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  Abstract   All animals are characterized by steep gradients of Na +  and K +  across the 
plasma membrane, and in spite of their highly similar chemical properties, the ions 
can be distinguished by numerous channels and transporters. The gradients are gen-
erated by the Na + ,K + -ATPase, or sodium pump, which pumps out Na +  and takes up 
K +  at the expense of the chemical energy from ATP. Because the membrane is more 
permeable to K +  than to Na + , the uneven ion distribution causes a transmembrane 
voltage difference, and this membrane potential forms the basis for the action potential 
and for much of the neuronal signaling in general. The potential energy stored in the 
concentration gradients is also used to drive a large number of the secondary trans-
porters responsible for transmembrane carriage of solutes ranging from sugars, 
amino acids, and neurotransmitters to inorganic ions such as chloride, inorganic 
phosphate, and bicarbonate. Furthermore, Na +  and K +  themselves are important 
enzymatic cofactors that typically lower the energy barrier of substrate binding. 

 In this chapter, we describe the roles of Na +  and K +  in the animal cell with empha-
sis on the creation and usage of the steep gradients across the membrane. More than 
50 years of Na + ,K + -ATPase research has revealed many details of the molecular 
machinery and offered insights into how the pump is regulated by post-translational 
modi fi cations and speci fi c drugs.  

  Keywords   action potential  •  ion gradients  •  membrane potential  •  Na +  and K +  
homeostasis  •  ouabain  •  palytoxin  •  renal tubular system  •  secondary transporters  
•  sodium pump  •  voltage-gated channels 

 Please cite as:  Met. Ions Life Sci . 12 (2013) 41–67       

    1   Introduction 

 Studies of the ionic gradients in animals have been fundamental for the develop-
ment of modern day molecular biology. Already in the 18th century, Luigi Galvani 
recognized that electrical currents can activate the muscles in a frog leg  [  1  ] , and in 
1902 Ernest Overton found that muscles lose their ability to contract after incuba-
tion in an isotonic solution of sucrose, but regain excitability upon addition of 
sodium. At this time it was already recognized that muscles leak some of their 
potassium content when stimulated, and after discovering the requirement of extra-
cellular sodium, Ernest Overton very cleverly noted that some counter mechanism 
that restores these ion gradients must exist  [  2  ] . During the Second World War, blood 
stored cold for transfusions was found to gradually lose potassium, a process that 
could be reverted by the addition of glucose to restore cellular ATP  [  3,  4  ] . In 1953, 
the constant regeneration of the sodium and potassium gradients were found to be 
sensitive to the cardiotonic glycoside strophanthin  [  5  ] , and in 1957 the ratio of the 
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energy dependent transport was found to be two K +  for three Na +   [  6  ] . In 1957, Jens 
Christian Skou  fi nally demonstrated that the Na + /K +  exchange is due to a Mg 2+ -
dependent ATPase, now recognized as the Na + ,K + -ATPase or simply the sodium 
pump  [  7  ] , a discovery awarded the Nobel prize in 1997. 

 The sodium pump is responsible for the steep ionic gradients across the plasma 
membrane with high concentrations of intracellular potassium and extracellular 
sodium (~140 mM) and low concentrations of intracellular sodium and extracellular 
potassium (~10 mM). A fascinating hypothesis is that the high intracellular potas-
sium concentration is a remnant of the very  fi rst proto-cells that evolved on Earth  [  8  ] . 
These cells had neither ion-tight membranes nor membrane pumps, so their 
intracellular environment would resemble that of the surroundings. The early, most 
basic cellular machineries thus evolved under ionic conditions similar to those in 
the primordial pond, but as life spread to different environments, cells evolved 
sophisticated pumps and transporters that allowed the maintenance of an intracel-
lular solution similar to that found where life originated  [  8  ] . This theory also 
explains why it is a common trait across the kingdoms of life to have an intracellular 
concentration of potassium much higher than that of sodium. 

 Life thrives on Earth under exceedingly varying ionic conditions; even in the 
Dead Sea with NaCl concentrations approaching saturation, archaea, bacteria, and 
fungi have been described. Organisms that tolerate extreme salt concentration 
(>2.5 M NaCl) are known as halophilic microorganisms, and they rely on halophilic 
proteins to cope with the unusual ionic concentrations  [  9  ] . To maintain the osmotic 
balance, some of the microbes synthesize small molecules, e.g., glycerol and amino 
acids  [  10  ] . Others build up high cytosolic levels of K +   [  11  ]  and have evolved highly 
acidic halophilic proteins with an increased number of small hydrophobic residues 
to favor a negative surface  [  12  ] .  

    2   Sodium and Potassium as Enzymatic Cofactors 

    2.1   Ionic Properties 

 Sodium and potassium both belong to the group 1 (previously named IA) metals 
and have similar chemical properties with a relatively small ionic radius and a single 
valence electron in the s-orbital that is easily lost. In solution, Na +  interacts with 
three or four water molecules, while the slightly larger K +  optimally coordinates 
four or  fi ve water molecules, but less strongly  [  13  ] . An illustrative example of how 
this difference is utilized in biological systems is the K + -channel, which is highly 
selective for K +  over Na +  even though Na +  is the smaller ion (Figure  1 ). The selectivity 
is achieved by the pore having carbonyl oxygen atoms perfectly substituting for the 
waters that coordinate free K +   [  14  ]  (Figure  1 ).  

 When bound within proteins, Na +  and K +  are mostly coordinated by oxygen 
atoms from amino acid side chains or the backbone, but cases of cation- p  interac-
tions with Tyr, Phe or Trp have also been reported (Figure  2 a)  [  15  ] .  



44 Clausen and Poulsen

  Figure 1    The structure of Na +  and K +  selective channels. At the  top , the topology within the 
membrane of a single subunit of a tetrameric bacterial Na 

v
  is shown. In mammals, Na 

v
  channels are 

expressed as a single polypeptide with four repeats of structurally similar domains. The selectivity 
 fi lter is green with the central glutamate shown in stick, and the voltage sensor is purple with 
arginines shown in sticks. In the  middle , an extracellular view of the sodium channel in surface 
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 The cellular Na +  and K +  have their lead roles in transmembrane transport and 
signalling rather than as enzyme regulators. Nonetheless, there are examples of 
them serving as important facilitators of substrate binding by lowering energy barriers, 
and there is a strong correlation between the localization of an enzyme and its 
preferred monovalent ion; intracellular enzymes generally use K + , extracellular 
enzymes use Na +   [  16  ] .  

