of HE has been approached by

biochemical, psychomotoric, EEG and Evoked Response (ER)

parameters. To date, no specific biochemical changes in plasma,

brain or cerebral spinal fluid concentrations of ammonia, amino

acids, mercaptans, indoles, biogenic amines, short chain fatty

acids, etc, have been demonstrated for either acute or chronic HE

(Crossley et al., 1983). Therefore, the toxic agent(s)

responsible for acute or chronic HE is (are) still unknown.
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Psychomotor tests are not specific, showing considerable overlap

with other neuropsychiatric disturbances (Matos et al., 1984,

Gitlin et al., 1986), EEG analysis, EEG provocative tests

(Parsons-Smith et al., 1957, Hawkes et al., 1970, Kardel et al.,

1972, Hawkins et al., 1973, van der Rijt et al., 1984) and ER

studies (Zeneroli et al., 1982, Pappas et al., 1984) are hampered

by the same drawbacks.

In the present study we have restricted ourselves to the

evaluation of changes in biochemical and electroencephalographic

parameters during the development of acute (within 8 h) and

subacute (36-50 h) HE. Acute liver necrosis was obtained by

ligation of the hepatic artery in previously portacaval shunted

rats, and subacute HE was obtained by intraperitoneal injection

of a high dosis of galactosamine (GALN).

By killing one part of these animals at an early stage of GALN

hepatitis (24-36 h) and another part at the end stage (44-50 h),

three groups of rats were created with increasing severity of

impaired liver function.

Our first concern was to define a more or less objective

parameter of the early phases of HE in rats. From our own

experience (Popken et al., 1983) and that of others (van der Rijt

et al., 1964, de Groot et al., 1985), we decided to use

computerized frequency analysis of the EEG as a useful parameter

to quantify the severity of (sub)acute HE.

Follow up over time of changes in plasma concentrations of a

large number of biochemical indices during acute HE was our other

attempt to 'quantify' the liver-brain interaction. Finally, all

these biochemical and electroencephalographic data have been used
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for statistical correlation studies. To our knowledge, a

comparable statistical correlation of such a number of parameters

during (sub)acute HE in rats has never been reported before in

literature.

2.2 Material And Methods

2.2.1 Acute Liver Ischemia -

Male Wistar rats, TNO-Zeist, weighing 220-330gr were used. EEG

was recorded from the unanaestheti2ed rat using the head-body

holder as described by Deutz et al. (1986). Complete liver

ischemia was obtained in 8 rats by tightening up, without

anaesthesia, a wire around the coeliac trunk. This wire was left

in situ during the portacaval shunt surgical procedure on the

previous day. EEG recordings were made every hour and total

follow up was about 8.5 hours. Rats were sacrificed at the end

of the experiment and blood was taken for analysis. Hypoglycemia

was prevented by repeated hourly injections of 1-2 ml glucose

(5%) intraperitoneally. As a decrease of body temperature could

be expected after the initiation of liver ischemia, body

temperature was hereafter artificially maintained at 33°C +

0.3°C.

2.2.2 Galactosamine Hepatitis -

22 male Wistar rats (body weight 300-350gr) were implanted with

four golden epidural electrodes in the frontal and parietal

regions of the skull as described by Popken et al. (1983).

In this series, (sub)acute liver failure was obtained by

intraperitoneal injection of galactosamine HC1 (lg/kg), freshly
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prepared and buffered to pH 7.2-7.4 on the day of injection.

Rats were fed standard laboratory chow and drinking water

containing 10% glucose. EEG recordings were made each 3h in the

beginning and hourly during the period of decreased

consciousness.

If spontaneous drinking ceased, glucose 2.5%/NaCl 0.45% was

infused subcutaneously in order to prevent hypoglycemia and

dehydration. Rats were sacrificed for blood analysis at 24, 36,

44 and 50h after GALN injection.

Control rats received an intraperitoneal injection of an equal

amount of physiological saline.

2.2.3 Acute Pancreatitis -

A small serie of rats (n=3) underwent severe acute pancreatitis

by injection of 0.2 ml 5% Sodium Taurocholate into the common

bile duct (Lange et al., 1985); the observation period was 24h.

2.2.4 Clinical Evaluation -

In all experimental groups the level of consciousness was

determined by observing, at regular intervals, the amount of

spontaneous activity, the presence of the righting reflex and the

reaction to a painful stimulus.

2.2.5 EEG Spectral Analysis -

Power density spectra were obtained as described by Kropveld et

al. (1983). Spectral analysis was done for four band regions,

and the parameters calculated for the range 1-26.5 Hz were the

mean dominant frequency (NDF) and the relative Delta, Theta,

Alpha and Beta activities. The MDF was calculated in the range 1
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to 26.5 Hz, according to de Groot et al. (1985). Delta activity

comprised frequencies 1.0-3.4 Hz, Theta 3.5-7.4 Hz, Alpha

7.5-13.4 Hz and Beta 13.5-26.5 Hz. The relative band

contributions were expressed as percentages of total power, and

the ratios were calculated from the absolute values of band

powe r.

2.2.6 Biochemical Analysis -

After death, blood was immediately stored on ice. Ammonia,

alanine aminotransferase (ALAT) and glucose were determined

according to standard techniques in our department of clinical

chemistry. Amino acids (including ethanolamine) were analysed on

a Beckman amino acid analyser in accordance with a standard

technique. Branched chain amino acids (BCAA) were valine,

leucine, isoleucine; aromatic amino acids (AAA) were:

phenylalanine and tyrosine.

Statistical analysis was done by using the BMDP statistical

software package (1985). The Student's t-test for unpaired data

was used to compare the means. Linear regression analysis was

used to calculate the correlation coefficients.

2.3 Results

In both models of severe liver damage rats developed signs of HE.

However, after nearly 9h of liver ischemia the level of

consciousness varied greatly between the rats. This decrease of

consciousness ranged from loss of spontaneous activity to subcoma

with the loss of the righting reflex and reaction only on a

- 37 -

. i

I
i

. i
) :

. •? • •' -hi



painful stimulus. A comparable variation in consciousness was

also observed in the 36-h period following GALN administration.

All rats with acute liver ischemia showed remarkable changes in

their EEG power density spectra, as defined by an increase of

activity in the low-frequency region.

Figure 2.1 shows a significant increase (P<0.01) of the

delta/theta, delta/beta and delta/alpha ratio after 4.5 hours of

ischemia. This increased low-frequency activity is also

reflected in a significant decrease (P<0.01) of MDF in the 5-8.5h

period (figure 2.2). Division of the rats with acute liver

ischemia in a group with minor and a group with severely impaired

consciousness did not reveal significant differences in the

course and the severity of the EEG changes (not shown).

Qualitatively, the same spectral changes were observed during

GALN hepatitis after about 36 h: the delta/alpha and delta/beta

and delta/theta ratio (figure 2.3) were raised significantly.

This increased low-frequency activity is associated with a

significant (P<0.01) decrease of the MDF (figure 2.4).

This increased low-frequency activity of the EEG was not observed

in rats after induction of severe acute pancreatitis (not shown).

All 3 rats showed signs of severe illness: loss of spontaneous

activity and slow reaction on painful stimuli, suggesting some

form of encephalopathy. However, plasma ammonia varied shortly

before death between 80 and 180 /mo1/1.

Table 2.1 shows the biochemical results for the rats with liver

damage at the tine of death. As expected, ALAT and ammonia are
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substantially increased during severe liver damage in both

experimental models; ammonia concentration seems to increase

2 3 4 5 6 7
Tine (hour) ~>

8

• Delta/Theta ratio

© Delta/Rlpha ratio

A Delta/Beta ratio

Figure 2.1: Tine course of EEG frequency band ratio's after
acute liver ischemia. Values are means ± SEM.
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parallel to progression of the severity of the liver failure.

Furthermore, all measured amino acids (except histidine and

arginine) are significantly increased in the end stage of GALN

hepatitis and severe ischemia (table 2.1, last 2 columns),

whereas a tendency towards increased plasma amino acid levels

already starts 24-36 h after GALN injection, although not for

every individual amino acid (Table 2.1, first and second column).

The BCAA/AAA ratio decreases significantly during both models of

liver insufficiency. The individual concentrations of BCAA show

smaller increases after 8.5h of liver ischemia than after 50h

GALN hepatitis. Phenylalanine reaches its highest value during

1 2 3 4 5 6 7
Tine (hour) ->

8

Figure 2.2: Time course of HDF after acute liver ischemia.
Values are means + SEN.
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acute liver ischemia (table 2.1).

A correlation matrix of all biochemical parameters, the

normalized delta/beta ratio and plasma ammonia concentrations at

the time of death is shown in table 2. II. Since initial EEG

T_

15 30 45 60

Tine (hoar) ->
Dashed is Galactosaninei Line is Controls
• Delta/Theta ratio A Delta/Beta ratio
© Delta/Rlpha ratio

Figure 2.3: Time course of EEG frequency band ratio's during
severe GALN hepatitis. Values are means + SEM.
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values of the liver ischemia group (derivation from the frontal

and occiptal screws in the head-body holder) differed from those

of the GALN group (derivation from stereotactically implanted

golden electrodes), normalization of the EEG data was needed

before comparison of data was possible. In GALN-hepatitis,

significant (P<0.01) positive correlations were found between the

normalized delta/beta ratio, ammonia, threonine, proline,

cystine, methionine, cysthathionine, phenylalanine and

tryptophan. Comparable significant (P<0.01) correlations were

found when all data were combined and additional significant

correlations were found for taurine, alanine, ornithine and

histidine. Plasma ammonia correlated very well during

GALN-hepatitis with most of the amino acids, shewn in table 2.II.

Combining all data improves these correlation coefficients.

0D_

15 30 45 60
Tine (hour) ->

Dashed is Galactosanine. line is Controls

Figure 2.4: Time course of MDF during severe GALN h e p a t i t i s .
Values are means + SEN.
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Figure 2.5 shows the relation between the normalized delta/beta

ratio and the plasma ammonia concentration, which has the highest

Table 2.1:
Plasma concentrations of 30 biochemical parameters during
severe GALN hepatitis and acute liver ischemia in rats

Normal | Galactosamine | Liver ischemia
| 24-36 hour | 44-50 hour | 8.5 hrs

Sample size

ALAT(u/l)
ammonia

(/umol/1)

BCAA/AAA
ratio

Taurine
Aspartate
Hydroxy -
proline

Threonine
Serine
Asparagine
Glutamate
Glutamine
Proline
Glycine
Alanine
Citrulline
Valine
Cystine
Methionine
Cystha-

Lnioninc
Isoleucine
Leucine
Tyrosine
Phenyl-
alanine

Tryptophan
Ethano-

lamine
Ornithine
Lysine
Histidine
Arginine

10

24+3

104+4

2.62+0.10

0.15+0.02
0.01+0.001
0.02+0.002

0.14+0.02
0.36+0.03
0.06+0.006
0.09+0.009
0.69+0.04
0.13+0.007
0.42+0.02
0.67+0.07
0.05+0.003
0.12+0.007

0.00
0.05+0.004

0.00

0.06+0.005
0.11+0.007
0.06+0.005
0.05+0.003

0.05+0.005
0.00

0.10+0.02
0.37+0.02
0.06+0.003
0.09+0.02

1 11

2960+422°

315±56

1.65±0.21°

0.32+0.04°
0.06+0.02°
0.03+0.007

0.42+0.08°
0.54+0.08
0.11+0.01°
0.26+0.04°
1.34+0.41
0.28+0.03°
0.70+0.08°
1.63+0.32
0.11+0.02
0.39+0.05°
0.03+0.004°
0.16+0.02°
0.002+ 0.001

0.16+0.015°
0.35+0.04°
0.57+0.13°
0.09+0.008°

0.08+0.02
0.04+0.008°

0.38+0.05°
1.21+0.27°
0.01+0.002°

0.00°

1 U

3083±421°

523±87°

0.95+0.24°

0.35+0.05°
0.08+0.01°
0.09+0.01°

0.85+0.08°
1.16+0.11°
0.31+0.05°
0.37+0.08°
3.25+0.36°
0.67+0.07°
1.38+0.13°
2.09+0.34°
0.13+0.02°
0.46+0.04°
0.06+0.02°
0.26+0.03°
0.02+0.004

0.19+0.02°
0.46+0.04°
1.36+0.21°
0.24+0.04°

0.13+0.02°
0.00§

0.77+0.07°
2.05+0.27°
0.03+0.009

0.00°

§

§

S
§
S

§
§

§
°§

§
§

§

§

°s

1 7

5697±811°£

977+125°£

0.73±0.13°

0.58+0.07°£
0.13+0.02°
0.13+0.02°

0.90+0.12°
1.18+0.15°
0.16+0.02°
0.36+0.07°
5.91+1.55°
0.57+0.05°
2.17+0.36°
2.92+0.38°
0.15+0.02°
0.34+0.03°
0.01+0.003
0.39+0.06°
0.02+0.002

0.15+0.01°

£
£

£

£

£

£
°£

0

0.28+0.03°£
0.58+0.09°
0.64+0.09°

0.15+0.02°
0.11+0.01°

1.16+0.14°
4.41+0.70°
0.21+0.02°

0.00°

£
£

£

£
£

Values (mmol/1) are mean + S.E.M.
0 - P<0.01 vs Normal.
£ - P<0.01 Galactosamine 44-50h vs Liver ischemia.
$ - P<0.01 Galactosamine 24-36h vs 44-50h.
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R-value (R=0.66)

2.4 Discussion

Table 2.II:
Correlation coefficients of the biochemical and EEG parameters

Plasma
values

ALAT
Ammonia
BCAA/AAA
Taurine
Aspartate
Hydroxy-
proline

Threonine
Serine
Asparagine
Glutamate
Glutamine
Proline
Glycine
Alanine
Citrulline
Valine
Cystine
Methionine
r*\rc •• Via
Lyscna—
thionine

Isoleucine
Leucine
Tyrosine
Phenyl-
alanine

Tryptophan

lamine
Ornithine
Lysine
Histidine
Arginine

Normalized delta/beta P.atio
GALN+Norm
n=27§

0.3513
0.5765°

-0.2568
0.1650
0.0813

0.3703
0.4876°
0.3423
0.3508
0.0634
0.3192
0.5274°
0.2707
0.4602
0.2635
0.2260
0.5929°
0.4732°

0.5476a
0.4200
0.5005
0.4513

0.5296°
0.5145°

-0.3819
0.3914
0.4327
0.4631

-0.0594

All groups
n=34§

0.3404
0.6599°

-0.3281
0.4353°
0.1641

0.3257
0.4398°
0.3013
0.2904
0.0078
0.2752
0.4980°
0.2470
0.4369°
0.4002
0.1144
0.4056
0.4465°

0.5723°
0.2587
0.3075
0.3095

0.4368°
0.5423°

0.0786
0.4967°
0.4216
0.5290°
-0.0811

Plasma
GALN+Norm
n=27§

0.4530
-

-0.4339
0.3170
0.3026

0.6404°
0.5801°
0.6161°
0.6902°
0.3735
0.3952
0.7480°
0.6705°
0.7595°
0.4345
0.7258°
0.5036°
0.7692°

0.4137
0.8001°
0.8156°
0.7001°

0.7147°
0.4909°

-0.0605
0.7742°
0.8153°
0.1964
-0.2489

ammonia
| All groups
| n=34§

| 0.6311°
-

-0.5492°
0.5558°

i 0.5423°

0.7087°
0.6380°
0.6585°
0.4133
0.3826
0.6345°
0.6834°
0.7188°
0.7743°
0.5456°
0.4425°
0.1501
0.8237°

0.4761°
0.4762°
0.4331°
0.4008

0.8334°
0.5727°

0.4837n
0.8431°
0.8704°
0.1500
-0.2394

n - P<0.01.
S In only 5 control rats of Table 2.1 were EEG parameters and
biochemical data were obtained at the same time and therefore
useful for statistical correlation.
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In order to obtain more insight into the pathogenesis of

(sub)acute HE, we have studied two different experimental models

of hepatic failure in rats: complete liver ischemia and severe

a"
to

t-S"

(D .

(D

•

O

400. 800. 1200. 1600.
Plasna ENH3] (unol/1) ->
• Galactosanine + controls
O Liver ischenia

f

Figure 2.5: Correlation between normalized delta/beta ratio and
plasma ammonia during acute liver failure.
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GALN hepatitis.

One striking result of the present study is the resemblance

between the EEG changes in both models. These changes are

characterized by a significant increase in low-frequency activity

of the EEG power density spectrum parallel to an increase of

total power (not shown): the so- called 'left shift'.

This 'left shift' seems to be more or less specific, since it was

not observed in rats with severe pancreatitis or during ether or

pentobarbital anaesthesia or diazepam supply (Popken et al.,

1983).

In acute liver ischemia, low-frequency activity increases

significantly after 4-5h and in GALN hepatitis after about 30h.

The observed discrepancy between the rather large variation in

the severity of clinical symptoms and the rather low SEM of the

EEG changes suggests that clinical symptoms of HE in these rats

is marginally reflected in EEG changes. Further studies on this

relation are described in chapter 8. Because of the more or less

gradually occurring deterioration of the EEG during the

progression of liver insufficiency, we believe that EEG spectral

analysis ('left shift') is a more reliable parameter of the

development of HE in rats. At this moment it is difficult to ;

give a good explanation for the occurrence of the 'left shift',

but it is very likely that changes in the balance of excitatory ;;

and inhibitory neurotransmitters play an important role. %

I
Shortly before death, total power and low-frequency activity | i.

I - i

declined rapidly (not shown). The occurrence of this 'collaps' § 1

at a terminal stage of liver failure is probably related to a I >

substantial increase of intracranial pressure, as described in

acute liver ischemia in pigs (Trewby et al., 1978). As a
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decrease of EEG power has been observed in a state of reduced

cerebral perfusion, caused by increased intracranial pressure

(Prior, 1985), it seems rather unlikely that the early observed

'left shift', in combination with an increase of total power, is

caused by the early development of brain oedema. However, this

phenomenon was not studied under our experimental conditions.

Changes in biochemical indices are very impressive, and again it

is remarkable that comparable changes can be observed in acute

liver ischemia as well as in (sub)acute GALN hepatitis. All

amino acids, ammonia and ALAT are significantly elevated in

plasma during the development of (sub)acute HE (table 2.1,

exceptions are histidine and arginine in GALN hepatitis and

arginine in liver ischemia). These findings are in agreement

with acute fulminant hepatitis in man (Rosen et al., 1977), and

liver devascularization experiments in pigs (Mazziotti et al.,

1981), and are explained partly by leakage from necrotic

hepatocytes and partly by impaired metabolism. This is also in

agreement with the finding that a different plasma amino acid

pattern has been observed in total hepatectomy in pigs (Mazziotti

et al., 1981).

Common factors of both our models are impaired energy metabolism

and necrosis of hepatocytes: in GALN hepatitis a lack of OTP

impairs synthesis of macromolecules with consequently damaged

cell and organelle membrane structures, and in acute liver

ischemia depletion of oxygen and nutrients accelerates hepatocyte

necrosis. Therefore, it is not surprising that both models show

qualitatively the same electroencephalographic and biochemical

changes, although the speed of events differs remarkably. With

this in mind, one could consider these three groups of rats (36h
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of GALN hepatitis, 48h of GALN hepatitis, and acute liver

ischemia) as a continuum of progressive liver cell failure and

consequently progressive HE. For this reason it was of great

interest to look for statistical correlations between parameters

of the 'left shift' and the biochemical data in separate and

combined experimental conditions (table 2.II). During GALN

hepatitis, quite a number of amino acids and ammonia correlate

with the so-called 'left shift' at a significance of P<0.01

(table 2.II).

