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    Chapter 12   
 The Astrocytic Na + , K + -ATPase: Stimulation 
by Increased Extracellular K + , β-Adrenergic 
Activation, Ouabain-Mediated Signaling, 
and Interaction with the Transporter NKCC1                     

       Leif     Hertz    ,     Dan     Song    , and     Liang     Peng    

    Abstract     The astrocytic Na + ,K + -ATPase is important because increasing evidence 
indicates that increased extracellular K +  in brain following neuronal excitation initially 
is accumulated into astrocytes. This is due to higher Na + ,K + -ATPase activity in 
astrocytes than in neurons and because the extracellular K + -sensitive site of the astro-
cytic Na + ,K + -ATPase, in contrast to that of the neuronal enzyme, has low enough 
affi nity for K +  to be further activated by increased K +  concentrations. However, K +  
must eventually be re-accumulated into neurons in order to prevent neuronal K +  
depletion. Accumulated astrocytic K +  is released through Kir4.1 channels, but a 
presently unsolved problem is how renewed astrocytic uptake is prevented. 
Experiments in well-differentiated cultured astrocytes providing a solution of this 
problem are discussed. At the same time subunit composition of the astrocytic 
Na + ,K + -ATPase and its infl uence on the enzyme’s kinetic parameters is reviewed 
together with stimulation of the enzyme by noradrenaline and its functional impor-
tance. So are details of Na + ,K + -ATPase signaling in response to submicromolar con-
centrations of ouabain and/or low mM K +  concentrations without which the catalytic 
activity of the astrocytic enzyme is abolished. Two pathophysiological conditions are 
discussed, cerebral ischemia/reperfusion and hepatic encephalopathy. In the former 
ouabain signaling dependence on extracellular Ca 2+  is crucial and provides therapeu-
tic possibilities. In the latter the ability of NH 4  +  to mimic K +  in both catalytic and 
signaling effects of the Na + ,K + -ATPase is essential. In both conditions it is important 
that operation of the Na + , K + , Cl −  and water cotransporter NKCC1 is dependent upon 
ion gradients created by the Na + ,K + -ATPase.  
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1          Catalytic Activity of the Astrocytic Na + , K + -ATPase 

1.1     The Astrocytic Na + ,K + -ATPase, but not the Neuronal 
Enzyme, Is Stimulated by Above-Normal Extracellular K +  
Concentrations 

 Activation of the Na + ,K + -ATPase requires simultaneous binding of Na +  to an intra-
cellular site and of K +  to an extracellular site of the enzyme [ 1 ,  2 ]. In excitable cells, 
such as neurons, the activity of the Na + ,K + -ATPase is generally regulated by the 
intracellular concentration of Na +  ([Na + ] i ). The simultaneous increase in extracel-
lular K +  ([K + ] o ) during the excitation has normally no effect on neuronal Na + ,K + -
ATPase activity, because the affi nity of this site in neurons is so high that it is 
saturated at normal [K + ] o . This was convincingly shown by Grisar et al. [ 3 ], who 
determined kinetic properties of the Na + ,K + -ATPase in mechanically isolated glial 
cells, neuronal perikarya, and synaptosomes from rabbit brain cortex as well as 
human cells and observed no increases in Na + ,K + -ATPase activity in the neuronal 
preparations (Fig.  12.1 ). However, it has been shown by gel electrophoresis that the 
brain contains two distinct molecular forms of the Na + ,K + -ATPase, which can be 

  Fig. 12.1    Effect of 
different extracellular K +  
concentrations ([K + ] o ) on 
Na + ,K + -ATPase activity in 
astrocytes and neuronal 
perikarya isolated from a 
single human brain. From 
where further 
methodological details are 
described. Reproduced 
with permission, where 
further methodological 
details are described       
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separated in their active form by gentle tissue fractionation procedures [ 4 ]. One is 
the only Na + ,K + -ATPase of astrocytes, while the other is the only Na + ,K + -ATPase of 
the axonal membrane. Figure  12.1  shows that in contrast to the neuronal enzyme 
isolated glial cells show a distinct increase in Na + ,K + -ATPase activity in response to 
an increase in [K + ] o , confi rming previous results by Henn et al. [ 5 ]. This indicates 
that the K +  affi nity of the K + -sensitive site is lower in astrocytes than in neurons. 
Subsequent kinetic analysis in homogenates of cultured mouse cerebral astrocytes 
and neurons [ 6 ] showed conventional Michaelis–Menten kinetics with a  K  m  value 
for K +  of 1.9 mM in astrocytes and a  K  m  value of 0.43 mM in neurons.  V  max  in astro-
cytes was approximately twice of that in neurons. A similar affi nity for Na + ,K + -
ATPase-mediated K +  uptake was shown in rat cultures by Larsen et al. [ 7 ], consistent 
with the observation that the rate of active K +  uptake is similar in rat and mouse 
cultures [ 8 ].

   The reason for the difference in K +  affi nity between astrocytes and neurons is the 
different subunit composition. In freshly isolated cell fractions of mouse astrocytes 
and neurons, mRNA of the α 1  subunit has twice as high an expression in astrocytes 
as in neurons, whereas the α 2  subunit is almost restricted to astrocytes and the α 3  
subunit to neurons (Fig.  12.2a ) Nevertheless, the traces of α 3  in astrocytes and of α 2  
in neurons are probably representative of the in vivo situation, since cross- 
contamination between fractions should also have led to neuronal β 2  expression. The 
β 1  subunit is more highly expressed in neurons than in astrocytes, but only astrocytes 
express both β 1  and β 2 . The expression of the auxiliary protein FXYD7 is equal in the 
two cell types (Fig.  12.2b ). Neuron-selective expression of mRNA for α 3  has also 
been shown by Cahoy et al. [ 9 ], and in cultures somewhat different from ours, 
Cameron et al. [ 10 ] reported that cortical astrocytes display α 2  and β 2  subunits and 
cerebellar granule neurons α 3  and β 1  subunits. The greater α 1  expression in astrocytes 
than in neurons shown in Fig.  12.1  is also consistent with immunochemical data by 
MacGrail et al. [ 11 ] and with conclusions based on low-affi nity ouabain binding, 
refl ecting content of α 1  protein, in our own cultured neurons and astrocytes [ 12 ].