    2.2   Sodium- and Potassium-Dependent Enzymes 

 The chemical properties of Na +  and K +  are utilized by several enzymes. In diol and 
glycerol dehydratases, K +  is coordinated by  fi ve enzyme oxygens and directly inter-
acts with two oxygens from the substrate (Figure  2b ). In accordance with the tight 
substrate-ion interaction, these enzymes are functionally dependent on K + , and in 
the apo state, the ion remains bound with two water molecules substituting for sub-
strate  [  17  ] . Glycerol dehydrogenase is gaining increased interest from the industry 
because of its crucial role in the production of 1,3-propanediol from fermentation of 
glycerol. 1,3-propanediol has a potential use in the fabrication of, e.g., polyesters, 
cosmetics, and lubricants, and glycerol is readily available, since it is a by-product 
of biodiesel extraction  [  18  ] . 

 The phosphoryl transfer enzymes, e.g., pyruvate kinase, also depend on K +  for 
optimal substrate binding. Together with K + , the enzyme binds a divalent cation, 
usually Mg 2+ , and the ions are located at the substrate binding site where they create 
an optimal docking pocket for phosphoenolpyruvate (Figure  2c ). Pyruvate kinases 
catalyse the  fi nal reaction of glycolysis where phosphoenolpyruvate and ADP are 
converted into pyruvate and ATP. The phosphate part of the substrate couples elec-
trostatically to R49 and K240, but is also stabilized by the positively charged cat-
ions. When the phosphate group from the substrate is transferred to ADP, the enzyme 
uses R49, K240, Mn 2+ , and K +  as activators  [  16  ] . Pyruvate kinases can use Na +  as a 
substitute for K + , but only with an 8% activity, even though the structures of K +  and 
Na +  bound enzyme are indistinguishable, emphasizing the importance of their 
different electrostatic contributions  [  19  ] . 

 Dialkylglycine decarboxylase is an example of an enzyme that requires K + , but 
not in the direct coordination of the substrate. The enzyme catalyzes two coupled 

Figure 1 (continued) representation. Ions pass  through  the central pore, and the four voltage-sensing 
domains are on the rim of the channel ring. At the  bottom , the selectivity  fi lter of the sodium channel is 
overlayed with that of the potassium channel K 

v
 1.2 (grey). For both channels, only two of the four 

subunits are shown. In K 
v
 1.2, the potassium-coordinating oxygens are indicated with sticks, and the 

potassium ions are indicated with red spheres. Within the selectivity  fi lter, there are four potassium binding 
sites of which 1 and 3 or 2 and 4 will be occupied in a conducting channel. The Na 

v
  selectivity  fi lter is shorter 

with a central glutamate compensating sodium dehydration. The  fi gure was made with pymol 
(  www.pymol.org    ) using PDB IDs 3RVY ( Arcobacter butzleri  Na 

v
 ) and 2A79 ( Rattus norvegicus  K 

v
 1.2).       

http://www.pymol.org
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  Figure 2    Coordination of Na +  and K +  in enzymes. ( a ) Tagatose-1,6-bisphosphate aldolase 
coordinates a Na +  (yellow sphere) with four oxygen ligands (dashed green lines) and a  p  interaction 
(dashed red line) with a tyrosine. PGH: Phosphoglycolohydroxamic acid. PDB code 1GVF. ( b ) 
Diol dehydratase uses  fi ve enzyme oxygens to coordinate K +  which is then used to capture the 
substrate propanediol (PGO) via coordination to the two hydroxyl oxygen atoms. PDB code 1DIO. 
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half-reactions: the decarboxylation of 2,2-dialkylglycine to CO 
2
  and dialkyl ketone, 

and the formation of L-alanine from pyruvate. The enzyme is a tetrameric homodi-
mer of dimers with two alkali metal ion binding sites, one at the surface where Na +  
binds, and one near the active site where various alkali metals can bind, but the 
activity is only optimal with K +   [  20  ] . When K +  is bound at the site close to the active 
site, it is coordinated by  fi ve oxygens from amino acids and a single water molecule 
(Figure  2d ), while a Na +  bound at the same site lacks the interactions with T303 and 
S80. The smaller ionic radius of Na +  therefore leads to a steric clash between S80 
and Y301, which reduces enzyme activity. 

 As many other serine proteases  [  16  ] , the clotting protease thrombin requires Na +  
for activation. Na +  binds in the vicinity of the substrate-binding pocket where it is 
coordinated by backbone oxygens of K224 and R221 together with four water 
molecules (Figure  2e ). From this location the positive charge of the ion orients 
D189 for correct engagement with the substrate, and the catalytic S195 is affected 
through a network of buried water molecules  [  21  ] .   

    3   The Membrane Potential 

 The plasma membrane is practically impermeable to charged solutes such as K + , 
Na + , and Cl – , but it contains a multitude of protein channels and transporters that 
allow speci fi c ions to pass under certain conditions. In general, the membrane is 
most permeable to K +  because of the “two-pore domain” potassium channels that 
allow a K +  leak through the plasma membrane  [  14,  22,  23  ] . This outward  fl ow of 
positively charged ions polarizes the membrane, making the inside negative with 
respect to the outside, until a resting potential is reached, where the chemical driv-
ing force of the ion gradient is exactly counterbalanced by the force of the electric 
 fi eld. The equilibrium between the chemical energy associated with movement of 
ions in a concentration gradient and the electrical energy associated with movement 
of a charged particle in an electric  fi eld is described by the Nernst equation:

     

1

2

[X ]T
E = ln

zF [X ]

R

   

where E is the membrane potential required to counterbalance the driving force of 
the chemical concentration gradient between [X 

1
 ] and [X 

2
 ].  R , T. z, and F are the gas 

Figure 2 (continued) ( c ) Pyruvate kinase coordinates K +  (red sphere) with three oxygen ligands 
from protein residues and one from the substrate PGA, 2-phosphoglycolic acid (dashed green 
lines). There is also a Mn 2+  ion (green sphere) in the active site. PDB code 1A3W. ( d ) Dialkylglycine 
decarboxylase coordinates K +  with  fi ve oxygens from amino acids and a single water molecule 
(dashed green lines). The ion is not directly coordinated by the substrate pyridoxal-5’-phosphate 
(PLP), but the potassium ion is required for the structure of the active site. PDB code 1DKA. ( e ) 
Thrombin coordinates Na +  (yellow sphere) with two oxygen ligands from protein residues and four 
water molecules (dashed green lines). PDB code 1SG8.       
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constant, the temperature, the valence of the charged particle, and the Faraday number, 
respectively. If  R  and F are constant and T is room temperature, the Nernst equation 
simpli fi es to: 

     

1

2

[X ]58
E = log

z [X ]