Considering the combined data (second column table 2.II and

figure 2.5) it is striking that again quite a number of amino

acids and ammonia correlate with the normalized delta/beta ratio

at a level of significance of P<0.01.

Figure 2.5, as one example of a calculated regression line, shows

that the data obtained from the small number of ischemia

experiments 'integrate' very well with the data of the larger

number of GALN rats. This holds also, although to a lesser

extent, for the other amino acids in the second column of

table 2.II with a significance of P<0.01.

The last two columns of table 2.II shows the relationship between

plasma ammonia concentrations and plasma amino acid

concentrations. Almost all amino acids correlate significantly

with the plasma ammonia concentration and most of these

correlations, except for asparagine, proline, cystine, tyrosine

and the AAA's, are even improved by combining the data. The

worsening of the correlation of tyrosine can be explained by the
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fact that the liver during liver ischemia is more severe damaged 51

and therefore the rate of hydroxylation of phenylalanine by the •

liver is decreased (Zaki et al., 1984).

Increase of the plasma ammonia concentration reflects probably a

combination of lysis of necrotic liver tissue, protein breakdown

and the absence of normal liver metabolic functions (James et

al., 1982). The concomitant increase of the plasma amino acids

and the decrease of the AAA's are probably a result of the same

mechanism. Of course- we are aware of the possible etiological

role of ammonia, BCAA, AAA, tryptophan and methionine in HE

(Curzon et al., 1973, Knott et al., 1975, James et al., 1979,

James et al., 1982, Crossley et al., 1983, Editorial, 1984,

Frazer et al., 1985), but the concomitant change in plasma

ammonia and plasma amino acid concentrations do not justify

speculations about the possible contribution of these changes in

the pathogenesis of (sub)acute HE.

The present study shows that EEG spectral analysis can be used as

a semiquantitative parameter of (sub)acute HE in rats. It opens

the possibility to study HE in relation to changes in brain

biochemical parameters and/or to study provocation of HE by

infusion of possible etiological factors.

2.5 Suaaary

Changes in biochemical and electroencephalographic parameters

were followed over time during the development of acute hepatic

encephalopathy (HE) in two different experimental models.
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In the rat, (sub)acute liver failure was obtained either by

ligation of the hepatic artery in previously portacaval shunted

animals or by intraperitoneally injection of a high dosis of

galactosamine (GALN).

The EEG changes were characterized in both models by a

significant increase in low-frequency activity of the EEG power

density spectra: the so called 'left shift'. This 'left shift'

was significant in liver ischemia after 4-5 h and in GALN

hepatitis after about 30h. The changes in plasma biochemical

indices also showed a great similarity in both models. The

concentration of all measured plasma amino acids (except

histidine and arginine in GALN hepatitis and arginine in liver

ischemia), ammonia and ALAT were significantly increased during

the development of (sub)acute HE.

Correlation of the combined data of electroencephalographic and

biochemical indices showed a significant (P<0.01) correlation

between the 'left shift' and ammonia, taurine, threonine,

proline, alanine, methionine, cystathionine, phenylalanine,

tryptophan, ornithine and histidine, but as plasma amino acid

concentrations correlate even better with plasma ammonia

concentrations, speculations about their role in the pathogenesis

of (sub)acute hepatic encephalopathy are hazardous.

It is concluded that EEG spectral analysis is a useful parameter

for following the development of (sub)acute hepatic

encephalopathy in relation to biochemical parameters.
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3 BRAIN "P-NHR SPECTROSCOPY IN THE CONSCIOUS RAT

This chapter has been partly published (Deutz et al., 1986).

3.1 Introduction

31P-NMR spectroscopy (NMRS) offers a unique opportunity to study

cerebral energy metabolism in vivo and therefore we implemented

this method with the purpose to apply it in the study on the

pathogenesis of acute hepatic encephalopathy.

NMR spectroscopy is based on the principle that when atoms (in

our case phosphorus atoms) with certain magnetic properties are

placed in a magnetic field, they will be partially aligned,

resulting in a detectable magnetization, parallel to the applied

magnetic field («Ho). A short radio frequency pulse rotates this

magnetization over a certain angle, the flip angle, away from the

direction of Ho. The result is a response (free induction decay

(FID)), with a specific frequency, the resonance frequency which

can be picked up with an appropriate radio frequency coil. The

molecular environment of the phosphorus atom (e.g. the

phosphorus atom in ATP or phosphocreatine) causes an alteration

, - 5 3 -
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of the resonance frequency (the chemical shift effect) and

therefore the resonance frequency of phosphorus atoms in

different kinds of molecules or in chemically different positions

in one molecule has different values. After Fourier

transformation of the FID, a NHR spectrum is obtained, with a

peak for each resonance frequency. The area under such a peak is

proportional to the concentration of a chemically shifted

nucleus. Magnetic resonance is observed on several atoms (e.g.

•H, 31P)) (for a review, see den Hollander, 1986).

Using a radio frequency surface coils, placed directly onto the

skull of an animal, 31P-NMRS enables the iji vivo monitoring in

the same animal of changes in tissue concentrations of

phosphocreatine (PCr), ATP, inorganic phosphate (Pi),

phosphomonoesters (PME) and the intracellular pH in the region of

the brain "visible" with the surface coil. Absolute

concentration values can only be obtained with the use of an

internal reference substance, which is for in vivo measurement

very laborious. In our application the brain cortex will mainly

be observed.

For practical and ethical reasons, NMRS on animals is mostly done

under general anaesthesia (e.g.barbiturates; Bottomley et al.,

1982, Chance et al., 1978, Prichard et al., 1983). As we intend

to study cerebral energy metabolism during several kinds of

metabolic comata (e.g. brain ischemia, uremia and hepatic

encephalopathy) (Deutz et al., 1985), we would like to exclude

the influence of anaesthetics. For this reason a simple

head-body holder (HBH) system to restrain a conscious rat in such

a way that NHR meaiure«ents can be performed has been developed.
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The chronically implanted surface coil technique of Decorps et

al. (1984) was modified for our purpose.

3.2 Materials And Methods

3.2.1 Animals -

Male wistar rats (260-300gr, TNO Zeist, The Netherlands) (12-h

light cycle; 8 a.m.- 8 p.m.), were fed with standard laboratory

chow (RMH 1410, Hope Pharms, The Netherlands) and water ad

libitum.

3.2.2 Methods -

At day 0 six rats were anaesthetized (pentobarbital-Na 50 mg/kg

b.wt.,i.p.) and a pear-shaped surface coil (maximal length and

width 20 and 11 mm respectively) was fixed with dental acrylic

cement and metal screws on the frontal, parietal and

interparietal regions of the skull, after which a peritoneal

catheter was inserted. After attachment of the surface coil, a

lateral enlargment of the cement was made in which on each side a

hole was drilled 5 mm caudally of the eye. After this procedure

the rats were allowed to recover.

At day 2, during a brief ether anaesthesia the rat was fixed in

the head-body holder (figure 3.1a) and allowed to wake up.

Restraining of the rat into the head-body holder was achieved by

fixation of the head by screwing non-magnetic screws from the § i

front part of the plexiglass tube into the predrilled holes j

(figure 3.1b), by fixation of the front teeth into a plexiglass

block and by fixation of the rest of the body into a circular
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plexiglass tube. One hour later the 3 1P NMR measurement was

started. The rat's body temperature was registrated continuously

during the experiment and if needed corrected by circulating

temperature-controlled air around the HBH.

One 31P-NMR spectrum was determined before, and one spectrum

during anaesthesia, 5-30 min after injection of pentobarbital (50

mg/kg b.wt, i.p.;Nembutal, CEVA, France) through the peritoneal

catheter.

31P-NMR spectra were obtained using a home-built 7 tesla NMR

Figure 3.1a: The head-body holder system containing a conscious
rat.
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spectrometer, located at the technical university of Delft, the

Netherlands (Mehlkopf, 1978) and equipped with a vertical bore

superconducting magnet. The free induction decay (FID) pulse

sequence was used with a repetition time of 1.5 sec and a flip

angle of 45° at 2 mm before the surface coil; 1000 FID'S were

time-averaged.

The assignment of the peaks (figure 3.2) is given by Ackerman et

al. (1984). The peak intensities reported in table 3.1 were

determined from the peak heights and are given as a percentage of

the sum of the heights. The pH was determined from the chemical

Figure 3.1b: Detail of the fixation of the head of the conscious
rat.
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shift difference between the PCr and Pi peak (adapted from

Prichard et al., 1983). The Student t-test (BMDP statistical

software, 1985) was used for statistical analysis of the data.

3.3 Results

Table 3.1 shows the relative peak intensities of the different

compounds as revealed by 31P-NMR spectroscopy. No significant

changes (P>0.05) were observed in the mean values of 6 rats if

the conscious state is compared to the state of anaesthesia by

pentobarbital. The 31P-NMR spectra were identical before and

during anaesthesia, as shown in representative spectra of one rat

(figure 3.2). Temperature was maintained at 37" C during the

experiment (not shown).

3.4 Discussion

In order to fix the rat in the HBH, a brief (1-2 min) ether

anaesthesia was needed. In previous experiments (data not

shown), it was found that 1 h after termination of the ether

anaesthesia both blood pressure and EEG power density spectrum

Table 3.1: Effects of pentobarbital anaesthesia on the relative
peak intensities in the brain 31P-NMR spectrum in vivo

PME Pi PCr

Normal
SD

Pentobarbital
SD

10.7
0.5
10.3
0.8

7.2
0.8
7.0
2.4

31.8
1.2
31.8
2.4

16.7
1.2
17.5
0.8

20.0
1.3

20.5
1.0

14.0
0.9

13.8
1.0

7.06
0.03
7.07
0.04

ATP
alpha beta

I
gamma | pH

Relative peak intensities in %. Data presented are measured
before and 5-30 min after pentobarbital (50 mg/kg b.wt i.p.) in 6
rats. For abbreviations see the legend to figure 3.2.
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remained stable for at least 6 hours, independently of the

fixation and the orientation (vertical or horizontal) of the rat.

Furthermore, it was found that no significant changes occurred in

the 3lP-NHR spectrum in the period of 11-120 minutes after

termination of the ether anaesthesia.

Figure 3.2: 31P-NMR spectrum of the brain of the rat. a:
before anaesthesia, b: in the period 5-30 minutes after
pentobarbital (50 mg/kg b.wt., i.p.), c: the difference spectrum
a-b.
The assignment of the peaks is as follows: 1, Phosphomonoesters
(PHE). 2, Inorganic phosphate (Pi). 3, Phosphocreatine (PCr).
4-6, The gamma, alpha and beta phosphorus atoms of ATP. Between
peak 2 and 3 a small Phosphodiester peak is seen.
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From the results of table 3.1 it is clear that also during

pentobarbital anaesthesia no significant changes in the relative

concentrations of PCr, ATP, PME and in the intracellular pH could

be observed. This result was rather surprising taking into

account the observed significant changes in blood pressure, body

temperature, arterial PaO2, PaCO2, pH and HC03-, Hb, RBC, PCV

(Komarek, 1984), CMRO2 and CBF (Hagerthal, 1978), and EEG (Popken

et al., 1983) and biochemically determined PCr concentration in

rat brain (Siesjo, 1978) during pentobarbital anaesthesia.

Nevertheless, our results are in agreement with those of

Golczewski et al. (1983), who did not find significant changes

in brain 3'P-NMRS in pentobarbital anaesthetized mice.

Our method of chronically implantation of the surface coil and

fixation of the rat has 3 major advantages to the method

described by Decorps et al. (1984):

(1) the surgical procedure is less complicated,

(2) the home-built HBH guarantees a stable fixation of the

conscious rat resulting in reproducible NMR spectra, and

(3) it enables EEG registration using the metal screws of the

surface coil fixation.

Although the influence of pentobarbital on brain energy state in

the normal rat is absent within our error of measurement (2-3%

for pH and about 10% for the 'energy state'), we still feel

avoidance of general anaesthesia and the use of the HBH to be

essential for future studies on cerebral changes during hepatic

encephalopathy. This is due to the fact that anaesthetics change

the EEG and cause the need of artificial ventilation in the
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magnet during acute hepatic encephalopathy.

3.5 Summary

Using NMRS and a homebuilt head-body holder (HBH) which enable ijri

vivo 31P-NMR spectroscopy measurements on conscious rats, no

significant changes were observed in the brain relative

concentrations of ATP, Phosphocreatine, Phosphomonoesters,

inorganic phosphate and intracellular pH during pentobarbital

anaesthesia in normal rats as compared to their conscious state.
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4 IN VIVO 3'P-NHR SPECTROSCOPY OF THE RAT CEREBRAL CORTEX DURING

ACUTE HEPATIC ENCEPHALOPATHY

This chapter has been submitted for publication.

4.1 introduction

Several investigations (Siesjo et al., 1971, Zieve et al, 1972,

Derr et al., 1973, Holmin et al., 1974, Funovics et al., 1978,

Holmin, 1976, Holmin et al., 1983) have been reported in order to

study the interrelationship between hepatic encephalopathy (HE)

and the concentration of cerebral energy rich phosphate

compounds. Studies using an experimental model of acute HE

revealed conflicting results: either no effect (Funovics et al.,

1976 - 6*{h of acute liver ischemia in the rat) or an increase of

the ATP contents (Holmin et al., 1983 - 4h after total

hepatectomy in the rat) as well as a decrease of phosphocreatine

(PCr) contents were found (Siesjo et al., 1971, Holmin, 1976 - 4h

after total hepatectomy in the rat). It was also observed

(Holmin et al., 1974, Holmin, 1976) that during porta caval

shunting in the rat (a model of chronic experimental HE), the PCr

content has consistently been found to have decreased,
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After the first in vivo 3'Phosphorus Nuclear Magnetic Resonance

Spectroscopic (31P-NMRS) study on a brain, performed by Chance et

al. (1978), it became clear that this method offers a unique

possibility to measure i_n vivo, repeatedly the relative

concentrations of PCr, ATP, and Pi, as the indicators of the

cerebral energy state and the intracellular pH of the brain in

one and the same animal. Hereafter, several 31P-NMRS studies

have been performed and they confirm that it is an invaluable

•ethod (Prichard et al., 1983, Litt et al., 1985, Deutz et al.,

1986a, Deutz et al., 1986b).

Quantification of the severity of acute HE may be performed by

EEG spectral analysis (van der Rijt et al., 1984, de Groot et

al., 1985, Chaauleau et al., 1987, chapter 2) and therefore we

have siaultanously perforaed "P-NMRS and EEG spectral analysis

during the developaent of acute HE in rats with the purpose to

clarify the above-aentioned controversy.

4.2 Methods

Hale wistar rats (220-330gr, TOO Zeist, The Netherlands) (12-h

light cycle; 8 a.a.- 8 p.a.) were used in all experiments. The

aniaals were fed with standard laboratory chow (RMH 1410, Hope

Pharas, The Netherlands) and water ad libitua.

Three groups of rats were investigated:

Group Al: Noraal rats (n-4).

Group A2: PCS rats (n-3).

Group B: Liverischeaia rats (n-8).
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4.2.1 Surgical Procedures. -

These can be divided into 3 phases.

Phase 1: At day 0, all rats were anaesthetized (pentobarbital-Na

50 mg/kg BW i.p.) and equipped with a pear-shaped

transmit-receive surface coil (Deutz et al., 1986a, chapter 3).

After this procedure the rats were allowed to recover.

Phase 2: At day 4, rats from the groups A2 and B were operated

under ether anaesthesia. A ligation was placed around the

coeliac trunc. The wires of the ligation were led through the

dorsal muscles and fixed on the back of the rat. Hereafter a

shunt was made between the portal vein and the inferior caval

vein at the level of the right renal vein. A peritoneal catheter

was placed in all rats (group Al, A2 and B) then, the rats were

allowed to recover.

Phase 3: At day 5 (8 a.m.), after immobilization of the rat in a

head-body holder (Deutz et al., 1986a, chapter 3), initial EEG

and ''P-NMR spectra were obtained; hereafter complete

liverischeaia was obtained in group B by tightening up the wire

around the coeliac trunc.

All rats had free access to water and food and during the

experiment at day 5, every hour 2 ml glucose 5% was given through

the peritoneal catheter in order to prevent possible

hypoglycaemia. In the magnet, rectal temperature cf the rats was

monitored continuously and in order to prevent hypothermia,

temperature controlled air was circulated around the head-body

holder.
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4.2.2 EEG Measurements. -

The EEG signal was measured intermittently outside the magnet

utilizing as electrodes one frontal and two occipital screws,

used for the surface coil attachment. The signal was amplified

(Nihon Kohden) and stored on tape (Analog-7, Philips). The on

tape stored EEG signal, duration two and a half minutes, was led

through a Butterworth filter (Low-Pass, cut off frequency 70 Hz,

with a roll-off of 48 dB/octave) and transformed into an

EEG-power density spectrum (Kropveld et al., 1983). The left

index (the ratio between the low frequency power (1.0-7.5 Hz) and

the high frequency power (13.5-26.4 Hz)) was used as an indicator

of the left shift of the EEG spectrum.

4.2.3 "P-NMR Measurements. -

"P-NMB spectra were obtained in the way described elsewhere

(Deutz et al, 1986a, chapter 3), using a home-built 7 tesla NHR

spectrometer (Mehlkopf et al., 1978). The free induction decay

(FID) pulse sequence was used with a pulse repetition time of

0.25 s and a flip angle of 45° in the centre of the surface coil.

Time averaging was done for 20 min. Using a procedure analogous

to the one described by Evelhoch et al. (1984), it was

calculated that under our experimental conditions about 90% of

the observable signal was in the range 0-4 mm before the coil.

Taking into account the thickness of the cranial bone and the

dental acrylic cement between the cranium and the coil, it was

concluded that after correction for the broad cranial bone

signal, signals from the cerebral cortex are mainly observed.

The PZD's were analysed using the linear prediction and singular

value decomposition (LPSVD) fitting technique as described by
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Barkhuijsen et al. (1985). In case of quantification of a

JlP-NMR spectrum of the brain, this method proved to more

reliable (Bovee et al., 1987) than the FFT method. The LPSVD

method was performed on the FID after rejection of twelve initial

data points to eliminate the cranial bone- and phosphodiester

signals. The relative concentrations of the several compounds,

visible in each spectrum were calculated as the ratio of the

LPSVD amplitude of a certain peak and the sum of the LPSVD

amplitudes of the three ATP, the PCr, the Pi and the

phosphomonoester signals. The Pi, Per and 6ATP peak intensity

were taken as representative for respectively the Pi, PCr and the

ATP concentration. The intracellular pH was determined from the

chemical shift difference between the PCr and Pi peak (Petroff et

al., 1985). .

4.2.4 Biochemical Analysis -

At 8:45 h, after judging the level of consciousness, all rats

were sacrificed and blood was collected by carotic artery

dissection. Within 2 min after sacrifice, the forebrain was

taken out, sealed in aluminium foil and immediately immersed into

liquid nitrogen. No visible signs of brain oedema were observed.

Hereafter, it was stored at -70°C until analysis. Liver tissue

was processed for histological examination according to standard

histological techniques.