   Subunit composition is important for the kinetic properties of the Na + .K + -ATPase. 
In a study by Crambert et al. [ 13 ] nine different human Na + ,K + -ATPase isozymes, 
composed of α and β isoforms, were expressed in Xenopus oocytes and analyzed for 
their transport and pharmacological properties. All human isozymes were func-
tional but differed in their turnover rates depending on the α isoform. Variations in 
K +  affi nity and activation were a result of a cooperative interaction between α and β 
isoforms with α 2 -β 2  complexes having the lowest apparent K +  affi nity. α Isoforms 
also infl uence the apparent internal Na +  affi nity in the order α 1  > α 2  > α 3  [ 13 ,  14 ]. 
FXYD7 decreases the apparent K +  affi nity of α 1 -β 1  and α 2 -β 1 , but not of α 3 -β 1  iso-
zymes [ 15 ]. These observations are consistent with the low affi nity for K + -induced 
stimulation of Na + ,K + -ATPase activity in astrocytes and the ensuing ability of the 
astrocytic enzyme to be stimulated by above-normal [K + ] o . As seen in Fig.  12.3 , the 
low affi nity of the α 2 -β 2  complex was confi rmed by Larsen et al. [ 7 ], who added the 
new information that depolarization increased the affi nity of this complex. The α 2 -
β 2  complex is preferentially immunoprecipitated in mouse brain, whereas no α 1 -β 2  
or α 2 -β 1  complexes were demonstrated [ 16 ]. However, under some conditions, e.g., 
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  Fig. 12.2    Subunit 
composition of Na + ,K + -
ATPase from freshly 
isolated astrocytes and 
neurons obtained from 
mice where either the 
astrocyte-specifi c marker 
GFP or a neuronal marker, 
YFPH, had been linked to 
fl uorescent compound, 
allowing isolation of an 
astrocytic respective a 
neuronal cell fraction by 
fl uorescence-activated cell 
sorting (FACS). In each 
cell fraction mRNA 
expression was quantitated 
by reverse transcription 
polymerase chain reaction 
(RT-PCR). ( A1 ): Products 
of PCR for α and β 
subunits and of the 
house-keeping gene 
TATA-binding protein 
(TBP) from three 
astrocytic and three 
neuronal samples; ( A2 ): 
ratios between scanned 
expression of each subunit 
and TBP allowing 
quantitative determination 
of the expression of each 
subunit. Since different 
primers are used for each 
subunit the fi gure allows 
no quantitative comparison 
between expression of 
different subunits, but it 
provides reliable 
quantitation of astrocytic 
vs neuronal expression. 
( B1 ) and ( B2 ): Similar 
results for FXYD7, the 
brain-specifi c 
FXYD. From Li et al. [ 17 ], 
reproduced with 
permission       
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chronic treatment with the anti-bipolar drug carbamazepine the α 2  subunit is induced 
in neurons without concomitant induction of the β 2  subunit [ 17 ]. A submicromolar 
affi nity for ouabain of the rat α 2  and α 3  subunits transfected into NIH 3 T3 cells is 
much lower than that of the α 1  receptor of ~50 μM [ 18 ]. Inhibition of K +  uptake by 
different concentrations of ouabain is consistent with the values obtained by the 
binding studies ([ 19 ]; L. Hertz and W. Wal;z, unpublished experiments). The latter 
experiments also suggested that about three quarters of the K +  uptake was mediated 
by the α 1  isoform.

   Since the Na + ,K + -ATPase and the gastric H + ,K + -ATPase are the only P-type 
ATPases forming α-β complexes, it is likely that the obligatory β subunit plays a 
major role for K +  transport [ 20 ,  21 ]. The β subunits facilitate correct membrane 
integration and packing of the catalytic α subunit, which is necessary for their resis-
tance to degradation, acquisition of functional properties, routing to the cell surface, 
and determination of intrinsic transport properties [ 20 ]. In neurological diseases 
like familiar hemiplegic migraine type 2 (FHM2), the α 2  subunit shows mutations 
which are expressed in astrocytes; some of these mutations are found close to the 
interaction loci between α and β subunits and another mutation causes a reduced 
apparent K +  affi nity [ 21 ].  

1.2     Both the Astrocytic and the Neuronal Na + ,K + -ATPase 
Are Stimulated by Noradrenaline, but Different 
Subtype- Specifi c Receptors Are Involved 

 Both the astrocytic and the neuronal Na + ,K + -ATPase are also stimulated by 
noradrenaline. In brain homogenates noradrenaline stimulation of Na + , K + -ATPase [ 22 ,  23 ] 
is inhibited by both α- and β-adrenergic antagonists [ 24 ]. Different noradrenergic 
receptor subtypes are involved in astrocytes and neurons with the β-adrenergic drug 

  Fig. 12.3    Various subunit 
isoform compositions of 
the rat Na + /K + -ATPase 
were expressed in X. laevis 
oocytes. Na + ,K + -ATPase 
activity as a percentage of 
 V  max  was determined as a 
function of [K + ] o  and the 
curves fi tted according to 
Michaelis–Menten 
kinetics. The graph shows 
the obtained activity at 
each [K + ] o . From Larsen 
et al. [ 7 ], reproduced with 
permission       
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isoproterenol stimulating astrocytic but not neuronal Na + , K + -ATPase [ 6 ]. The norad-
renergic stimulation occurs only at close to normal [K + ] o , so any additive effect by 
simultaneous exposure to elevated [K + ] o  and noradrenaline is minimal (Fig.  12.4a ) in 
either cell type. Rather, at aberrant [K + ] o  noradrenaline has an inhibitory effect, espe-
cially in neurons. Similarly K + -stimulated K +  uptake into astrocytes is only marginally 
increased by 1 μM isoproterenol (Fig.  12.4b ). The identical effects on Na + , K + -ATPase 
activity and K +  uptake are important as the former is measured in a homogenate and the 
latter in intact cells. β 1 -Adrenergic stimulation of the K +  analogue rubidium has also 
been shown in pig hearts [ 25 ].
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  Fig. 12.4    Effects of noradrenaline or the β-adrenergic agonist isoproterenol and of [K + ] o  on 
Na + ,K + -ATPase activity or K +  uptake in cultured astrocytes. ( a ) Stimulation or inhibition (negative 
stimulation) of Na + ,K + -ATPase activity in homogenates of cultured astrocytes ( open columns ) or 
mouse cerebral cortical interneurons ( fi lled columns ) by 10 μM noradrenaline at different [K + ] o . 
The activity in the same homogenates in the absence of noradrenaline is indicated as 0 %. ( b ) 
Increase in intracellular K +  concentration in similar but intact cultures of astrocytes measured in 
arbitrary units by fl uorescence of a K + -sensitive drug under control conditions, after addition of 
1 μM of the β-adrenergic drug isoproterenol, 5 mM KCl, or simultaneous addition of isoproterenol 
plus 5 mM KCl. ( a ) From Hajek et al. [ 6 ], reproduced with permission; ( b ) From Hertz et al. [ 58 ], 
reproduced with permission       
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   It is unknown why high K +  and noradrenaline do not have a synergistic effect on 
astrocytic and neuronal Na + ,K + -ATPases. However, in the proximal convoluted 
tubule of the kidney noradrenaline acting on α-adrenergic receptors is known to 
stimulate Na + ,K + -ATPase activity via an increase in [Ca 2+ ] i  and activation of the 
Ca 2+ -dependent protein phosphatase 2B, calcineurin [ 26 ]. The α 1  isoform of Na + ,K + -
ATPase is the only catalytic Na + ,K + -ATPase isoform expressed at this location and 
its dephosphorylation is increased at high [Na + ] i , whereas protein kinase C (PKC) 
causes phosphorylation [ 27 ], which decreases Na + ,K + -ATPase activity [ 28 ]. Ibarra 
et al. [ 27 ] concluded that the phosphorylation of a large pool of the Na + ,K + -ATPase 
at a low [Na + ] i  allows dephosphorylation (and thus activation) by α-adrenergic 
receptor activation. The pathway for α-adrenergic stimulation of pyramidal neurons 
from rat cerebral cortex includes PKC stimulation [ 29 ] and increase in [Ca 2+ ] i  [ 30 ], 
and reduction in [K + ] o  increases [Na + ] i  in cerebral cortical neurons [ 31 ]. Similar 
effects as in the proximal convoluted tubule might therefore explain the noradrener-
gic stimulation of neuronal Na + ,K + -ATPase activity at control levels of [K + ] o  and the 
lack of effect or inhibition at least at decreased [K + ] o . Since β 1 -adrenergic stimula-
tion of cultured astrocytes [ 32 ] leads to a  G  s / G  i  shift and subsequent PKC activation 
and increase in [Ca 2+ ] i  (Fig.  12.5 ) and [Na + ] i  is increased at low [K + ] o  [ 31 ], the inter-
action between [K + ] o  and noradrenaline on the astrocytic Na + ,K + -ATPase can be 
explained in a similar manner at low K + . Astrocytic [Na + ] i  is not increased at high 
[K + ] o  [ 31 ] and the astrocytic Na + ,K + -ATPase is not inhibited by noradrenaline at 
12 mM [K + ] o  (Fig.  12.4a ). It is reassuring that K + /noradrenaline interactions in cul-
tured astrocytes may be explained by effects determined in freshly obtained cells 
from the rat proximal tubule.

