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Abstract

Patients with liver disease may present hepatic enceph-
alopathy (HE), a complex neuropsychiatric syndrome
covering a wide range of neurological alterations,
including cognitive and motor disturbances. HE reduces
the quality of life of the patients and is associated with
poor prognosis. In the worse cases HE may lead to coma
or death.

The mechanisms leading to HE which are not well
known are being studied using animal models. The
neurological alterations in HE are a consequence of
impaired cerebral function mainly due to alterations
in neurotransmission. We review here some studies
indicating that alterations in neurotransmission
associated to different types of glutamate receptors
are responsible for some of the cognitive and motor
alterations present in HE.

These studies show that the function of the signal
transduction pathway glutamate-nitric oxide-cGMP
associated to the NMDA type of glutamate receptors is
impaired in brain /7 vivo in HE animal models as well
as in brain of patients died of HE. Activation of NMDA
receptors in brain activates this pathway and increases
CGMP. In animal models of HE this increase in cGMP
induced by activation of NMDA receptors is reduced,
which is responsible for the impairment in learning
ability in these animal models. Increasing cGMP by
pharmacological means restores learning ability in
rats with HE and may be a new therapeutic approach
to improve cognitive function in patients with HE.
However, it is necessary to previously assess the possible
secondary effects.

Patients with HE may present psychomotor slowing,
hypokinesia and bradykinesia. Animal models of HE also
show hypolocomotion. It has been shown in rats with
HE that hypolocomotion is due to excessive activation of
metabotropic glutamate receptors (mGIURs) in substantia
nigra pars reticulata. Blocking mGIuR1 in this brain area
normalizes motor activity in the rats, suggesting that a
similar treatment for patients with HE could be useful to
treat psychomotor slowing and hypokinesia. However,
the possible secondary effects of mGIuR1 antagonists
should be previously evaluated.

These studies are setting the basis for designing
therapeutic procedures to specifically treat the individual
neurological alterations in patients with HE.
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INTRODUCTION

Hepatic encephalopathy
Hepatic encephalopathy (HE) is a complex neuropsy-
chiatric syndrome present in patients with chronic or acute
liver disease. HE covers a wide range of neuropsychiatric
disturbances ranging from minimal changes in personality
or altered circadian rhythms (sleep-waking cycle) to
alterations in intellectual function, personality, conscience
and neuromuscular coordination. HE is usually reversible,
but can lead to coma and death in the worse case.

The neurological alterations in HE are the result of
a previous liver failure. Liver failure leads to impaired
detoxification of ammonia and other toxic substances that
can reach the brain and alter its function. Many studies
have been carried out to identify factors responsible for
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the neurological alterations in HE. Clinical experience and
basic research indicate that ammonia is the main factor
responsible for HE. Ammonia is a product of degradation
of proteins and other nitrogenated compounds but at high
concentrations ammonia is toxic, leading to alteration of
cerebral function which can lead to coma and death.

Hyperammonemia is therefore considered the main
factor contributing to the neurological alterations found
in HE both in acute and in chronic liver disease. Other
factors may also contribute to neurological alterations
in HE. It has been recently suggested that inflammation
exacerbates the neuropsychological effects induced by
hyperammonemia in cirrhosis”.

Classical clinical treatment of HE is mainly directed
to reducing ammonia concentration by reducing protein
ingestion, lowering ammonia production by the intestinal
bacteria as well as by reducing ammonia transport from
intestine to the blood flow by acidification of the intestinal
lumen.

Overt HE is usually elicited by one of the following
precipitating factors (high protein ingestion, gastrointesti-
nal constipation, bleeding, diuretics) usually associated
with increased ammonia levels. HE is associated with a
poor prognosisl3’4j.

Liver cirrhosis patients with normal neurological and
mental status may present minimal forms of HE, showing
intellectual function impairment which cannot be detected
through general clinical examination but can be unveiled
using specific neuropsychological or neurophysiological
examination™”, Minimal hepatic encephalopathy (MHE)
is the first stage in the spectrum of HE"?. Patients suf-
fering from MHE may present psychomotor slowing and
cognitive deficits affecting their ability to perform certain
activities in daily life. MHE is therefore associated with
impaired quality—of—lifep’mj. Patients with MHE and altered
oral glutamine challenge have a shortened life—spanm.

Treatment of MHE could prevent or delay the appear-
ance of clinical HE and improve quality of life and life
span of patients. In order to detect the presence of MHE
and to treat it efficiently, it is necessary to know the mech-
anisms leading to MHE and subsequently to HE.