-

   

with E in mV. 
 The Nernst equation shows that the equilibrium potential of an ion depends on 

the concentration ratio of its chemical gradient and on its valence. The equilibrium 
potentials for K +  and Na +  differ between cell types, but they are typically around –80 
to –100 mV and +40 to +60 mV, respectively. In addition to K + , the membrane of 
most cells is also slightly permeable to Na + , and in some instances also to Cl – . The 
relationship between the membrane potential and the chemical gradients of these 
ions, when their respective permeabilities are considered, is described in a modi fi ed 
Nernst equation known as the Goldman equation: 

     

K in Na in Cl out

K out Na out Cl in

P [K ] + P [Na ] + P [Cl ]
E = 58 log

P [K ] + P [Na ] + P [Cl ]
-

   

where P 
ion

  is the membrane permeability to that ion. The Goldman equation 
predicts that the resting membrane potential of a cell depends on the ionic gradients 
and on the ionic permeabilities, and since the plasma membrane is more permeable 
to K + , the resting potential is close to the equilibrium potential of K + , resulting in a 
membrane potential of –50 to –90 mV in most cells. 

    3.1   The Action Potential 

 One of the most illustrative examples of how the cells can utilize the steep gradients 
of sodium and potassium is the action potential. In neuronal networks, fast intercel-
lular communication occurs via electrical signals made possible by the action of the 
Na + ,K + -ATPase, and the majority of ATP hydrolyzed in the brain is used to fuel the 
sodium pump. 

 Neurons are not directly connected to each other, but communicate over struc-
tures know as synapses. A synapse has two terminals separated by the synaptic 
cleft; the transmitting cell signals via the pre-synaptic terminal, and the target cell 
receives the signal at the post-synaptic terminal. The typical neuron receives the 
majority of electrical inputs via synapses localized at subcellular domains called 
spines. Neuronal spines are con fi ned compartments connected to the dendritic shaft 
via a narrow spine neck. Due to diffusion limitations through the neck, spines are 
relatively isolated chemically, allowing ion gradients to exist between the spine 
head and the dendritic shaft  [  24  ] . A synapse can be either inhibitory (hyperpolarizing 
the membrane potential) or excitatory (depolarizing the membrane potential). 
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Inhibitory synapses increase Cl –  permeability, causing an in fl ux of negative charge, 
while excitatory synapses typically increase Na +  permeability to allow an inward 
 fl ow of Na + , and the Na +  concentration within a spine may rise dramatically during 
periods of intense activity to levels around 100 mM  [  25  ] . 

 The approximately –70 mV resting potential of a neuron is constantly in fl uenced 
by excitatory and inhibitory signals from other neurons. If the membrane potential 
becomes depolarized to a certain threshold, an action potential is initiated (Figure  3 ). 
The threshold potential is de fi ned by voltage-sensitive channels that are closed at 
the resting potential, but open when the membrane becomes suf fi ciently depolar-
ized. Voltage-gated Na +  channels (Na 

v
 ) open  fi rst, so the initial phase is dominated 

by increased Na +  permeability and thereby further depolarization towards E 
Na

  
(cf. Figure  3 ), initiating a positive feedback loop where Na +  permeability increases 
progressively. The time spent near E 

Na
  is limited by two other voltage-dependent 

events, namely inactivation of Na 
v
  and opening of voltage-gated K +  channels (K 

v
 ) 

that let K +   fl ow out of the cell. The re-polarization phase of an action potential may 
drive the membrane voltage below the resting potential because the increased K +  
permeability does not return to the resting state immediately (Figure  3 ).  

  Figure 3    An action potential is initiated when the threshold voltage is reached. This causes a 
rapid increase in the Na +  permeability because Na 

v
 s open with fast kinetics and in a positive feed-

back loop. Before the voltage reaches the equilibrium potential for Na +  the Na 
v
 s are inactivated in 

a voltage-dependent manner immediately reducing the Na +  permeability. K 
v
 s open and close with 

slower kinetics than Na 
v
 s, and therefore allow the voltage to depolarize before the increased K +  

permeability hyperpolarizes the membrane to near the equilibrium potential of K + .       
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 The phenomenon where the membrane hyperpolarizes with respect to the resting 
potential is known as after-hyperpolarization and is functionally implicated in the 
regulation of action potential  fi ring patterns. Recently, two independent studies have 
linked the after-hyperpolarization that follows a period of high frequency stimula-
tion to the activity of the Na + ,K + -ATPase. The calyces of Held are large pre-synaptic 
terminals that  fi re with high precision at 1 kHz. In rats, large quantities of the sodium 
pump  a 3 isoform in the terminals cause hyperpolarization after a period of high 
activity, which may function to increase  fi ring reliability  [  26  ] . A similar discovery 
was made in  Drosophila melanogaster  larval motor neurons, where Na + ,K + -ATPase 
activity mediated long lasting hyperpolarization following a train of action poten-
tials, and this was speculated to be involved in a novel short term cellular memory 
mechanism  [  27  ] . 

 The crucial feature of the action potential is the ability of Na 
v
  and K 

v
  to sense 

changes in the membrane potential and respond accordingly. The molecular architec-
ture of the channels is comparable, but while K 

v
  is a homotetramer of subunits with 

six transmembrane helices (TMs), Na 
v
  is a single polypeptide with four similar 6TM 

domains (Figure  1 ). The fourth TM helix of a subunit or domain contains several 
positively charged residues that respond to changes in the membrane potential by 
moving within the membrane, making TM4 the voltage-sensing domain. Selectivity 
between K +  and Na +  is obtained by a  fi lter towards the extracellular side, where dehy-
drated ions are optimally coordinated. Since this compensation is structurally tight, 
only ions of an exact size  fi t perfectly and are ef fi ciently allowed to pass.   

    4   Na +  and K +  Gradients and Secondary Transporters 

 The potential energy stored in the Na +  gradient is also used to drive a multitude of 
secondary transporters that translocate solute molecules across the membrane 
against their concentration gradients. By coupling transport to the Na +  gradient, 
solute  fl ux can occur at rates 10 5  times faster than passive diffusion and against 
concentration gradients up to 10 6   [  28,  29  ] . The Na +  gradient is therefore essential for 
household cellular tasks like uptake of nutrients as well as for specialized uptake, 
e.g., in the nervous system. Several atomic structures of members from the different 
transporter families have now been solved, so we are starting to glimpse the mecha-
nism for how the transporters can be energized by sodium co-transport as described 
in the following. 