The efficiency of the liverischeraia was concluded from the

histology of the liver and the increased plasma ammonia

concentrations.

Blood analysis on ammonia and glucose was done by standard

clinical chemical methods. Brain amino acids were measured in
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perchloric acid extracts by the use of a Beckman amino acid

analyser. The 2 min delay between brain death and freezing does

not induce changes in brain amino acid concentrations above 1.2 x

the value, obtained without delay (Perry et al., 1981).

4.2.5 Statistics. -

Results are presented as means ± 1 SEM. A statistical analysis

(BMDP statistical software, 1985) of the results was made using

the following tests: univariate analysis of variance (repeated

measurement design) for the NMR, EEG and temperature measurements

and the Mann-Whitnty rank-sum test for comparison of the group

means of the biochemical results. Linear regression analysis was

used to calculate the correlation coefficients.

4.3 Results

Table 4.1 shows the plasma ammonia concentration at the time of

sacrifice of the rats in the three different groups. After one

day of PCS (Group A2) the plasma ammonia concentration is

increased to 235 ± 41 fimol/1. After 8:45h of liverischemia

(Group B) it has increased even more (969 ± 144 //mol/1).

Table 4.II shows the brain amino acid concentration of normal

rats and rats 8:45h after liver ischemia. Almost all brain amino

Table 4.1: Plasma ammonia concentrations

Normal rats (Al)
One day PCS (A2)
Liverischemia ( B)

Plasma ammonia
(pmol/1 ± SEN)
100 ± 16
235 ± 41
969 ± 144»S

•: P<0.05 vs normal group, f: P<0.05 vs PCS group
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acids have significantly increased with the exception of Tau,

Ser, Val, Cys, lie, GABA, Trp, Orn and Arg. Quantitatively, the

increase of the brain glutamine concentration was most striking.

Only Asp and Pser have significantly decreased. Brain amino acid

analysis of rats, one day after PCS only showed a significant

increase of the brain concentration of Gin to 5.16 nunol/kg w.w.

(not shown).

The upper panel of figure 4.1 shows the normalized EEG left index

as an indicator of the severity of the HE (Chamuleau et al.,

1987, chapter 2). Control rats and rats after one day PCS showed

no significant differences in EEG and NHR parameters (P>0.05) and

Table 4.II: The brain amino acid concentration (mmol/kg wet
weight) of the groups, studied.

Pser
Tau
Asp
Thr
Ser
Glu
Gin
Pro
Gly
Cit
Ala
Val
Cys
Met
CSH
lie
Leu
Tyr
Phe
GABA
Trp
Orn
Lys
His
Arg

Normal rats

0.11 + 0.01
4.46 + 0.13
2.26 + 0.11
0.57 + 0.04
1.13 + 0.05
11.52 + 0.33
2.78 + 0.07
0.009 + 0.001
1.01 + 0.09
0.02 + 0.01
0.67 + 0.03
0.11 + 0.01
0.02 + 0.01
0.057 + 0.001
0.05 ± 0.01
0.068 + 0.001
0.116 + 0.002
0.07 + 0.01
0.09 + 0.01
2.40 + 0.15
0.32 + 0.02
0.025 + 0.007
0.36 ± 0.04
0.09 ± 0.01
0.12 ± 0.003

Liver

0.09
4.60
1.73
1.16
1.37
15.83
12.03
0.018
1.41
0.05
1.18
0.13
0.02
0.111
0.10
0.070
0.140
0.38
0.36
2.47
0.36
0.046
0.70
0.24
0.09

ischemia

+
+
+
±
±
+
+
+
+
+
+
+
±
+
+
±
+
±
+
+
±
±
+
+
±

O.Oln
0.22
0.09a
0.07n
0.10
0.82°
0.79°
0.002°
0.08°
0.01°
0.16°
0.01
0.01
0.015°
0.01°
0.003
0.010B
0.03°
0.04°
0.09
0.02
0.007
0.05°
0.02°
0.01

I
I

°: P<0.05 vs normal group.



therefore, the liver ischemia rats have been compared to the

combined values of the first two groups (Al and A2, n-7). After

5h of liverischemia, the left index increased significantly and

/\
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Figure 4.1: The EEG left index relative to its value at t"0h
(Upper part) and the body temperature (lower part) during the
development of HE (Group B - octagonal symbol) and of the control
group (Group A - square symbol). The values are expressed as
mean ± SEH. At t-0 complete liver ischemia was induced.
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progressively (P<0.05) in comparison to the control groups. The

1 2
T ine

B

3 4 5 6 7
(hour) >

8

Figure 4.2: The Pi, PCr and ATP concentration and intracellular
pH during the development of acute HE (Group B - octagonal
symbol) and of the control group (Group A - square symbol). The
values are expressed as mean ± SEN. At t-0 complete liver
ischemia was induced.
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lower panel of figure 4.1 shows the course of the body

temperature of both groups. Although temperature controlled air

was circulated around the head-body holder, a significant

decrease in body temperature was observed in the liver ischemia

rats during the first 3h. Hereafter body temperature remained

stable at about 33°C.

Figure 4.2 shows the 3IP-NMRS results. During the whole

experiment, no significant changes (P>0.05) were observed in the

brain PCr concentration and intracellular pH curves of the

control group and the liver ischemia group. However, the PCr

concentration (from the beginning) and the intracellular pH (from

t-3h until the end of the experiment) were significantly lower in

the control group (P<0.005 and P<0.01 resp.).

During the first 2-3h after the induction of liverischemia, ATP

concentrations decreased significantly (P<0.005). However, ATP

concentration was restored at t»4h and was no longer

Table 4.Ill:
Correlations between the parameters at sacrifice

EEG I Plasma I Brain

left index| ammonia | Asp Glu Tyr Gin

EEG
left index

Plasaa
ammonia

Brain
Pi
ATP

0

0
-0

.741

.811

.27

0

0
-0

.741

-

• 691
.53

-0.681

-0.711

-0.74K
0.36

0.43

0.841

0.48
-0.761

0.52 |

0.9811

1
O.751|

-0.55 |

0.60°

0.921

0.751
-0.49

ATP/Pi
ratio

n: P<0.05,

-0.811 | -0.821

P<0.01

0.811 -0.65n| -0.9011 -0.861 I

if
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significantly (P>0.05) different from the control group. Pi

concentration was significantly increased at t-8h (P<0.05).

Table 4.Ill shows the interrelationships at the time of sacrifice

between the EEG left index, the ATP and Pi concentrations, their

ratio, the plasma ammonia concentration and the brain

concentrations of the excitatory neurotransmitters: Asp and Glu,

the neurotransmitter precursor: Tyr and Gin as a product of

brain ammonia detoxification. Data were obtained from llP-NMR

spectroscopy immediately before sacrifice and the biochemical

analysis of brain tissue afterwards. A significant correlation

(P<0.05) was found between the EEG left index and the plasma

ammonia and also between the brain aspartate and glutamine

concentration. Also between the plasma ammonia concentration and

the brain aspartate, glutanate, tyrosine and glutamine

concentration a significant (P<0.05) was found. The brain ATP/Pi

ratio was negatively correlated with the left index, plasma

ammonia and brain concentration of glutamate, tyrosine and

glutamine and also a significant positive correlation was found

between the ATP/Pi ratio and the brain aspartate concentration.

At the end of the experiment (8:45h of liverischemia), the level

of consciousness of the liver ischemia rats varied among the

rats. Four rats (group Bl) had decreased motor activity, mild

ataxia and diminished reponse to painfull stimuli. Pour other

rats (group B2) had severe ataxia, absence of righting reflex and

nearly a loss of response to painfull stimuli. However, until

t-7 h, the course of the brain Pi, PCr and ATP, intracellular pH

and EEG left index was identical in both groups. Only at t-8 h,
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the brain ATP concentration was significantly lower (P<0.05) in

group B2, 19.4+0.6 versus 21.8+0.3 in group Bl. At t-8 h, no

significant difference was found in the Pi and PCr concentration,

intracellular pH and EEG left index between group Bl and B2. The

brain concentration of Val, Meth and Tyr was significantly

(P<0.05) higher in group B2 and the Arg concentration was

significantly (P<0.05) lower (not shown). The brain

concentration of Thr, Glu, Gin, Pro, Gly, Ala and Phe were

somewhat higher in group B2 (P>0.05) (not shown).

4.4 Discussion

Several studies (Siesjo et al., 1971, Holmin, 1976, Holmin et

al., 1983) have found minor changes in brain PCr and/or ATP

concentrations during acute HE. Theoretically, it is possible

that toxic substances released by or not metabolized by the

diseased liver have a direct or indirect inhibitory effect on

brain ATP synthesis and/or stimulated ATP consumption. Direct

inhibition of energy metabolism has e.g. been shown for

mercaptans (vahlkamp et al., 1979) and octanoate (Parker et al.,

1983) as putative toxins for HE. About ammonia, generally

accepted as an important toxin, it is known that it stimulates

glycolysis and inhibits tricarboxylic acid (TCA) cycle activity.

Furthermore, the transmitochondrial shuttle mechanism needed for

NADH transport can be inhibited by increased ammonia

concentrations (Cooper et al., 1987, section 1.2.2). Increased

ATP consumption can be the consequence of ammonia detoxification

in astrocytes by ATP dependent glutamine synthesis (Crossley et

al., 1983). The possible direct or indirect impairment of
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cerebral energy metabolism could be used to explain the fact that

the brain is more vulnerable to hypoxia during chronic HE

(Stanley et al., 1976).

Our data show that complete liverischemia induces a certain

degree of HE as indicated by the raised plasma ammonia

concentration at t= 8»sh and the 'left shift' at t-5-6h in the EEG

spectra (figure 4.1) as well as the impaired consciousness.

As ammonia may play an important role in the pathogenesis of HE

(Cooper et al., 1987), we have paid special attention to changes

in the brain glutamine and glutamate concentration, important

parameters of brain ammonia detoxification (section 1.2.4). As

expected, plasma ammonia concentrations are significantly

correlated to the EEG left index and the brain glutamine and

glutamate concentration (table 4.III). The increased glutamate

concentration was unexpected, since the total brain glutamate

concentration was observed to have decreased after liver ischemia

(Mans et al., 1979) and after total hepatectomy (Holmin et al.,

1983).

As HE starts after t-4 h, the small decrease in ATP concentration

in the first 3h after liver ischemia (figure 4.2) doesn't seem to

be related to HE. This decrease of the ATP concentration may be

related to the decrease of body temperature during the same

period (figure 4.1), but we can not exclude the possibility that

this decrease in ATP concentration is related to the initially

stimulated glutamine synthesis (Lin et al., 1985).
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However, during the period in which EEG changes are seen,

characteristic of the development of HE (figure 4.1) (t-5 to S

h), no significant change in PCr concentrations could be

observed. In the same period, brain ATP concentrations were not

significantly different in the liver ischemia group, compared to

controls, although ATP concentrations fluctuated more than PCr

concentrations. Therefore, we conclude that within the

sensitivity of our 31P-NMRS measurements, HE after acute liver

ischemia is not associated with a significant change in the

cortical ATP and PCr concentration. It is obvious that changes

in localized areas of the brain (e.g. brain stem) can not be

excluded. We consider the consistently slightly higher values of

the intracellular pH as well as the PCr concentration in group B

compared to controls, a biological variation that will disappear

if a larger number of animals is studied.

The significant correlations between the plasma ammonia

concentration and the EEG left index and several brain amino

acids, including glutamine (table 4.Ill), suggest that ammonia

plays an important role in the concentration changes of these

amino acids, possibly by increasing the brain glutamine

concentration and subsequenly the exchange of brain glutamine

with these amino acids (James et al., 1979). in chapter 5, this

will be further discussed.

The observed significant correlations between the ATP/Pi ratio

and the plasma ammonia and EEG left index suggest that the rats

with the most sever* HE, as concluded from their level of

consciousness, only have a small alteration of the level of
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cortical high energy phosphates at the end of the experiment, as

brain ATP and Pi concentration have only marginally changed at

t«8h (see section 4.3, the comparison between group Bl and B2).

We conclude that a change in the cortical cerebral energy rich

phosphates is not an important pathophysiological mechanism

during the development of acute HE. If very severe HE or real

coma develops, a small decrease in the cortical ATP concentration

can be observed. Therefore it seems more likely that the

observed changes in ammonia and/or other putative substances play

a role in the early development of HE. However, since this study

only shows end point brain analysis, a longitudinal study is

needed to prove this hypothesis (see chapter 5 to 8).

4.5 Summary

During the development of acute hepatic encephalopathy (HE),

induced by acute liver ischemia and followed for 8:45 h, changes

in brain "P-NMR spectra and EEG spectra were studied in 8 rats.

At the end of this period the brain amino acid concentrations

were studied. These results were compared to 4 normal and 3

portacaval shunted rats.

Signs of acute HE, as judged by the EEG left index, started 5h

after the induction of acute liver ischemia. When signs of acute

HE developed, no significant changes in the cortical relative

phosphocreatine (PCr) and ATP concentration and intracellular pH

were observed. The cortical relative Pi concentration was only

slightly increased at t-8h. The concentrations of almost all
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measured brain amino acids, especially glutamine were increased

at t-8:45h. At t»8 h, rats with very severe HE had a small, but

significant decrease of brain ATP concentrations. Their brain

amino acids concentration were more disturbed than in rats with

less severe HE.

It is concluded a change in the cortical cerebral energy rich

phosphates is not an important pathophysiological mechanism

during the development of acute HE. The observed changes in

brain amino acids could be either part of a multifactorial

pathogenesis or could be epiphenonena.
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5 BIOCHEMICAL CHANGES IN THE RAT BRAIN DURING THE DEVELOPMENT OF

ACUTE HEPATIC ENCEPHALOPATHY. I. CHANGES IN AMMONIA AND

AHINO ACIDS

This chapter has been submitted for publication.

5.1 Introduction

During acute hepatic encephalopathy accumulation of amino acids

occurs in the brain. This seems to be an important

pathophysiological process as some of these amino acids are

neurotransmitters (taurine, glutamate, aspartate, glycine and

GABA) and some are neurotransaitter-precursors (tyrosine and

tryptophan) (Kruk et al., 1979, Hans et al., 1979). Several

investigations have been done, in which the brain concentrations

of aaino acids were studied during acute hepatic encephalopathy

(HE) (Record et al., 1976, Bloch et al., 1978, Mans et al., 1979,

James et al., 1982, Denis et al., 1983, Holain et al., 1983, zaki

et al., 1984, Jonung et al., 1985, chapter 4). However, these

changes were aostly observed at one tiae interval after the

induction of acute HE.
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Hyperammonemia could contribute to the brain amino acid imbalance

during portal systemic encephalopathy by stimulation of brain

glutamine synthesis and a concomitantly rapid exchange of brain

glutamine for plasma neutral amino acids (NAA) (James et al.,

1979). Studies on isolated brain microvessels (Strom et al.,

1984), during PCS (Jeppsson et al., 1985) and after inhibition of

glutamine synthetase during PCS (Rigotti et al., 1985) confirm

this exchange mechanism. Jeppsson et al. (1985) found

significant correlations between the brain NAA's: glutamine and

threonine, methionine, tyrosine, phcnylelanine and histidine.

The NAA's: valine, isoleucine and leucine did not correlate

significantly with the brain glutamine concentration, possibly

because of an increased rate of metabolism of these branched

chain amino acids (Jeppsson et al., 1985). No data were

available of the NAA's: cysteine and serine, nor was the plasma

or brain ammonia concentration determined. Studies of the other

amino acid blood-brain carrier system, the basic amino acid

carrier system (arginine, ornithine and lysine) (Oldendorf et

al., 1976), showed a decrease of transport access this carrier

during PCS in rats (Hawkins et al., 1984).

This paper deals with the patterns of brain amino acid changes

during the development of acute HE. Therefore we have

investigated the brains of rats at different time intervals after

acute liver ischemia. In order to test the similarity of these

changes during severe acute HE, we have also studied the brains

of rats after total hepatectomy. Finally these changes were

correlated to each other and to plasma ammonia concentrations.
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5.2 Materials And Methods

Male wistar rats (250-350gr, TNO Zeist, The Netherlands) (12-h

light cycle; 8 a.m.- 8 p.m.) were used, fed with standard

laboratory chow (RMH 1410, Hope Pharms, The Netherlands) and

water ad libitum.

Five groups of rats were investigated:

Group NOR (n-8): Normal rats, no operation at all.

Group SHAM (n«3): Sham operation.

Group PCS (n-4): Porta caval shunt.

Group LIS (n-14): Liver ischemia rats.

Group HEP (n-7): Hepatectomy rats.

ad SHAM: The sham operation consisted of laparotomy,

manipulation of the splanchnic vessels and the intestines similar

to porta caval shunting.

Ad PCS: The porta caval shunt (PCS) was made one day before the

experiment at th.& level of the right renal vein under ether

anaesthesia (Lee and Fischer., 1961).

Ad LIS: One day before the experiment a PCS was made and a

ligation was placed around the coeliac trunc. On the day of the

experiment, acute liver ischemia was induced by tightening up the

wire around the coeliac trunc (section 4.3.1).

Ad HEP: Two weeks before the PCS a suture was placed around the |
|

inferior caval vein at 5 mm above the right renal vein, reducing |
A

the lumen by about 70%. One day before the experiment a PCS was ,3

I
made and at the day of the experiment, total hepatectomy was J
performed under ether anaesthesia.
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At the end of the operation a peritoneal catheter was placed in

all rats (except NOR rats)

All rats had free access to water and food before and during the

experiment. In addition, during the experiment, every hour 1 ml

glucose 5% was given through the peritoneal catheter.

The experiments all started at 8 a.m., one day after the SHAM

operation or one day after the PCS operation and were performed

under the same environmental conditions. Rats from the NOR, SHAM

and PCS group were sacrificed after 8h and rats from the LIS

group were sacrificed at 2, 4, 6 and 8h after the start of the :

liver ischemia with the use of ether anaesthesia. Rats from the

HBP group were sacrificed when in deep coma (about 2-6h after

hepatectomy).

Within 2 minutes after sacrifice, the forebrain was taken out and

put into liquid nitrogen and hereafter stored at -70*C. Blood

was obtained by cardiac puncture and stored on ice until f

analysis. Analysis of ammonia, ALAT and glucose was done by

laboratory standard techniques. Brain amino acids were measured

in perchloric acid extracts by the use of a Beckman amino acid .'

analyser.

An extra group of liver ischemia rats (for methods, see LIS '•

group) were also sacrificed at different time intervals with the I

purpose to obtain combined plasma and brain ammonia

concentrations. These rats were not included in the LIS group.

Their brains were obtained a* described above and brain analysis

of ammonia was done in perchloric extracts a* described by
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Rigotti et al. (1985).

Statistical analysis was performed using a Student's t-test for

comparison of the group means. Linear regression analysis, using

a least square fitting technique was used in calculating the

correlation coefficients (BMDP statistical software, 1985).