2         Signaling Activity of the Astrocytic Na + ,K + -ATPase 

 The Na + -K + -ATPase is also a signaling molecule reacting to endogenous ouabain- 
like compounds, which are present in brain [ 33 ,  34 ] including astrocytes [ 35 ], as 
well as to minor increases in [K + ] o . Activation of the tyrosine kinase Src in intact 
cells by ouabain acting on the Na + ,K + -ATPase was fi rst shown by Haas et al. [ 36 ], 
who found rapid activation of Src when nontoxic concentrations of ouabain were 
added to cultured neonatal cardiac myocytes. Activation of Src stimulated a path-
way leading to phosphorylation of the epidermal growth factor receptor (EGFR) via 
Ras and eventually to phosphorylation of extracellular regulated kinases 1 and 2 
(ERK 1/2 ). This pathway was confi rmed by Zhang et al. [ 37 ], who also discovered an 
additional phospholipase C (PLC) and inositol trisphosphate (IP 3 ) receptor path-
way, which lead to an increase in [Ca 2+ ] i . These pathways also operate in cultured 
astrocytes [ 38 ], as shown by inhibition of ERK 1/2  phosphorylation induced by addi-
tion of 30 nM ouabain or 5 mM KCl by inhibitors of Src or EGF receptor phos-
phorylation (Fig.  12.6 ). An increase in [Ca 2+ ] i  by ultralow concentrations of ouabain 
had previously been shown in such cells by Forshammer et al. [ 39 ]. Xestospongin, 
an inhibitor of the IP 3  receptor, inhibited a K + -induced K +  uptake (see Sect.  3 ). Thus, 
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  Fig. 12.5    Schematic illustration of stimulation of ERK phosphorylation by β-adrenergic receptors in 
astrocytes. Isoproterenol (ISO), binds to these receptors. At high concentrations (≥1 μM), the activa-
tion of the receptors induces a β 1 -adrenergic ( red arrows ), PKA-dependent “G s /G i  switch,” which 
induces an enhancement of intracellular Ca 2+  concentration by Ca 2+  release from intracellular stores. 
The latter activates Zn-dependent metalloproteinases (MMPs) and leads to shedding of growth 
factor(s), such as heparin-binding epidermal growth factor (HB-EGF). The released HB-EGF stimu-
lates autophosphorylation of the EGF receptor in the same and adjacent cells. The downstream target 
of the EGF receptor extracellular regulated kinases 1 and 2 ERK 1/2  (shown in  blue ) is phosphorylated 
via Ras/Raf/MEK pathway, contingent upon recruitment of β-arrestin 1. ERK phosphorylation by 
isoproterenol at a high concentration can be inhibited by H-89, an inhibitor of PKA, by PTX, an 
inhibitor of G i  protein, by BAPTA/AM, an intracellular Ca 2+  chelator, by GM6001, an inhibitor of 
Zn-dependent metalloproteinase, by AG1478, an inhibitor of the EGF receptor, by siRNA against 
β-arrestin 1, and by U0126, an MEK inhibitor (all shown in  yellow ). In contrast, at a low isoprotere-
nol concentration (≤100 nM) β 2 -adrenergic ( green arrows ) activation of the receptors activates Src 
via the function of β-arrestin 2. Src stimulates ERK phosphorylation and phosphorylates the EGF 
receptor without involvement of the receptor- tyrosine kinase. ERK 1/2  phosphorylation is secondary 
to MEK activation, which probably is induced by direct activation of Raf by Src, whereas Src-
mediated phosphorylation of the EGF receptor may not participate in the phosphorylation of ERK 1/2 , 
which does not require recruitment of β-arrestin 1. The ERK phosphorylation by isoproterenol at low 
concentration can be inhibited by siRNA against β-arrestin 2, by PP1, a Src inhibitor, and by U0126, 
an MEK inhibitor. From Du et al. [ 32 ], reproduced with permission       
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  Fig. 12.6    Signaling pathways in cultured astrocytes for ouabain and [K + ] o  increases ≤5 mM and 
≥5 mM. The catalytic effects of the Na + ,K + -ATPase and NKCC1 on ion fl uxes are shown in the  left 
side  of the fi gure with Na + ,K + -ATPase-mediated fl uxes (+5 mM K + ) in  blue lettering at the bottom  
and NKCC1 fl uxes (+10 mM K + ) in  red lettering at the top . All signaling pathways are shown in 
 black lettering , with  blue arrows  for the signaling pathway of ouabain/Na + ,K + -ATPase, activated 
by 30 nM ouabain or addition of 5 mM KCl ( bottom ) and  red arrows  for the signaling pathway 
leading to activation of NKCC1 ( top ). Transmembrane ion fl uxes connected with signaling are 
shown by heavy  red arrows . Increases in free cytosolic Ca 2+  concentration ([Ca 2+ ] i ) are shown by 
 black arrows . Key points were verifi ed by abolishment of ERK phosphorylation or prevention of 
the normal increase in intracellular K +  content after addition of 5 mM KCl by the specifi c inhibi-
tors or siRNA, shown in  brown  (the glycogenolysis inhibitor DAB) or  yellow ovals . Note that the 
IP 3  receptor participates in signaling after addition of 5 mM K + , but not after 10 mM K + , making 
its inhibitor xestospongin C an important tool for distinction between activation of the two path-
ways. In contrast phosphorylation of the EGF receptor (EGFR) and of extracellular regulated 
kinases 1 and 2 (ERK 1/2 ), Src activation, increase in [Ca 2+ ] i , and glycogenolysis occur in both 
pathways. Inhibition by amiloride of cellular increase in K +  after addition of 5 mM KCl suggests 
inhibition of the Na +  channel Na  x  . Inhibition of Ca 2+  entry via the Ca 2+ /Na +  exchanger NCX, 
needed in the ouabain signaling pathway, was not tested in our experiments (but see, Fig.  12.9 ). 
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Fig. 12.6 (continued) However in Ca 2+ -free medium the K +  uptake normally induced by addition 
of 5 mM KCl was abolished. The pathway activated by addition of ≥10 mM KCl and leading to 
activation of NKCC1 shown in  red  in the upper part of the fi gure had previously been determined 
for inhibition of ERK phosphorylation (using specifi c inhibitors) and found to include depolariza-
tion-mediated L-channel opening and metalloproteinase-induced release of an agonist of EGFR 
causing its phosphorylation (pEGFR). Additional inhibitor experiments shown in the fi gure indi-
cated its dependence on glycogenolysis (inhibition by DAB) and the metalloproteinase ADAM 17, 
which is not involved in the pathway activated by addition of 5 mM KCl. Signaling connections 
between ERK phosphorylation and activation of NKCC1 or between ERK phosphorylation or 
increase in [Ca 2+ ] i  and opening of Na  x   have not been investigated. Modifi ed from Xu et al. [ 38 ], 
reproduced with permission       

