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Hepatic encephalopathy

The term hepatic encephalopathy (HE) 
refers to a number of potentially revers-
ible neurological deficits resulting from 
liver dysfunction [11]. Chronic HE, as seen 
in alcohol-induced liver cirrhosis, is char-
acterised by personality changes, altered 
mood and diminished intellectual ability.

Acute HE occurs following acute liv-
er failure, resulting from for example viral 
hepatitis and paracetamol intoxication, is 
associated with neurological deficits rang-
ing from impairment of fine motor skill to 
muscle spasticity [uncoordinated move-
ments (ataxia)], and finally impaired con-
sciousness and coma. In most patients 
with acute liver failure, cerebral oedema 
ensues and is the predominate cause of 
death (80–90% mortality rate). The only 
effective treatment presently available for 
the cerebral oedema in ALF is an emer-
gency liver transplantation.

Ammonium’s central role

Ammonium (NH4
+ and ammonia (NH3) 

are considered the primary toxins respon-
sible for the functional deficits observed 
in HE, the treatment of which is based 
primarily on reducing blood and brain 
NH4

+/NH3 concentrations. The arteri-
al concentration of NH4

+/NH3 in HE pa-
tients and HE animal models is increased, 
and predicts the severity of the symptoms 
[1]. In the portocaval anastomosis animal 
model of chronic HE, a surgically placed 
shunt allows blood from the intestine to 

bypass the liver (unfiltered) and enter 
the main circulatory system, increasing 
arterial NH4

+/NH3 concentrations. Un-
der physiological conditions, NH4

+/NH3 
concentrations in arterial blood are 50–
100 µmol/l; this level doubles in chron-
ic HE, while in the central nervous sys-
tem it rises three- to four-fold. In contrast, 
at the coma stage of acute HE the NH4

+/
NH3 concentrations in the CNS of animal 
models reach 1–5 mM [1].

Astrocytes and HE

Recent evidence suggests that astrocytes 
are an important cellular site of action for 
NH4

+/NH3 in the pathology of HE (see [1, 
3]). In particular, astrocytic swelling ob-
served in animal models following expo-
sure to NH4

+/NH3 likely contributes to the 
brain oedema, a frequent cause of mortal-
ity in acute HE. In addition, neuronal loss 
is rarely observed in the mature brain fol-
lowing NH4

+/NH3 exposure [1], and the 
neuropsychiatric symptoms characteristic 
of acute or chronic HE are reversible fol-
lowing recovery of hepatic function [11].

The greater sensitivity of astrocytes to 
NH4

+/NH3 compared with neurones like-
ly reflects the mechanism of NH4

+ cellular 
influx (see below) and/or astrocyte spe-
cific pathway(s) particularly sensitive to 
NH4

+/NH3. In regard to the latter, astro-
cytes are the cellular site for NH4

+ detoxi-
fication in the CNS. Ammonium is detox-
ified in the CNS by the enzyme glutamine 
synthetase, which is located almost exclu-
sively in astrocytes. In this process, the 

conversion of glutamate to glutamine in-
corporates ammonium, glutamine is con-
verted back into glutamate after neuro-
nal uptake (glutamate-glutamine shuttle; 
see Box. 1). Furthermore, increases in cel-
lular glutamine concentrations are a con-
sistent hallmark of HE.

Ammonium additionally influences 
astrocyte volume regulation. The intracel-
lular accumulation of glutamine contrib-
utes to astrocytic swelling, which is coun-
teracted by release of osmolytes such as 
myoinositol and taurine. Astrocytic swell-
ing leads to production of reactive oxygen 
and nitrogen compounds, which in turn 
exacerbate the swelling [4]. In the case of 
acute HE, astrocyte swelling affects both 
the cell bodies and their branches and may 
be so extensive that the fatal cerebral oe-
dema mentioned above ensues [1]. Fur-
thermore, bolus injection of NH4

+/NH3, a 
model of acute HE, causes cerebral swell-
ing in animal models primarily as a result 
of astrocyte swelling.