    4.1   Uptake of Amino Acids, Sugars, and Transmitters 

 Communication between neurons occurs when an action potential from a transmit-
ting cell reaches a presynaptic terminal and triggers release of neurotransmitters 
that bind receptors in the post synaptic terminal of the receiving cell. Termination of 
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the signal is facilitated by fast re-uptake of released neurotransmitters by neuronal 
and glial cells. The majority of transport proteins involved in neurotransmitter 
re-uptake utilizes energy from the electrochemical Na +  gradient and belong to the 
family of neurotransmitter sodium symporters (NSSs), which includes GABA, gly-
cine, noradrenaline, serotonin, and dopamine transporters. Malfunctions of these 
transport systems are linked to disorders like depression, schizophrenia, epilepsy, 
and Parkinson’s disease  [  30  ] . Norepinephrine and serotonin transporters are targets 
for several antidepressants, including the rather non-selective tricyclic agents and 
more modern selective serotonin re-uptake inhibitors (SSRIs), as well as psycho-
stimulants like cocaine and amphetamine that also target dopamine transporters  [  30  ] . 

 The dominant excitatory neurotransmitter of the central nervous system is the 
amino acid glutamate, and its re-uptake is carried out by a family of transporters, 
excitatory amino acid transporters (EAATs), that are structurally distinct from the 
NSSs, but also couple to the ionic gradients with co-import of three Na +  and a H +  
and export of a K +   [  31  ] . 

 Uptake of ions and nutrients is carried out by polarized epithelial cells with an 
apical membrane that faces the lumen and a basolateral membrane oriented toward 
the tissue  fl uid. For instance, in kidney, colon, and small intestine, Na + ,K + -ATPases 
are found exclusively in the basolateral membrane, where they vigorously keep the 
intracellular Na +  concentration low, while the counter imported K +  rapidly diffuses 
out of the cells through inwardly rectifying K +  channels, either basolaterally 
(e.g., Kir4.1/5.1)  [  32  ]  or apically (e.g., ROMK/Kir1.1)  [  33  ] . 

 Nutrient uptake in the small intestine and re-uptake in the kidney are largely car-
ried out by transporters that are structurally and mechanistically similar to the NSSs. 
Following digestion, peptides and amino acids are absorbed by enterocytes lining 
the small intestine  [  34  ] , and in the kidney, the proximal tubule is responsible for the 
re-absorption of approximately 95–99% of amino acids. Rather than having speci fi c 
transporters for each amino acid, more general and partly overlapping systems han-
dle uptake of neutral, cationic, and anionic groups. Such redundancy provides 
backup in case of mutational inactivation of a transport system  [  35  ] . 

 In the small intestine and the proximal tubules of the kidneys, sodium-dependent 
glucose transporters (SGLTs) situated in the apical membrane drive simultaneous 
uptake of Na +  and glucose from the lumen at the expense of energy stored in the elec-
trochemical Na +  gradient  [  36  ] , and in the basolateral membrane, facilitative transporters 
(GLUTs) use the diffusion gradient of glucose to transport sugars into the blood. 

 X-ray crystal structures of Na + -coupled transporters have revealed common 
structural architecture, even between transporters with no identi fi able sequence 
conservation. For example, the structures of sugar, amino acid, and the NSSs are 
evolutionary conserved from bacteria to higher eukaryotes with a characteristic core 
of two sets of 5TM helices that are interwoven in a 10TM domain with the subdo-
mains related by a pseudo-two-fold axis of symmetry along the plane of the mem-
brane. Structural information about NSSs comes to a large part from studies of a 
bacterial leucine transporter (LeuT) for which structures of several conformations 
in the catalytic cycle have been solved, and this has provided unprecedented insight 
into the molecular details of how the NSS family members work  [  37,  38  ] . 
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 In LeuT, the two subdomains with an inverted topology in the plane of the 
membrane are comprised by TM1–TM5 and TM6–TM10. The transporter operates 
in an alternating access fashion, where the open to the outside conformation  fi rst 
binds two Na +  and then the substrate leucine. Upon substrate binding, the access 
tunnel to the extracellular solution closes, and the transporter transiently adopts an 
occluded conformation, where Na +  and leucine are shielded from both internal and 
external solutions, before an internal gate opens to allow the two Na +  and leucine to 
diffuse into the cell. The transitions from outward over occluded to inward open 
states and back again require large scale conformational changes, and the energy to 
drive this process comes solely from the electrochemical Na +  gradient. In some 
NSSs, the charge transferred during the translocation cycle is partly compensated 
by co-import of Cl – , and in Cl – -independent transporters, H +  antiport presumably 
has a similar role  [  39  ] . The inverted topology has suggested a ‘rocking-bundle’ 
theory, where symmetrical movement of the two subdomains during the cycle provides 
alternating access to either the cytoplasm or the extracellular space  [  40  ] .  

    4.2   Co-transporters in Cell Volume and Ion Balances 

    4.2.1   Cell Volume 

 The volume of a mammalian cell is relentlessly confronted by changes in extracel-
lular tonicity, transmembrane transfer of osmotically active substances and con-
struction or withdrawal of intracellular osmoles  [  41  ] . Since alterations of cell 
volume can interfere with the structural integrity and the intracellular environment 
of cells, complex mechanisms continuously operate to maintain the required in fl ux 
or ef fl ux of water. 

 Most cells are water-permeable because of specialized water channels known as 
aquaporins that selectively allow water molecules to cross in single  fi le while 
charged species, including protons, are impermeable. Since the water  fl ow passively 
follows the net movement of ions, cell volume regulation is mediated primarily by 
ion transport systems that affect the overall osmolarity of the intracellular solution. 

 The gradients of Na +  and K +  drive import and export of Cl –  via cation-chloride 
co-transporters (CCCs), including K + -coupled Cl –  exporters (KCCs), Na + -coupled 
Cl –  importers (NCCs), and Na + -coupled K +  and Cl –  importers (NKCCs)  [  42  ] . Two 
isoforms of NKCC have been described, NKCC1, which is found in almost all 
mammalian cells, and NKCC2, which is restricted to the apical membrane of epi-
thelial cells of the thick ascending loop of the kidney  [  43  ] . Recent data suggest that 
while NKCC2 is a dedicated ion transporter, NKCC1 may additionally co-import 
water along with ions, even against the osmotic gradient  [  44  ] . 

 Cell swelling activates a process known as regulatory volume decrease, where 
the activation of KCCs  [  45  ]  relieves pressure by exporting K +  and Cl – . Conversely, 
shrinkage results in activation of regulatory volume increase by Na + /H +  exchang-
ers, NKCCs, and Na +  channels. A speci fi c mechanism in cell volume is regulation 
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of transporters by phosphorylation to activate NKCC1 and inhibit KCC  [  46  ] . The 
consensus within the  fi eld is that Cl – /volume sensitive kinases regulate the 
phosphorylation state of KCC and NKCC1 and hence control the  fl uxes of water 
and Cl –   [  47  ] .  