5.3 Results

The rats showed mild lethargy, 4h after the induction of the

liver ischemia and decreased motor activity, poor control of

posture and dimished response to painful stimuli (tail pinch) at

t-8h the induction of the liver ischemia. Rats of the

hepatectomy group developed the changes faster and were

sacrificed when they where in coma (2-6h after total

hepatectomy). In separate experiments (not shown), no effects

were observed of the ether anaesthesia on the measured

Table 5.1: Plasma biochemical parameters in the different groups

| n | Glucose | ALAT | Ammonia

I I •ol/l I Units/1 umol/1

Normal
SHAN
PCS

Liver
2h
4h
6h
8h

rats
rats
rats

ischem:La

8
3
4

4
4
2
4

9.1
6.1
8.3

7.3
11.0
7.3
8.8

+
±
+

+
+
±
+

0.4
0.1$
0.3

0.9
2.3
2.8
1.4

22
26
156

1997
8028
6001
13434

+
±
±

±
±
±
+

2
2
57

7125°
29105°
33815°
18825°

| 3 1 + 5
51 + 15
100 ± 7$

380 + 32$°
583 + 1345°
567 + 285°
891 + 84$°

Hepatectomy 8.3 ± 2.8 2456 + 777§« 950 ± 1805°

Values are means + SEH.
S P<0.05 versus NOR group.
* P<0.05 versus PCS group.
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biochemical parameters. Table 5.1 shows the plasma glucose, ALAT

and ammonia concentration of the different groups at the time of

sacrifice. No hypoglycemia occurred in any of the groups.

Plasma ALAT concentration increased significantly in the LIS

(13434 U/L) and HEP (2456 U/l) group.

Plasma ammonia concentration had already significantly increased

after one day of PCS (100 //raol/1). The ammonia concentration

finally reached a value of 891 /ymol/1, 8h after liver ischemia.

The plasma ammonia concentration in the HEP group was 950 ± 180

//•ol/l. The increase of the plasma ammonia concentration is also

shown in the figures 5.1 and 5.2.

Table 5.II: Brain amino acid concentrations of the control groups

I Normal I SHAM I PCS

Pser
Tau
Asp
Thr
Ser
Glu
Gin
Pro
Gly
Ala
Cit
Val
Cys
Met
CSH
lie
Leu
Tyr
Phe
GABA
Trp
Orn
Lys
His
Arg

0.14+0.01
5.72+0.15
2.65+0.30
0.54+0.05
1.34+0.03
13.60+0.38
3.31+0.42
0.10+0.02
0.95+0.02
0.67+0.02
0.02+0.01
0.08+0.01
0.02+0.002
0.08+0.01
0.03+0.002
0.06+0.004
0.10+0.01
0.09+0.01
0.05+0.01
2.32+0.07
0.31+0.02
0.02+0.01
0.26+0.01
0.07+0.01
0.16+0.02

0.18+0.025° |
5.06+0.26
3.58+0.13$
0.63+0.04
1.29+0.09
14.34+1.09
3.38+0.46" |
0.10+0.01 |
1.20+0.115° 1
0.73+0.06 |
< oToi |
0.08+0.01 |
< 0.01° |
0.09+0.01 |

< oToi |
0.24+0.01$° |
0.11+0.01 |
0.11+0.02 |
0.06+0.01 |
2.35+0.26 |
0.22+0.03 |
0.03+0.01 |
0.36+0.02 |
0.10+0.01° |
0.19+0.01 |

0.
5.
.13+0.01
.05+0.16

3.39+0.195
0.59+0.07
1.13+0.07
16.42+0.41$
8.05+0.705
0.16±0.01
0.90±0.04
0.64+0.02
0.03+0.01
0.07+0.01
0.03+0.01
0.08±0.01
0.10±0.02S
0.07+0.02
0.11+0.02
0.16+0.03
0.15+0.015
2.01±0.02
0.19+0.06
0.01+0.01
0.32+0.01
0.17±0.02S
0.18+0.02

Values ace expressed as means + SEM in mmol/kg w.w.
S P<0.05 versus NOR group. ° P<0.05 versus PCS group.
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Table 5.II shows the brain amino acid concentrations of the

control groups. The SHAM operation (30h before the sacrifice of

the animals) induces in contrast to PCS a significant increase of

Pser, Gly and Ile. A SHAN operation also induces a significant

increase of Asp. If we compare the amino acid concentrations of

the PCS group to the SHAM group, significantly higher

concentrations of Gin and His were observed in the former group.

PCS also induces a significant increase of Asp, Glu, Gin, CSH,

Phe, and His compared to the normal rats.



Table 5.Ill shows the brain amino acid concentrations of the

liver ischemia rats at different time intervals and of the

hepatectomy rats. Progressive increase of Thr, Gly, Tyr, Phe and

Lys and progressive decrease of Arg was found after the induction

of liver ischemia (table 5.Ill and figure 5.1). After 2h of

liver ischemia a significant increase was found of Ser, CSH, lie,

Trp and Orn (table 5.Ill) and a significant decrease was found of

rsj

O

'Rim-ionia

2 4 6
Liver ischenia

8

•

Hepatectony

Figure 5.1: Changes over time (h) of arginine, phenylalanine,
tyrosine, lysine, threonine, glycine and plasma ammonia
concentrations (mmol/1) after acute liver ischenia and after
hepatectomy. T-Oh values are the values of the PCS rats.

- 88 -

.. i

•->!• •'

1-^J



Glu (table 5.Ill and figure 5.2). However, the above mentioned

concentrations returned during prolongation of the liver ischemia

time, to concentrations comparable to those after PCS. Brain

2 4 6 8
Liver i schema Hepatectony

Figure 5.2: Changes over time (h) of GABA, taurine, gluta«ine,
glutamate and plasma ammonia concentrations (scale: 1 niol/1 «
10 mmol/kg) after acute liver ischemia and after hepatectoay.
T»0h values are the values of the PCS rats.
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glutamine concentrations increased after 4h of liver ischemia,

but stabilized hereafter (figure 5.2). This figure also shows

the course of the concentrations of Glu, Tau and GABA. Cys had

only significantly increased after 8h of liver ischemia (table

5.III). After hepatectomy a significant increase in the brain

concentration of Thr, Gin, Pro, Ala, Val, CSH, Leu, Tyr, Phe,

GABA, Orn, Lys and His and a significant decrease was found in

glutamate concentrations (table 5.III).

Table 5.IV shows the correlations between brain amino acids and

Table 5.IV: Correlations between the brain amino acids and the
plasma ammonia and brain glutamine concentration of all groups
minus or plus the hepatectomy group.

: P<0.05.

Pser
Tau
Asp
Thr
Ser
Glu
Gin
Pro
Gly
Ala
Cit
Val
Cys
Met
CSH
lie
Leu
Tyr
Phe
GABA
Trp
Orn
Lys
His
Arg

Plasma
All

-0.58°
0.14

-0.53n
0.65n

-0.11
0.16
0.64°
0.73°
0.36
0.70°
0.43n
0.78°
0.30
0.17
0.24

-0.08
0.73°
0.59°
0.71°
0.59°
-0.02
0.22
0.52°
0.60°

-0.36

ammonia
groups

minus HEP

-0.54°
-0.31
-0.24
0.76°

-0.01
0.57°
0.81°
0.63°
0.60°
0.82°
0.30
0.60n
0.75°

-0.17
0.53n

-0.17
0.68°
0.89°
0.93°

-0.13
-0.07
0.54°
0.78°
0.73n
-0.77n

Brain
All

-0.62°
-0.49°
-0.39a
0.76«
-0.27
0.52°
(1.00)
0.50°
0.45°
0.30
0.44n
0.31
0.59°

-0.01
0.68°

-0.33
0.36
0.84n
0.89n

-0.09
-0.27
0.55°
0.78°
0.75°

-0.66°

glutamine |
groups j

| minus HEP |

-0.59° |
-0.36 |
-0.58° |
0.76° |

-0.22 |
0.64° j
(1.00) |
0.64° |
0.50° |
0.65° |
0.49° |
0.31 |
0.65° |

-0.07 |
0.77° |

-0.39 |
0.46° |
0.87° |
0.89° |

-0.41 |
-0.28 |
0.58° |
0.80° |
0.79° |

-0.73° |
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the plasma ammonia or brain glutamine concentrations. Comparison

of the two columns shows the influence of inclusion of the

hepatectomy group in the data. Significant correlations with

plasma ammonia concentrations were found for brain Phe, Thr, Gin,

Pro, Ala, Val, Leu, Tyr, Phe, Lys and His concentrations, when

the data of the hepatectomy group were included. When the

hepatectomy data were excluded, the correlation coefficients of

Gly, Cys, CSH, Orn and Arg decreased and the correlation

coefficients for Asp, Cit and GABA increased.

600 1200 1800 2400
Plasna [ammonia] ->

Figure 5.3: The correlation between plasma and brain ammonia
concentrations during acute liver ischemia.
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The correlations and the pattern of these correlations with the

brain glutamine concentration were the same for Pser, Thr, Pro,

Tyr, Phe, Lys and His, but different for most of the other amino

acids.

Figure 5.3 shows the relationship between plasma and brain

amraonia concentration in another group of rats, not included in

the LIS group, after acute liver ischemia. This correlation of

0.90 (P<0.001) was obtained from 25 liverischemia rats and 5

normal rats.

5.4 Discussion

PCS, liver ischemia and hepatectomy all induce an increase of

blood ammonia concentrations, positively related to the severity

of the liver damage judging from increased plasma ALAT values

(table 5.1). The increase of the ALAT concentration in the

hepatectomy group is possibly caused by "lysis" of a small liver

remnant, since total hepatectomy is never 100%. Concomitantly

with the plasma ammonia concentrations, brain ammonia

concentration also increase in these situations (figure 5.3), as

was also observed by Denis et al. (1983), Shiota. (1984) and

Lin et al. (1985). 8h of liver ischemia induces moderate

hepatic encephalopathy and significant alteration of the EEG,

starting 4-5h after the liverischemia (Chamuleau et al., 1987).

Severe hepatic encephalopathy was observed in the hepatectomy

group. Therefore the groups of 2, 4, 6 and 8h of liver ischemia

and the hepatectomy group represent an increasing severity of

acute HE.
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It can be concluded from table 5.Ill that changes in the brain

concentrations of threonine, glutamine, glycine, tyrosine,

phenylalanine and arginine are important phenomena after acute

liver ischemia. Alanine is significantly increased during severe

HE.

Some of the amino acids, shown in table 4.II are somewhat

different from those reported in table 5.II and 5.III. These

differences may either be caused by a biological variation or by

the fact that these amino acids were measured in rats with more

severe HE. However, the pattern of the changes is comparable.

Brain glutamine concentration has maximally increased after 4h of

liverischemia, but the other amino acids, mentioned above, are

still increasing (figures 5.1 and 5.2). This could suggest that

glutamine synthesis is already maximal in the early phases of

acute HE. Glutamine synthetase, the most important enzyme in

brain ammonia detoxification (section 1.2.4), approaches its

maximal capacity in conditions of a moderate increase of ammonia

concentration. Additional "blood-borne" ammonia could then

increase the brain ammonia concentration disproportionately

(Cooper et al., 1987). This is in agreement with the observation

that the increase in plasma ammonia concentrations stabilises

between 4 and 6h of liver ischemia and increases further

hereafter. During this period the brain glutamine concentration

do not increase any more, providing a good explanation for the

well known correlation between plasma ammonia and brain glutamine

concentration at plasma levels less then 400 //mol/1 (Williams et

al., 1972) (figure 5.1 and 5.2). After acute ammonia

intoxication, a similar non-linear relationship between the brain
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ammonia and brain glutamine concentration was observed (Lin et

al., 1985) with a maximal brain glutamine concentration of 10

mmol/kg ww and it was suggested that this maximalization of the

glutamine concentration is caused by a limited supply of

compartmentalized glutamate in the astrocyte (Lin et al., 1985).

Since the EEG changes start after about 4h of liver ischemia

(Chamuleau et al., 1987, chapter 2 and 4)), they seem to coincide

with a further increase of brain ammonia when glutamine synthesis

is maximal. This is in agreement with the observations of

Chamuleau et al. (1987) and the results of chapter 2 that a good

correlation exists between plasma ammonia concentrations and the

EEG left shift.

One possible explanation for the decrease in brain arginine

concentration could be that brain arginase and ornithine

amino-transferase activities increase during acute HE (Albrecht

et al., 1986). This could indicate an increased participation of

arginine in the synthesis of glutamate (Albrecht et al., 1986).

The changes in the Ser, CSH, lie, Trp and Orn seem to be mainly

related to the lysis of the necrotic tissue (table 5.Ill) as they

occur in the early phase after the induction of acute liver

ischemia and are not pronounced after total hepatectomy.

Although small decreases of the brain glutamate were found after

acute liver ischemia (Mans et al., 1979, or complete hepatectomy

(James et al., 1982, Holmin et al., 1983, Jonung et al., 1985)

and of the brain aspartate concentrations after acute liver

ischemia (Bloch et al., 1978, Nans et al., 1979) and complete
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hepatectomy (Holmin et al., 1983), we only found a moderate

significant decrease of the brain glutamate concentration after

2h of liver ischemia and after hepatectomy (compared to the

values found during PCS). Thereafter, the brain glutamate

concentration was restored, possibly due to a bad seperation of

the glutamate and the glutamine peaks in the amino acid analysis.

Both PCS and SHAM operations induce a significant increase of the

brain aspartate concentration (table 5.II). During acute liver

ischemia, the brain aspartate concentration returns to normal

values and is further decreased during hepatectomy (table 5.III).

This increase after a PCS or SHAH operation is in agreement with

the observations of Biebuyck et al. (1975), Mans et al. (1979),

James et al. (1982) and Holmin et al. (1983). Aspartate

concentration changes are probably not important for the

pathogenesis of acute HE.

With a comparable increase in the plasma ammonia concentration

(table 5.1), hepatectomy induces a milder increase of Gly, CSH,

Tyr, Phe and Lys concentrations and a more elevated Ala

concentration (table 5. Ill), which is reflected in the

correlations (table 5.IV). These differences are possibly caused

by the fact that after hepatectomy, the lysis of necrotic liver

tissue is minimal. It also suggests that these amino acid

changes are probably not an important factor in the pathogenesis 1 ;

of acute HE. This is confirmed by Jonung et al. (1985), who $ .-
f '

found that after infusion of branched chain amino acids after $ ^
i i

hepatectomy, brain Gin, Glu, Ala and Gly were significantly f j

increased and the Phe, Met, Tyr, Thr, His and Lys were decreased, | ' i
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compared to the situation after hepatectomy. Improvement of the

survival rate was, however, not observed in these rats after a

branched chain amino acid infusion.

The high correlation between the NAA's: threonine, tyrosine,

phenylalanine and histidine and brain glutamine concentrations

during PCS (Jeppsson et al., 1985) and lysine is confirmed by our

data during acute HE (table 5.IV) and support the hypothesis that

changes in the brain glutamine concentrations are an important

determinant of the concentration changes of the other NAA's.

However, during long-teT:. ammonia intoxication, the relation

between the brain glutamine concentrations and the stimulation of

the NAA carrier transport system disappears and seems to be

mainly related to the ammonia increase (Mans et al., 1983). The

branched chain amino acids: leucine and valine correlated better

with the plasma ammonia concentration than with the brain

glutamine concentration and this positive correlation occurs in a

situation of an increased rate of metabolism of these amino acids

(Shiota, 1984, Jeppsson et al., 1985).

From the correlations, reported in table 5.IV, it can be

concluded that changes, induced by ammonia and/or ammonia

detoxification processes are closely related to the changes in

amino acid concentrations. This is in agreement with Batshaw et

al. (1986), who found an increase of the brain NAA

concentrations after urease induced long term ammonia

intoxication in rats. An increase of ammonia probably reflects a

combination of lysis of necrotic liver tissue, protein breakdown

and the absence of normal liver metabolic functions (James et
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al., 1982) and these events cause the concomitant increase of 1

both ammonia and several amino acids.

In our opinion, changes in the brain amino acids during

progressive HE are not the most important factor in the

pathogenesis of acute HE. The impressive increase of the brain

glutamine concentration suggests that ammonia or ammonia

detoxification processes are more important.

5.5 Summary

Changes in brain amino acids and ammonia concentrations were

observed during acute hepatic encephalopathy (HE), induced either

by acute liver ischemia or hepatectomy in rats.

Threonine, glycine, phenylalanine, tyrosine and lysine increased

progressively and argin.ine decreased progressively over time

during the development of HE, suggesting that changes in these

amino acids were either important in the pathogenesis of acute HE

or were epiphenomena.

Glutamine increased in the first 4h after the induction of the

liver ischemia and stabilized thereafter. Decrease of the brain .,'.

concentration of glutamate occurred in the early phase, but an

increase occurred in the later phases. Brain aspartate

concentration had increased one day after PCS, but normalized ;j'

after induction of acute liver ischemia. | . j

I >
Host of the brain amino acid changes correlated significantly ? I

with the brain glutamine, plasma ammonia and possibly the brain f t I



ammonia concentrations and the suggestion arises that changes in

the brain ammonia concentrations are an important factor in the

pathogenesis of acute HE.
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6 BIOCHEMICAL CHANGES IN THE RAT BRAIN DURING THE DEVELOPMENT OF

ACUTE HEPATIC ENCEPHALOPATHY. II. CHANGES IN POLYAMINES AND

ODC ACTIVITY

This chapter has been partly published (Deutz et al., 1988).

6.1 Introduction

The pathogenesis of hepatic encephalopathy (HE) is still unknown.

However it seems likely that altered neurotransmission plays an

important role (Frazer et al., 1985). Among other factors, some

stress the importance of GABA-ergic activity (Jones et al.,

1987). Under physiological and pathophysiological conditions,

there is a regulatory interrelationship between brain GABA and

polyamine metabolism (putrescine, spermidine and spermine)

(Seiler et al., 1979, Seiler et al., 1985). Since it is known

that polyamines may play a role in the modulation of

neurotransmission (Pajunen et al., 1979, Bondy et al., 1986) and

that GABA, apart from the decarboxylation of glutamate, can be

derived from putrescine (Seiler et al., 1979), it seems

worthwhile to study the role of polyamines in HE, especially as

patients with acute liver insufficiency are known to have -| i

m "
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increased plasma polyamine concentrations (Desser, 1981).

We therefore tried to discover whether changes in the brain

polyamines may play a role in the pathogenesis of acute HE in an

experimental model.

6.2 Materials And Methods

Male wistar rats (250-350gr, TNO Zeist, The Netherlands) (12-h

light cycle; 8 a.m.- 8 p.m.) were investigated, fed with standard

laboratory chow (RMH 1410, Hope Pharms, The Netherlands) and

water ad libitum.

Five groups of rats, as described in chapter 5, were

investigated:

Group NOR (n«8): Normal rats, no operation at all.

Group SHAM (n-3): Sham operation.

Group PCS (n-4): Porta caval shunt.

Group U S (n-14): Liver ischemia rats.

Group HEP (n-7): Hepatectomy rats.

For experimental details, see part 1.

The polyamines were determined using the method described by Endo

et al. (1981). The ornithine decarboxylase (ODC) activity,

which is expressed as praol C02 evolved/h/mg protein, was

determined according to Cousin et al. (1982).

Statistical analysis was performed using a Student's t-test for

comparison of the group means. Linear regression analysis, using
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a least square fitting technique was used to calculate the

correlation coefficients (BMDP statistical software, 1985).

6.3 Results

Table 6.1 shows the brain putrescine, spermidine and spermine

levels, at the time of death. After laparotomy (SHAM group) a

small but significant increase in putrescine and spermine can be

observed. After one day of PCS the brain putrescine level is

significantly increased (69 //mol/kg ww).