in contrast to the inhibition of the Na + ,K + -ATPase by usually applied ouabain con-
centrations, very low concentrations, which replicate the effect of endogenous oua-
bains, enhance K + -mediated stimulation of the astrocytic Na + ,K + -ATPase. Operation 
of a similar pathway in intact brain is shown by the demonstration that knock-out of 
the IP 3  receptor, which is an intermediate in the pathway leading to the increase in 
[Ca 2+ ] i , increases [K + ] o , and abolishes the normal increase in [Ca 2+ ] i  in brain slices 
after high-frequency stimulation, and decreases the undershoot [ 40 ].

   Even the slightest increase in [K + ] o  also increases glycogenolysis in brain 
(Fig.  12.7 ), and the effect increases in parallel with further augmentation of [K + ] o  
[ 41 ]. The ouabain pathway opened by ouabain or 5 mM KCl also operates during 
K + -induced stimulation of glycogenolysis by small increases in [K + ] o . Figure  12.8  
shows that interference with the ouabain pathway (by the IP 3  receptor antagonist 
xestospongin or a ouabain antagonist) inhibits stimulation of glycogenolysis by 
5 mM KCl. In contrast nifedipine, an inhibitor of L-channel opening, does not 
impede glycogenolysis after addition of 5 mM K + , although it inhibits the effect of 
addition of 10 mM KCl. The latter fi nding will be discussed later in connection with 
increased activity of the cotransporter of Na + , K +  and 2 Cl −  and water, NKCC1 [ 42 , 
 43 ]. Here it suffi ces to mention that NKCC1 is a secondary active transporter, 
dependent on the ion gradients between extracellular and intracellular ion concen-
trations created by the Na + ,K + -ATPase [ 44 ,  45 ] and that NKCC1 participates in 
astrocytic K +  uptake when [K + ] o  is increased by 10 mM or more [ 38 ]. It is also 
involved in the undershoot in [K + ] o  following intense neuronal stimulation, shown 
by a reduction of the undershoot by the NKCC1 inhibitor furosemide [ 46 ]. Under 
pathological conditions, it is of major importance for development of brain edema 
after ischemia/reperfusion [ 47 ] and for a NKCC1-mediated regulatory volume 
increase after cell shrinkage [ 48 ]. These effects will be discussed in detail in Sect.  3 .

    The Na + /Ca 2+  exchanger NCX plays a major role in signaling by endogenous 
ouabains [ 49 ]. NCX is expressed in the plasma membrane, and most generally it 
extrudes one Ca 2+  in exchange for 3 Na + . However the transporter can also mediate 
Ca 2+  entry, and the transport direction depends on Na +  and Ca 2+  gradients across the 
membrane and the membrane potential, which is infl uenced by [K + ] o . Juxtaposition 
of plasma membrane and sarco(endo)plasmic reticulum membranes may permit 
NCX to regulate IP 3  and ryanodine receptor-mediated Ca 2+  signaling [ 50 ]. This is the 
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  Fig. 12.7    Effect of 
increases in [K + ] o  on 
mouse brain slices 
incubated in a 
physiological saline 
containing a total of 4 mM 
K + . Note absence of 
glycogenolysis at this [K + ] o  
but increasing stimulation 
with increases in [K + ] o . 
From Hof et al. [ 41 ], 
reproduced with 
permission, where further 
methodological details are 
described       

  Fig. 12.8    Reduction of glycogenolysis, shown as decrease in glycogen content, caused by slightly 
elevated (+5 mM) [K + ] o . The stimulation is inhibited by xestospongin and canrenone, an inhibitor 
of ouabain signaling, but not by nifedipine which inhibits L-channels for Ca 2+  and stimulation of 
glycogenolysis by addition of ≥10 mM K +  [ 52 ]. These results are consistent with the pathways 
shown in Fig.  12.6 . From Xu et al. [ 52 ], reproduced with permission       