The mechanisms leading to HE are mainly studied
using animal models of chronic liver failure and chronic
hyperammonemia. The neurological alterations in HE are
a consequence of impaired cerebral function mainly due
to alterations in neurotransmission. Alterations in different
neurotransmitter systems (glutamatergic, GABAergic, sero-
toninergic, ¢#) have been reported in HE!",

We review here some studies indicating that alterations
in neurotransmission associated to different types of gluta-
mate receptors are responsible for some of the cognitive
and motor alterations present in HE. Pharmacological ma-
nipulation of these receptors or pathways may normalize
cognitive and motor function in animal models of HE.

INTELLECTUAL AND MOTOR FUNCTIONS
ARE IMPAIRED IN HE

Cognitive, motor and sleep alterations (impairment of
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sleep-wake cycle) are commonly observed in patients with
HE and their intensities vary with the grade of HE.

Alterations in the regulation of biological rhythms such
as sleep, appetite, melatonin production and in sexuality
are common in patients with liver disease! .

Patients with HE show alterations in cognition,
consciousness, attention, memory, and learning, Cirrhotic
patients with minimal HE are “clinically normal” but
present cognitive alterations which can be unveiled
by a detailed analysis of the patients’ history and by
neurophysiological and neuropsychological assessment
of consciousness and sensory, cognitive and motor
functions™. The prevalence of minimal HE in patients
with liver disease ranges from 30% to 84% depending on
the kind and number of tests used and the population
(etiology and severity of the liver disease) investigated.
Even minimal HE is associated with reduced quality of
life and ability to work and drive®™”"". Moreover, patients
suffering minimal HE have increased probability of
suffering later overt HE™"™",

Patients with minimal HE show impaired ability to
perform memory tasks, mainly because of deficits in
attention and visual perception™?"), These patients also
perform worse than healthy controls in motor function,
visual perception, visual orientation and visual-constructive
abilities™ .

Sustained attention is also impaired in cirrhotic patients
even when memory, language, or motor alterations are
absent”"**?'|, Patients with minimal HE have the tendency
to be easily distracted.

Early manifestations of intellectual dysfunction in HE
patients include psychomotor slowing and impaired ability
to perform tasks that require sustained attention!"****",
As encephalopathy worsens, impairment in speech and
inability to copy simple drawings (e.g. a star) appeat.
Patients in gradellHE show temporal and spatial
disorientation and reduced vigilance state or delirium.
Grade IV HE is characterized by the appearance of stupor
and coma.

Patients with HE show also altered motor function
and coordination, including psychomotor slowing and
hypokinesia which was attributed to alterations in basal
ganglia®!. Motor alterations include increased muscular
tone, reduced speed of rapid alternating movement, ataxia,
an increased deep tendon reflexes, abnormal movements
such as tremors, particularly asterixis. Also hypomimia,
dysarthria, bradykinesia and hypokinesia could be detected
on careful neurological examination.

The mechanisms by which liver failure leads to altered
intellectual and motor function remain unclear. Identifying
these mechanisms would allow designing treatments to im-
prove intellectual and motor function in patients with HE.

Some motor and cognitive alterations present in HE
patients are reproduced in animal models of chronic liver
failure (e.g. rats with portacaval anastomosis) and chronic
hyperammonemiamﬁs]. These animal models are being used
to study the molecular mechanisms by which liver disease
leads to HE and altered intellectual and motor function.
Once these mechanisms are identified, new studies begin
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to assess whether similar alterations and mechanisms occur
in brain of patients with HE.

GLUTAMATERGIC NEUROTRANSMISSION
MODULATES COGNITIVE AND MOTOR
FUNCTION AND IS ALTERED IN ANIMAL
MODELS OF HE

Glutamate is the main excitatory neurotransmitter in mam-
mals and modulates important cerebral processes including
cognitive and motor functions (see below). Glutamatergic