    4.2.2   Inhibitory or Excitatory Action of  g -Aminobutyric Acid 

 In neurons, KCC2 and NKCC1 play important roles in the tuning of the chloride 
gradient. During development, the expression of NKCC1 decreases, and that of 
KCC2 increases, effectively resulting in a reversion of the chloride gradient from 
being highest intracellularly to being lowest. The effects of neurotransmitters like 
GABA and glycine that open chloride channels are therefore reversed during devel-
opment from excitatory during pre-natal development to inhibitory in adulthood.  

    4.2.3   Re-uptake of Inorganic Solutes 

 CCCs play a pivotal role in the reabsorption of salts from renal corpuscle  fi ltrate in 
the renal tubules. Nephrons, the functional units of kidneys, include a tubular sys-
tem that starts with the proximal convoluted tubule which is followed by the loop of 
Henle that contains a descending and an ascending limp that continues to the distal 
convoluted tubule and  fi nally the collecting duct. Figure  4  gives an overview of 
some specialized epithelial cell types along the renal tubules and highlights some of 
the transport systems that are involved in the reabsorption of inorganic solutes and 
that are associated with the gradients of Na +  and K + .  

  Figure 4    The renal tubular system contains several specialized epithelial cell types that expresses 
different transporters and utilize the cell polarity with an apical and a basolateral membrane to 
reabsorb a huge amount of solutes from the tubular  fi ltrate. The Na,K-ATPase in the basolateral 
membrane creates chemical and electrical gradients of Na +  and K +  that drive numerous secondary 
transporters, some of which are exempli fi ed in this  fi gure.       
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 Phosphate is the most abundant anion in the human body and is implicated in 
numerous biological functions as bone mineralization, signaling, nucleotide and 
energy metabolism, and preservation of membrane integrity  [  48  ] . In the kidney, re-uptake 
of inorganic phosphate (P 

i
 ) depends on Na + -coupled symporters (NaPi) that are 

located in the apical membrane of proximal tubule epithelial cells  [  49  ] . 
 Sodium-coupled bicarbonate transporters (NCBTs) are important regulators of 

intra- and extracellular pH, and exist as both electrogenic (NBCe1 and NCBe2) and 
electroneutral (NBCn1, NBCn2, and NDCBE) forms. In the proximal tubule of the 
kidney nephrons, NCBe1 is localized in the basolateral membrane where it couples 
with apically localized Na + -coupled H +  exporters (NHEs) and aquaporins to drive 
the reabsorption of approximately 80% of the  fi ltered HCO    3-   which is of crucial 
importance for maintenance of, e.g., blood pH. The remaining 20% is reabsorbed in 
more distal parts of the renal tubules so virtually no HCO    3-   escapes with the urine. 
HCO    3-   that in the  fi ltrate is titrated to CO 

2
  and H 

2
 O by H +  that is secreted by NHEs. Both 

CO 
2
  and H 

2
 O then enter the proximal tubule epithelium at the apical membrane 

via aquaporins and are converted into HCO    3-   by the enzyme carbonic anhydrase 
before it is exported by the basolateral NCBe1 together with Na +  in a 3:1 ratio  [  50  ] . 
Since NCBe1 is co-exporting Na +  against the electrochemical gradient, the driving 
force of this transporter is partly the membrane potential  [  51  ] . 

 The proximal convoluted tubule is connected to the distal convoluted tubule via 
the loop of Henle which encompasses a descending and an ascending loop that dives 
into the medulla of the kidney where the interstitial  fl uid has a high concentration of 
solutes. Since water permeability in the descending limp is high, massive amount of 
water is drawn out of the tubular  fl uid and into the interstitium, while solutes remain 
due to a low population of transporters in the descending limp epithelium. The  fl uid 
that reaches the ascending limp is consequently highly concentrated and, because 
the epithelia that line this part of the tubular system does not express aquaporins, 
only salts are re-absorbed via, e.g., NKCCs and NHEs. In the distal convoluted 
tubule NCCs are responsible for the reabsorption of approximately 5% of the renal 
corpuscle  fi ltrate  [  52  ] . 

 Electroneutral cation-chloride co-transporters are targets for some of the most 
prescribed drugs in the world, and are used to treat hypertension and heart failure 
because they inhibit salt re-uptake, and hence increase water output through urina-
tion. NCC represents the major target site for thiazide-type diuretics that are used to 
treat hypertension, extracellular  fl uid volume overload, and renal stones. Furosemide 
is an inhibitor of NKCC and is primarily used in the treatment of hypertension and 
edema, but has also been the center of some controversy due to its usage on race 
horses. Fast or intense exercise often causes pulmonary hemorrhage in race horses 
due to the combination of capillary and alveolar pressure increments. The hemor-
rhage in the lungs is often seen after a race as bleeding from the nostrils, and the 
condition results in poor athletic performance. Pre-race administration of furo-
semide is known to increase performance because it decreases the incidence and 
severity of exercise-induced pulmonary hemorrhage  [  53  ] .    
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    5   Homeostasis of the Na +  and K +  Gradients 
by the Na + ,K + -ATPase 

    5.1   The Subunits of the Na + ,K + -ATPase 

 The Na + ,K + -ATPase is an oligomeric protein that, as a minimum, contains an 
 a -subunit with ten transmembrane spanning helixes and a 1TM type II glycosy-
lated  b -subunit  [  54  ] . All principal ion pump activity is managed by the  a -subunit, 
which contains the translocation channel with ion-binding sites, the ATP hydrolysis 
core, and the target site for the speci fi c Na + ,K + -ATPase inhibitors cardiotonic 
glycosides. The  b -subunit associates with the  a -subunit in the endoplasmic retic-
ulum (ER) and is required for stability and sorting to the plasma membrane 
 [  55–  57  ] . In addition to the essential  a - and  b -subunits, the Na + ,K + -ATPase may also 
associate with a 1TM regulatory subunit of the FXYD family of membrane 
proteins (Figure  5 )  [  58  ] .  

 Animal cells depend strongly on the large gradients of Na +  and K +  that Na + ,K + -
ATPases create and maintain, and the great diversity of cell types within the animal 
kingdom call for an assortment of various sodium pump subtypes. To ful fi ll the 
different requirements, multiple isoforms of the Na + ,K + -ATPase subunits have 
evolved, in mammals there are four different types of  a -, three of  b -, and seven of 
FXYD-subunits. Since all isoform combinations yield functional pumps, the potential 
number of different Na + ,K + -ATPases in mammals is 84. 