case in arterial smooth muscle cells as shown in Fig.  12.9a , demonstrating that 
100 nM ouabain causes an increase in [Ca 2+ ] i , which is reduced by an NCX inhibitor 
and even more by removal of extracellular Ca 2+ . Along similar lines, Wang et al. [ 40 ] 
found that a PAR-1 agonist that increases [Ca 2+ ] i  in astrocytes, but apparently not in 
neurons [ 51 ], causes an elevation of intracellular K +  in cultured astrocytes, which is 
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abolished by NCX inhibitors (Fig.  12.9b ). The potency of ouabain as a K +  uptake 
inhibitor in our cultured astrocytes is greatly reduced in the absence of extracellular 
Ca 2+  and concentrations as high as 0.1 and 0.3 μM ouabain may have a stimulatory 
effect (Fig.  12.9c ). In these cultures uptake of K + , induced by a 5 mM increase in 
[K + ] o  (and thus dependent on nanomolar ouabain signaling), is abolished during 
incubation in Ca 2+  free medium [ 47 ], whereas that evoked by the β 1 - adrenergic agonist 
dobutamine is maintained (Fig.  12.9d ). Isoproterenol also stimulates astrocytic 
glycogenolysis, with no inhibitory effect by a β 2 -adrenergic inhibitor, but pronounced 
although perhaps not complete inhibition by a β 1 -adrenergic inhibitor [ 52 ].
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  Fig. 12.9    Extracellular Ca 2+  and its entry via NCX are required for ouabain-mediated increase in 
intracellular Ca 2+  concentration ([Ca 2+ ] i ) and for K +  uptake stimulated by addition of 5 mM KCl, but 
not for that stimulated by a β 1 -adrenergic agonist. ( a ) In mouse mesenteric arteries [Ca 2+ ] i  is increased 
by ouabain, but the increase is abolished by the NCX inhibitor SEA0400, and [Ca 2+ ] i  further decreased 
in the absence of extracellular Ca 2+ . ( b ) In rat astrocytes the PAR1 - selective agonist Thr-Phe-Leu-
Leu-Arg-NH2 (TFLLR) which increases [Ca 2+ ] i  in astrocytes, but not in neurons, causes an increase 
in active uptake of the K +  analogue  86 Rb, which is inhibited by two different inhibitors of NCX. ( c ) In 
the absence of extracellular Ca 2+  the potency of ouabain on K+ uptake is drastically reduced, and 
( d ) increase in intracellular K +  by addition of 5 mM KCl, measured by fl uorescence of a K + -sensitive 
drug, is abolished during incubation in Ca 2+ -free incubation medium, whereas that by 10 μM of the 
β 1 -adrenergic agonist dobutamine is independent of Ca 2+  depletion. ( a ) Modifi ed from Blaustein et al. 
[ 50 ], reproduced with permission; ( b ) from Wang et al. [ 40 ], reproduced with permission; ( c ) from 
Song et al. [ 47 ], reproduced with permission; ( d ) from Song et al. [ 48 ], reproduced with permission       
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   Studies of increase in intracellular K +  concentration in response to an increase in 
[K + ] o  have given some additional information about the ouabain signaling pathway 
as will be discussed in Sect.  3 . They include the dependence of the K +  uptake upon 
glycogenolysis and Na +  channel activity, as illustrated in Fig.  12.6 .  

3        Na + , K + -ATPase and Physiological Brain K +  Homeostasis 

3.1      Potassium Clearance 

 It is now well established that most clearance of increased [K + ] o  following neuronal 
excitation is active [ 46 ,  53 ]. However, at highly elevated [K + ] o  inwardly directed 
channel-mediated K +  may also play a role [ 54 ], and Larsen et al. [ 7 ] also found a 
minor channel-mediated uptake after focal iontophoretic administration of K + . 
A major reason why the astrocytic Na + ,K + -ATPase is of interest is that it mediates 
the initial cellular re-uptake of K +  [ 7 ,  54 – 57 ]. Neuronal activity increases the extra-
cellular K +  concentration [K + ] o  both due to stimulation of neuronal glutamatergic 
receptors and resulting K +  effl ux [see  58 ] and due to action-potential-mediated 
cellular entry of Na +  followed by exit of K +  [ 55 ]. However, increases in [K + ] o  can 
also occur after intense stimulation of cortical neurons expressing GABAergic 
receptors [ 59 ]. In hippocampus this K +  release is dependent on bicarbonate-driven 
accumulation of Cl −  and subsequent stimulation of outward fl ux via the K + , Cl −  
cotransporter KCC2 [ 60 ]. During normal neuronal activity the increases in [K + ] o  
amount to ≤5 and often much less [ 61 ,  62 ]. Under these conditions cellular re-
uptake is mediated exclusively by the Na + ,K + -ATPase [ 38 ]. Released glutamate is 
predominantly [ 63 ,  64 ] and released GABA partly ([ 65 ], see however also [ 66 ]) 
taken up by astrocytes together with Na + . 

 Since the astrocytic Na + ,K + -ATPase in contrast to the neuronal Na + ,K + -ATPase 
has suffi ciently low affi nity for K +  to be stimulated by an increase in [K + ] o  above its 
normal concentration (Sect.  1 ), it plays a major role in the initial clearance of [K + ] o . 
However, it is obviously also stimulated by normal [K + ] o , but stimulation of the 
astrocytic Na + ,K + -ATPase in the absence of elevated [K + ] o  may be prevented by its 
dependence on glycogenolysis. This dependence is indicated by the ability of the 
glycogenolysis inhibitor 1,4-dideoxy-1,4-imino- d -arabinitol (DAB) to prevent K + -
mediated uptake of K +  (Fig.  12.10 ). It should also be kept in mind that even a slight 
increase in [K + ] o  induces glycogenolysis in brain slices (Fig.  12.7 ). Such a complex 
regulation of the astrocytic Na + ,K + -ATPase would allow neuronally released K +  to 
(1) initially be taken up mainly into astrocytes [ 7 ,  54 – 57 ]; (2) afterwards be re- 
released via Kir4.1 K +  channels [ 67 ], probably over a larger area due to connexin- 
and pannexin-mediated inter-astrocytic K +  fl uxes [ 68 ], preventing that [K + ] o  is again 
increased; and (3) eventually be re-accumulated into neurons. The neuronal re- 
accumulation is a necessity in order to prevent depletion of neuronal K + , since K +  
transport across the blood–brain barrier is very slow [ 69 ,  70 ]. This sequence does 
not explain how astrocytes re-accumulate lost K +  in the absence of local increases 
in [K + ] o , but this may be a situation that only occurs under deep anesthesia.
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   The reason why astrocytic Na + ,K + -ATPase depends on glycogenolysis is that 
glycogenolysis is required for its signaling function, which in turn is needed for K + -
mediated stimulation of K +  uptake. The signaling pathway shown in Fig.  12.6  was 
further examined by showing that DAB had no inhibitory effect on K +  uptake into 
cultured astrocytes when extracellular Na +  was increased. This is shown in 
Fig.  12.11a  and must be due to stimulation of Na +  uptake, since K +  uptake could be 
inhibited by amiloride (Fig.  12.11b ), an inhibitor of Na +  channels, but at the concen-
tration used probably not of NCX [ 71 ]. Consistency with the ouabain pathway 
shown in Fig.  12.6  is indicated by a similar ability of xestospongin, an inhibitor of 
the IP 3  receptor to inhibit K +  uptake (Fig.  12.11c ). Increase in [Na + ] i  is needed 
because the Na + ,K + -ATPase’s intracellular site must be activated by Na +  concomi-
tantly with the K + -mediated stimulation of the extracellular site. Since astrocytes are 
nonexcitable cells, the increased extracellular [K + ] o  after neuronal excitation is not 
accompanied by an increased intracellular [Na + ] i  in astrocytes. This complex regu-
lation has up till now only been described in astrocyte cultures. However, during 
spreading depression large amounts of K +  is accumulated by astrocytes in intact 
brain tissue, and inhibition of glycogenolysis enhances the speed with which the 
depression spreads over brain cortex, indicating impaired cellular uptake of K +  [ 72 ]. 
An attempt to demonstrate that the rate of clearance of glutamate-induced increase 
in [K + ] o  in brain slices is increased when glycogenolysis is inhibited [ 58 ] gave a 
negative result, in all probability because glutamate also causes a pronounced 
increase in [Na + ] i . Similar studies should be repeated with electrical stimulation of 
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brain tissue or of optic nerve, where K +  release is secondary to action potential 
propagation. Another option might be to test DAB after iontophoretic application of 
K +  to brain slices.