neurotransmission involves several steps, beginning with
release of glutamate from the presynaptic neuron. Gluta-
mate in the extracellular space activates glutamate recep-
tors present in the synaptic membranes, leading to activa-
tion of signal transduction pathways associated to these
receptors. To avoid continuous activation of glutamate
receptors, glutamate is removed from the synaptic cleft by
specific glutamate transporters located mainly in astrocytes.
All these steps are tightly modulated under physiological
conditions and alterations of any of the above steps may
result in impairment of glutamatergic neurotransmission,
leading to neurological alterations. Some of the parameters
that can be altered under pathological conditions are: (1)
the content (expression, synthesis and/or degradation)
of the main proteins involved in glutamatergic neuro-
transmission (e.g. different types of glutamate receptors
or transporters); (2) the regulation of the spatial location
of the receptors and transporters. Only the receptors
ot transporters present in the membrane can recognize
extracellular glutamate. Many of these proteins are associ-
ated to formation of clusters to improve the yield of the
neurotransmission process; (3) the function of the recep-
tors and transporters, which is modulated in different ways
including phosphorylation-dephosphorylation, binding
of co-agonists, efs; (4) alterations in the release or uptake
of glutamate may result in altered extracellular glutamate,
leading to altered neurotransmission; (5) alterations in any
of the steps of the signal transduction pathways associated
with the different types of glutamate receptors would also
result in impaired glutamatergic neurotransmission.

There is therefore a large number of possible sites or
molecular targets for interference by hyperammonemia
or liver disease of glutamatergic neurotransmission. Hy-
perammonemia and liver failure alter different steps of
glutamatergic neurotransmission including: glutamate con-
centration in the extracellular fluid in brain, transport and
transporters of glutamate, content and function of differ-
ent types of glutamate receptors and signal transduction
pathways associated to these receptors”™.

Glutamatergic neurotransmission plays an important
role in modulating intellectual function (learning and
memory), motor function and coordination and circadian
rhythms. As mentioned above, these processes are altered
in patients with liver disease and HE, who show altered
sleep-waking patterns, motor function and coordination
and decreased intellectual capacity. The alterations in gluta-
matergic neurotransmission may be responsible for some
of these neurological alterations found in HE patients.

We summarize below the alterations in glutamatergic
neurotransmission that have been shown to contribute to
the cognitive and motor alterations in hepatic encepha-
lopathy.

Glutamate has two main types of receptors: ionotropic
and metabotropic. Activation of ionotropic glutamate
receptors leads to the opening of ion channels allowing
the transport of Na', K’ through them, and Ca”" in some
cases. There are three main types of ionotropic glutamate
receptors: NMDA, AMPA and kainate receptors. The
NMDA type of glutamate receptors is involved in the
control of cerebral processes such as neuronal plasticity,
learning and memory. Alterations in signal transduction
pathways associated to NMDA receptors are involved in
the impairment in cognitive function in HE (see below).

Metabotropic glutamate receptors (mGluRs) are cou-
pled to G proteins. Activation of mGluRs modulates the
activity of different enzymes (phospholipase C, adenylate
cyclase, e#7) and ion channels through these G proteins, re-
sulting in modulation of the intracellular levels of second
messengers such as diacylglycerol, inositol triphosphates,
cAMP, efe. These second messengers in turn, modulate the
activity of other enzymes (protein kinases C and A, ez)
that continue the transmission of the signal induced by ac-
tivation of metabotropic glutamate receptors.

Metabotropic glutamate receptors are involved in
modulation of motor function. Alterations in activation
of metabotropic glutamate receptors are involved in some
motor alterations in HE (see below).

FUNCTION OF THE GLUTAMATE-NITRIC
OXIDE-CGMP PATHWAY ASSOCIATED TO
NMDA RECEPTORS IS ALTERED BOTH IN
BRAIN /N VIVO ANIMAL MODELS OF HE
AND IN BRAIN OF PATIENTS DIED FROM
HE

Activation of NMDA receptors by glutamate leads to
increased intracellular Ca*" in the post-synaptic neurons.
Ca”" binds to calmodulin (CM) and activates different
enzymes, including neuronal nitric oxide synthase (NOS),
leading to increased formation of nitric oxide (NO),
which in turn activates soluble guanylate cyclase (GC) and
increases cGMP (Figure 1). Part of the cGMP formed
is released to the extracellular space. Under appropriate
conditions the increase in extracellular cGMP is a good
measure of the extent of activation of NMDA receptors
in brain in vivo.