In the case of chronic HE, a milder 
form of astrocyte swelling is observed [3]. 
Chronic HE is characterized by Alzheim-
er type II astrocytes, the characteristic fea-
tures of which include swollen cell nucle-
us, a prominent nucleolus and margin-
ation of the chromatin pattern [1]. Indeed, 
Alzheimer type II astrocytes are induced 
by chronic NH4

+/NH3 exposure both in 
HE animal models and cell cultures.
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HE and glutamate transmission

Another hallmark of HE is an increased 
extracellular glutamate concentration 
and altered glutamatergic neurotrans-
mission (see [7]). Following bolus injec-
tion of NH4

+/NH3 into the bloodstream 
to trigger acute HE, the extracellular glu-
tamate concentration increases within 20 
min, attaining a peak 60 min post injec-
tion. Furthermore, neuronal NMDA (N-
methyl-D-aspartate) receptors were ac-
tivated within a similar time period. In-
creases in extracellular glutamate concen-
tration may result from increased gluta-
mate release or reduced glutamate uptake, 
and experimental evidence exists support-
ing both mechanisms [7]. Interestingly, a 
number of studies reported that NH4

+/
NH3 evokes glutamate release from astro-
cytes in a Ca2+ dependent manner ([8, 2, 
7]; see below). In addition, reductions in 
glutamate uptake were observed in animal 
models and in cultured astrocytes follow-
ing chronic NH4

+/NH3 exposure and were 
attributed to reductions in the expression 

of glial glutamate transporters (see [7]; 
Box. 1).

Box 1: The glutamate-
glutamine cycle, glial 
glutamate uptake and HE

Glutamate released at presynaptic termi-
nals acts on metabotropic and ionotropic 
receptors, eliciting a response in the post-
synaptic cell (. Fig. 1). Concurrent to 
the action of glutamate on glutamatergic 
receptors is the removal of glutamate by 
high-affinity transporters found primar-
ily in astrocytes.

Glial glutamate uptake is predomi-
nantly mediated by glutamate transport-
ers EAAT1 and 2 (excitatory amino acid 
transporters), which in the forward-mode 
require the co-transport of one proton and 
three sodium ions into and counter-trans-
port of one potassium ion out of the cell. 
Furthermore, the electrogenic transport 
of glutamate, or more directly the reversal 
potential (Erev) of glutamate uptake as de-
scribed by Eqn. 1, is primarily dependent 

upon the inward sodium electrochemical 
gradient (see [16]). Thus, elevations of in-
tracellular sodium concentration in glial 
cells shift the reversal potential for trans-
port in the negative direction, thereby re-
ducing the cells ability to take up gluta-
mate.

In astrocytes, glutamate in combina-
tion with NH4

+ is converted by the en-
zyme glutamine synthetase to glutamine, 
which is in turn exported to neurones 
where glutamine is involved in neuronal 
glutamate synthesis. The conversion of 
glutamate to glutamine in astrocytes is the 
only pathway for the removal of ammoni-
um in the CNS, and increases in NH4

+/
NH3 concentrations are observed in the 
CNS of HE patients. A hallmark of HE is 
an increased intracellular glutamine: glu-
tamate ratio. In addition, increases in ex-
tracellular glutamate concentrations are 
consistently observed in HE, and result 
from increased glutamate release and/or 
reduced glutamate uptake. The increased 
glutamine concentration contributes to 
astrocyte swelling, an additional hallmark 
of HE.

Ion gradients and ion transport

A possible cause of HE-induced changes 
in glial cell function that has to date re-
ceived little attention is changes in ion gra-
dients and intracellular ion homeostasis. 
The production and maintenance of ion 
gradients across the plasma membrane is 
a fundamental requirement for the gener-
ation of the cellular membrane potential, 
for electric signalling and for transport 
processes coupled to ion gradients. In this 
regard, Na+/K+-ATPase activity is of par-
ticular importance. Na+/K+-ATPase activ-
ity exchanges intracellular sodium ions for 
extracellular potassium ions with a ratio 
of 3:2, respectively, and consumes ATP in 
the process. A multitude of secondary and 
tertiary active transporters utilise the in-
ward sodium gradients produced by Na+/
K+-ATPase activity to establish and fur-
ther the gradients for potassium, mag-
nesium, proton, bicarbonate, calcium or 
chloride ions.