   During spreading depression or seizures and in other situations with more highly 
elevated [K + ] o  such as after brain ischemia [ 61 ,  73 ], where [K + ] o  increases ≥10 mM 
occur, K +  is in addition re-accumulated into astrocytes by NKCC1. These K +  
increases activate also the Na + ,K + -ATPase, but not to any greater extent that K +  
increases ≤5 mM, which saturate the K + -sensitive site of the Na + , K + -ATPase [ 38 ]. 
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In the adult brain cortex NKCC1 is located both in glia cells, including astrocytes, 
where its activation by high [K + ] o  can cause life-threatening edema (reviewed by 
Hertz et al. [ 19 ]), and at GABAergic terminals located on the axon initial segment 
of cortical neurons where Cl −  uptake via this transporter after intense stimulation is 
depolarizing and excitatory [ 74 ]. Cellular localization of NKCC1 is best determined 
by other than immunohistochemical techniques, since the immunological techniques 
can be deceptive [ 45 ,  75 ].  

3.2     Post-stimulatory Undershoot in [K+] o  

 It is now well established that Na + ,K + -ATPase-mediated K +  uptake plays the major 
role in cellular re-accumulation of increased [K + ] o . However, the importance of 
NKCC1-mediated K +  uptake stimulated by the β-adrenergic agonist isoproterenol 
for the establishment of the post-stimulatory undershoot in [K + ] o  has only recently 
been suggested. In vivo evidence for such a mechanism includes that the undershoot 
is reduced by furosemide which inhibits NKCC1 [ 46 ] and its magnitude is increased 
by K +  channel inhibition [ 53 ]. Since [K + ] o  is not increased at this time, NKCC1 must 
be activated by a different stimulus. This is likely to be extracellular hypertonicity, 
known to occur after intense neuronal activity [ 76 ,  77 ] and possibly triggered by a 
2:3 ratio between previous Na + ,K + -ATPase-mediated cellular uptake of K +  and 
release of Na +  [ 78 ,  79 ], and causing cellular shrinkage. In cultured astrocytes 
bumetanide-inhibited NKCC1 activity is crucial for the subsequent regulatory vol-
ume increase (Fig.  12.12 ), and its rate is greatly enhanced by β 1 -adrenergic stimula-
tion [ 47 ], which increases the ion gradients driving NKCC1 [ 48 ]. The cellular 
accumulation of Na + , K + , Cl −  and water must lead to a corresponding decrease in 

  Fig. 12.12    After an initial decrease of the volume in isotonic medium ( V  o ) due to medium hyper-
tonicity evoked by addition of 100 mM sucrose, a regulatory volume increase occurs. It is greatly 
accelerated by isoproterenol but this effect is inhibited by the NKCC1 inhibitor bumetanide.  V  1 : 
volume at any given time. From Song et al. [ 48 ], reproduced with permission       
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extracellular ions, except for Na + , which is re-extruded by the Na + ,K + -ATPase. 
Furosemide also inhibits another cotransporter KCC2, which is located in neurons, but 
KCC2 generally mediates outward transport [ 74 ], which would have the opposite 
effect on [K + ] o , suggesting that this transporter is not involved. Extracellular hyper-
osmolarity also depresses population spikes and extracellular synaptic potentials 
[ 80 ], with neuronal gene expression changes blocked by the astrocyte-specifi c toxin 
fl uoroacetate [ 81 ]. The transmitter-induced regulatory volume increase and con-
comitant reversal of extracellular hypertonicity may normalize neuronal activity 
and might play a role in inhibition of neuronal slow afterhyperpolarization, sAHP 
[ 58 ,  82 ]. As could be expected, the regulatory volume increase in cultured astro-
cytes is inhibited when glycogenolysis is prevented [ 47 ,  82 ]. Again, K +  accumu-
lated into astrocytes may subsequently be released via Kir4.1 channels, as suggested 
by the increase in the magnitude of the undershoot when these channels are inhib-
ited [ 53 ].

4         Na + , K + -ATPase and Glutamate Uptake 

 Like many other amino acids glutamate is accumulated into astrocytes in association 
with Na +  which provides the driving force and subsequently activates the intracellular 
Na + -sensitive site of the Na + ,K + -ATPase. Glutamate is accumulated into astrocytes by 
the transporters GLT-1 and GLAST [ 63 ,  64 ] and GLT exists in a macromolecular 
complex that includes the Na + -K + -ATPase, most of the enzymes involved in glycolysis, 
and mitochondria [ 83 ]. 

 It was previously mentioned that the affi nity for Na +  is lower for α 2  than for α 1 . It 
is even higher for α 3  but that is of little relevance for glutamate uptake since most 
glutamate uptake occurs into astrocytes [ 63 ,  64 ]. Illarionova et al. [ 84 ] used very 
young astrocyte cultures expressing GLAST to study the importance of α 1  and α 2  on 
glutamate uptake. Selective inhibition of α 2  resulted in a modest increase of [Na + ] i  
together with large decrease in uptake of aspartate, a glutamate analogue that is less 
metabolizable than glutamate itself. Moreover exposure to 200 μM glutamate 
caused a larger increase in [Na + ] i  in α 1  than in α 2  overexpressing cells, and restora-
tion of control levels of [Na + ] i  took longer time in α 1  than in α 2  overexpressing cells.  