The putrescine concentration in the HEP group was significantly

increased (106 /imol/kg ww) in comparison with the PCS and NOR

groups. The spermidine and spermine concentrations of the HEP

group were also significantly increased in comparison with the

NOR group, but not with the PCS group. The putrescine

concentration at t«4, 6 and 8h after liver ischemia was

significantly higher compared to PCS rats. Although spermidine

Table 6.1: Brain polyamine (//mol/kg ww) concentration in the
different groups.

Putrescine | Spermidine Spermine

Normal |
SHAN |
PCS |

28
40
69

.8 +

.7 +

.0 +

1
1
6

.5 |

.25 |
• OS |

| 302
| 344
| 360

.8 +

.0 +

.0 +

19
15
26

.7

.6

.2

| 140
| 178
| 178

. 8 + 9

.7 + 12

. 0 + 4

.4

.25

.15

LIS 2h | 79.3 + 5.05
LIS 4h | 103.3 + 11.55°
LIS 6h | 101.5 + 8.55°
LIS 8h | 131.0 + 3.05°

382.8 ± 23.2§
380.0 + 3.7§
427.5 + 31.55
418.3 + 9.9§

216.3 ± 9.55°
205.3 + 6.85°
244.5 + 26.55°
195.5 + 3.95°

HEP 106.0 ± 7.8§< 380.7 ± 11.45 179.7 + 8.95

Values are means + SEM
5 P<0.05 versus NOR group.
° P<0.05 versus PCS group.
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tended to increase after liver ischemia, the values were not

significantly higher compared to the PCS group, probably due to

the larger variation in this group. The spermine of the LIS

group was significantly higher at all points in comparison with

both the PCS and the NOR groups without a tendency to increase

over time.

Analysis of the brains of another series of 4 normal and 4 rats

with 6-8h of liver ischemia showed a 3-4 fold increase of the

brain ornithine decarboxylase (ODC) activity (table 6.II).

Table 6.Ill shows the correlations between brain amino acids,

some brain amino acid combinations, plasma ammonia concentrations

and brain polyamine concentrations. Significant correlations

were found between brain putrescine concentrations and plasma

ammonia and many of the brain amino acid concentrations.

Exceptions are: Tau, Ser, Ala, Cit, Met, lie, GABA, Trp and the

combination Glu+ Asp. The correlations between the brain

spermidine and spermine concentrations and the brain amino acids

Table 6.II: Brain PA, ODC activity and plasma ammonia in NOR and
LIS rats.

| brain |Plasma
| n I ODC |Putrescine|Spermidine|SperminejAmmonia

Normal

LIS 6-8h

1

1 4

1 4

| activity|

| 4.8±1.8 | 40

|16.0±2.0S|130

.5±2

.0±2

.5 |

• 8S|

340± 3

393±19

1

S 1

212± 2

285+15$

1 38± 8

I835+76S

ODC activity is expressed as pmol/mg protein/h.
Putrescine, Spermidine and Spermine are expressed as /smol/kg ww
Plasma ammonia concentration is expressed as //mol/1.

Values are means + SEM.
S P<0.05
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and plasma ammonia concentrations were lower when compared to the

correlations with putrescine. Increase of the correlation

coefficients was found when the hepatectomy group was excluded.

Table 6.IV shows the effects of different ammonium acetate

concentrations on brain ODC activity in pooled normal rat brain

Table 6.Ill: Correlations between the brain amino acids and the
brain putrescine (PUT), spermidine (SPD) and spermine (SPM)
of all groups and without the hepatectomy group.

Plasma
ammonia

Pser
Tau
Asp
Thr
Ser
Glu
Gin
Pro
Gly
Ala
Cit
Val
Cys
Met
CSH
He
Leu
Tyr
Phe
GABA
Trp
Orn
Lys
His
Arg

Glu+Asp
+ Ala
Glu+Asp
Glu+Orn

PUT

0.70a

-0.59a
-0.23
-0.38a
0.78a

-0.21
0.45*
0.89u
0.60«
0.46a
0.36
0.35
0.42&
0.55°

-0.06
0.52n

-0.16
0.45a
0.82n
0.87a
0.03

-0.12
0.43a
0.74a
0.74n

-0.65n

0.40°
0.30
0.48a

All groups
| SPD

0.36

| -0.24
-0.08
-0.04
0.47°
0.19
0.39n
0.50°
0.37«
0.44a
0.04
0.24
0.34
0.35

-0.03
0.40a
0.14
0.29
0.56a
0.62a

-0.19
0.16
0.38a
0.60n
0.43a

-0.51a

0.36
0.33
0.41a

SPM

0.35

-0.21
-0.17
-0.09
-0.43a
0.12
0.09
0.39°
0.27
0.37a
0.07
0.25
0.19
0.08
0.26
0.36
0.03
0.16
0.49a
0.45a
-0.04
0.06
0.39a
0.48a
0.33

-0.35

0.08
0.05
0.10

without HEP
PUT

| 0.88n

-0.62a
-0.48"
-0.29
0.78n

-0.12
0.63a
0.93n
0.72«
0.52n
0.69n
0.35
0.35
0.69n

-0.13
0.72B

-0.24
0.52a
0.92a
0.94B

-0.37
-0.12
0.45a
0.79a
0.81a
-0.76a

0.53a
0.50a
0.66a

SPD

0.61a

-0.30
-0.12
-0.07
0.49a
0.25
0.46a
0.57a
0.73n
0.48a
0.62a
0.31
0.59a
0.40
0.04
0.48a
0.15
0.66a
0.70a
0.73a
-0.30
0.19
0.43a
0.64a
0.57a
-0.54a

0.43a
0.41
0.48a

group
SPM

-0.06

| -0.26
-0.26
-0.21

| 0.03
0.15
0.52a
-0.29
0.42a
0.44a
0.41
0.05
0.10
0.38
0.37
0.03
0.42u
0.68a
0.58a

-0.24
-0.05
0.57a
0.57a
0.55a
0.62a

-0.45u

0.10
0.08
0.17

a; p<0.05.
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(duplo values). No effects of ammonia were observed on brain ODC

activity.

6.4 Discussion

Our experimental data show that during liver failure, brain

polyamine levels (mainly putrescine) increase. This progressive

increase over time of brain putrescine concentrations after

complete liver ischemia is associated with progressive increase

of plasma ammonia concentrations, many brain amino acids

concentrations and with an increase of the severity of HE

(chapter 2, 4 and 5).

Two questions arise: (1) what is the explanation of this

increase and (2) is there a causal relationship between this

increase and the development of acute HE?

Ad 1: Transport from blood could take place, but seems unlikely

as the brain uptake index (BUI) of putrescine is low (Shin et

al., 1985) and the brain- plasma ratio is relatively low after

intravenous injection of [3H]-putrescine (Seidenfeld et al.,

1979). The plasma polyamine concentration during our experiments

(not shown) was below the sensitivity of our polyamine

Table 6.IV: The effects of ammonia in vitro on the brain
ODC activity.

Ammonia |

ODC
activity | 6

0

.1-6 .8

1

1 6

100

.5-6 .3

1

1 6

500

.0-8

1

-1 1

1

1 6

1000 |

.4-7.0 !

1

1 7

2000

.1-7.6 |

ODC activity (in duplo) is expressed as pmol/mg protein/h
and the ammonia concentration is expressed as jumol/1.

- 106 -



determination method. As putrescine is synthesized from

ornithine by ODC, we believe that the increased brain putrescine

concentrations can be ascribed to the increased brain ODC

activity (table 6.II). Therefore, the a next question arise:

what is the cause of the increased brain ODC activity after acute

liver ischemia and hepatectomy?

In chapter 5, we have described changes in plasma and brain

ammonia concentrations and amino acid concentrations during the

development of HE. In this respect, the findings of Sens et al.

(1983) are of importance. They found a stimulation of liver ODC

activity by the amino acid combinations: glutamate+ aspartate+

alanine and a small stimulation by glutamate+ aspartate and

glutamate+ ornithine. No stimulation was found when amino acids

were given alone. The results, shown in table 6.Ill, seem to

confirm this as the first and third combination correlate

significantly with putrescine concentrations. These findings may

explain our results, although it is not sure whether the results

of Sens et al. (1983) can be applied to brain ODC.

However, another alternative explanation may be the fact that

plasma ammonia concentrations (highly correlated to the brain

ammonia concentration (chapter 5)), correlate very well with the

brain putrescine concentration and several brain amino acid

concentrations. Therefore, it is suggested that ammonia

detoxification processes or ammonia related amino acid changes

have something to do with increased brain putrescine

concentrations. This hypothesis is in agreement with the

observation that a high brain ammonia concentration, induced by

acute ammonia intoxication or methionine sulfoximine, induces an
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increase of the brain ODC activity (Dienel et al., 1984).

However, direct stimulation of brain ODC activity (table 6.IV)

was not observed at brain ammonia concentrations, comparable to

those found, 8h after acute liver ischemia (chapter 8).

Evenmore, no stimulation of the liver ODC activity by ammonia was

observed (Sens et al., 1983). It was suggested that induction of

brain ODC activity is possibly related to reactive changes in the

astrocytes (Dienel et al., 1984). Therefore, we believe that the

increase of brain ODC activity during acute liver failure is

related to the ammonia detoxification processes.

A possible explanation for the increase in the polyamine levels

in the SHAM group is that surgical stress induces a small

increase in the brain ODC activity (Poso et al., 1980).

Ad 2: Intraventricular injection of spermidine or spermine in

the brain of mice induces sedation and hypothermia, but

intraventricular putrescine has little effect, unless given in

very high doses (Shaw, 1979).

It has been suggested that increased GABA-ergic tone contributes

to the neural inhibition of HE (Jones et al., 1987). GABA

production from putrescine presumably takes place in

nonsynaptosomal compartments (Seiler et al., 1979), suggesting

that the catabolism of putrescine to GABA is probably of

significance not for the GABA pool active in neurotransmission,

but rather for another GABA pool (Pajunen et al., 1979).

However, since we did not find any relation between brain GABA

concentrations and brain polyamine concentrations (table 6.Ill),

the catabolism of putrescine to GABA may not be an important
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event in the pathogenesis of acute HE.

The polyamines (in particular putrescine) seem to function as

intracellular messengers or signals to increase free cytosolic

Ca++ by stimulating Ca++ influx and mobilizing Ca++ from

intracellular sites. Therefore, polyamines are important in

Ca++- dependent membrane transport processes such as endocytosis,

hexose transport and amino acid transport (Iqbal et al., 1985).

The most important role of polyamines might be the mobilization

of intracellular calcium and, as a consequence, stimulation of

excitatory neurotransmitter release (Bondy et al., 1986).

An increase in the brain putrescine concentration during acute HE

could induce an imbalance between the inhibitory and excitatory

neurotransinitters, making the brain more vulnerable to

superimposed neurotransmitter changes, e.g. those induced by

ammonia.

We suggest that polyamines can play a (probably permissive) role

in the pathogenesis of acute hepatic encephalopathy.

6.5 Sunary

Brain polyamine levels were studied during acute hepatic

encephalopathy (HE) in the rat, induced by either acute liver

ischemia or total hepatectomy.

During acute HE, the brain putrescine concentration increased

significantly as well as brain ornithine decarboxylase activity.

Changes in brain spermidine and spermine concentrations were less
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pronounced. In plasma, polyamine concentrations remained below

the level of detection.

Brain putrescine concentrations increased parallel to the

progression of HE, blood ammonia concentrations and several brain

amino acid concentrations, related to ammonia metabolism.

However, direct stimulation of the brain ODC activity by ammonia

was not observed and therefore, it was suggested that increased

brain putrescine concentrations are related to brain ammonia

detoxification. An increase of brain putrescine concentrations

might contribute to disturbance of the balance between inhibitory

and excitatory neurotransmitters and thus to the pathogenesis of

acute .
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7 IN VIVO BRAIN 'H-NMR SPECTROSCOPY DURING ACUTE HEPATIC

ENCEPHALOPATHY

This chapter has been partly published (Deutz et al., 1988).

7.1 Introduction

Studies on the pathogenesis of acute hepatic encephalopathy (HE)

are hampered by the fact, that intracellular measurement in

cerebro of possible causal substances in one and the same animal

as a function of time is very difficult. This problem can be

overcome by NMR spectroscopy of the brain in vivo. In chapter 4,

this technique was used to measure brain PCr, ATP and Pi

concentrations and intracellular pH during acute HE. To study

cerebral changes in other metabolites such as amino acids, in

vivo brain ^-Nuclear Magnetic Resonance Spectroscopy ('H-NMRS)

can be used. This technique enables the measurement of the

relative concentrations of, for example, lactate, N-acetyl

aspartate, glutamate, glutamine, creatine and choline (Behar et

al., 1985), if the substance is present at a concentration of at

least 0.05 mM.
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Biochemically determined glutamine, glutamate, (chapter 5, Mans f

et al., 1979, Holmin et al., 1983) and lactate concentrations •

(Siesjo et al., 1971, Holmin et al., 1983) change during acute

HE. However, the concentrations of the above mentioned

substances were never followed over time in one and the same

animal. Therefore, we performed in vivo JH-NMR spectroscopy

during the development of acute HE to evaluate its usefullness.

Since measurement of the EEG left shift allows monitoring of the

severity of HE (Chamuleau et al., 1987, chapter 2), combined

'H-NMRS and EEG power density spectral analysis were performed.

7.2 Materials And Methods

7.2.1 Animals -

Five male Wistar rats (250-350gr, TNO Zeist, The Netherlands)

(12-h light cycle; 8 a.m.- 8 p.m., ) were investigated, fed with

standard laboratory chow (RMH 1410, Hope Pharms, The Netherlands)

and water ad libitum.

7.2.2 Experimental Model And Surgical Procedure -

An experimental setup is used as described by Deutz et al., 1987

and chapter 4 of this thesis. In brief, 2 to 5 days before the

start of the experiment, a surface coil is implanted onto the ;

rat's skull. For 1H-NMRS a one-turn ellipsoidal surface coil is

used with axes of 14 and 11 mm (rat A, B and C). For the rats D ••

and E, a one-turn ellipsoidal surface coil is used with axes of $ <

13 and 10 mm. One day before the experiment a portacaval shunt *' '
I

(PCS) is made, and a ligature is placed around the coeliac trunc f .>

and a peritoneal catheter implanted. At the day of the •

o
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experiment (8 a.m.), one hour after fixation of the rat in a

head-body holder (Deutz et al., 1986, chapter 3), initial EEG and

'H-NMR spectra are obtained from the unanaesthetized rats.

Complete liverischemia is thus induced (Rat A, B and C) and

'H-NMRS and EEG spectral analysis is performed once per hour. As

controls served two PCS rats, as indicated in the figures.

All rats had free access to water and food before the experiment.

Every hour during the experiment 1 ml glucose 5% was given

through the peritoneal catheter. Care was taken that during this

procedure hypoglycaeroia did not occur after liverischemia. In

the magnet the rectal temperature of the rats was continuously

monitored and to prevent hypothermia, temperature- controlled air

was circulated around the head-body holder. At different time

intervals, keeping the rat in the head-body holder, the rat was

taken out of the magnet and the EEG signal was measured and

analysed afterwards to obtain EEG-power density spectra

(Chamuleau et al., 1987, chapter 2). The EEG left index (chapter

4) was used as a parameter of the severity of the acute HE.

7.2.3 'H-NMR Spectroscopy -

NNR measurements were done with the use of a home-built 7 Tesla

spectrometer system (Mehlkopf., 1978). To obtain a spectrum, the

A-T-B-ACQUIRE spin-echo sequence was used with short identical

field gradient pulses directly after the A and B pulses. A and B

are 1-1 and 2-2 Hore pulses (Hore, 1983) with the spectral window

centered on the resonance of N-acetyl aspartate at 2.0 ppm. In

this sequence, T-68 ms, the flip angle of the 1 pulse is 75° in
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the center of the surface coil and the repetition time was 4 sec.

Measuring time is 20 min. With time domain Lorentz- to- Gaussian

windowing, Gaussian line shapes are obtained with line widths of

25 Hz. The peaks in a 'H-NHR spectrum correspond to chemical

compounds. The relative concentrations of the compounds are

determined from the peak intensities. As we did not find

significant changes in the total creatine peak height during the

experiment, all values are expressed relative to this peak and to

its value at t-Oh.

To obtain spatially one- dimensional in vivo spectroscopic images

(SI), we use the A-T-B- ACQUIRE sequence with spatial information

ppm 4 3 2
CHEMICAL SHIFT

Figure 7.1: Proton Spectroscopic Image showing spectra of slices
parallel to the surface coil of the rat brain. Prom left to
right the chemical shift scale is shown and from top to the
bottom of the figure the position of the slices with respect to
the surface coil is shown. The latter is in the plane at 0 mm.
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phase- encoding by incrementing the appropriate field gradient ;

between the A and B pulse in 48 consecutive steps. A repetition

time of 1.5 sec is used. For the spatial dimension, Gaussian

weighting is applied with associated linebroadening of about 0.6

nun (de Graaf et al., 1987). Figure 7.1 shows an SI of the brain

of a portacaval shunted rat, obtained over about 40 min.

However, a sufficient signal to noise ratio can already be

obtained in 10 min. The figure shows spectra of slices in the

brain, parallel to the surface coil, which is located at a depth

of 0 mm. The lipid signals between 0.5 and 1.8 ppm are localized

near the surface coil, probably in the skull and can obscure the

changes in the relative concentration of lactate (1.33 ppm). As

seen in figure 7.1, one can delete these by taking only signals

from regions more than 2 mm below the surface coil. The

intensity of the peaks decreases at deeper regions, due to the

limited field of view of the surface coil. We performed SI

experiments on several rats, with spatial information in three

dimensions: parallel to the coil and in two orthogonal planes

perpendicular to the coil. Prom these experiments, we conclude

that in regions deeper than 2 mm below the surface coil, the

substances visible in the 'H-NMR spectrum are mainly located in

the cerebral cortex.

7.3 Results

Figure 7.2 shows the changes in the brain 'H-NMR spectra of rat ,;: „ <
:• »

B, induced by lOh of acute HE. The peak assignments are given in 1 .
>>; ;

the legend to figure 7.2. The lactate (o) and the glutamine (j) | j
i . t

peaks are clearly increased during acute HE. The glutamate (k) ! ' iI; '
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peak seems to have slighly decreased, taking into account the

increased glutamine peak.

Figure 7.3 (lower panel) shows the changes in the EEG left index

as a parameter of the 'left shift' of the EEG. The EEG left

index of the rats B and C show a significant increase over time.

The EEG left index of rat C declined during the last hour before

death and the EEG left index of rat A starts at a relatively high

value and does not change significantly during the experiment

compared to its initial value. No changes were observed in the

control rats.

Figures 7.3 (upper panel) and 7.4 show the percentual change in

lactaat, glutamine and glutamate concentration, respectively,

relative to the total creatine peak during the development of

acute HE. Two rats (B and C) died just after the last "H-NMR

spectrum. Rat A was sacrificed after llh of liver ischemia.

This rat had a plasma ammonia and plasma glucose concentration of

respectively 1195 //mol/1 and 5.9 mmol/1. Clinical observation

showed subcoma (no righting reflex, slow reaction on a painful

stimulus (tail pinch)).

Figure 7.5 shows the relation between brain glutamine and lactate

concentrations during the development of acute HE and the control

rats. The brain glutamine concentration does not further

increase beyond a certain increase of lactate levels.