The activity of these transporters re-
sults in specific differences between the 
extra- and intracellular concentrations of 
the transported ions. While the extracel-

Erev = (RT/F (nNa + nH - nK - nGlu)) ln (([Nao]/[Nai])
nNa

x   ([Gluo]/[Glui])
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Fig. 1 8 Reversal potential for glutamate transport. n The number of transported ions per cycle. (Mod-
ified according to [16])
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lular potassium concentration is approx-
imately 3–4 mM, the intracellular potas-
sium concentration is around 130 mM. 
The intra- and extracellular concentra-
tions of sodium are approximately 8–15 
and 145 mM, respectively. Although the 
intracellular pH is often close to the ex-
tracellular pH (7.1–7.3), there is an inward 
electrochemical gradient for protons and 
bicarbonate, since their equilibrium po-
tential is closer to 0 mV and cells have a 
negative resting membrane potential [9]. 
The steepest electrochemical gradient ex-
ists for calcium ions. The resting intracel-
lular calcium concentration is lower than 
100 nM, while the extracellular calcium 
concentration is around 2 mM. The intra-
cellular chloride concentrations in mature 
neurones and astrocytes vary significantly. 
While the chloride concentrations in ma-
ture neurones are kept low (5–10 mM), 
they are between 30 and 60 mM in astro-
cytes, leading to a clearly more positive 
chloride equilibrium potential in astro-
cytes compared to neurones.

Ion movements and glial 
glutamate uptake

Neuronal activity leads to significant ion 
movements across the plasma membrane. 
These ionic fluxes are achieved not only 
by the opening of ionotropic transmitter 
receptors and ion channels, but also large-
ly mediated by the activity of various ion 
transporters. The activation of the sodium-
dependent glutamate transporter EAAT1 
(glutamate transporter excitatory ami-
no acid carrier 1) and 2 results in signifi-
cant changes in intracellular sodium con-
centrations and pH in astrocytes (see [5]; 
see box. 1). The uptake of synaptically re-
leased glutamate in astrocytes is associat-
ed with the simultaneous uptake of three 
sodium ions and one proton in exchange 
for one potassium ion. The reversal poten-
tial for this electrogenic process lies heavi-
ly in the positive range (see box. 1). In this 
way, extracellular glutamate can be held at 
values under 1 µM, while glutamate con-
centration in astrocytes is in the millimol-
ar range. Conversely, changes in concen-
tration of the transported ions in turn in-
fluence the reversal potential or the driv-
ing force for glutamate uptake (see box. 1). 
Accordingly, it has been shown that un-
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Abstract
Hepatic encephalopathy (HE) is a neuropsy-
chiatric disorder associated with acute and 
chronic liver failure. Ammonium is the most 
likely toxin responsible for the observed neu-
rological deficits, reaching 5 mM in the CNS 
during acute HE. Additionally, ammonium 
preferentially affects astrocytes. Conversion 
of glutamate to glutamine, occurring exclu-
sively in astrocytes, is the sole pathway for 
ammonium detoxification, while glutamine 
increases in astrocytes during HE. Further-
more, elevated extracellular glutamate con-
centrations, commonly observed in HE pa-
tients, may result from reduced glutamate 
uptake into astrocytes. Finally, astrocytic 
swelling likely contributes to brain oedema, 

the predominant cause of mortality following 
acute liver failure. Alterations in intracellu-
lar ion concentrations may contribute to the 
observed cellular changes in HE. Ammoni-
um causes intracellular acidifications, and in-
creases intracellular calcium and sodium con-
centrations in astrocytes. In this review, we 
summarise current knowledge concerning 
ammonium-evoked changes in ion homeo-
stasis, and discuss how such changes possibly 
contribute to the pathology of HE.

Keywords
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Intrazelluläre Ionenhomeostase. Beeinträchtigung 
bei hepatischer Enzephalopathie

Zusammenfassung
Hepatische Enzephalopathie (HE) ist eine 
signifikante Begleiterscheinung akuter und 
chronischer Lebererkrankungen, die durch 
eine Vielzahl unterschiedlicher Funktions-
störungen des Gehirns gekennzeichnet ist. 
Als Hauptursache gilt ein Anstieg der Am-
moniumionenkonzentration, wobei die HE 
primär als eine Gliafunktionsstörung ange-
sehen wird. Ammonium wird durch das En-
zym Glutaminsynthetase in Astrozyten mit 
Glutamat zu Glutamin fixiert, und Astrozy-
ten weisen bei HE einen starken Anstieg ihres 
Glutamingehalts auf, während gleichzeitig 
eine Erhöhung der extrazellulären Glutamat-
konzentration beobachtet wird. Schwellung 
der Astrozyten kann zu einem Hirnödem 
führen, das für die hohe Mortalitätsrate bei 
akutem Leberversagen verantwortlich ist. 