 The subunit isoforms of the Na + ,K + -ATPase display very distinct expression 
pro fi les depending on cell type, tissue and developmental state. The  a 1 isoform is 
ubiquitously expressed,  a 2 is found predominantly in muscle, adipose, heart and 
lung tissues, and in glial cells  [  59  ] , the  a 3 isoform is mostly found in neurons  [  60  ] , 
but has also been detected in other tissues, including the developing rat cardiac 
ventricle  [  61  ]  and erythroid cells  [  62  ] . The most restricted Na + ,K + -ATPase isoform 
is  a 4, which is only expressed in sperm cells  [  63,  64  ] . Both  b - and FXYD- subunits 
are viewed as regulators of the principal  a -subunit, and their complex expression 
pro fi les further illustrate the  fi ne-tuning of pump function required for different cell 
types  [  65  ] . 

 Diverse subunit compositions yield Na + ,K + -ATPases optimized to operate under 
different cellular conditions. The  a 3 isoform for example is associated with low 
af fi nity for intracellular Na +  and high af fi nity for ATP  [  65  ] . In essence, this gives a 
pump that remains relatively dormant under basal conditions where the level of 
intracellular Na +  is approximately 10 mM, but in neurons,  a 3 accumulates in den-
dritic spines, and the concentration of Na +  increases dramatically during high 
neuronal activity and will not be limiting. The high af fi nity for intracellular ATP 
further ensures that  a 3 remains active even when energy is low. Another adaptive 
technique is seen for the  a 2-subunit isoform, which is the isoform most sensitive to 
the membrane potential, being inhibited by hyperpolarization.  
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  Figure 5    Structural overview of the sodium pump in the membrane. In the  a -subunit, the trans-
membrane part is brown, the phosphorylation (P) domain is light blue, the actuator (A) domain is 
light brown, and the nucleotide (N) domain is red. The  b -subunit is in purple and the  g -subunit is 
in green. The two occluded K +  and the cytoplasmic regulatory K +  are indicated with red spheres. 
The phosphorylation is mimicked by magnesium  fl uoride shown as green and light blue spheres. 
PDB code 2ZXE.       

    5.2   The Structure of the Na + ,K + -ATPase 

 The Na + ,K + -ATPase belongs to a family of membrane proteins known as the P-type 
ATPases, where the de fi ning term “P-type” comes from the notion that all members 
are phosphorylated and dephosphorylated at a conserved aspartate during the reac-
tion cycle (Figure  6 )  [  66  ] . All P-type ATPases have three intracellular domains that 
together constitute the engine of the pump, transforming energy in the form of ATP 
into mechanical energy that opens and closes the enzyme toward the cytoplasm and 
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the extracellular solution in an alternating fashion. The three intracellular domains 
are named the actuator domain (A-domain), the nucleotide binding domain 
(N-domain) and the phosphorylation domain (P-domain)  [  67  ] . The transmembrane 
part of the Na + ,K + -ATPase  a -subunit contains three ion-binding sites within the lipid 
bilayer. Two of these sites are shared between Na +  and K + , while the third site 
binds only Na + . The C-terminal tail of the Na + ,K + -ATPase is implanted within the 
transmembrane part of the pump in proximity to the exclusive Na + -binding site. 
On the extracellularly exposed part of the  a -subunit, a cavity serves as an ion 
entrance/exit vestibule and as a binding site for the speci fi c Na + ,K + -ATPase inhibitors 
cardiotonic glycosides (cf. Figures  7  and  8  in Section 5.5.1).    

 The  b -subunit is glycosylated and provides the majority of the extracellular 
architecture. It plays an important role in cell-cell adhesion because two opposing 
 b -subunits can interact  [  68  ] .  

    5.3   The Mechanism of the Na + ,K + -ATPase 

 Since the discovery of the Na + ,K + -ATPase, much has been learned about the cycle 
of conformational shifts required to translocate both Na +  and K +  against their respec-
tive chemical gradients, and for Na +  also against the electrical potential of the cell. 
The reaction scheme is named “The Post-Albers Model” after two of the pioneers in 
its formulation, and it is based on a cycle where the pump alternates between two 
major states; an E1 state open to the inside of the cell with high af fi nity for Na + , and 
an E2 state open to the outside with a high K +  af fi nity (Figure  6 )  [  69,  70  ] . From the 
combined biochemical, structural, and electrophysiological data, much of the 
mechanics driving the pump have been elucidated. High resolution crystal struc-
tures of both the Na + ,K + -ATPase  [  71,  72  ]  and the closely related sarcoplasmic reticu-
lum Ca 2+ -ATPase SERCA  [  73–  79  ] , the latter in several conformational states, have 

  Figure 6    The catalytic cycle of the sodium pump. The Na + ,K + -ATPase exists in two principal 
conformations; E1 with high Na +  af fi nity and opened inwards, and E2 with high K +  af fi nity and 
opened outward. Each complete cycle results in the export of three Na + , import of two K +  and the 
hydrolysis of a single molecule of ATP. Recent speculations suggest that a cytoplasmic proton 
enters the pump and stabilizes it in the K +  bound state, and then returns to the cytoplasm when K +  
is released  [  104  ] .       
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given astonishing insight into how the different domains of the pumps move as the 
cycle progresses. 

 The N-domain promotes the E2 to E1 conformational shift by binding of ATP. 
For the sodium pump, this means intracellular release of two K +  and binding of 
three Na + . The N-domain then phosphorylates the P-domain, whereby the three 
bound Na +  are occluded within the pump. Release of Na +  is presumably initiated by 
protonation of a membrane-embedded aspartate by an intracellular proton, and the 
opening of the structure to the external side is forced by a 90° rotation of the 
A-domain. In relation to the P-domain, the A-domain rotation situates it in a favor-
able position for acting as a phosphatase, and dephosphorylation induces occlusion 
of the two newly bound K +  (Figure  6 ). 

 The activity of a membrane-embedded molecular engine such as the Na + ,K + -
ATPase that catalyzes an electrogenic reaction will be in fl uenced by the transmem-
brane potential. Energetically, the transport of positive charge against the electrical 
potential becomes increasingly expensive with hyperpolarization, and since the 3:2 
stoichiometry is maintained at all investigated potentials, the pump’s turnover rate 
will cease if the electrochemical energetic cost of the ion transport approaches the 
energy of ATP hydrolysis  [  80  ] .  