7.4 Discussion

These results show that 'H-NMRS is a useful non-invasive

technique to monitor jin vivo simultaneously biochemical changes

in the brain of one and the same animal during the development of

- 117 -



acute HE after liver ischemia. Furthermore this technique

t-10 H.

t«0 H.

ppm ^8 6 4

b

^ V

Figure 7.2: Representative brain ]H-NHR spectra of lat B just
before and after lOh after liver ischemia.
Peaks: N-acetyl aspartate:a,c,i and 1.; Rest of the water
signal:b; Creatine + Phosphocreatine:c and h; Aspartate:c and i;
Glycinete; Taurine:f; Choline compounds:g; Glutaminerd and
j;Glutamate:d and k; Lipids:m and n; Lactate:o.
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3 6 9
Tine (hour) >

12

Figure 7.3: The percentual change in lactate concentrations
(upper panel) and the EEG left index (lower panel) of 3 rats
during the development of acute hepatic encephalopathy (rat A:
square, rat B: octagonal and rat C: triangle symbol) and 2
control rats (rat D: + and rat E: x symbol).
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enables us to register interindividual differences. Accurate '

observation of a small number of animals with this technique

yields essentially more information than can be obtained by

sacrificing a large number of animals with one observation per

animal. To our knowledge, this is the first time that the well

known increase of brain glutamine (Williams et al., 1977, Nans et

al., 1979, Holmin et al., 1983) and lactate (Siesjo et al., 1971,

Holmin et al., 1983) during acute HE has been confirmed iri vivo.

With respect to glutamine, these results are different from

biochemically determined data (figure 5.2). In these

experiments, biochemically determined glutarine concentrations

only increased in the first 4h. There are two main reasons, why

'H-NMRS may result in a different pattern of change. Firstly,

concentrations as determined by 'H-NHRS depend on the mobility of

the molecules, immobile molecules are invisible. Secondly, with

the use of surface coils and localisation techniques, signals

only from a localized region are obtained.

These differences possibly explain the different behaviour of

both glutamine and glutamate concentrations (compare figure 7.3

and 7.4 with figure 5.2 - decrease of brain glutamate

concentrations in the first 6h and the retarded and gradually

increase of brain glutamine concentrations in the present study).

It suggests that cor. entrations, obtained by "H-NMR spectroscopy, ]

reflect only a part of the total 'pool' of biochemically measured 1;

cerebral cortex concentrations. For example, the biochemically If"

obtained brain cortex glutamate concentration in normal rats is |

±8 mmol/kg ww and the brain cortex glutamine concentration is ±3 f -

mmol/kg ww (Benjamin et al., 1981). Therefore, one would expect I ,

- 120 - f



3 6 9 12
T ine < hour) >

Figure 7.4: The percentual change in glutamine (upper panel) and
glutamate (lower panel) concentrations of 3 rats during the
development of acute hepatic encephalopathy (rat A: square, rat
B: octagonal and rat C: triangle symbol) and 2 control rats
(rat D: + and rat E: x symbol).
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that the glutamate peak is at about three times the size of the

glutamine peak. However, this is certainly not the case (lower

panel of figure 7.2). If ^-NHRS specifically observes a mobile

part of the total pool (e.g. glutamine or glutamate), it is

attractive to speculate about functional aspects. Suppose,

'H-NMRS measures the mobile free concentration of glutamate,

important for neurotransmission and measures the glutamine

concentration from the neuronal pool, used for the synthesis of

o o o
o

o

30 200 300
Lact/CrX ->

400 500

Figure 7.5: The relation between glutamine and lactate
concentrations of 3 rats during the development of acute hepatic
encephalopathy (rat A: square, rat B: octagonal and rat C:
triangle symbol) and 2 control rats (rat 0: + and rat E: x
symbol).
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neurotransmission active glutamate (see figure 1.2). If this is

the case, increase of glutamine concentrations at a later phase

than biochemically observed (figure 5.2) probably reflects the

ammonia induced inhibition of glutaminase (chapter 1) and the

earlier increase of biochemically determined brain glutamine

concentrations (figure 5.2) the increased glutamine synthesis in

the astrocyte. The astrocyte pool of glutamine seems to be

undetectable by our 'H-NMRS measurements.

The changes in the EEG left index of rat A and B (figure 7.3)

seem to parallel the trends in both glutamine and lactate

concentrations (figures 7.3 and 7.4), suggesting these changes to

be related to the severity of HE. The increase of the EEG left

index in rat C occurs before increase of the brain lactate

concentrations and this observation suggests that a increase of

the lactate concentration occurs at a later phase of acute HE.

In other experiments (not shown), a similar decrease of the EEG

left index in the phase preceding death of rat C was observed.

Rat A shows a high initial value of the EEG left index (figure

7.3). Since the EEG is taken from the metal screws, used for the

surface coil attachment, an erronously different location of

these screws in rat A may explain this value.

During acute hepatic encephalopathy both blood (chapter 8) and

brain lactate concentrations are increased (Siesjo et al., 1971).

The increase of blood lactate concentrations is mainly caused by

diminished liver function and the brain lactate concentration

increase is possibly due to either transport of blood lactate to

the brain, by stimulation of brain anaerobic glycolysis or by

- 123 -

;i -

i



combination of these factors. Both activation by ammonia of

phosphofructokinase which stimulates glycolysis, and inhibition

of the tricarboxylic acid cycle enzyme, isocitrate dehydrogenase,

by ammonia has been described (Kvamme et al., 1983, Cooper et

al., 1987, section 1.2.2).

Brain ammonia concentrations are highly increased during acute HE

(Chapter 8, Mans et al., 1979). Unfortunately this compound can

not be measured by 'H-NMRS, because the ammonia and water NMR

signals coincide, due to rapid chemical exchange of the protons

between these two compounds. Observations by means of

biochemical analysis during acute HE (Siesjo et al., 1971, Holmin

et al., 1983), sustained hyperammonemia (Hindfelt, 1972), acute

ammonia intoxication in vivo (Hindfelt et al., 1977, Lin et al.,

1985) and in adult rat brain cortex slices (Benjamin et al.,

1978) showed that the increase of the brain ammonia is

accompanied by an increase of brain lactate concentration. Lin

et al. (1985) confirmed this finding and they found that this

increase of brain ammonia concentrations is proportional to the

increase of brain lactate concentrations. Therefore, we propose

to use the latter, as measured by 'H-NMRS, as representative for

the brain ammonia concentration under our experimental

conditions.

If this extrapolation is valid, we must conclude that in the

later phases of HE, brain ammonia concentration increases faster

than the brain glutamine concentration (figure 7.3, 7.4 and 7.5),

which is confirmed by biochemical analysis (chapter 5, Lin et al.

(1985). This could be in agreement with the observation that

brain ammonia levels occurring one day after PCS already

approache the concentration, corresponding to the Michaelis-
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f *f
Menten constant (Km) of the glutamine synthetase reaction. At s| *

higher ammonia concentrations the Ki of the glutaminase reaction ?

is approached (Chapter 1, Benjamin, 1981, Cooper et al., 1987).

During maximal activity of glutamine synthetase, which is

localized in the astrocyte, additional diffusion into the brain

of blood-borne ammonia will substantially increase the ammonia

concentration in the neuron. This could induce changes in

neurotransmission (Raabe et al., 1985, section 1.2.3) and further

stimulation of anaerobic glycolysis, which could result in a

further increase of brain lactate. These phenomena may provoke a

chain of events, leading in the terminal phase to intracellular

ATP depletion and intracellular acidosis. Finally, death of the

neuron and the animal is inevitable.

In experiments, based on post mortem biochemical analysis of the

whole brain, a small but significant decrease in brain glutamate

concentrations has been found (Mans et al., 1979, Holmin et al.,

1983). Figure 7.4 shows that this decrease already occurs in the

first 4h after the induction of the liver ischemia. Since brain

glutamate concentrations are far below the Km of the glutamate

translocator in the malate- aspartate shuttle, this shuttle is

very sensitive to small changes in glutamate concentrations.

Cooper et al. (1987) reviewed conditions in which brain

glutamate concentrations are decreased. Most of these conditions

were related to either a stimulation of glutamine synthetase

and/or inhibition of glutaminase. If inhibition of the malate-

aspartate shuttle occurs, one may expect to find a relationship

between the levels of glutamate and ATP. This relation was

confirmed during transient forebrain ischemia (Cooper et al.,
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1987) and during insulin- induced hypoglycemia (Behar et al.,

1985). Combining the results of chapter 4 and this chapter shows

that the early decrease of the brain ATP concentration coincide

with the decrease of the brain glutamate concentration and thus

providing an explanation for the initial ATP concentration

decline. However, restoration of brain ATP concentrations

(figure 4.2) during persistance of lowered brain glutamate

concentrations, is not fully understood.

These preliminary results show the usefulness of 'H-NMR

spectroscopy in the study of the pathogenesis of hepatic

encephalopathy. In fact 'H-NMRS is at the moment the only

technique that enables to measure concentration changes in

certain intracellular metabolites and that provides insight in

the in vivo sequence of events in the brain from the beginning of

HE until death. Improvement of its spatial and spectral

resolution in the near future will certainly extend our knowledge

of the pathogenesis of HE. This method will be used more

extensively in chapter 8.

7.5 Suuary

In vivo ]H Nuclear Magnetic Resonance Spectroscopy ('H-NMRS) of

the rat cerebral cortex was used to follow the changes in the

relative concentrations of lactate, glutamine and glutamate

during the development of acute Hepatic Encephalopathy (HE)

(maximal 14 h) after acute liver ischemia and in control rats.

Both an increase in brain lactate and glutamine was found, which J < |
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related to the severity of HE. In the later phase of HE, brain

lactate concentrations increased faster than brain glutamine

concentrations, suggesting a progressive increase of brain

ammonia concentrations. In the first 4 h, a small decrease of

the brain glutamate concentration was found.

The in vivo values for metabolite concentrations, as measured by

^-NMR spectroscopy, are essentially different from those

biochemically. The results of the observations of the free,

mobile glutamine and/or glutamate concentrations by 'H-NMR

spectroscopy suggest disturbed glutamate neurotransmission and

probably results in an early ATP decline. Increase of brain

ammonia concentrations probably cause inhibition of glutaminase,

subsequent increase of glutamine concentrations and cause

increase of anaerobic glycolysis during the development of acute

HE. Progressive inhibition of glutamine synthetase and

glutaminase iv the later phases of acute HE, may provoke a chain

of events, leading to death of the neuron and the animal.

These preliminary results show the usefulness of in vivo 'H-NHR

spectroscopy in the study of the pathogenesis of acute HE.
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8 AMMONIA INDUCED ENCEPHALOPATHY RESEMBLES ACUTE HEPATIC

ENCEPHALOPATHY

This chapter will be submitted for publication.

8.1 Introduction

An important factor in the pathogenesis of acute hepatic

encephalopathy (HE) is ammonia. An increase of brain ammonia

concentrations is observed after complete hepatectomy (Holmin,

1976) and after acute liver ischemia (Mans et al., 1979, chapter

5).

The enzyme urease (E.C.3.5.1.5) catalyses the hydrolysis of urea

into two ammonia molecules and C02 (Batshaw et al., 1986).

Urease injections in vivo have been used as a model of subacute

ammonia intoxication (Prior et al., 1970, Prior et al., 1972,

Diemer et al., 1977, O'Connor et al., 1984, Cooper et al., 1985,

Batshaw et al., 1986). Two subsequent urease injections (Prior

et al., 1972) induce an increase of plasma ammonia

concentrations, progressively over a time period of 6-8h and thus

resembles the increase of blood ammonia concentrations during
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acute liver ischemia (chapter 5). I
Detoxification of ammonia in the brain occurs mainly by glutaraine

formation in the astrocyte (Cooper et al., 1987). Inhibition of

glutamine synthetase (E.C.6.3.1.2) by methionine sulfoximine

(MSO) (Lamar, 1968, Ronzio et al., 1969, Rothstein et al., 1982,

Subbalakshmi et al., 1983), increases brain ammonia levels

(Warren et al., 1964, Tews et al., 1964, Folbergrova et al.,

1969, Raabe et al., 1982), induces the development of Alzheimer

II astrocytes (Gutierrez et al., 1975) and decreases the cortical

post synaptic inhibition (Raabe et al., 1982). MSO also induces

a decrease of the brain glutamine and glutamate concentration

(Tews et al., 1964, van den Berg et al., 1970). A single

injection in vivo of MSO causes an inhibition of glutamine

synthetase that lasts for at least 24h (Lamar, 1968).

If ammonia is an important factor in the pathogenesis of acute

HE, it might be expected that MSO and urease induced

encephalopathy in vivo resemble acute HE.

Paradoxically, diminished in vivo toxicity of ammonia was

observed, when MSO was given 2h before the ammonia injection

(Warren et al., 1964, Hindfelt et al., 1975, Raabe et al., 1982)

and therefore it was suggested that MSO has the ability to

protect the brain against ammonia toxicity. This controversy was

the reason for studying the effects of MSO administration in

liver ischemia rats.

. i

In order to follow the development of acute HE, we have used EEG
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spectral analysis (chapter 2) as an indicator of the severity of

encephalopathy. Changes in the brain concentrations of

glutamine, glutamate and lactate were measured by jjri vivo 'H-NMR

spectroscopy (chapter 7) after MSO or urease administration in

normal rats and after acute liver ischemia.

8.2 Methods

Male wistar rats (200-300gr, TNO Zeist, The Netherlands) (12-h

light cycle; 8 a.m.- 8 p.m.) were used in all experiments. The

animals were fed with standard laboratory chow (RMH 1410, Hope

Pharms, The Netherlands) and water ad libitum.

8.2.1 Methods -

Three groups of rats were studied:

Group NOR: Normal rats

Group PCS: Portacaval shunted rats

Group LIS: Liver ischemia rats

8.2.2 Surgical Procedures -

At least one week before the experiment EEG electrodes were

implanted in all rats, as in chapter 2, except for those used for

the 'H-NMR study. The model of acute liver ischemia is described

in chapter 2 and 4.

At the day of the experiment (8 a.m.) initial EEG power density

spectra were obtained and the level of consciousness was judged.

In some rats L-Methionine- DL-Sulfoximine (Sigma M 5379) was
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given intraperitoneally (t=0 h ) , dissolved in sterile water. 18

rats of the NOR (NOR/MSO100), all rats of the PCS (PCS/MSO100)

group (n=5) and 5 rats of the LlS (LIS/MSO100) group received 100

mg/kg MSO ip, 3 rats of the LIS (LIS/MSO50) group received 50

mg/kg ip. One group of 17 rats of the NOR (UREASE) group

received at t=-16h 1000 units/kg urease ip and at t»0h 1250

units/kg ip. Urease was dissolved in 0.65% NaCl solution (one

unit urease liberates 1.0 //mole NH3 from urea per minute at pH

7.0 at 25°C - Sigma U 0251). Five normal rats (NOR) and 15 liver

ischemia (LIS) rats without MSO or urease administration served

as controls.

During the experiment, EEG power density spectral analysis was

performed and judgement of the level of consciousness (HE phase),

using the scale of 0 to 5 (table 8.1) was done. Only rats of the

LIS/MSO100 and LIS/HSO50 developed convulsions, being in deep

coma. If possible, rats were sacrificed before the onset of

convulsions to prevent convulsion induced changes in their EEG

and biochemistry. All liver ischemia rats received every h, 1 ml

of a 5% glucose solution ip and temperature was, after an initial

decrease in the first 2 h, maintained at +34° C.

Table 8.1: Stages in experimental hepatic encephalopathy

0: Normal behaviour

1: Mild lethargy

2: Decreased motor activity, poor control of posture and
diminished response to painful stimuli

3: Severe ataxia, no spontaneous righting reflex

4: No righting reflex on painful stimulus

5: COMA, no reaction to pain
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8.2.3 EEG Measurements - J

The EEG signal was amplified (Nihon Koden), directly or from tape

led through a Butterworth filter (low pass, cut off frequency 50

Hz with a roll off of 48 dB/octave) and analysed on line. The

ratio between low frequency power (1.0-7.4 Hz) and high frequency

power (13.5-26.4 Hz) was used as an indicator of the left shift

of the EEG (left index). The EEG left index values shown in

figure 8.3 and 8.5 were obtained from 8 NOR/HSO100, 5 PCS/MSO100,

6 UREASE, 9 LIS, 5 LIS/MSO100 and 3 LIS/MSO50 rats. From the EEG

left index values, shown in table 8.4 the data of 3 LIS/MSO100

and 1 LIS/MSO50 rat were excluded, because their EEG spectra

before sacrifice had been obtained after a convulsion.

8.2.4 Biochemistry -

Four rats of the UREASE group were sacrificed at t=-16 h, 4 rats

at t=0h and 9 rats at t=8h. Of the rats, sacrificed 4h after the

second injection, blood was obtained by orbita punction at t=2h.

Four rats of the NOR/MSO100 group were sacrificed at t=4h and 14

rats at t=8h. All rats of the PCS/MSO100 and LIS group were

sacrificed at t=8h. For technical reasons, no blood was obtained '

from the rats, described in section 8.2.4. Rats were sacrificed

under ether anaesthesia and blood was obtained by cardiac

puncture. Blood for lactate and pyruvate determination and for

ammonia of rats of the UREASE group was immediately deproteinized *

in perchloric acid and stored until analysis. Blood for ammonia J

and glucose determination of all other groups was stored on ice a

until analysis. Within 2 min after sacrifice, the forebrain was

taken out, sealed in aluminium foil and immediately immersed into

liquid nitrogen. Hereafter it was stored at -70°C until | !

ii
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analysis. Normal rats were sacrificed after having obtained one |n

EEG spectrum. Rats of the LIS/MSO100 and LIS/MSO50 were

sacrificed when in deep coma, respectively +4 and ±6h after the

start of the experiment. Blood analysis on ammmonia, glucose,

lactate and pyruvate was done by standard laboratory techniques.

Brain analysis on ammonia was done in perchloric acid brain

extracts, using glutamate dehydrogenase (Rigotti et al., 1985);

lactate and pyruvate were measured enzymatically by standard

laboratory techniques.

8.2.5 'H-NMR Spectroscopic Measurements -

Twelve rats were studied by 'H-NMR spectroscopy. Two days before

the experiment a surface coil (13 x 10 mm) was implanted as

described by Deutz et al., 1987 and in chapter 7 of this thesis

and hereafter a peritoneal catheter was implanted. Four rats

received, after taking initial 'H-NMR spectra (8 a.m.), 100 mg/kg

MSO ip at the day of the experiment and 4 rats received urease

ip, according to the scheme of the UREASE group, initial 'H-NMR ;

and EEG spectra (8 a.m.) were taken just before the second urease

injection and hereafer obtained everyh. The rat with the +

symbol received 1000 units/kg urease ip as a second dose. In 4

rats, acute liver ischemia was induced, after taking initial

'H-NMR spectra (8 a.m.), according to the scheme of the LIS

group.

I • i

Localized in vivo 'H-NMR spectroscopy was performed. The region * ;

of interest was positioned after inspection of the spatial I >

distribution of unwanted water and lipid signals by means of f . j
1 «

spectroscopic imaging (chapter 7) for the longitudinal and ? l
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lateral directions. Hereafter, the A-T-B-ACQUIRE sequence

(chapter 7) with the 1-1 pulse, replaced by a single pulse of 150

degrees flip angle in the coil center, was used in the

localisation method, described by Mareci et al. (1984). With a

repetition time of 4 sec, the measuring time was 20 min. The

longitudinal and lateral dimensions of the selected volume are 11

and 10 mm, respectively.