Einen bisher wenig beachteten Faktor bei 
der Entstehung der HE sind durch Ammoni-
um induzierte Veränderungen der intrazel-
lulären Ionenhomöostase. Neuere Untersu-
chungen zeigen, dass erhöhte Ammonium-
konzentrationen neben einer Ansäuerung 
auch Erhöhungen der Kalcium- und der Na-
triumkonzentration in Astrozyten hervor-
rufen. Im Übersichtsartikel möchten wir die 
durch Ammonium verursachten Ionenbe-
wegungen beschreiben und diskutieren, in 
wieweit diese zur Pathologie der HE beitra-
gen könnten.

Schlüsselwörter
Ammonium · Astrozyt · Neuron · Natrium · 
pH-Wert
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der certain conditions, e.g. lack of oxy-
gen, an increase in the intracellular sodi-
um concentration can lead in extreme cas-
es to a reversal in driving force for gluta-
mate transport and can thus lead to out-
ward glutamate transport.

Ammonium transport and 
ammonium-evoked pH changes

As discussed above, ammonium and am-
monia play a central role in the develop-
ment of HE. Therefore, the mechanism 
NH4

+/NH3 transport across the plas-
ma membrane is of crucial importance 
to understanding the functional deficits 
observed during HE. In this regard, cell 
type-specific transport mechanisms may, 
at least in part, explain the cell type-spe-
cific effects of NH4

+/NH3.
Ammonia (NH3) is a weak base, and 

as such exists in two forms depending 
on the pH; at physiological pH (approx-

imately 7.2), 98% exists in the protonated 
form, i.e., as ammonium (NH4

+). The un-
protonated form, NH3, freely permeates 
across cellular membranes and although 
NH4

+ is impermeable, NH3 within the cell 
associates with a proton forming NH4

+ 
(. Fig. 1). Thus, NH3 influx and its equi-
librium with NH4

+ result in an intracellu-
lar gain of NH4

+, which is dependent on 
the NH4

+ electrochemical gradient [6].
The intracellular conversion of NH3 to 

NH4
+ consumes protons. Experimental 

addition of NH4
+/NH3, therefore, leads to 

initial intracellular alkalinisations in both 
neurones and astrocytes. Following the 
removal of NH4

+/NH3, NH3 rapidly exists 
the cell, leaving protons behind in the cell 
resulting in a transient intracellular acidi-
fication (. Fig. 2 and . Fig. 3; [5]). Due 
to the ability of ammonium to change in-
tracellular pH, the ‘ammonium pre-pulse’ 
technique is commonly used to investi-
gate mechanisms of intracellular pH reg-

ulation and buffering. Cells are perfused 
for a few minutes with millimolar concen-
trations of NH4

+/NH3 (usually by adding 
ammonium chloride, NH4Cl); the resul-
tant changes in intracellular pH are then 
analysed under various test conditions.

Ammonium is also able to traverse the 
cell membrane. Ammonium is a known 
congener of potassium ions and due to 
the similar ionic properties (ionic diam-
eter, hydration sheath) NH4

+ may enter 
cells by substituting for potassium ions at 
ion channels and transporters (. Fig. 2). 
In cultured neurones, for example, NH4

+ 
enters through inwardly rectifying potas-
sium channels. The influx of NH4

+ re-
leases protons causing intracellular acid-
ifications. Cation-chloride cotransport-
ers also contribute to NH4

+ influx, and 
the differential expression of these trans-
porters between neurones and glial cells 
may contribute to the differences in sen-
sitivity of the cell types to NH4

+. In cul-
tured neurones, NH4

+ uptake primarily 
involves potassium chloride cotransport-
ers (KCC), whereas in cultured astrocytes 
the sodium-potassium-chloride cotrans-
port (NKCC) may contribute [10].

A number of additional NH4
+ trans-

port pathways have been reported in var-
ious other cell types. For instance, bee 
retinal ganglion cells possess a dedicat-
ed NH4

+ chloride cotransporter, while in 
some invertebrate neurones NH4

+ influx 
is mediated by Na+/K+-ATPase [6].