5     Na + ,K + -ATPase and Pathophysiological Brain K +  
Homeostasis 

5.1     Brain Ischemia 

 During brain ischemia extracellular Ca 2+  becomes greatly reduced (due to cellular 
uptake) whereas there is a large increase in [K + ] o  [ 73 ]. This leads to NKCC1- 
mediated brain edema, which only becomes signifi cant after re-oxygenation 
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     Table 12.1    Brain water content in MCAO model with and without reperfusion   

 No reperfusion  8 h reperfusion 

 Left hemisphere  Right hemisphere  Left hemisphere  Right hemisphere 

 Control  77.58 ± 0.20 
( n  = 5) 

 78.05 ± 0.29 
( n  = 5) 

 77.34 ± 0.18 
( n  = 3) 

 77.32 ± 0.14 
( n  = 3) 

 Ischemia 3 h  77.25 ± 0.16 
( n  = 5) 

 78.14 ± 0.25 
( n  = 5) 

 77.97 ± 0.17 
( n  = 8) 

 81.28 ± 0.34* 
( n  = 8) 

  Water content was calculated as [(wet weight-dry weight)/wet weight] × 100 % in rats where a 
MCAO had been performed on the right side. In control rats no signifi cant change occurred with 
or without reperfusion. In animals with MCAO in the right hemisphere, a small apparent increase 
in water content in this hemisphere after 3 h of ischemia was not statistically signifi cant, whereas 
a larger increase after reperfusion marked with * was signifi cant ( P  < 0.05). It was also signifi cantly 
different ( P  < 0.05) from the small apparent increase without reperfusion. From Song et al. [ 47 ], 
reproduced with permission  

(Table  12.1 ), refl ecting its dependence on energy metabolism [ 47 ,  71 ]. There is 
abundant evidence that this edema occurs in astrocytes, but there must also be an 
effect on the blood–brain barrier bringing additional water into the brain (reviewed 
by Hertz et al. [ 85 ]). The specifi c NKCC1 inhibitor bumetanide [ 45 ] prevents the 
edema after ischemia/reperfusion (indicated by prevention of increase of water 
content in the tissue) and so do the same inhibitors (Table  12.2 ), which inhibit β 1 - 
adrenergic signaling in astrocytes (Fig.  12.5 ). Moreover, the edema is not signifi cantly 
counteracted by the Ca 2+ -channel antagonist nimodipine [ 86 ], which prevents the Ca 2+  
uptake necessary for the development of NKCC1-mediated edema (Fig.  12.6 ). In the 
early experiments by the latter authors the edema developed already during the ischemic 
phase, possibly suggesting less complete arterial blockage than in the experiments 
shown in Tables  12.1  and  12.2 . Both degrees of blockage may well be relevant for 
clinical stroke. The lack of effect by nimodipine points towards involvement of the 
other stimulus for NKCC1 activation, hypertonicity and cell shrinkage, and both of 
these were demonstrated by Matsuoka and Hossmann [ 86 ]. The inverse correlation 
between the magnitude of the increase in water space and the reduction of extracel-
lular space demonstrated by these authors (Fig.  12.13 ) is consistent with swelling, and 
thus regulatory volume increase during the ischemic phase.

     The prevention of water increase shown in Table  12.2  by β 1 -adrenergic antagonists 
may seem peculiar because these inhibitors would normally not prevent the stimulation 
of the Na + ,K + -ATPase driving NKCC1, which are mediated by the increased [K + ] o . 
However, Fig.  12.9d  showed that in the absence of extracellular Ca 2+ , increase in 
intracellular K +  mediated by an elevation of [K + ] o  is abolished in Ca 2+ -free media, 
whereas that mediated by the β 1 -adrenergic agonist dobutamine is unaltered, and in 
brain ischemia extracellular Ca 2+  is greatly reduced due to cellular uptake [ 73 ]. 

 Complete similarity between the inhibitors blocking the pathway for β 1 - adrenergic 
stimulation in cultured astrocytes (Fig.  12.5 ), those preventing regulatory volume 
increase in these cells [ 48 ], and inhibitors of brain edema in rats after ischemia and 
reperfusion (Table  12.2 ) supports the validity of the cultured astrocytes as models of 
astrocytes in situ. It is also of clinical signifi cance. Goyagi et al. [ 87 ] have shown that 
administration of a β 1 -adrenergic agonist 30 min after the onset of a 2-h-long isch-
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     Table 12.2    Brain water 
content in MCAO model after 
3 h ischemia and 8 h 
reperfusion in the right 
hemisphere under control 
conditions (intra-cerebral 
saline only) and after 
injection of inhibitors of 
either the β 1 - or the β 2 - 
adrenergic pathway in 
astrocytes  

 Left hemisphere  Right hemisphere 

 Saline  77.97 ± 0.17 ( n  = 8)  81.28 ± 0.34 ( n  = 8)* 
 H89  77.00 ± 0.42 ( n  = 3)  77.19 ± 0.09 ( n  = 3) 
 PTX  77.19 ± 0.11 ( n  = 4)  77.51 ± 0.26 ( n  = 4) 
 GM6001  77.08 ± 0.11 ( n  = 4)  77.15 ± 0.13 ( n  = 4) 
 AG1478  77.14 ± 0.11 ( n  = 3)  77.27 ± 0.04 ( n  = 3) 
 U0126  77.39 ± 0.10 ( n  = 4)  78.22 ± 0.67 ( n  = 4) 
 PP1  77.52 ± 0.26 ( n  = 5)  80.04 ± 0.33 ( n  = 5)* 

  In rats with MCAO in the right hemisphere drugs were 
added 15 min before the occlusion. Water content was 
calculated as [(wet weight-dry weight)/wet weight] × 
100 %. In control animals (same value as in Table  12.1 ) 
an increase in the ipsilateral hemisphere was signifi cant 
( P  < 0.05), as marked with *. This was also the case 
after treatment with PP1, an inhibitor of Src, an inter-
mediate in β 2 -adrenergic signaling, but not after admin-
istration of any of the other inhibitors, which interrupt 
β 1 -, but not β 2 -adrenergic signaling as shown and dis-
cussed in Fig.  12.5 . Most, but not all, inhibitors used to 
delineate the signaling pathways shown in that fi gure 
were tested in this Table. From Song et al. [ 47 ], repro-
duced with permission  

emic period drastically reduces infarct size and improves neurological defi cit score 
in rats after 7 days. Administration of subtype-specifi c β 1 -adrenergic antagonists 
before experimental brain ischemia also provided neuroprotection against transient 
focal cerebral ischemia [ 88 ]. However, although the presence of β 1 -adrenergic antag-
onists beginning 30 min before the onset of ischemia and continued for 24 h provided 
long-term improvement of histological outcome, they had no effect on neurological 
outcome and spatial memory retention 14 days later [ 89 ]. Iwata et al. [ 90 ] also found 
that administration of antagonists specifi cally of the β 1 -adrenoceptor beginning 
60 min after an 8-min bilateral carotid artery occlusion combined with hypotension 
reduced neuronal injury after forebrain ischemia, although motor activity was not 
improved. However, motor defi cit index scores were signifi cantly lower and neuro-
nal survival better in rats treated with β 1 - adrenoceptor antagonists beginning 30 min 
before 10 min of spinal cord ischemia and continued for 24 h [ 91 ]. Perhaps it is 
important that the β 1 -adrenergic treatment, which also must have unwanted side 
effects on cognition and motor performance, is discontinued as soon as possible and 
not combined with other procedures that may enhance the side effects.  