The function of this glutamate-nitric oxide-cGMP
pathway is impaired in brain 7z vivo in animal models of
HE (rats with chronic hyperammonemia or with chronic
liver failure). The most usual animal model for studying the
neurological alterations in HE is the rat with chronic liver
failure induced surgically by portacaval anastomosis. This
model reproduces some of the neurological alterations
found in patients with HE. Liver failure induces, in
addition to hyperammonemia, other alterations (decreased
muscle mass, altered metabolism of other compounds, ez).
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To discern the contribution of hyperammonemia to the
neurological alterations in HE, we developed an animal
model of hyperammonemia without liver failure: rats fed
an ammonium-containing diet™*"). These rats present a
level of hyperammonemia similar to that of patients with
liver cirrhosis or of rats with portacaval anastomosis,
but do not present other alterations associated to liver
failure and may be considered therefore as a model of
“pure” hyperammonemia. Comparison of the effects
induced by both models can clarify which effects are due
to hyperammonemia and which are due to other factors
associated to liver failure.

Using this model we found that chronic moderate
hyperammonemia without liver failure impairs the
function of the glutamate-NO-cGMP pathway in
cerebellum 77 vivo, as shown by brain microdialysis in freely
moving rats'?. When microdialysis probes are inserted
in the cerebellum of control or hyperammonemic rats
without liver failure, administration of NMDA through
the microdialysis probe activates the glutamate-NO-
cGMP pathway and increases cGMP formation (Figure
1). The NMDA-induced increase in extracellular cGMP
in cerebellum is significantly lower in hyperammonemic
rats than in control rats'*, indicating that chronic
hyperammonemia impairs the function of the glutamate-
NO-cGMP pathway in rat cerebellum 2 vivo.

To assess whether the impairment occurs at the level
of activation of soluble guanylate cyclase by NO, a NO-
generating agent, SNAP (Figure 1) was administered
through the microdialysis probe to directly activate
guanylate cyclase. The increase in extracellular cGMP
induced by SNAP was also significantly reduced in
hyperammonemic rats. This indicates that chronic
moderate hyperammonemia impairs activation of soluble
guanylate cyclase by NO and function of the glutamate-
NO-cGMP pathway in cerebellum 7z vivo.

Chronic liver failure induced by portacaval anastomosis,
also impairs the glutamate-NO-cGMP pathway in
cerebellum 77 vivo, as shown by brain microdialysis in freely
moving rats by Monfort ef al™. NMDA-induced increase
in extracellular cGMP in cerebellum was significantly lower
in rats with portacaval anastomosis than in control rats.
These results indicate that the function of the glutamate-
NO-cGMP pathway is impaired in cerebellum 77 vivo in
animal models of HE. Moreover, one of the steps of the
pathway affected is the activation of soluble guanylate
cyclase by NO.

To assess whether activation of soluble guanylate
cyclase by NO is also altered in cerebellum of cirrhotic
patients with HE, we measured the activation of soluble
guanylate cyclase by the NO-generating agent SNAP in
homogenates of cerebellum from controls and cirrhotic
patients who died of hepatic coma. The activation of
guanylate cyclase by the NO-generating agent SNAP was
significantly lower in cerebellum from cirrhotic patients
than in cerebellum from controls™.

The above results show that animal models of HE
reproduce faithfully the alterations in the modulation
of guanylate cyclase by NO present in cerebellum
of patients died of HE, which supports the idea that
hyperammonemia is responsible for these alterations.
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Figure 1 Glutamate-nitric oxide-cyclic GMP pathway. Activation of ionotropic
(mainly NMDA) glutamate receptors leads to increased intracellular calcium
(Ca™) which after binding to calmodulin (CM), activates nitric oxide synthase
(NOS), leading to increased production of nitric oxide (NO), which in turn activates
soluble guanylate cyclase (sGC), resulting in increased formation of cGMP. Part
of the cGMP formed is released to the extracellular space. Soluble guanylate
cyclase may be also activated by agents that generate NO such as SNAP. cGMP
is degraded by phosphodiesterase (PDE) that may be inhibited by zaprinast or
sildenafil.

LEARNING ABILITY IS IMPAIRED IN
ANIMAL MODELS OF HE AND RESTORED
BY PHARMACOLOGICAL NORMALIZATION
OF THE FUNCTION OF THE GLUTAMATE-
NITRIC OXIDE-CGMP PATHWAY AND
CGMP IN BRAIN

Cognitive function and learning ability are impaired in
patients with liver disease (see above) and in animal models
of HEP? The glutamate-nitric oxide-cGMP pathway
and cGMP modulate some forms of learning and memory.
It 1s therefore likely that the impairment in the function
of the glutamate-nitric oxide-cGMP pathway in brain may
contribute to the cognitive impairment in HE patients.