The effects of ammonium-evoked 
changes in intracellular pH

One hallmark of HE is an increase in the 
extracellular glutamate concentration, 
a phenomenon consistently seen in HE 
patients and animal models (see [1, 7]). 
While reduced expression of glial gluta-
mate transporters may contribute to the 
increased extracellular glutamate concen-
trations observed in chronic HE, other 
factors appear to be involved in acute HE. 
As described above (see . Fig. 2), the 
application of NH4

+/NH3 leads to chang-
es in intracellular pH, comprising an ini-
tial alkalinisations (NH3 influx) followed 
by acidification (NH4

+ influx). An article 
published in 2005 reported that transient, 
NH4

+/NH3-evoked alkalinisations releas-
es calcium from intracellular stores, which 
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Fig. 2 8 Astrocyte ion regulation mechanisms and possible NH4
+ influx 

pathways. Ammonia (NH3) freely permeates the cell membrane. As a weak 
base, NH3 consumes one proton in the cell increasing intracellular pH, i.e. an 
alkalinisation. Unlike ammonia, ammonium ions (NH4

+) do not freely per-
meate the cell membrane. However, ammonium ions have a similar ionic di-
ameter to potassium ions, and NH4

+ crosses the cell membrane by substi-
tuting for potassium at ion channels. Moreover, NH4

+ replaces potassium at 
various potassium-dependent transporters [sodium-potassium-chloride co-
transport (NKCC), potassium-chloride cotransporter (KCC), Na+/K+-ATPase; 
see text]. In addition, evidence suggests that specific NH4

+ transporters ex-
ist. The influx of NH4

+ releases protons causing intracellular acidifications. In 
addition, NH4

+ by altering the activity of ion transport mechanisms changes 
the homeostasis of other ions (e.g. sodium, potassium and chloride). Thus, 
in addition to pH changes, NH4

+/NH3-evoked changes in the intracellular 
concentrations of other ions may contribute to the toxic effects of NH4

+/NH3
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in turn mediated Ca2+-dependent release 
of glutamate from cultured cortical astro-
cytes ([8]; see also [2]).

Ammonium-evoked 
changes in the intracellular 
sodium concentration

Investigations recently carried out in our 
laboratory focussed initially on the ques-
tion of whether, in addition to intracellular 
pH, NH4

+/NH3 also influences intracellu-
lar sodium concentrations [5]. To this end, 
primary cultured rat hippocampal astro-

cytes were washed in saline solution con-
taining 5 mM NH4

+/NH3 in exchange for 
sodium ions. Intracellular pH measure-
ments employing the pH-sensitive fluo-
rescent dye BCECF [2’,7’-bis-(2-carboxy-
ethyl)-5,6-carboxyfluorescein] showed 
that application of NH4

+/NH3 elicited 
transient alkalinisations within 1 min, as 
expected from the influx of NH3. NH4

+/
NH3-evoked alkalinisations were super-
seded by sustained acidifications with a 
mean value of pH 7.05 (. Fig. 3a; [5]). 
Upon removal of NH4

+/NH3, transient 
acidifications were observed before pH 

returned to its original baseline value of 
around pH 7.25.

Quantitative determination of sodi-
um concentration in cultured astrocytes 
using the sodium-sensitive fluorescent 
dye SBFI (see . Fig. 4) shows that NH4

+/
NH3 evoked pronounced increases in in-
tracellular sodium concentration, in addi-
tion to the previously mentioned chang-
es in intracellular pH. Indeed, NH4

+/NH3 
increases sodium concentration from a 
baseline of around 18 mM to a mean val-
ue of 40 mM in astrocytes, and the elevat-
ed sodium concentration was maintained 
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Fig. 3 7 Ammonium-
evoked pH and sodi-

um changes and the role 
of NKCC (sodium-potas-

sium-chloride cotrans-
port) in cultured hippo-

campal astrocytes. a Appli-
cation of 5 mM NH4

+/NH3 
caused a transient alkalin-
isation, followed by a sus-

tained acidification. The pH 
was reduced by on average 

0.19 units (see right histo-
gram showing mean values 

with standard deviation). 
The presence of the NKCC 
blocker bumetanide pre-
vented NH4

+/NH3-evoked 
acidifications (see right 

histogram). b NH4
+/NH3 

caused a pronounced and 
sustained increase in the 
intracellular sodium con-

centration (upper trace), 
which was prevented in the 

presence of bumetanide 
(lower trace). Histograms on 
the right show mean values 

with standard deviation of 
several measurements
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in the continued presence of NH4
+/NH3 