    5.4   Regulation of the Na + ,K + -ATPase 

 The activity of the Na + ,K + -ATPase can be regulated by cellular interaction partners 
and by posttranslational modi fi cations that affect the pump’s kinetic properties or its 
cellular distribution. 

    5.4.1   Posttranslational Modi fi cations 

 The best-studied posttranslational modi fi cations are phosphorylations. In particular, 
phosphorylation of FXYD1 in heart and skeletal muscle increases pump activity, 
probably because unphosphorylated FXYD1 lowers sodium and potassium af fi nities, 
and phosphorylation releases the inhibitory effect  [  81  ] . PKA and PKC target the 
C-terminal part of FXYD1, and as indicated by its alternative name, phospholem-
man, it is phosphorylated to a large extent  [  82  ] . 

 The  a -subunit is also phosphorylated. The most conserved site is a serine in the 
cytoplasm/membrane interface, which is targeted by PKA. With the use of 
phosphospeci fi c antibodies, the site has been shown to be phosphorylated in response 
to activation of a number of G-protein coupled receptors, and the phosphorylation 
generally leads to inhibition of the pump without affecting the level of pumps at the 
plasma membrane, suggesting direct inactivation  [  83  ] . The  a  isoforms can all be 
phosphorylated by PKA; for example, mouse studies showed that  a 2 phosphorylation 
levels respond to morphine administration  [  84  ] . Yet a detailed knowledge of the 
cellular pathways and roles of the phosphorylation remain uncertain. 
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 Recently, the sodium pump has also been shown to be subjected to glutathionyla-
tion. In cardiac cells experiencing oxidative stress, a cysteine in the transmembrane 
part of  b 1 is modi fi ed by glutathione, which inhibits the pump  [  85  ] , but FXYD pro-
teins can reverse the inhibition  [  86  ] . During, e.g., heart failure, it may be an impor-
tant pathophysiological consideration that oxidative stress inhibits the sodium 
pump, but since it is reversible, pump glutathionylation could in general serve a 
signaling role.  

    5.4.2   Cellular Interactions 

 A rapidly increasing number of protein interaction partners are being described for 
the sodium pump. In many cases, the interaction is believed to control pump activity 
by regulating, e.g., its subcellular localization  [  87,  88  ] , but intriguingly, there is also 
emerging evidence that the pump interacts with channels that functionally couple 
directly to the ion clearance, so far mainly sodium-selective channels. 

 The atypical Na 
x
  channels are expressed in glia cells in parts of the brain that 

control salt intake. The Na 
x
  channels open in response to high extracellular sodium 

levels, which leads to increased lactate production in the cell, and lactate functions 
as a signal to GABAergic neurons. The channel was shown to interact with the 
P-domains of  a 1 and  a 2, but not  a 3. The interaction was required for elevated 
sodium levels causing upregulated glucose intake and thereby lactate signalling. 
Tight coupling of Na 

x
  with the Na + ,K + -ATPase secures ef fi cient pump activation, 

since the substrate is directly loaded to the pump, but a direct physical interaction 
may serve additional functions  [  89  ] . 

 The  a 1 sodium pump subunit was also shown to co-immunoprecipitate with AMPA 
receptor subunits GluR1 and 4 in lysates from rat cerebellum  [  90  ]  and with GluR1 and 
2 in rat cortical lysates  [  91  ] . The majority of excitatory neurotransmission in the CNS 
is attributable to the AMPA subgroup of the glutamate receptors. The channels are 
heterotetramers of the GluR1-4 subunits that allow in fl ux of sodium upon activation 
and thus depend strongly on sodium pump activity. In cortical neurons, inactivation of 
the sodium pump by ouabain caused up to 80% of the AMPAR subunits to be internal-
ized and subsequently degraded. Like the Na 

x
  channel, AMPAR function depends on 

the sodium gradient created by the Na,K-ATPase, and the interaction study further 
indicated that the sodium pump may play an active part at the synapse by determining 
the number of AMPARs and thereby the strength of the synapse  [  91  ] . 

 In neuromuscular junctions, the Na + ,K + -ATPase interacts with the nicotinic 
acetylcholine receptor (nAchR) at the postsynapse. The nAchRs are ligand-gated 
cation channels, so agonist binding leads to an in fl ux of sodium, but also to potassium 
release. In mammals, the sodium pump  a 2 colocalizes and copuri fi es with nAchR, 
and the desensitized channel enhances pump activity  [  92  ] . In  Caenorhabditis elegans , 
the Na + ,K + -ATPase (EAT-6) is required for proper neuromuscular localization of the 
nAchR, again suggesting a critical role for the pump in synaptic organization  [  93  ] . 

 It thus seems a recurring theme that the sodium pump associates with some of the 
channels that depend on it in a regulatory network. We are only now beginning to 
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  Figure 7    Membrane view of a low-af fi nity Na + ,K + -ATPase-ouabain complex. Indicated are ouabain, 
the occluded potassium ions, and the loop between TM1 and TM2, the M1-M2 loop. Surface 
representations of the subunits  a  (brown),  b  (purple), and  g  (green). The  fi gure was made with 
pymol using PDB ID 3A3Y (a shark Na,K-ATPase). In the high-af fi nity complex, ouabain most 
likely binds similarly, but helix movements are expected to close the binding site further.       

glimpse the higher-order complexes, but they will undoubtedly be in the focus for a 
fuller understanding of how the cell maintains and utilizes sodium and potassium gradients.   

    5.5   Na + ,K + -ATPase Toxins 

    5.5.1   Cardiotonic Glycosides 

 Inhibitors of the Na + ,K + -ATPase are produced by both plants and animals, and for 
centuries it has been recognized that low doses of the toxins can be used to treat 
cardiac insuf fi ciency, hence their name, cardiotonic glycosides (Figures  7  and  8 ). 
Na + ,K + -ATPase inhibition leads to higher intracellular sodium levels and, via the 
sodium-calcium exchangers, to higher calcium levels, which increases the force of 
myocardial contractions. However, the therapeutic index is quite narrow, and higher 
doses are lethal. Apart from accidental intake, human poisoning has mainly been 
 fi ctional (e.g., in Agatha Cristie novels and a James Bond movie), but African hunt-
ers have used extracts with cardiotonic glycosides as arrow poison  [  94,  95  ] . 