We hypothesize that the alterations in the function of
the glutamate-nitric oxide-cGMP pathway and the decrease
in extracellular cGMP in brain may be responsible for the
impairment in learning ability and intellectual function
in HE patients, and that pharmacological modulation of
extracellular cGMP concentration may restore learning
ability in patients with hyperammonemia and HE.

To assess this possibility we tested whether pharmac-
ological treatments directed to increase extracellular cGMP

in brain are able to reverse the impairment in learning
ability in rat models of HE. We were able to increase
extracellular cGMP and completely restore learning ability
of the rats by using three different treatments: continuous
intracerebral administration of zaprinast, an inhibitor of
the phosphodiesterase that degrades CGMPDG]; chronic
oral administration of sildenafil, an inhibitor of the
phosphodiesterase that crosses the blood-brain barrier™,
and continuous intracerebral administration of cGMP™,
The above data indicate that the impairment of
learning ability (at least of the ability to learn the Y maze
conditional discrimination task) in animal models of HE

is due to impairment of the glutamate-nitric oxide-cGMP
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pathway. As the function of this pathway is also altered in
brain of patients with liver cirrhosis, this alteration should
also contribute to the cognitive impairment in these
patients.

Increasing extracellular cGMP by pharmacological
means may be a new therapeutic approach to improve
learning and memory performance both in patients with
evident HE and cognitive impairment and in patients
with minimal HE who present reduced performance in
psychometric tests.

HYPOLOCOMOTION IN ANIMAL MODELS
OF HE IS DUE TO ALTERED ACTIVATION
OF METABOTROPIC GLUTAMATE
RECEPTORS IN THE CEREBRAL
SUBSTANTIA NIGRA PARS RETICULATA

The neurological alterations in patients with HE also
include alterations in motor function and coordination.
One of the ecarly alterations in patients with liver disease
is psychomotor slowing. Jover et al”” reported that 41%
of patients with liver cirrhosis show hypokinesia, which
is attributed to alterations in basal ganglia. These patients
may also present bradykinesia. Rats with chronic liver
failure due to portacaval anastomosis also show reduced

motor activity which is similar to the motor slowing,
hypokinesia and bradykinesia present in patients with
HE""** We used this animal model to study the
mechanisms involved in motor alterations in HE patients.

The neuronal circuits between basal ganglia and
prefrontal cortex are essential in the modulation of
motor function. This network includes basal ganglia,
motor thalamus and cerebral cortex (Figure 2). The basal
ganglia (including nucleus accumbens) produces signals
that go to the thalamus which sends signals to the cortex
to modulate movement execution. The signals originated
in the thalamus are modulated by substantia nigra pats
reticulata (SNt), which sends inhibitory projections to the
ventromedial thalamus (VMT).

Patients with liver disease show hyperintensities in
magnetic resonance imaging in basal ganglia nuclei™",
suggesting altered function of these nuclei, which is also
supported by PET studies®™. It has been suggested that
the motor symptoms of HE are a consequence of basal
ganglia dysfunction and alterations affecting the function
of the neuronal circuits between basal ganglia and cerebral
cortex™,

The motor activity mediated by the basal ganglia-
thalamus-cortex circuit is modulated by glutamatergic
neurotransmission in nucleus accumbens and SNr (Figure
2). Activating metabotropic glutamate receptors in nucleus
accumbens induces motor activity. Activation of glutamate
receptors in SNr induces hypolocomotion in normal
rats™ while glutamate receptor antagonists administered
in SNt induce hyperlocomotion®. Alterations in
glutamatergic neurotransmission in SNr therefore may
contribute to the psychomotor slowing and hypokinesia in
HE patients.

We analysed the neurochemical alterations in the
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Figure 2 Hypolocomotion in animal models of HE is due to increased extracellular
glutamate and activation of metabotropic glutamate receptors in substantia
nigra pars reticulata. Activation of metabotropic glutamate receptors (mGluRs)
in nucleus accumbens induces motor activity by activating a neuronal circuit
involving ventral pallidum, medio-dorsal thalamus and motor cortex. Activation
of mGIuRs in substantia nigra pars reticulata (SNr) induces hypolocomotion by
activating a neuronal circuit involving ventro-medial thalamus and motor cortex. In
rats with HE due to chronic liver failure (portacaval anastomosis), the extracellular
concentration of glutamate is significantly increased (15-fold) in SNr, resulting in
increased activation of mGIuR1 which is responsible for hypolocomotion in these
rats. Blocking mGIuR1 in SNr with specific antagonists increases motor activity in
rats with chronic liver failure up to levels similar to those in normal rats.

basal ganglia-thalamus-cortex circuit by 7z vivo brain
microdialysis in rats with portacaval anastomosis and
correlated the alterations in neurotransmitters (glutamate,
GABA) with the alterations in motor function. Moreover
we tried to normalize motor function of rats with
portacaval anastomosis by pharmacologically modulating
glutamatergic neurotransmission.