(. Fig. 3b). The NH4
+/NH3-evoked in-

creases in intracellular sodium were re-
versible, with sodium concentrations re-
turning to baseline following removal of 
NH4

+/NH3.
Inhibiting HCO3

--dependent pH regu-
latory mechanisms using HCO3

--free me-
dia increased the NH4

+/NH3-evoked acid-
ifications and attenuated the sodium in-
creases, suggesting that NH4

+/NH3 ac-

tivates sodium-dependent intracellular 
pH regulatory mechanisms [5]. However, 
the NH4

+/NH3-evoked sodium increas-
es were not simply a consequence of in-
tracellular pH regulatory mechanisms. In 
fact, our investigations suggested that oth-
er sodium-dependent mechanisms of in-
ward NH4

+/NH3 transport are involved. 
To examine the involvement of NKCC, 
we employed the specific blocker bu-
metanide. Inhibition of NKCC with bu-

metanide had prominent effects on NH4
+/

NH3-evoked pH and sodium changes. Al-
though the aforementioned mentioned 
transient alkalinisations were still ob-
served following NH4

+/NH3 application, 
bumetanide prevented the sustained acid-
ifications (. Fig. 3a), as well as the pro-
nounced increases in sodium concentra-
tion (. Fig. 3b).

Our results clearly show that NKCC 
activation by NH4

+/NH3 is the basic 
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mechanism responsible for both the acid-
ifications and the large increases in sodi-
um concentration observed in cultured 
astrocytes. Moreover, NKCC appears to 
be the main mechanism of inward NH4

+ 
transport in cultured astrocytes, findings 
which are in agreement with those pub-
lished in 2006 by Titz et al. [10], suggest-
ing the involvement of NKCC in NH4

+ in-
flux [10].

In neurones, the mechanism of NH4
+ 

influx probably depends on maturity 
or degree of differentiation. The level of 
NKCC expression is high in many imma-
ture neurones (postnatal day 0–10), drop-
ping sharply thereafter. Therefore, NH4

+ 
influx in mature neurones probably oc-
curs via alternative mechanisms. Pub-
lished data [10] indicate the involvement 
of KCC in the NH4

+ influx into cultured 
neurones and supports the notion that 
NH4

+ influx pathways in neurones and as-
trocytes are different. However, the path-
ways for NH4

+ influx into neurones and 
astrocytes in situ are as yet unknown.

Ammonium-evoked ion shifts and 
changes in glial glutamate uptake

The observation that NH4
+/NH3 evokes 

changes in both intracellular pH and so-
dium concentrations raises the possibility 
that NH4

+/NH3 may also reduce sodium-
dependent glutamate uptake in astrocytes 
by reducing the inwardly directed proton 
and sodium gradients (see Box. 1). This 
could be relevant to the pathology of HE, 
during which elevated levels of extracel-
lular glutamate concentrations are consis-
tently observed.

To investigate this possibility, we selec-
tively activated glial glutamate transport-
ers with bath applications of the trans-
portable agonist D-aspartate. Brief appli-
cations of D-aspartate caused transient in-
tracellular acidifications, as well as tran-
sient sodium increases in astrocytes, re-
flecting glutamate transport activity (see 
Box. 1; . Fig. 5a; [5]). In the presence of 
NH4

+/NH3, the amplitude of D-aspartate-
induced acidifications and sodium in-
creases were reduced by 80%–90%, sug-
gesting a strong reduction in glial gluta-
mate uptake (. Fig. 5a).

As reported above, inhibition of 
NKCC using bumetanide prevents NH4

+/
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Fig. 5 8 Ammonium-evoked ion changes reduce glutamate uptake in cultured hippocampal astro-
cytes. a Application of D-aspartate (1 min, 1 mM) activates glutamate transporters causing increas-
es in sodium (black trace). In the presence of 5 mM NH4

+/NH3 (grey trace), D-aspartate-induced sodi-
um increases were reduced by almost 90%. Right: The presence of the NKCC blocker bumetanide at-
tenuated the ability of NH4

+/NH3 to reduce D-aspartate-induced sodium increases. Lower panel: his-
tograms showing the mean values and standard deviation of several measurements. b A schemat-
ic summarising the proposed mechanisms of ammonium-evoked ion changes and the effects on gli-
al glutamate uptake. Ammonium is transported to the cells primarily via NKCC. The resultant acidifica-
tions and increases in sodium concentration significantly reduces the driving force for glutamate up-
take. (Modified from [5], with the kind permission of Wiley-Liss)
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NH3-evoked acidifications and increas-
es in sodium concentration in astrocytes 
(see . Fig. 2). We, therefore, investigat-
ed the effect of bumetanide on the NH4

+/
NH3-evoked inhibition of glial glutamate 
uptake.