Results are presented as the percentual change of the ratio of

the peak intensity of the concerning peak and the total creatine

peak and were calculated as described in chapter 7. The lactate

concentration of one rat of the MSO group could not be

determined, due to variable lipid suppression.

8.2.6 Statistics -

Results are presented as means ±1 SEN. Statistical analysis

(BMDP statistical software, 1985) of the results was made using

the following tests: repeated measurement analysis of variance

and unpaired t-test for the EEG and HE phase measurements and

unpaired t-test for comparison of the groups means of the

biochemical results. Linear regression analysis was used to

calculate the correlation coefficients.

8.3 Results

Table 8.II shows the plasma ammonia, lactate, pyruvate and

glucose concentrations of the rats studied. Hypoglycaemia,

defined by a blood glucose concentration less than 3.0 mmol/1,

did not occur, except for one rat in the LIS/MSO100 group (2.3
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mmol/1). A significant higher plasma glucose concentration was

found in the UREASE group at t=4 and t=8 h, in comparison to the

LIS group. Significant increase of the plasma pyruvate in

Table 8.II: Plasma concentrations at sacrifice after MSO or
urease administration and during acute HE with or without MSO
administration.

Group

Normal

| t|MSO |

1 01 — |

| Glucose

I 6.9+0.3

| Pyruvate

| 0.11±0.01S

| Lactate j

| 1.0+0.1 |

Ammonia

53± 45

Normal
Normal

PCS
LIS
LIS
LIS

Urease
Urease
Urease

4
8

8
8
6
4

0
4
8

|100
|100

1100

1 -
1 50
|100

1 -
1 -
1 -

7.2+0.3
7.9+0.4

7.0+0.7
7.0+1.3
6.4+1.1
3.3+0.3nS1

6.6+0.2
11.1±1.1H§1
9.4+0.5n§K

0.11+O.OOSK |
0.15+0.0411 |

0.16+O.Oln |
0.28+0.03n§ j
0.08+0.0411 |
0.19±0.03« |

0.15+0.Olnfl |
0.08+0.01nsn|
0.10+0.01SH I

3.0+0.6a |
1.5+0.2nnj

1.8+0.3K |
4.2+0.5n§|
3.3+0.2n§|
4.1±1.0n§|

5.6+0.9n§|
3.9+0.6n§|
1.5+O.lnt|

165+ 20nJt
205± 21n51

327+ 23n»
830+ 78ng

1863+351nSt
2384±353nsi

123+ 18nsi
1448+150n$t
730+ 29n$

n: p<0.05 versus normal, S: P<0.05 versus PCS/MSO100
H: P<0.05 versus LIS
Ammonia is expressed as jumol/1, the other values are
expressed as mmol/1 (mean + SEM).
Values of the urease treated rats were obtained just before
and 4 and 8h after the second injection, respectively.

Table 8.Ill: Brain ammonia concentrations at sacrifice after
MSO or urease administration and during acute HE with or
without NSO administration.

Group

Normal

Normal
Normal

Urease
Urease
Urease

1 t

1 o

1 4
1 8

1 o
1 4
1 8

MSO

-

100
100

Ammonia

306+ 25S1

805+ 53nfl
839+ 52ai

385+ 42S1
2000+389°S1
1443+ 75n

Group

PCS
LIS
LIS
LIS

| MSO |

1 ioo |
1 " 1
1 50 |
1 100 |

ammonia

1226+194n
1368+109n
4487+507nSi
3872+434f»si

n: p<0.05 versus normal, S: P<0.05 versus PCS/MSO100
1: P<0.05 versus LIS
Ammonia is expressed as //mol/kg ww (mean + SEM).
Values of the urease treated rats were obtained just before
and 4 and 8h after the second injection, respectively.

- 137 - 3



comparison to the normal groups and the PCS/MSO100 group was

observed after liver ischemia without HSO and was also observed

when PCS/MSO100 and UREASE rats at t=0 h were compared to normal

rats.

An increase of plasma lactate concentrations in comparison to the

normal rats was observed in all rats with acute liver ischemia,

after urease treatment and after MSO treatment in normal rats. A

significant increase of plasma lactate concentrations in

Urease

2 4 6 8
T i n e <h>->

2 4 6 8
T i n e < h ) - >

Figure 8.1: The changes in the plasma (//mol/1 - square symbol)
and brain ammonia (//moI/kg ww - octagonal symbol, dashed)
concentration of the NOR/MSO100 and UREASE groups.
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comparison to the PCS/MSO100 group was observed in all liver

ischemia rats and in the UREASE group at t=0 and t=4h.

Plasma ammonia concentrations were significantly increased in all

rats. Significantly higher plasma ammonia concentrations were

observed in the liver ischemia rats with MSO in comparison to

liver ischemia rats without MSO. No significant difference in

plasma ammonia concentration was observed between the LIS group

and the urease group at t=8h.

"1 • N + MSO
O PCS + MSO
A LIS
+ Urease

1 2 3 4 5 6 7
Tine (hoar) ->

8

Figure 8.2: The change in the level of consciousness (HE phase)
of the rats of the NOR/MSO100, PCS/HSO100, UREASE and LIS group.
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The brain ammonia concentration (table 8.Ill) was significantly

higher in all liver ischemia rats and MSO treated rats and at

t=4h after urease injection in comparison to the normal rats. No

cr>-

OJ-

C -I

\D'

a N + MSO
O PCS + MSO

A LIS

+ Urease

1 2 3 4 5 6 7
Tine (hour) ->

8

Figure 8.3: The change in the EEG left index of the rats of the
NOR/MSO100, PCS/MSO100, OREASE and LIS group.
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significant difference was observed in the brain ammonia

concentrations of the NOR/MSO100 and PCS/HSO100 rats. Also, no

significant difference was found in the brain ammonia

concentration of the PCS rats with MSO, the liver ischemia rats

without MSO and 8h after urease injection. Figure 8.1

graphically shows the data of the plasma and brain ammonia

concentrations of the NOR/MSO100 and the UREASE group as given in

MSO<50>LIS + MSO(100>

1 2 3 4 5 6 7
T ime < hou r ) ->

8

Figure 8.4: The change in the level of consciousness (HE phase)
of the rats of the LIS, LIS/MSO100 and LIS/MSO50 group.
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LIS + MSOC100)

T ime < hour ) ->

Figure 8.5: The change in the EEG left index of the rats of the
LIS, LIS/MSOIOO and LIS/HSO50 group.

- 142 -



table 8.2 and 8.3.

The course of the increase of the HE phase (figure 8.2) and the

EEG left index (figure 8.3) is not significantly different

(P>0.05) among the NOR/MSO100, PCS/MSO100 and LIS groups. A

significantly higher EEG left index was observed at t=3 and 4h in

the rats of the urease group, but not thereafter.

Figure 8.4 shows that in comparison to LIS rats, LIS plus MSO

accelerates the development of acute hepatic encephalopathy (LIS

versus LIS/MSO50 group P<0.01: t- 4 to 6 h, LIS versus

LIS/MSO100 group P<0.01: t-1 to 4h and LIS/MSO100 versus

LIS/MSO50 group P<0.01: t«2 to 4 h). It resulted in a

convulsive state in 3 LIS/MSO100 rats and 1 LIS/MSO50 rat.

However, the EEG left index (figure 8.5) is not significantly

different between the LIS/MSO100 and the LIS/MSO50 group (P>0.05)

during the first 4 h, but is significantly faster and more

increased in the LIS/NSO50 group (P<0.01: t«5 to 6 h) in

comparison to the LIS group.

The results of the 'H-NMRS measurements are shown in figure 8.6

to 8.10. After the administration of 100 mg/kg bw NSO ip, the

glutamate concentration decreases progressively, no changes were

observed in glutamine and lactate concentrations (figure 8.6).

The rats had a HE phase of 2, 8h after administration of MSO.

In the subacute ammonia intoxication by urease, an increase of

both glutamine and lactate concentration and the EEG left index

was observed as well as a small decrease of glutamate

concentrations (figure 8.7). Three rats died within 8h after the

second urease administration. The rat, denoted by the triangle
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2 4 6
Tine (hour) >

8
. (

Figure 8.6: The peccentual change of the lactate (upper panel),
the glutamine (middle panel) and the glutamate (lower panel)
concentrations of four rats of the NOR/MSO100 group. Each rat
has his own symbol.
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symbol, had a HE phase of 3, 8h after the urease administration.

The LIS rats developed an increase of both the glutamine and

lactate concentration and a decrease of the glutamate

concentration and the rats died after the last 1H-NMR

measurement. Figure 8.9 and 8.10 shows the relationship between

the brain lactate and the brain glutamine concentration in the

urease treated rats and the LIS rats.

Table 8.IV shows the correlations between the biochemical

determined data of plasma and brain, the HE phase and the EEG

left index of all rats at sacrifice. Highly significant

correlations were found between plasma ammonia concentrations and

brain ammonia concentrations and both related very well to the HE

phase, the EEG left index and the plasma lactate concentrations.

A highly significant correlation between the EEG left index and

the HE phase was observed as well.

8.4 Discussion

Both after urease administration, MSO administration and after

acute liver ischemia, a significant increase of blood ammonia

concentrations were observed (table 8.II). An increase of the

blood ammonia concentration after urease administration was

observed at t-0 until t«4 h, but it decreased hereafter (table

8.II and figure 8.1), possibly due to inactivation of urease in

vivo (Batshaw et al., 1986). The increase in the plasma ammonia

concentration in the MSO treated normal rats was less than in the

liver ischemia rats and the urease treated rats at t-4 and t-8h.

This can be explained because MSO treatment only inhibits the
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8 8
Tine <h> -> Tine < h ) ->

Figure 8.7: The percentual change of the glutamine (left upper),
glutamate (left lower), lactate (right upper) and the EEG left
index (right lower) of four rats of the UREASE group. Each rat
has his own symbol.
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glutamine synthesis pathway of ammonia detoxification and urea

synthesis remains intact, whereas urease induces a continous

ammonia production in the blood. During liver ischemia, ammonia

production continues together with impaired urea synthesis and

hepatic glutamine synthesis.

The good correlation between the plasma ammonia concentrations

and the plasma lactate concentrations (table 8.IV) suggests that

the increase of plasma lactate concentrations is due to the

effects of ammonia on glycolysis in peripheral tissues (see

section: 1.2.2).

MSO as well as urease administration provoke a picture,

resembling acute HE, as indicated by the comparable changes in

the level of consciousness (figure 8.2) and EEG left index

(figure 8.3). The development of ataxia was also observed by

Wada et al., 1967, Dang et al., 1964, Batshaw et al., 1986. The

changes after MSO administration are not caused by a direct

effect of MSO, as MSO uptake by the brain is maximal 2h after

injection (Ghiioni et al., 1970), whereas the EEG changes occur

after t«4h. Therefore, we believe the observed EEG changes in

figure 8.3 to be due to the inhibition of glutamine synthetase

and the concomitant increase of brain ammonia concentrations.

Changes in the EEG left index (figure 8.3) and brain ammonia

concentrations (figure 8.1) are rather variable in urease treated

rats. This is in agreement with the observations of Dang et al,

(1964) who also found very individual reactions of rats on

urease.
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T ine < h) - T ine < h) ~

Figure 8.8: The percentual change of the glutamine (left upper),
glutamate (left lower), lactate (right upper) and the EEG left
index (right lower) of four rats of the LIS group. Each rat has
his own symbol.
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The significant correlations between the brain ammonia

concentration and the HE phase and EEG left index (table 8.IV) at

sacrifice suggest that ammonia plays an important role in the

induction of these changes. However, if we combine figure 8.1,

8.2 and 8.3, some problems are obvious. E.g., the changes in the

HE phase and the EEG left index after MSO administration in

normal rats are obtained at a less elevated brain ammonia

concentration in comparison to urease treated rats. This

suggests that the indirect effects of ammonia are more important

than the direct effects. This is in agreement with the

assumption that the EEG changes start above a certain threshold

of the brain ammonia concentration. The observations that the

IS

CO.

A

+

+

•

o

0 300 600
Lact/OX ->

900

Figure 8.9: The relation between the brain lactate and brain
glutamine concentrations of four rats of the UREASE group. Each
rat has his own symbol.
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Figure 8.10: The relation between the brain lactate and brain
glutamine concentrations of four rats of the LIS group. Each rat
has his own symbol.

Table 8.IV: Correlations between the biochemical data, the HE
phase and the EEG left index.

1
1

Plasma |
lact |
pyr I
NH3 |

Brain |
NH3 |

HE phase|

Left |
index |

lact
Plasma
1 pyr 1

1.00 |
0.31n| 1.00 |
O.591| 0.10 |

0.511

0.01

0.29

| 0.01 |

1-0.05 |

1-0.16 |

1
NH3 |

1.00 |

0.921|

0.441|

0.471|

Brain
NH3 |HE

1,

0.

0.

.00 |

.531| 1

.661| 0

1
phase)

.00

.521

: P<0.05, 1: P<0.001

- 150 -

••-. i

i 1;;
i ... i1!



decrease of the brain ammonia concentration at t=8h in urease

treated rats (figure 8.1 and table 8.Ill) is not associated with

a decrease of the EEG left index (figure 8.3) and the

observations of Raabe et al., 1984, 1985, that ammonia decreases

the hyperpolarizing action of the post synaptic inhibition above

a certain concentration, are also in agreement with our

hypothesis.

In chapter 7 and figure 8.8, an early (first 2 h) decrease of the

glutamate concentration, followed by an increase of the glutamine

concentration was observed during the development of acute HE

after acute liver ischemia. Such a decrease of the brain

glutamate and increase of the brain glutamine concentration was

also observed 4h after total hepatectomy by Holmin et al, (1983).

Both in literature and in the present study, an early glutanate

decrease is also observed after HSO administration (figure 8.6

and Tews et al., 1964, Fobergrova et al., 1969, Engelsen et al.,

1985 - biochemically determined) and after urease administration

(figure 8.7). This decrease of the brain glutamate concentration

can be explained by two different effects of ammonia: either the

inhibition of glutaminase (Benjamin et al., 1981) or the

reduction of the evoked release of glutamate (Hamberger et al.,

1979, Hamberger et al., 1981, section: 1.2.4). However, it is

striking that in both experimental models, the changes in the

brain glutamate concentration are comparable, while the brain

ammonia concentration shows such a wide variation (figure 8.1).

A possible explanation for this discrepancy could be the

additional effects of NSO like an increased uptake of glutamate

in the astrocytes (Rothstein et al., 1985).
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Both during acute HE (chapter 5 and 7 and figure 8.8) as well as

after urease treatment, the brain glutamine concentration

increases in contrast to MSO treatment, in which the brain

glutamine concentration remains unchanged. The increase of the

brain glutamine concentration is due to increased glutamine

synthesis or inhibition of glutaminase or a combination of both

(chapter 1). The unchanged glutamine concentration after MSO

administration could be the result of concomitant inhibition of

glutamine synthetase by MSO and the inhibition of glutaminase by

ammonia (Raabe et al., 1982).

The increase of the brain lactate concentration after urease

administration is related to the increase of brain ammonia

concentrations (section 1.2.2) and is in agreement with Lin et

al., 1985. This increase may be due to a combination of the

following effects of ammonia: stimulation of phosphofructokinase

(Abrahams et al., 1971), inhibition of the tricarboxylic acid

cycle enzyme, isocitrate dehydrogenase and inhibiton of the

malate- aspartate shuttle (Cooper et al., 1987, section 1.2.2).

The maximalization of the glutamine concentration in comparison

to the lactate concentration is confirmed after after urease

(figure 8.9) and after acute liver ischemia (figure 8.10) (for

discussion: chapter 7).

However, the observed data of the brain concentration of lactate

and glutamate in the MSO experiment (figure 8.6) show that in

this situation another factor is operative. In fact, one would

expect a comparable increase of the brain lactate concentration

under those experimental hyperammonemic conditions. This
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phenomenon was also observed by Benjamin et al, (1980), but a

good explanation for these observations is lacking.

HSO intoxication accelerates the development of HE in acute liver

ischemia, as indicated in figure 8.4. The protective effects of

MSO during acute ammonia intoxication, as mentioned in literature

(Warren et al., 1914, Hindfelt et al., 1975, Raabe et al., 1982)

are certainly not related to its effects on glutamine synthetase,

but probably to other effects of MSO on brain function (Raabe et

al., 1982), such as inhibition of gamma-glutamyl cysteine

synthetase (Richman et al., 1973) and alanine aminotransferase

(De Robertis et al., 1967). It is obvious that during acute

liver ischemia, the effect of MSO on glutamine synthetase

predominates. MSO administration in liver ischemia rats induces

an impressive brain ammonia increase (table 8.Ill) and the rats

develop more and earlier EEG and HE phase changes (figure 8.4 and

8.5). Therefore, we have to conclude that MSO does not protect

against the effects of acute HE in rat; on the contrary, it

accelerates the development of acute HE.

Since the studied experimental models; urease administration in

normal rats, MSO administration in normal and PCS rats and acute

liver ischemia, show comparable changes in the level of

consciousness and EEG in relation to an increased brain ammonia

concentration and a decreased brain glutamate concentration, we

conclude that ammonia is of key importance in the pathogenesis of

acute HE in the rat and this is likely to be due to its effects

on the availability of glutamate for cerebral neurotransmission.
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8.5 Summary

The effects of inhibition of brain glutamine synthetase by

methionine sulfoxiraine (MSO) were studied in normal rats, PCS

rats and liver ischemia rats and the effects of urease induced

hyperanunonemia was studied in normal rats.

In all groups, comparable results were obtained with respect to

their brain ammonia concentrations, decreased level of

consciousness (HE phase) and changes in the EEG power density

spectra. Furthermore MSO administration in rats with acute liver

ischemia accelerates the development of acute HE. In vivo 1H-NMR

spectroscopy revealed a comparable decrease in brain glutamate

concentrations after urease and after MSO administration in

normal rats in comparison to rats with during acute liver

ischemia.

These results support the hypothesis that ammonia is of key

importance in the pathogenesis of acute HE.
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9 SUMMARY AND CONCLUSIONS

In chapter 1 a summary is given of the relevant literature,

concerning the pathophysiological aspects of acute hepatic

encephalopathy (HE), both in experimental and clinical studies.

In this review the following pathogenetic mechanisms are

discussed:

I - Abnormalities in brain energy metabolism

II - Abnormalities in neurotransmission

III - Abnormalities in neurotransmitters

IV - Morphological changes in the brain

V - Other mechanisms

Special attention has been paid to ammonia induced

pathophysiological abnormalities in the brain and these are

discussed with respect to the above described mechanisms.

This summary leads to the following questions that will be

answered in this thesis.

1: Is there a reliable quantitative parameter of acute HE in

experimental animals?

2: Are changes in cerebral energy metabolism important factors in

the development of acute HE?
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3. Does a change in the balance of excitatory and inhibitory

neurotransmitters or brain amino acids play an

important role in the pathogenesis of acute HE?

4. Do brain polyamines play a role in the pathogenesis

of acute HE?

5. How strong are the arguments that ammonia toxicity and/or

ammonia detoxification in the brain is (are) the

crucial factor(s) in the pathogenesis of acute HE?