Extracellular glutamate is significantly increased (15-fold)
in SNr of rats with portacaval shunt (PCS) and its motor
activity is reduced by 40%. There is a significant negative
correlation between locomotor activity and extracellular
glutamate in SN, indicating that increased glutamate is
responsible for hypolocomotion in PCS rats"”,

We hypothesize that hypolocomotion in PCS rats is due
to over-activation of metabotropic glutamate receptors
(mGluRs) by the increased extracellular glutamate. To
assess this possibility, we tested whether blocking mGluR1
with the antagonist CPCCOEt can normalize the motor
activity in PCS rats and found that blocking mGluR1 does
not affect the motor activity in control rats but increases it
in PCS rats to reach the same motor activity than control
rats™. The above data show that increased activation of
the metabotropic glutamate receptor mGluR1 in SNr is
responsible for hypolocomotion in rats with chronic liver
failure. We studied the possible mechanisms involved
in this increased activation. The increased activation of
mGluR1 is not due to increased amount of the receptor,
which is significantly reduced in SNr of PCS ratstJ,
indicating that enhanced activation of the metabotropic
receptor is due to the increase in the extracellular
concentration of glutamate.

The increase in extracellular glutamate could be due
to increased release, reduced uptake or both. We analysed
the content of the two main transporters that take up

glutamate: EAAC-1 and GLT-1. The content of both
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transporters is reduced by 23%-27%"". The reduced
content of glutamate transporters may contribute to
increased extracellular glutamate in SNr. Enhanced
glutamate release could also contribute to the increased
extracellular glutamate.

The increased activation of metabotropic glutamate
receptors in SNr results in altered function of the
whole basal ganglia-thalamus-cerebral cortex circuit
(Figure 2), and therefore in hypolocomotion. Increased
mGIuR1 activation in SNt leads to increased GABA
concentration in ventro-medial thalamus, which mediates
hypolocomotion in PCS rats. Blocking mGluR1 in
SNt normalizes GABA in ventro-medial thalamus and
locomotion. The circuit by which SNt modulates motor
activity also involves glutamate in motor cortex. Blockade
of mGluR1 in SNr increases glutamate in motor cortex
and activity.

There are reports supporting that changes similar to
those summarized above in rats with chronic liver failure
also may occur in patients with chronic liver disease.
Alterations in the function of basal ganglia in liver
cirrhosis are supported by the hyperintensities in magnetic
resonance images found consistently in these patientsw)’sﬂ.
Altered function of the thalamus is also supported by PET
studies in patients with HE™, Tt is therefore likely that
excessive activation of metabotropic glutamate receptors
in SNr may be also involved in the psychomotor slowing
and hypokinesia in patients with HE.

These studies may have clinical implications. Blocking
mGluR1 in SNr normalizes motor activity in a rat model
of HE, suggesting that a similar treatment for patients
with HE can be used to treat psychomotor slowing and
hypokinesia in these patients. However, the possible effects
of mGluR1 antagonists on other cerebral functions should
be previously evaluated. Each type of glutamate receptors
and their associated signal transduction pathways may be
expressed in different brain areas where they may modulate
different cerebral functions. This implies that, for example,
blocking mGIluR1 in SNr may restore motor function
in patients with liver disease, but blocking it in another
brain area may impair some other cerebral functions.
Before trying to apply these treatments in humans, careful
studies in animal models are therefore required to analyse
the possible secondary effects, and ideally, if possible,
to develop appropriate delivery procedures allowing to
modulate specific receptors or pathways in specific brain
areas without affecting its function in other areas.

In summary, the studies reviewed here show that
alterations in signal transduction pathways associated
to the NMDA type of ionotropic glutamate receptors
are involved in cognitive impairment in HE while
alterations in activation of metabotropic glutamate
receptors are involved in the motor alterations. Moreover,
pharmacological manipulation of the altered pathways
and receptors can normalize both cognitive and motor
functions in animal models of HE. These studies are
setting the basis for designing therapeutic procedures
to specifically treat individual neurological alterations in
patients with HE.
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