5.2     Hepatic Encephalopathy 

 It has been known for a long time that ammonia (NH 4  + ) can substitute for K + , but not 
for Na +  in the stimulation of both the Na + ,K + -ATPase and active transport of Na +  and 
K +  [ 92 ]. In cultured astrocytes exposure to 5 mM NH 4 Cl activates NKCC after 24 h 
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in a bumetanide-inhibited fashion [ 93 ]. A metabolic answer to NKCC1 activation, 
stimulation of oxygen consumption, is activated by even lower concentrations of 
ammonia than of K +  [ 94 ,  95 ]. A third similarity between K +  and NH 4  +  is that also 
NH 4  +  stimulates signaling by endogenous ouabains. In cultured astrocytes this is 
accompanied by an increased content of ouabain-like compounds [ 35 ]. Ouabain 
signaling activates production of reactive oxygen species (ROS) and nitrosactive 
agents which slowly sensitize NKCC1, explaining why cell swelling and brain 
edema normally take hours to develop after exposure to NH 4  +  ([ 96 ] and references 
therein). In cultured astrocytes, ammonia-induced cell swelling and ROS produc-
tion (Fig.  12.14 ) can both be prevented by the main metabolite of spironolactone, 
canrenone, an aldosterone antagonist acting as a ouabain inhibitor [ 96 ,  97 ].

   Since it is the α 2  isoform of the Na + ,K + -ATPase which is stimulated by ultralow 
concentrations of ouabain, it is also this isoform that shows upregulated gene 
expression during exposure to elevated ammonia concentrations both in cultured 
astrocytes and in the brain in vivo [ 98 ]. 

120

Extracellular space

100

80

60

40

20

%
 c

on
tr

ol

1600 1800 2000 2200 mosm/kg d.w.

Brain osmolality

  Fig. 12.13    An inverse correlation between the size of the extracellular space and tissue hypertonicity 
(hyperosmolality—mosm/kg dry wt), i.e., a correlation between the largest reduction in extracellular 
space and highest degree of hypertonicity, is consistent with the concept of a correlation between 
reduction in extracellular space and NKCC1-mediated ion uptake as part of a regulatory volume 
increase. This is especially the case since the water transport by NKCC1 does no fully compensate 
osmotically for its ion uptake [ 43 ]. The authors of the original paper are not responsible for this 
interpretation, but did regard such correlations as refl ections of the interrelationship between 
ischemia and the development of brain edema. From Matsuoka and Hossmann [ 86 ], reproduced with 
permission       
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 In a recent paper Hadjihambi et al. [ 99 ] have suggested that the demonstration 
that an inhibitory effect of the NKCC1 inhibitor, bumetanide, potently suppresses 
ammonia-induced neurological dysfunction [ 100 ] points to a potential new target 
for treatment of hepatic encephalopathy. The authors express concern that the 
expression of NKCC1 also on astrocytes and on endothelial cells may produce 
off- target actions. In this context it should be noted that Kelly et al. [ 101 ] showed 
that bumetanide prevented several ammonia-induced abnormalities in cultured 
astrocytes and that both Jayakumar et al. [ 93 ] and Song et al. [ 97 ] found that 
bumetanide inhibited ammonia-induced swelling in such cells. Moreover, Jayakumar 
et al. [ 102 ] based on experiments in brain cortical slices treated with ammonia 
concluded “that targeting NKCC may represent a useful therapeutic strategy in 
humans with acute liver failure.” Thus bumetanide treatment is not a new idea, and 
the effects on astrocytes and endothelial cells are therapeutic, probably for similar 
reasons as after ischemia and reperfusion. 

 Rangroo Thrane et al. [ 100 ] studied acute effects of very high plasma ammonia 
concentrations in intact, non-anesthetized mice and found evidence that the 
 therapeutic effect of bumetanide was exerted on GABAergic neurons, where NKCC1 
stimulation by NH 4  +  and an increased [K + ] o  over-activate NKCC1. In turn this com-
promises inhibitory neurotransmission. This is similar to the effect described in 
Sect.  3.1  as a response by cortical neurons to a stimulation-induced increase in [K + ] o , 
where Cl −  uptake via NKCC1 is depolarizing and excitatory [ 74 ]. The plasma ammo-
nia concentrations obtained by Rangroo Thrane et al. [ 100 ] are at least one order of 
magnitude larger than those seen in hepatic encephalopathy [ 99 ]. This is especially 
important considering they were made in vivo in non-anesthetized animals, and 
hepatic disease leads to similar plasma concentration in rodents as in man [ 103 ]. 

  Fig. 12.14    Ammonia-induced ROS production and cell swelling can be inhibited by canrenone, 
an inhibitor of ouabain. ( a ) Cells were incubated with 0 or 3 mM NH 4 Cl in the absence (control: 
no NH 4 Cl, no canrenone) or presence of 100 μM canrenone for 2 h. ROS was determined as fl uo-
rescence intensity of oxidized carboxy-H 2 DCFDA in individual cells in each of three cultures, 
averaged, and shown as mans ± SEM. ( b ) After incubation of the cells with 3 mM NH 4 Cl for 12 h, 
cell volume was determined as fl uorescence intensity of calcein, again in individual cells from 
three coverslips and averaged and expressed as in ( a ). From Dai et al. [ 96 ], reproduced with 
permission       
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Accordingly this study may be more directly relevant for the acute and deadly toxicity 
by very high concentrations of ammonia [ 104 ] a fact overlooked by Hadjihambi et 
al. [ 99 ]. Consistent with this concept virtually all animals died within 1 h and death 
was only postponed for ~10 min by bumetanide treatment [ 100 ]. This does not 
exclude that neuronal NKCC1 stimulation may contribute to the pathophysiology in 
hepatic encephalopathy provided the neuronal NKCC1 is also sensitized by oxida-
tive and nitrosactive stress.   

6     Conclusions 

 The present paper has attempted a comprehensive description of the mechanisms 
and roles of the astrocytic Na + ,K + -ATPase. A considerable part of this is based upon 
experiments using mouse astrocytes in primary cultures and must ultimately be con-
fi rmed in intact brain tissue. However, several indications that they apply to astro-
cytes in situ are mentioned (similarity between K +  effects on cells isolated from 
brain and on our cultured cells; effects of glycogenolysis in spreading depression; 
confi rmation of β1-adrenergic pathway determined in cultured astrocytes using spe-
cifi c inhibitors by the ability of the same transmitters to prevent edema after isch-
emia and re-oxygenation). Moreover, initial uptake of excess K +  in astrocytes is now 
well established and  must  be followed by return to neurons.
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