 At least 14 different plant species and nine  Bufo  toads produce cardiotonic 
steroids. Furthermore, the larvae of the Monarch butter fl y live solely on a plant that 
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  Figure 8    Extracellular view of the structure shown in Figure  7  with similar color coding and with 
indication of the loop between TM1 and TM2, the M1-M2 loop. The two residues known to be 
important for ouabain binding are indicated.       

produces cardiotonic steroids, and both the larvae and the butter fl y retain suf fi cient 
amounts of poison for it to serve as a defense against predators  [  96  ] . Similarly, two 
species of the leaf beetles  Chrysochus  eat plants that produce cardiotonic steroids, 
making the beetles toxic to predators  [  97  ] . Plants energize their membranes with a 
proton gradient and are therefore not affected by sodium pump inhibitors, but the 
animals that produce or retain the poison need to protect their own pumps. They 
avoid inhibition by having mutations in the extracellular part of their  a  subunits 
where the cardiotonic steroids otherwise bind (Figure  9 ).  

 The cardiotonic glycosides inhibit the Na + ,K + -ATPase by locking it in an E2P 
state, thus putting a break in the catalytic cycle. Surprisingly, the cardiotonic steroid 
ouabain is also being recognized to function as a hormone at very low concentra-
tions (nM), causing intracellular signalling events to change gene expression and 
cell survival. There is no measurable effect on the Na + ,K + -ATPase activity at these 
concentrations, but it is suggested that locking of a sub-portion of the pumps in the 
E2P state causes release of a Src kinase interacting with the pump, thus allowing it 
to start the signaling cascade via phosphorylations  [  98  ] .  

    5.5.2   Palytoxin 

 While cardiotonic glycosides block the Na + ,K + -ATPase, palytoxin transforms the 
pump into a cation channel with an open probability of around 90%. Compared to 
the normal pump, the palytoxin bound pump therefore allows sodium and potas-
sium to  fl ow in the opposite directions at speeds many thousandfold higher than 
pumping, so the ionic gradients are destroyed. Loss of the ionic gradients is 
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extremely lethal, causing rapid heart failure upon intravenous exposure, and paly-
toxin is the second deadliest non-peptide molecule known with an LD 

50
  in mice of 

less than 50 ng/kg  [  99  ] . 
 Palytoxin was  fi rst isolated in 1971 from the Hawaiian coral  Palythoa toxica . The 

molecule is huge with 64 stereogenic centers, and the mechanism of action remains 
for the most part mysterious, but somehow palytoxin recognizes the extracellular 
part of the pump and causes opening of both intracellular and extracellular ion 
pathways at the same time  [  99  ] .    

    6   Pathophysiology of Na + ,K + -ATPase Disturbance 

 Maintaining the sodium and potassium gradients is essential to all animal cells, so 
deleterious mutations in the gene for the ubiquitous  a 1 subunit are not compatible 
with life. For  a 2 and  a 3, haploinsuf fi ciency is tolerated, but can cause the rare 
human diseases familial hemeplegic migraine 2 (FHM2  [  100  ] ) and rapid-onset 
dystonia parkinsonism (RDP  [  101  ] ), respectively. FHM2 patients suffer from attacks 
of migraine with aura and hemiparesis, and the attacks can be accompanied by other 
symptoms such as ataxia, epilepsy/seizure, and loss of consciousness. In some 
FHM2 families, there are also reports of, e.g., weakened cognitive functions and 
psychiatric disorders  [  102  ] . 

  Figure 9    Alignment of residues involved in ouabain binding. Arrows indicate residues known to 
affect ouabain af fi nity at the end of TM1 (corresponding to Gln118 in Figure  8 ) and at the begin-
ning of TM2 (corresponding to Asn129 in Figure  8 ). The extracellular loop between TM1 and 
TM2, the M1-M2 loop, is indicated. Abbreviations used are  Homo sapiens  (Hs),  Gallus gallus  
(Gg),  Xenopus tropicalis  (Xt),  Rattus norvegicus  (Rn),  Dugesia japonica  (Dj),  Bufo marinus  (Bm), 
 Danaus plexippus  (Dp),  Chrysochus auratus  (Ca), and  Heterosigma akashiwo  (Ha). In rodents,  a 1 
is insensitive to ouabain. Cardiotonic glycosides are used for protection by  Bufo  toads. The mon-
arch butter fl y (Dp) and a leaf beetle (Ca) take up cardiotonic glycosides produced by the plants 
they feed on. Sequences of Na + ,K + -ATPases from non-animal species, e.g., a marine algae (Ha), 
suggest that they are not sensitive to ouabain.       
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 Similar symptoms are described for patients with mutations in genes encoding 
the voltage-gated calcium channel Ca 

V
 2.1 (causing FHM1) or the voltage-gated 

sodium channel Na 
V
 1.1  a 1 subunit (causing FHM3), which suggests that the 

phenotype re fl ects an at least partly common mechanism where the ionic balances 
in the brain are misregulated. 

 RDP patients very abruptly (within hours to weeks) develop dystonia, where the 
muscles remain involuntarily contracted, causing twisting of the body, but there 
are also parkinsonian symptoms, e.g., slow movements and postural instability. The 
severity of the symptoms follows a rostro-caudal gradient with the face affected 
the most and the legs the least, and typical medications for parkinsonism have no effect. 
The onset is triggered by physical or emotional stress, often involving alcohol. 

 36 persons with RDP from ten families have been identi fi ed to have mutations in 
the ATP1A3 gene, while maybe an order of magnitude more have been identi fi ed 
with FHM2. For both syndromes, healthy family members carrying a disease-causing 
mutation have been identi fi ed, so there is incomplete penetration of the phenotype, 
and whether a mutation causes disease will depend on other genetic and environ-
mental variations.  

    7   Concluding Remarks and Future Directions 

 The sodium and potassium gradients are absolutely required for animal life, since 
they form the basis for numerous essential cellular processes, and the sodium pump 
is required to regulate osmolarity, which is vital to the animal cells that, in contrast 
to, e.g., plant cells, are not protected by a cell wall. Although a Na + ,K + -ATPase was 
probably not the primoridal P-type ATPase  [  103  ] , it has been essential for metazoan 
evolution. The original Na + ,K + -ATPase may have depended on a single subunit, and 
in, e.g., algae and archaea, genes predicted to encode the  a - and not the  b -subunit 
have been identi fi ed, but the  b -subunit’s role in cell-cell interactions combined with 
the ionic gradients created by the  a -subunit have likely been prerequisites for the 
earliest assemblies of polarized cells that evolved into animals. 

 The studies of sodium and potassium gradients began centuries ago, and the 
sodium pump has been known for more than  fi fty years. Nonetheless, there are still 
many unanswered questions regarding the mechanism, ion pathways and regula-
tion, and the coming years will undoubtedly bring new perspectives on the sodium 
pump’s role in cellular networks.      

 Abbreviations  

  A-domain    actuator domain   
  ADP    adenosine 5'-diphosphate   
  AMPA    2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid   
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