Chapter 2 describes a method of EEG analysis and, moreover, the

changes in the EEG power density spectra and plasma ammonia and

amino acid concentration are related to the severity of acute

hepatic encephalopathy in the rat. Rats were divided into three

groups of increased severity of acute HE. Both ammonia and the

concentration of several plasma anino acids correlated very well

with the "left shift" (increased slow wave activity) in the EEG

power density spectra both during subacute HE (D-galactosamine)

and during acute HE (complete liver ischemia). Since the plasma

amino acids correlated even more with the plasma ammonia level

than with the severity of HE, speculations about their role in

the pathogenesis of acute HE are doubtful. It is concluded that

EEG spectral analysis can be used as a reliable parameter for the

severity of (sub)acute HE.

Chapter 3 describes the head-body holder system and its

usefulness in i_n vivo cerebral ''P-NMR spectroscopy of the

conscious rat. To test this, the effects of pentobarbital

anaesthesia on cerebral "P-NMR spectra were studied, it is

concluded that, although pentobarbital anaesthesia did not alter
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the brain ATP, PCr and Pi concentration and intracellular pH,

measurements on unanaesthetized rats are still preferable in the

study of the pathogenesis of acute HE.

Chapter 4 describes the study of the suggested changes in the

energy rich phosphates of the rat brain during the development of

acute HE. Energy rich phosphates were repeatedly measured by .in

vivo J1P-NMR spectroscopy and the severity of the acute HE was

monitored by EEG spectral analysis. No changes were observed in

the brain concentrations of ATP, PCr, Pi and intracellular pH

during the phase of acute HE, induced by acute liver ischemia in

the rat. These observations make pathophysiological mechanism I

very unlikely.

Chapter 5 describes the changes over time of brain amino acid

concentrations during the development of acute HE (complete liver

ischemia or hepatectoay): several brain amino acid

concentrations increased significantly and these changes were

related to changes in the blood and brain ammonia concentrations

as well as the brain glutamine concentration. Increase of the

brain glutamine concentration stabilized whereas ammonia

concentrations increased further. This phenomenon suggests that

the limited capacity of ammonia detoxification plays a role in

the pathogenesis of acute HE. During very severe HE, induced by

hepatectomy, several amino acids had not significantly increased

•ore in comparison to mild HE. This suggests that changes of the

brain ammonia concentrations are an important factor in the

pathogenesis of acute HE. Changes in brain amino acid

concentrations seem to be an accompanying phenomenon.
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Chapter 6 shows that during acute HE, brain putrescine

concentrations increased significantly as well as the brain

ornithine decarboxylase activity, whereas plasma putrescine

concentrations remained below the level of detection. Brain

putrescine increased over time, parallel to the development of HE

as well as the increase of the plasma ammonia concentrations and

the increase of several brain amino acids, related to the ammonia

metabolism. It is suggested that the increase of brain

putrescine concentrations might contribute to the disturbance of

the balance between inhibitory and excitatory neurotransmitters

and thus to the pathogenesis of acute HE.

Chapter 7 describes the changes in the i^ vivo cerebral proton

NMR spectra during the development of acute HE, induced by

complete liver ischemia. Increases in brain lactate and

glutamine concentrations were most striking. Brain glutamate

concentrations decreased only in the early phases (1-4 h) after

acute liver ischemia. The brain lactate concentration was

postulated to be a parameter of brain ammonia concentrations and

the former increased faster than the brain glutamine

concentration in the later phases of acute hepatic

encephalopathy. It is concluded that proton NMR spectroscopy

enables in vivo measurement of important metabolites during the

development of acute HE in the rat. Extremely high increases of

brain ammonia concentrations preceed death in the later phases of

acute HE.

Chapter 8 describes the effects of increasing brain ammonia

levels on the level of consciousness, EEG power density spectra
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and proton NMR spectra, induced by inhibition of glutamine

synthetase by methionine sulfoximine (MSO) or hyperammonemia,

induced by urease. The observed changes, induced by increasing

brain ammonia levels in rats were very similar to those, seen

during the development of acute HE, induced by complete liver

ischemia. Furthermore, MSO intoxication in rats with acute liver

ischemia, accelerated the development of HE. These results

support the hypothesis that ammonia is the pathogenic factor in

the pathogenesis of acute HE.

During liver insufficiency, various liver functions deteriorate.

Apart from diminished urea synthesis, metabolism of many other

substances is impaired, causing a progressive increase of plasma

and brain ammonia concentrations and a concomitant increase of a

large number of other metabolites (amino acids, short chain fatty

acids, etc). The complexity of all these changes is possibly the

main reason for the unsolved pathogenesis of acute HE at present.

However, the experimental data, described in this thesis favour

the hypothesis that ammonia plays a central role in the

pathogenesis of acute HE.

These arguments are:

1) During (sub)acute HE, the highest correlation between

EEG power density spectral changes and biochemical

changes was found with respect to plasma and brain

ammonia.

2) Experimental models of increasing severity of acute HE

are significantly correlated to the increase of plasma

and brain ammonia concentrations.
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3) Progressive increase of the brain ammonia concentration

during severe acute HE and ammonia intoxication seems

to be the ultimate change, preceding death.

4) Increase of brain ammonia concentrations, induced

by other experimental conditions, such as MSO or urease

in normal rats, induces changes in the level of

consciousness and the EEG power density spectra,

comparable to those seen during acute HE.

5) Inhibition of brain ammonia detoxification during

already impaired liver function, accelerates the

development of acute HE.

6) The increase of brain putrescine concentrations

correlates best with the plasma and brain ammonia

concentrations.

1 *

It is therefore very likely that ammonia, a highly cerebral toxic

substance, plays a role in the pathogenesis of acute HE.

However, the exact mechanism of its toxicity is still

speculative. Combining data from literature and from our own

experimental work leads to the following hypothesis: Impaired

ammonia detoxification because of the diseased liver leads to an

increased brain ammonia concentration. This increase interferes

with cerebral neurotransmission, either by direct changes in

neurotransmission or by disturbing the balance between excitatory

and inhibitory neurotransmission. The effect of ammonia on

neurotransmission seems to be a decrease of the brain glutamate

concentration. We think that this decrease is located in the

synaptic cleft, as ammonia inhibits evoked glutamate release and

i£ vivo 'H-NHR spectroscopy shows a decrease of free mobile
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glutamate concentrations, preceding the development of

encephalopathy in the different ammonia intoxication models,

including acute HE.

Thus, we hypothesize that acute hepatic encephalopathy is caused

by the effects of ammonia on glutamate neurotransmission. It is

therefore suggested that lowering of the brain ammonia

concentration and/or the increase of the synaptic cleft glutamate

concentration might be the keystone in the therapy of acute

hepatic encephalopathy.
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10 SAMENVATTING EN CONCLUSIES

Titel: Pathophysiologische aspecten van acute hepatische

encephalopathie in de rat.

In hoofdstuk 1 wordt een samenvatting gegeven van de relevante

literatuur, betreffende de pathophysiologische aspecten van acute

hepatische encephalopathie (HE), zowel in experimentele, als in

klinische studies. In deze samenvatting worden de volgende

pathogenetische aspecten besproken:

I - Afwijkingen in het energiemetabolisme van de hersenen

II - Afwijkingen in de neurotransmissie

III - Afwijkingen in neurotransmitters

IV - Morphologische veranderingen in de hersenen

V - Andere mechanismen

Speciale aandacht is gegeven aan ammoniak geinduceerde

pathophysiologische afwijkingen in de hersenen en deze zijn

besproken in het kader van de bovenstaande mechanismen.

Deze samenvatting roept de volgende vragen op welke beantwoord

zullen worden in dit proefschrift.

1: Is er een betrouwbare guantitatieve parameter van acute HE

in proefdieren?

2: Zijn veranderingen in het hersen energie metabolisme

belangrijke factoren in de ontwikkeling van acute HE?

3. Speelt een verandering in de balans tussen excitatoire en

inhiberende neurotransmitters of een verandering in de

hersen amino zuur concentraties een belangrijke rol in
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de pathogenese van acute HE?

4. Spelen polyandries in de hersenen een belangrijke rol

in de pathogenese van acute HE?

5. Hoe sterk zijn de argumenten dat ammoniak toxiciteit en/of

ammoniak detoxificatie in de hersenen cruciale factoren

zijn in de pathogenese van acute HE?

In hoofdstuk 2 wordt een methode van EEG analyse beschreven en

worden de veranderingen in de EEG power density spectra, de

plasma ammoniak en amino zuur concentratie gerelateerd aan de

ernst van de acute HE in de rat. De ratten werden onderverdeeld

in drie groepen van toenemende ernst van de acute HE. Zowel

ammoniak als de concentratie van verscheidende plasma amino zuren

correleerde zeer goed net de 'linksverschuiving' (vermeerderde

trage EEG activiteit) in de EEG power density spectra zowel

gedurende subacute HE (D-galactosamine) als gedurende acute HE

(complete lever ischémie). Omdat de plasma amino zuren nog beter

correleerden met de plasma ammoniak concentratie dan met de ernst

van de HE, zijn speculaties over hun rol in de pathogenese van

acute HE niet gerechtvaardigd. Er wordt geconcludeerd dat EEG

spectraal analyse gebruikt kan worden als een betrouwbare

parameter voor de ernst van de (sub)acute HE.

In hoofdstuk 3 wordt het 'head-body holder' systeem beschreven en

zijn nut voor jLn vivo 31P-NMR spectroscopie van de hersenen van

een niet verdoofde rat. Om dit te testen, zijn de effecten van

pentobarbital anesthesie op de 3IP-NMR spectra van de hersenen

bestudeerd. Er wordt geconcludeerd dat, alhoewel pentobarbital

anesthesie de concentraties van ATP, PCr en Pi en de

- 166 -

• • * ,



intracellulaire pH van de hersenen niet verandert, metingen aan

niet verdoofde ratten nog steeds te prefereren zijn in de studie f

naar de pathogenese van acute HE.

In hoofdstuk 4 wordt de studie naar de voorgestelde veranderingen

in de hoog energetische phosphaat verbindingen in de

rattehersenen gedurende een zich ontwikkelde acute HE beschreven.

De hoog energetische phosphaat verbindingen werden herhaaldelijk

gemeten met behulp van _in vivo 31P-NMR spectroscopie en de ernst

van de acute HE werd gemeten met behulp van EEG spectraal

analyse. Geen veranderingen werden waargenomen in de

concentraties van ATP, PCr, Pi en de intracellulaire pH van de

hersenen tijdens de fase van acute HE, geinduceerd door acute

lever ischémie. Deze waarnemingen maken pathophysiologisch

mechanisme I erg onwaarschijnlijk.

Hoofdstuk 5 beschrijft de veranderingen van de hersen amino zuur

concentraties gedurende een zich ontwikkelende acute HE (complete

lever ischémie of hepatectomie). Verscheidende hersen amino zuur

concentraties stegen significant en deze veranderingen waren

gerelateerd aan veranderingen in de bloed en hersen ammoniak

concentratie en de hersen glutamine concentratie. De verhoging

van de hersen glutamine concentratie stabiliseerde, terwijl de ,;

ammoniak concentratie verder steeg. Dit fenomeen suggereert dat <

een beperkte ammoniak detoxificatie capaciteit een belangrijke ; [
I • •

rol speelt in de pathogenese van acute HE. Tijdens zeer ernstige | |
f !

acute HE, geinduceerd door hepatectomie, waren verschillende

amino zuren niet méér verhoogd in verhouding tot milde HE. Dit

suggereert dat verandering in de hersen ammoniak concentratie een
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belangrijke factor is in de pathogenese van acute HE.

Veranderingen in de hersen amino zuur concentratie lijken een

begeleidend fenomeen te zijn.

Hoofdstuk 6 toont aan, dat gedurende acute HE, de hersen

putrescine concentratie significant stijgt alswel de hersen

ornithine decarboxylase activiteit, terwijl de plasma putrescine

concentratie onder het detectie nivo blijft. De hersen

putrescine concentratie stijgt progressief in de tijd, parallel

aan de ontwikkeling van de HE, de plasma ammoniak concentratie en

de hersen concentratie van verschillende amino zuren, gerelateerd

aan het ammoniak metabolisme. Er wordt gesuggereerd dat de

stijging van de hersen putrescine concentratie zou kunnen

bijdragen tot een verstoring van de balans tussen de inhiberende

en excitatoire neurotransmitters en daarom aan de pathogenese van

acute HE.

In hoofdstuk 7 worden de veranderingen in de iji vivo proton NMR

spectra van de hersenen tijdens de ontwikkeling van acute HE,

geinduceerd door complete lever ischémie, beschreven. De

verhoging van de hersen lactaat en glutamine concentratie waren

het meest opvallend. De hersen glutamaat concentratie daalde

alleen maar in de vroege fase (1-4 uur) na acute lever ischémie.

Het werd gepostuleerd dat de hersen lactaat concentratie een

parameter is van de hersen ammoniak concentratie en deze steeg

sneller dan de hersen glutamine concentratie in de late fases van

acute HE. Er wordt geconcludeerd dat proton NMR spectroscopie in

vivo, meting van belangrijke metabolieten mogelijk maakt

gedurende een zich ontwikkelende acute HE in de rat. Extreme
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stijging van de hersen ammoniak concentratie gaat vooraf aan de

dood in de late fases van acute HE.

In hoofdstuk 8 worden de effecten van een verhoogde hersen

ammoniak concentratie op het bewustzijns nivo, EEG power density

spectra en proton NMR spectra beschreven, geinduceerd door

remming van glutamine synthetase door methionine sulfoximine

(MSO), of door hyperammonemie, geinduceerd door urease. De

waargenomen veranderingen, geinduceerd door de stijgende hersen

ammoniak concentratie, waren vrijwel gelijk aan die tijdens een

zich ontwikkelende acute HE, geinduceerd door complete lever

ischémie. MSO intoxicatie versnelde de ontwikkeling van acute HE

in ratten met acute lever ischémie. Deze resultaten steunen de

hypothese dat ammoniak dé pathogenetische factor is in de

pathogènese van acute HE.

Tijdens lever insufficientie verslechteren vele lever functies.

Buiten de verminderde ureum synthese, is het metabolisme van vele

andere substanties geremd en dit veroorzaakt een progressieve

verhoging van de plasma en de hersen ammoniak concentratie en

parallel hieraan een verhoging van een groot aantal andere

substanties (amino zuren, kort keten vetzuren etc). De

complexiteit van al deze veranderingen is mogelijk de oorzaak van

de op dit moment, onopgeloste pathogenese van acute HE. De

experimentele gegevens, beschreven in dit proefschrift lijken

echter te wijzen op een centrale rol van ammoniak in de

pathogenese van acute HE.

De argumenten hiervoor zijn:
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1) Tijdens (sub)acute HE werd de hoogste correlatie gevonden

tussen de veranderingen in de EEG power density spectra en

de gevonden biochemische veranderingen in de plasma en de

hersen ammoniak concentratie.

2) Experimentele modellen met vergrote ernst van de HE zijn

significant gecorreleerd met de verhoging van de plasma

en de hersen ammoniak concentratie.

3) Progessive stijging van de hersen ammoniak concentratie lijkt

de uiteindelijke verandering te zijn, voorafgaand aan de dood

door acute HE.

4) Een verhoging van de hersen ammoniak concentratie, geinduceerd

door andere experimentele modellen, zoals door MSO of urease

in normale ratten, induceren veranderingen in het bewust-

zijn en in de EEG power density spectra, zoals gezien wordt

tijdens acute HE.

5) Remming van hersen ammoniak detoxificatie tijdens lever

insufficientie, versnelt de ontwikkeling van acute HE.

6) De verhoging van de hersen putrescine concentratie correleert

het beste met de plasma en hersen ammoniak concentratie.

Daarom lijkt een rol van ammoniak, een zeer toxische substantie

voor de hersenen, in de pathogenese van acute HE zeer

waarschijnlijk. Het werkingsmechanisme van deze toxiciteit is

echter onduidelijk. Door de gegevens uit de literatuur en uit

ons eigen experimentele werk te combineren komen wij tot de

formulering van de volgende hypothese: Verminderde ammoniak

detoxificatie door de lever in het lichaam leidt tot een

verhoogde hersen ammoniak concentratie. Deze stijging beinvloedt

de neurotransmissie in de hersenen, óf door directe verandering
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van de neurotransmissie óf door verandering van de balans tussen

excitatoire en inhiberende neurotransmissie. Het effect van

ammoniak op de neurotransmissie is waarschijnlijk een daling van

de hersen glutamaat. Wij denken dat deze verlaging zich afspeelt

in de synaps spleet omdat ammoniak de evoked glutamaat release

remt en omdat Jji vivo 'H-NMR spectroscopie een daling van de

vrije en mobiele glutamaat concentratie laat zien, welke

voorafgaat aan de ontwikkeling van encephalopathie in de

verschillende ammoniak intoxicatie modellen, waaronder acute HE.

Daarom stellen wij dat acute hepatische encephalopathie wordt

veroorzaakt door de effecten van ammoniak op de glutamaat

neurotransaissie. In de therapie van acute hepatische

encephalopathie zou daarom gestreefd moeten worden naar verlaging

van de hersen ammoniak concentratie en/of verhoging van de

glutamaat concentratie in de synaps spleet.
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Abbreviations
31p

•H
AAA
ADP
Ala
ALAT
Ammonia
AMP
Arg
Asp
ATP
BCAA
CA++
CBF
Cit
CSH
CHRO2
Cys
EEG
ER
FID
GABA
GAD
GALN
Gin
Glu
Gly
h
HBH
HE
His
lie
In vivo
ip
Ka
Lact
Leu
LPSVD

Lys
HDP
net
•in
hSO
NacAsp
HAD
NADH
NHR
NHRS
ODC
Orn
PCS
PCr
Phe
Pi
PHE

- Phosphorus
- Proton
- Aromatic amino acids
- Adenosine diphosphate
- Alanine
- Alanine amino transferase
- Sum of NH3 and NH4+
- Adenosine monophosphate
- Arginine
- Aspartate
- Adenosine triphosphate
- Branched chain amino acids
- Calcium
- Cerebral blood flow
- Citrulline
- Cysthathionine
- Cerebral metabolic rate for oxygen
- Cysteine
- Electro encephalogram
- Evoked response
- Free induction decay
- Gamma-amino-N-butyric acid
- Glutamic acid decarboxylase
- D-Galactosamine-HCl
- Glutamine
- Glutaaate
- Glycine
- Hour
- Head body holder
- Hepatic encephalopathy
- Histidine
- Isoleucine

In the intact animal or human
Intraperitoneal

- Hichaelis-Menten constant
- Lactate
- Leucine
- Linear prediction and singular value

decomposition
- Lysine
- Mean dominant frequency
- Hethionine
- Minute
- Hethionine sulfoximine
- N-acetyl aspartate
- Nicotinamide adenine dinucleotide
- Reduced NAD
- Nuclear magnetic resonance
- NMR spectroscopy
- Ornithine decarboxylase
- Ornithine
- Porta caval shunting
- Phosphocreatine
- Phenylalanine

Inorganic phosphate
- Phospho monoesters

- 179 -



Pro
Pser
PUT
SEM
S<sr
Cl
SPD
SPM
Tau
TCA
Thr
Trp
Tyr
UTP
Val

Proline
Phosphoserine
Putrescine

- Standard error of the mean
Serine
Spectroscopic image
Spermidine

- Spermine
- Taurine
- Tricarboxylic acid
- Threonine
- Tryptophan
- Tyrosine
- Uridine triphosphate
- Valine

, ;
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