Application of bumetanide alone did 
not significantly alter the amplitude, 
nor the time course of D-aspartate-in-
duced pH and sodium transients in as-
trocytes in the absence of NH4

+/NH3. Bu-
metanide, however, significantly attenuat-
ed the ability of NH4

+/NH3 to reduce D-
aspartate-induced pH and sodium tran-
sients (. Fig. 5a). The results suggest that 
NH4

+/NH3-evoked acidifications and in-
creases in intracellular sodium concentra-
tion strongly reduce the driving force for 
glial glutamate uptake (. Fig. 5b). Pre-
venting NH4

+/NH3-evoked acidifications 
and increases in intracellular sodium al-
leviated the NH4

+/NH3-evoked reduction 
in glutamate transport activity. The pro-
portion of glutamate transport activity 
inhibited as a result of NH4

+/NH3-evoked 
changes in pH and intracellular sodium 
concentration was approximately 50%, 
and corresponds to that predicted by de-
creases in the electrochemical gradients of 
protons and sodium ions (see box. 1; [5]).

The role of ammonium-
induced ion changes in HE

The transient alkalinisations and subse-
quent calcium-dependent release of gluta-
mate from astrocytes upon NH4

+/NH3 ap-
plication as mentioned above could rep-
resent crucial first steps contributing to 
an increase in the extracellular glutamate 
concentration [4]. It has also been report-
ed that NH4

+-mediated calcium increas-
es cause tyrosine nitration of various pro-
teins in astrocytes, which may be of rele-
vance in HE [4].

Linking NH4
+ influx to ion trans-

port mechanisms also causes permanent 
changes in intracellular ion homeostasis, 
which may contribute to the development 
of HE. Moreover, changes in intracellular 
ion homeostasis maintained in the pro-
longed presence of NH4

+/NH3 are likely 
of greater clinical relevance than transient 
ion shifts lasting only several minutes. 
Whereas sodium-independent transport 
(KCC) mediates NH4

+ influx in cultured 

neurones, sodium-dependent transport 
(NKCC) is involved in NH4

+ influx in as-
trocytes. The strong influx of sodium ions 
(as well as co-transported potassium and 
chloride ions) following NKCC activation 
contributes in particular to the astrocyte 
swelling observed during acute HE. This 
is significant since cerebral oedema is the 
most frequent cause of death following 
acute liver failure [1].

In this context, our data also show that 
glial glutamate uptake was strongly re-
duced by a reduction in the inward driv-
ing force within 30 min after initiation of 
NH4

+/NH3 application. This time frame 
corresponds to the increase observed in 
the extracellular glutamate concentra-
tion in animals under acute NH4

+/NH3 
exposure, and is likely too rapid to reflect 
changes in the expression level of gluta-
mate transporters.

NH4
+/NH3-evoked changes in intra-

cellular pH may also contribute to other 
aspects of HE. Intracellular pH is a known 
modulator of cellular function and influ-
ences enzyme activity, as well as the activ-
ity of ion channels and transport mecha-
nisms. The steady-state intracellular acid-
ifications observed following prolonged 
NH4

+/NH3 exposure are similar in magni-
tude to those observed, for instance, dur-
ing anoxia. Acidifications generally result 
in inhibition of neuronal excitability and 
enzyme activity [9]. Moreover, a reduction 
in pH inhibits the release of calcium from 
intracellular stores, an important intracel-
lular signalling mechanism in both astro-
cytes and neurones. General inhibition of 
neuronal excitability as well as a reduction 
in intracellular calcium release may con-
tribute to the deficits in neurotransmis-
sion observed in HE patients.

While many fundamental questions 
regarding the development of HE remain 
unanswered, the studies carried out to 
date clearly show that ammonium-evoked 
ion fluxes may contribute in a causal man-
ner to cellular and, in particular, glial dys-
function in HE. Further elucidation of 
the underlying cellular mechanisms will 
hopefully contribute to the development 
of better therapeutic possibilities for this 
disease in the future.
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